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PREFACE 

These are the proceedings of the International Thermal Energy and Environment Congress 
ITEEC97 held in Marrakech, Morocco from 9 to 12 June 1997. 

This congress is intended to provide a platform for a North-South dialogue in the important 
field of thermal energy and environment by bringing together academics and scientists from 
northern and southern countries to exchange new ideas, experiences and research results. 
The congress covers the current status of thermal energy and environment, in particular heat 
and mass transfer in fluid and porous media, energy systems, buildings, renewable energies 
and envir'?nmental impact. 

Four symposia are organized in conjunction with the technical sessions. These symposia 
focus on the followings themes : natural convection, building-energy and indoor environment, 
new energy technologies and environment. 

World-renowned experts in thermal energy and environment are invited to open the technical 
sessions and symposia with keynotes in plenary sessions. These are followed by research 
papers presented in oral and poster sessions. 

These two volumes bring together, keynotes papers and pape.rs presented in the technical 
sessions and symposia. We hope that they serve as a useful reference material to all 
participants and to those who are not able to attend the congress. 

A. Mir and Z. Zrikem 
Chairmen 

"'" 
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THERMAL COMFORT, INDOOR Am <..>lfALlTY AND l•:NEHGY CONSlli\ll'TION 
STUDIES IN 12 OFFICI� BUILDIN(;S 

Farihor1. llaghigha! and Giovanna Donnini' 

Centre for Building Studies, Concordia \Jni\'crsily, IVlon(real, Canada 
'AON Inc. J\lontnal, Canada 

STllACT: 

The i 11door ni r qua Ii ly and thermal com rort were i 11vcst ignlcd i11 t we Ive 111cclia11 ical I y venl i lnted 

dings. Measured pnrmncters cuncerning !he quality of i11d1101· air included vcntilaliun rate. 
CL'll lrntion ol'TVOC, ( '01. CO, l�I I. ;111d rormaldchyde. The thL·r111al coml{)J [ pa1·:1mclcrs included 
111 air, mean rndiant, plane radiant nsy111111\'11y, and dew poinl tc1npe1;1!u1cs. as ll'cll as air vclocily 
lurbulcnce i11lc11sity. etc. l'vlon!lily energy crn1s11111plio11 da!a \\<ls also g;1thl'1ed for each building. 

Vcntilalion pcrr(lrn1a11cc. i11 tcr111s or ;1ir llow 1alc and i11dm>r ;1ir cp1ali1y, was rn111p<irL·d 11·i11t 
Standard. ·r he meas; 11 cd <ind L«tic11 la!ed !licrn 1:il en l'i ro11111c11! rcsu I Ls were a I so compared with !he 
1da1d :md the Guideline. 

INTRODLICTJO� 

The qua lily or indoor air Im� bcco111e a 111ajl>r co11cc1 11 ever since clhil'ls lo reduce vcnlilc1lil>t1 
sin buildings started. ll lws loll[� been 1 ccognized !ha! !he q11:ili!y or i11door air should Jllll be 

1roved nl the expense nf higher energy cons11111plio11. l lo1H:vcr, gu0tl indoor nir qualily aitd 
rgy eonservalion prac!iccs can be compaliblc. To nchicvc a gcoud indoor cnviroJ1111ent al 111ini111um 
I, il is nccessaty to dclc1111i11c where!/\(), vc111il:1tion, and energy conscrvalion arc 1wl111·ally in 
1pctilion and where they c<111 work logclhcr. 

The /\NSl/t\SI IR/\l� St:111d:ml 55-92 "Thcrnial c11viro11111c11!:il conditions l'or hu111a11 occup:mcy" 
arn.AE, 1997.) is used cx!L'nsively in C:111adn, HS a rel'crc1LL:c for C011ll'o1t levels. As 11101'1.! and 
:·e studies of Canadian buildings in Lhe cold climate arc emerging. it is apparent thnl !he 111casurcd 
rn1elers salisry !he ClJllll'or! limits :is SL'l out by t\Sl IR/\E. ycl il is l'lllllld that less limn 8!11!·\1 or 
occupanls arc satisried (I l:1ghighnt cl al. I ()92). /\NSl/J\SJ 11{/\E Slnndard 55-92 is bnscd al111osl 
rely on da!a from cli111nlc clw111ber studies pe1·ronncd in lempcrate cli111ates. This pnlrnps 
la ins the discrcpnncies bl'lwccn orrup;inl salisl�1clion i11 a uild cli111ale and salisfocliun or workl·1·s 
1 tcmpcralc clin1ale. 

Ol!TDOOll WEATllE R CONDITIONS AND BlllLDli'H; CllAHACTERISTICS 

tvlca:rnrcn1c11ls wen.: rnnicd oul <ti several \\'(Hkstalions oC 12111ccli:111ic:tlly vcn!ila!cd huildi11gs 
: 111casu1c111e11ls \\Tre pc1 l{111m:d during normnl occup:mcy. The invL'sliga!cd buildings l'<HY g1cutly 
a1rli1cc area (JOO() In C18 Olli) 111?). in nu111her or lloors (2 lo 2:'i slnl'eys), in d<i!c or conslructio11 
45 to 1992), in !ypc or 11\IJ\C system (I.rec conling C1\\1. do11hlc duel\//\\/). and in type l'r 
111t (police statio11. cuurl house, pri1·ntc co111p<111y). 



The 111easurc111c11ls im:luJeJ phy'Sic:tl and che111ic.tl 11m11ilu1 i11g. :111d assc:;s111e111 Dr the pcn.:ei1 
indnur air quality, thern1:1I curnl(1rt. de. The chcmic;tl measuremc11ts i1Kludcd C\1ni:entratioi1 
TVl K'. formaldl�hydc. (_'() '.· :rnd ( '( l, I he physi,·al 11wasu1 cmc11ts consisted in l'J1l'l':tl i\'\: lc1111K·r:1!1 
air lrn1pcralurc, relatiH� hu111idi1y. air wlucily :111d 1T11til;11ion rate. The 111011lhly energy cnnsu111pl 
or lhl' h11ildi11g a11d Ilic dnily \\Tillhcr Ctlllditi1111s l\l'l'C ;ilso recorded. 

I he mobile system colkcted cn11cu1Trnl physical data: :1ir tc111pcral111c. dcw-puint trn1pe1 all 
v;qw11r Pl'CSSlll'C, globe le111pc1:1lurc. 1:1lli:111t asy111111cl1y. air velocity, turbulence. lc111pcralu1e nr 
supply. air rclurn. :111d 100111. illumin:rncc, cm hon 1111rnoxich:, carbon diuxidc, rPrmnldchydc. vola 

organic compounds. and !racer gris decay. The lr:1nsduccrs nnd 111L'asurcn1c11t points ll'Cre plnccL 
represent the illlll1Cdi:1tc l'llViJ'<.lnlllClll of lhc SCall."d SUhj.:cts. 

,l,__ll �5.1lJ,_I� _1�1'1 !LUJ !"l_L!A! s LQJ'i 
3.1 VENTILATION J'ERl'OHl\IANCE 

( h1li .. !uo1 fr�!;h nir i�; nt�t.·dcd tn inain!�\in �H.:ccpt:�ble indoor ::dr qu�dity. T'h�' outdoor f"rt.·�h 
ilPw r�1lc wns rncasurcd using the (krny lr�llTI' gas tccl111iq11c. Tile vrnlilation ralc !'ell ll'ilhi 
l/s/pcrslln. in huildi11g /IC,. and 9.11/s/pcisun in build ing 114. Results alsn indirnles that the venlil<1I 
1ntc in !he 111nj1.Hily Ill' 1hc h11ildint'.�; i� n111ch highL'r lh�rn the n1i11irnu111 Ill l/s/persnn J'Cl"OllllllCll• 
by the i\SI 1 RAE Standard <i7- I <JRlJR. 

J.2 INUOOI{ i\11{ CON l'Ai\llNANTS 

J'he l'Oll'.'•.'Jl(ratic111 nrthr: following 1·onlm11i11;111ls \WIS nlr'.:lSllr<'d cl111'ill[', Ilic hralin['. ;rncl <:nol 
sc:1so11s: C02• l"1m11aldchydc, TVOC, mid CO. The level of CO, co11ce11tra1iun was loll'cr tha11 
niaximum pcrmiltL·d in Ilic /\SI llU\r� Standard. and was 111ainly between 450 and MO pp111. in 1-
scasrn1s. In the invcslig<l ll'd buildings. the co, concentration ll'US nol a runclion ur ihc \ 'Cl tti l<l l 
rate: it is assumed that al11wst all !he buildings were ventilated 111uch higher llrnn the /\SI II{ 
Standa1 d reconnncndcd. 

The l'ormalclchyde concc11lrnlion in lhcst� buildings v:1ricd bctwcc117411g/1111 in a lal)ll' nwju 
or buildings and 2190 ug/nr' in <111c building (during holh cooling and healing seasons). 
co11cc111Jatio11 levels wc1e signilicantly difTcrcnl du1i11g llic h<:<1li11g and cr.1oli11g seasons. 
1 ela1iunship was f(1u11d hclwcc11 lhe ve11lil:11io11 1alc :111d l'nnn<tldehydc CtlJ1C1:11tr<ilio11 d111 i11g 
cooling season. 1\ 1 cla tio11ship between these p:ir:1111elcrs ll'<lS observed du1 i11g the licr.1ting sL:a' 
the I IC '110 co11cc11tralio11 decreased <is ihc l'L"ltlil<1li1lll rntc increased. 

The TV()(' co11tT11lrrilion lervl dcvinlcd i>L-1111cc11 3!1 11giin' in huildi11g l/(1 in su111111cr tu 2 
u�/1111 i11 tl11: S.llllC l1uilding i11 \\'ill(l'I', rcspccli1'l'l)'. 111 :mrnc l111ildir1gs. lhe v:irinliun ofTVOl.' r1 
011e workslation In ;111olhcr ll'<lS more 1h:111 I()()'!,;,_ 111 gencrnl. 11" co1 rcl:1ti1111 IV<ls l'ound between 
\'Clliilntillll ni(C nncJ 'I\!()(' C\Jl1CL'lllr<1tio11. 

The CO co11ccnl1 nliun lc,·cl was almn:;t lhe same ns !he nutLil1or CO u111centralion ll'ilhir 
workslalio11s and in :1 1 1  buildings. 



Tl lE RMAL COM FOln 

l kl a i lcd nwasmcn1c1 1 ls o r  l l i c n n; 1 I  C•.l 1 n f(11 l p:1 r;1 1 n c t c 1 s  \\'ere carl' i l'll (ll J \ ; 1 l  lhc exact ph) s i c; i l  
\ i o n  o f  L J 1e  llCCll l1allt i l l  t h e  w1 1 1 b\;1 l i o 1 1 .  ' 1  J ic  <i i r  ;1 1 1d !. J o l ie [ C l l l [ll'nltll l'CS, : J S  \\'C l !  ; 1s a ir  1·c iuc i ty 
l u rh u l c ncc. were 1 1 1casu rcd al t h ree heigh ls ( I  0. (iO. 1 1 0 rn 1 ) .  T he de11  po i n t  te 1 n l 'n ; 1 \ 1 1 1·L· : i 1 1 d  
l U r  pressure were 1 ncasu 1 cd al PI H:: height  ( (10  c 1 1 1 J .  l{ad i :1 n l  ; 1sy 1 1 rn 1 c t ry \\ as a l s(l  1 1 1 c: 1sured . T h i .c; 

was used lo calculate  lhc c 1 1 v i rn 11 1 11c 1 1 t a l  and colll l ( 1 1  l ind ircs: o pc rn t i ve lcmpcrat u rc.  1 nc:1n 
:l i lt  lcrnpcra lurc. e fTcc l i v c  lc 1 1 1 pcralurc. pre d i c ted nll'a1 1  vote ( i ' M V ). p 1 ed iclcd pc1'cL' I J l;1gc of 
·1 l i s ficd ( Pl 'D) .  :md pred i c ted JlL'. J Cc1 1 t  d i ;;s;1 t i s flcd due to dra l'l ( l 'D) .  Tahlc I sho\\'s t h e  :;la t i s t i L'.:1 ! 
nwri cs o l' tl iL· i ndoor c l i 11 1 ; 1 lc 1 1 1c:1st1 1 L'l 1 1 L' 1 1 l s  dmi n[! lhc cou l i 1 1 1� : l l ld h L';1 \ i 1 1 g  s<:;1so1 1s. re,pc:cl i \'el y .  

rvl eaJ I a i r  a n d  r : id ia 1 1 l  tempcr:1 \u 1 cs. m·c r :1gcd ;1e 1 oss t he t h ree hc i�'.h ls. ge1 1era l l y  k l !  ll'i l h i 1 1  �� I 

2 8"C for the c0P l i 1 1g seusn 1 1 .  and wi t h i n  20 and 28"C fo r lhe hea l i n g  sc:1so11 .  The v;11 i ; 1 l i u n  i n  
1 i n d i v i dual  liu i l d i 1 1g w;1s w ry l o w ;  l l i c  s laml:1rd devia! io 1 1  b c i 1 1 g  less l han l "C. l l  w:1s u 1 1 l y  r1 om 
b u i l d i 1 1g  l \ 1  lhe 1 1ext t l i : 1 l  u l u rgc d i flL· r c l lL'C was see n .  \lcrt i rn l  ;1 i r  lcm per:1 l u 1 c  gra d i c1 1 t s  wt·1·c .  o n  

· :.igc. a b o u t  ( ) . (17"C/ 1 1 1  i 1 1  I l i c  occ u p i L'd i'rn ic; w l i i c l 1  i s  w i t h i n  l l ie S t :1 11da 1 d . ;\ w r:igl' rL· l :1 t i 1·c 
1 i d i l ics ICl l w i t h i 1 1  JO  and (12%. i n  the coo l i ng sc;1so 11 .  and 1vi l h i n  1 ()  and .1 9%. i n  l he hea l i l lf! 
011 .  IVJca11  ;i i r  speeds. uveragnl ovc1 l l ic t h ree heights. were q u i lc l o w: lhcy a vc1 agcd 0.09 1 11/s ; 1 1 1Cl 
�cd J'rom 0.(H lo 0.24  1 11/s du 1  i 1 1 g  I l ic Cll o l i n g  season ,  u m! avn;iged O.OR 1 1 1/s : 1 1 lll 1 : 1 11gcd l'rnm () . ( Jl 
.29 111/s d u r ing ! l ie hea l i n g  season .  S i m i lar  var i : 1 l ions 1wrc a l so observed J"1 0 1 1 1  n 11c workstat ion 
1 10 L her. w i t h i n  the sa 1 1 1e  bu i l d i ng. The 1 1 w x i 1 11u 1 1 1  average a i r  spL'cd i 1 1  the occupied 1.one i s  
: i fied by lhc AS l l l{ A E  S t a ndard 5 5 - J \)92 :1s 0. 1 5  111/s in  IKa < i n g  se<1son : 1 1 1d 0.2 5  1 11/s i 1 1  cou l i ng 
. on .  T h i s  i n d irnlcs lh: i l  d u r i 1 1 g  t l 1e heal ing season. the n i r  speed i n  SL111 1 c  \\ ur kstat i l l l l S  c.\cccdcd 
/\ S I  1 1 � ;\ E  l i m i t .  · 1  he t u 1  h u l c11c'L' i n k 1 1s i t ie�; ! 'e l l  w i t l i i 1 1  l) : ind  59% d u 1  i n t� t h e  c0P l i 1 1 g  season .  ; 1 1 1d  
1d (16'�,i. d u r i n g  the l ica t i n g  sc:1so11  ( : 1 1 · c' 1 < 1gc J _' - 3J "l;1 l 'ur  h( l \h sca�o 1 1 s )  

The ;\ S I  1 1� ;\ E  Sla nlhml 5'.'- 1 9\)} 1 1 scs t he c i p c 1·;1 \ i l'L' t c 1 1 1 pc1 ;1 lu 1 c a s  ! h e  t' 1 1 v i ro 1 1n 1e 1 1 t : i l  pa1 ; imeter  
e v a l u a t i ng g l o b a l  L l l l' n na l  L'\l i l l l(ir l .  ' I he S l:rnd;1 1 d t hen c k !' i m·s '1 1 ' :1ngc o r  ! 1 pC 1 : 1 l i ve [C l l l Jll' l' < lll l l'CS 
l tu 1 1 1 i d i l i cs that me accc pl<1hle lo x m·;, 01  1 1 u 1 1 c o l' 1 hL'. occup:1 1 1 l s .  · 1 his rn1 1gc i s  l l l <1 i n l y  a p p l i c1 b k  
scdc11 la1y ac t i v i t y .  1 .2 l l l l'l .  1\' i lh l l f l J'J l l < l l  ll' i 1 1 tcr  c· l ( l t h i 1 1g. 0 . 8 - 1 . 2 r l u ,  or su1 1 1 1m·r  c l (1 \ h i 1 1g .  0.( 1 -0 .X  

T he 11 1 casu rcd p:1ra 1 1 1dcrs 1w1 c used to  c:1 k u l ;1 tc t h e  opc rn l i ve lc 1 1 1pc rn l u rc u s i n g  Cha plcr 1 .1 ( lr  
J\ S I  l l � i\ E  1 99.1 Fundrnnrn l : i l s  ( A S !  1 1 � 1\ I � ,  I ()() � ) . a1 1d lhc 1 es u l t s  were superim posed <H i lo  l h L' 
i dard ' s  co 1 1 1 forl  psycho1 1 1dric  charls f(1 r bnlh lhc IKal i n g  and coo l i ng scasn ns. 

U:itn shows L l 1 < 1 l  only 6.\.4'�;. o r  t h e  1 1 1 ca s urc1 1 1cnls  fo l l  w i l h i 1 1  lhc S t:1 11durd ' s  S l l l l l l l l C l' cu11 1 ror l  
c (coo l i n g  Sl'aSul l ). 'I he l'C l l l a i 1 1 i 1 1 g  .1 .\ . .1 '�··;1 l"a J J  lo t h e  l c rt n J' lhc c o 1 1 1 i\ ir l  7.( > l l C  ( w i t h i 1 1  C(ltl kl  
pew l u 1 cs) .  I hcsc pncc11 l ; 1gcs m e  based t1 1 1  lhe lul: i l  a nwu n l  sn 1 1 1 p lcd.  and thc1 e i'P 1 -c i s  n o l  ; 1 1 1  
rngc v a l ue.  This 1 1 1 c:1 1 1s l l 1 n l  in sulllc h u i l d i 1 1gs, lherL'. is  less th:1n (i J . 4 %  o f' lhc oecu pa1 1 \s  ! ha l  n 1·e 

py w i th thei r c n v i 1'l1 1 1menl .  1 ): 1 \u  J\ l s(1 i nd i c :i t cs lhal clu 1 i 11 g  lhe heal ing se;1su11,  only '.2<1.(Jo,�, n J" the 
IS I J l'CJ llenls 1\.� 1 1  w i t h i n  the \\' i l lkr  C( l J J 1 1'01'l zone ( heat ing) .  The l'L'Jl Ja i 1 1 i ng n . 1  '% ldl hcluw l h c  
'C  clcwpo i 1 1 l  l c 1 · c l  i nd i cat ing l l ic  d i rllcu l ! y  i 1 1  h u n 1 id i l'y i ng bui l d i ngs i n  lhe col d  c l i nrn lc .  A g a i n .  
; c  pcrccn lugcs a 1·e based ( l J l  the l n t a l  a m o u n l  s;111 1p led.  s o  one 1 1 1 ighl  ex pect Vl·orse n u 1 1 1 bcrs i n  
1c  b u i l d i ngs. 

T:1 hle  2 shows a sl:1 t i s l i ca l  s u 1 1 1 1 1 1ary or !he therlllal c o 1 1 1 f(1 r t  i n d ices l\ 1 r  holh seaso ns. 0 1 1  
rage. o pera t i ve lc 1 1 1 per:1 \ urc', E I ' . and S I �  I' values fe l l  w i t h i 1 1  the 22 lo  2"1"( ' rn nge. The l ' I\ I V  
l l' f e l l  w i l h i n  lhL'. - . 0 2  [ ( l  - .OJ rn n gc:  i nd i c a t i ng 1 1 1 : i rgi 1w l l y  col1 l cr- lha1 1- 1 1L' l l t rn l  cond i t i o ns The 
·espo rn l i 1 1 g  l ' J ' I )  r n ngcd fro1 1 1  I J . 1  lo 1 3 . 6'�':1 . 
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1 11 C\'a l 1 1alio11  o r  t he upcrntive IL'l l l pe 1 at1 1 1 c ; 1 1 1d dcfi 1 1 i 11g the /\S I  I RJ\ E  com rorl ZOJlC fi1r i 11d1 
a i r  stud ies, t wo assum pt ions arc 1rn1dc :  ac l i l' i t�' kvl' I  and c l ot h i ng val ue.  To veri fy t he v a l i d i t y  
the  nss u n 1 p t i ons,  the  ocrnpnnts were asked l < >  i t l 1.:1 1 l i l�y t lll.' i 1· act i v i ty level up t o  o n e  h o ur  pr ior  
fi l l i 1 1 g  t h e  q ucsl i o n n a i rc. On average. the ae l i \  i ly lc1·L'l r > r  1 .2 met was acceptable in  both heal i n g < 
cnul i n g  seasons.  Th<.: c l ()th i n g  i 1 1 suh1 t i rn 1  o f  I l ic m:c u p:1 n l  was evaluated using the garmen t val i  
publ i shed i n  t\S l. I R A L\ Standmd 5 5 - J 9 l)2, ' I  he i 11 l r i 1 1s i c  clothing va l ue averaged 0.62 clo (males) r 
0 . 5 3  c l o  ( rcmales) i n  the su1 11 1ncr (ah( )u\  1 Ci% h i gher l han lhe 0.5  clo assumed in the Standai 
averaged 0.93 clo ( n w l cs) and 0 . 8 1 c l o  ( l l: 1 1 1 <1 l c) in lhc wi n ter  (<Jbout 3% lower than the 0.9 
ass u m ed i n  the S tandard) .  

T h e  garment c l u  val ues o r  I l ic occupanls wcr<.: then corrected b y  ndd i 1 1g the chair c l o  valu 
The correction v;1luc wns prnport io11al to the a1 110111 J t  o f' chair  s11 rli.1cc a1 ca in contact with the b( 
(chair  type ) .  Th i s  J 1 10 d i licat io1 1  i m:r<.:ascd the avc1 agc level by 0 . 22 c lo ( males) and 0.09 
( fc n w l cs) in  t h e  su 1 1 1rncr und 0 . 2(> clo ( m a les) < ind ll . 1 4  e l o  ( fCn1a lc�)  in  the w i n ter; i ncreasing 
i ns u l a l i o 1 1  va l ues lo 0 . 84 clo ( 1 1rn lcs) a 1 1d  0Ji2 c..:l o ( k1 1 1a lcs)  in i he su1 J 1mc1· a11d l . 1 9  do (males) r 
0 .95 c l o  ( l 'c 1 1 1 a l e s )  iu t h e  w i n ter.  The c l o i l i i 11g  i 1 1s 1 1 ) ;1 l i o 1 1  v;• l ucs were 111 1 1ch h i gher ( about 0. 1 1 c 
for t he 1 1 1alcs t h;1n li > r  the l'c 1 1 1 <1 l cs. in both SCDS< J l1S .  ·1 h i s  d i  ITcrcnu: was CVl'Jl greater when t h e  e n  
u r  c l i c 1 i 1 �  \Vt"!� i r 1c l udcd ( tl l J l l ld 0 .2J  1.. l u ) ,  

Some o l' t h <.:  1 hcr1 1 1a l  c11 v i 1 o n 1 1 1 rn l a l  <1 1 1d  eo 1 11 1'ort  i 1 1d i ces were re-eva l uated b y  i n c l u d i 1 1 g  
c h a i r  i 1 1s u l at io 1 1  v;i l ucs t o  t h e  c l ot h i ng 1·n l uc:'. ' I  he n e w  i nd i ce:> an· :� l 10w11  ri:; t h e  l a3 t  fou r  r u w:; 
·1 able  2 .  ·1 h i s  t r nnslalcs i nto a l .2 t o  1 . 3"C i n<.:rease i n  SET. and a 0 .2  lo OJ% i nc1 case i n  l'� 
i ndex. !hat corresponds t1 >  a 2.0 tu  2.4% decrease in  l ' l ' D  index. 

3.'! E N E RG Y  P E R FO!lM.A. N C E  

I n  meclw n ie a l l y  ven t i l <J ted bui l d i ngs. t h e  rnergy requ ired t u  heal, co1> L cond i t i o n ,  a n d  move 

a i r  a 1 1 1ounls lo f'rom ] ()'% up to 50'% or the total l i u i l d i 1 1g  Cllcrgy rnnsu 1 1 1 p t i o11 .  ] l  i s  thereforl 
cum 1 1 1 o n  percept i o n  thal energy s;1 v i 1 1 g  w i l l  res u l t  i n  delc r iora l i o n  of i 1 1door ;1 i r. Data shows t 
c 1 1e 1 gy cost varies from b11 i l d i ng to bu i l d i ng.  ·1 h L' : 1vcl''lf!.C to la l  cncl'b',Y ens\ per grnss a i r- co11 d i t io 1  
area fel l  between 0.92 to 6 .4  $/11 12/year.  l )<1 l i 1  a l sl> i nd i cates 1 10 a pparc n l  cor re l a t i o n  between 
venti l at ion rate and l olal energy cosl.  The 1 ': arc 1 11 :1 1 1y 1 c;1.<;l111s l i > I' t h i s  i ncohcn: n t  resul t. 

The cncr gy r<.: q 1 1 i rcd l'or vc1 1 t i l a l i (> J \  i s  cml y  p: irt  of the total energy co1 1sumptin11 ;  the ot  
COllSll lll(J l io J JS  i nclude l'!>lld uct ion losses through the b u i l d i 1 1g C l l \'t: lopc. f ight ing,  e l evators. o rt 
eq uipmen t ( c o rn p u l<.: 1 s. rax 1 1 1ach i 1 1cs. etc)  lhc i n \'Cst igatcd bui l d i ngs <J l so uscd a wide var i l' ly 
HY AC system t y pes, and e n e 1 gy co1 1sc1 vat ion  1 1 1casu1 cs such :1s hcnt r ccnv<.:ry systems. J\s wel l ,  t i  
used a variety o f  energy sources: e l cdr i c i l y .  gas. o i l .  e l c .  I t  was not  possi h k  l o  d i fleren t i :1 te  
actual amount or ener gy used so le ly  for t h e  w 1 1 t i l a 1 io 1 1  1'1 om t l ie 1 csl  of l h<.: cnnsu 1 1 1 p t io 1 1 .  
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Measured indoor air parameters 

smmer Winter l 
bu1ldlnQ , 2 :  3� 5 5 1  7 __ a 9 10 1 1  1 2  2 1  J 6 __ 7 1_!. 9 10 1 11 iOT· t 
sample size 40 J9 •o o 44 4 1  � ___22_ � 40 43 6 J9 -�� � _ _:i.� _4�. -�� 1 ... !�. � 

air temperaluu� (C} moan 23 J 23,J 22.7 ' 24.0 2Sr l 23 4 2J_ I 26 4 I 23 7 · ·25�5 ---- -- 22.B 23 2 22.7 , 2J 7 22 2 1 2J  J 23.0 
(average of J he1g11rs) s1anda1d aev1a11on 0.7 0.8 0,5 0.6 0.7 0.7 o.s -�' �� �:6 J OiT1�.�:�f 1.0 Q} 0 8 

m1111murn 21 s 1 21.2 1 21.7 t 21 .7 f 23 4 2 1 �7 1 22 1  24 6 122. 1 1 23 3 2 1 . 2 1 2 1 0  2 1 J l 22 2  2o :i · 2 1 � • w :i  
ma.x•mum 24 7 25.J [ 214 I 24.9 26.5 I 25. 1 I 2• 3 27.5 [ 25.2 j 27 4 25. 1 24 3 27.5 23 B I 26 3 24.6 I 24 9 I 23 7 I 24 S 26,j 

mean •amanl mean \ 22 9 I 22.5 I 22.0 I 23.4 I 24 B I 22.7 I 22.6 I 25.J I 23.0 J 2< ,B  j 23.0 I 22. 7  I 23 Jj 22.7 I 22.6 I 22.5 1 21 S I  22 • I 21 B i222T2 1 ! I i< ii I �_\ S 1 '2 9 I 22 2 
lemoeralu•e (C) s1andard oevoauon! t o !  O.B I o.< 1 0.5 I 0.6 I O.c 1 0.5 ! 0,6 I 0.6 '1 0. 9  J 1.0 , 0.7  I 1 . 21 1.2 I 0.9 I 0.5 I 0.5 : 0.6 I 0.5 I 0.7 1 0.9 I 0.6 I 1 .0  i 0.5 I O 9 
(Cii/C�<arecr) m•n•mum 20.9 I 20.7 : 21.2 l 22.J I 2J.J I 21 5 ' 2 1 . 6 1 23.6 ' 2 1 . 6  I 23.0 I 2 1 . 7  22.0 I zo.:1 21.0 . 20 B ;  2\.2 "9. 8 . 21.2 I 20 ) I 20.1 ! "°·' zc a 19 5 ' 2;..:..� 
(average ot J ne,9.01s) m;u1mum 26 .7 I 24 4 23.1 I 2'-1 I 25.81 2s.1 l 23_7 26.• I 24_5 I 26.5 i_E2..Ln6 f 27. 1 28 3 I 2• 9 ! 23 6 I 22 ' ) 2J.8 I 22 8 I 23 7 I 23. �  t i" ; I 2J 3 i � � �  
plane r;dianl mean 1.4 I 0-6 1.0 I 0.6 I 0.8 I 0 6 ! . 0.9 I 0. 7  I 0.6 I 1 .3 I 1.5 I 0,9 I 0.91 1 .2  I 1.2 I 0.6 I 1 ,0 ! 1 . 2  I a 7 I 1 2 I o.� I ·, ' ' 1 5  : O. B I \ \ 
asymmelfy IC) s:andard deV<alion LS I 0.5 0.7 I 0.7 I o.s I o.sl 0.7 I 0.4 I 0.' I ' ·' I 1 .9 I 1 .0  I !.01 ' -" 1 .5 1 O.' I l ,D I 1.01 o.s 1 1 0 I 0.7 I 1 . 1 I 1 41 0_6 I 1•1 
(aoove r. 1 ,nJ mommum o.o 1 o.o a.a I o.ol o.o 1 o.o I o.o 1 a.a I o :  f o a 1 a.a 1 o 3 I 0.01 a.o I o.o 1 a a !  a.a I o.o I o o I o o I o. 1 1  o.o I o o I o 1 l  o.o 

caw poin! 

t�111pe1 01 1 1 1 r �  (C) 
,.11 l) ti m) 

fel.wve num1ady ,,.) 
(C:llCUl:Jfi.�} 

.. aoar pcessure (l<.P3) 

(ar 0. 6 m) 

1 1 r  veloc11y (mis) 

1�v.t1.j19i:! or J ti�rgnrs) 

'TJICulence 1ntens1ty (%) 

�calc"JlareoJ 

average of J neignrsJ 

maximum 6 0 1 2.1 3-Jl • J I J,1 [ 2.2 1 2.5 !_ : ,S I : oj 5 3_Lrn Jj 2.9 J 1D.JI 5 9 1 10 0 1  1 5 1 3 9 1  4 2 1  2.2 1 nl 3.0 f • O f  5 7 !  2 6 f 1 a o  
a 9 I a 9 I 1J.a I 12. s 1 1 0, 0 1 a .9 l " '·jji· 1 1 9 1 1 0 2 t 1 a • 1 9 9 1 10 2 1 1 . ol s . s L�'� 1 4 1  � J �_gj o.::_1-5.�L.� !. ! ;_n � :. 1  .. i:! 

SIJnaaro o•···'''""I '.·� I � � 1--� � [_ I � U·� 1-2:2 I - �-� ! � rm---q- �I! - �  3 u1::n I !·� PTL �·�I ! �1- �m � _! � ! , � ! 0 B I 0 3 .' �-� 
mm1mu111 7 5  5 • ..1 lJ.0 1 9 9 1 12..S 7. 1 j T 4 0  l 0,2 f '.3 ,: 1 3 0  9 . .J J 1 0.0 5 . .! 1 , .J f 0� 3 l 0 2 ! 0. 1 1 0.3 2.4 1- °Cu l 0 8 1 :! 9 !�:_2_1_1.� 
ma;"'"""' l 1 0 2 l 1 2 s f 1 4 B j t 4 B l 15 A l 1 1 .9 l 15.2 1 s 1 i 1 1 o ii20 ' , 1 1 3 [ 10 S  15 1 9,1 1 S. ! I 1 2 1 2 7 1 8 o [ 5- 1 J  2 0 1 7 8 1 2 !_ �� � ! � 
mean 1 39 5 I 39_; I :6.7 I •8.3 I •9 2 I J9.3 I 58.7 •0.21 •2.1 fJ85 I • 2. 1  I '2.5 45_a 1 6.5 I 1 7.B I 23 5 ( 19 5 I 1 3.7 I 28.Bl 22.• I 32.I I 1c ,3 I <0.8 1 30 5 I 21 4 
slandard dev•al•On J.61 5 .J I 2.0 1 q [  V I  28 1 1.5 3.7 1  1 61 • Sl 3. 11 1,5 7.6 8. 0 I  3.0 1 1 .2 1 1.0 [ 2.8 1 1.2 1 1 ,4 \ 3 , 51 1. o \ 1 . 2 1 u i  7.0_ 
minimum 33. 0l 29 5 I 5J�S j 39_5 I 45.0 I :J4 J l 54 7 :J6.3 I 37 21 J2. 3l Ji.7 I �O�J 29.5 10�0 I 1 1.7 : 21-5 I 16 9 J 10.0 I 26.0 I 19 9 r 2 l .5l 9"7 I 1 7  J I  zo ! I 9 7 
ma.x•mum I •s.> i •7 8 I 62,2 ! 55_5 j 5, o j s2 2 J 6 1 .4 •9 J j " 6  I •5 1 [ so.< t " a  02.2 31.s I 23.2 I 26.7 1 22.9 t 20.i 1 3 1 .al 2s 9 I 39,2 I ,. o I 23 3 I J.' a I 39 l 

' - '  I 1 .2 I 1 .6 : t. 5  I t.6 1 u I t . 7  I 1 '  ! 1 . 2  1 , 3 1 1.2 I 1 .2 I ' ·' o.s 1 o.s 1 0.1 1 0.5 IQ:iTO. a o 6 I o.9 1 o • 1 o,5 ! o 91 o.E 

s1anda•d dev1a1oonl 0.1 I 0_2 1 o_o I 0.1 , 0 1 j 0. 1 I 0.0 I 0. 1 I 0.0 I 0.1 I 0. 1 1 o.o I 0.2 0.2 1 0.\ 1 0.0 I 0,0 0.1 I o.a 0.0 I 0.1 1 0.0 I 0,0 I 0 '  I -0,2 
1. ol 0 9 1 1 5 1 1 2  1 5 1 : . 0 1 1 .6 j 1 .2 , 1 2 1 1 . 1 : 1 2 1 1 2 1 0 9 O J I  0 '.1 1  0.6 1  0.5 a.J I  0 7  0 6 1  0.6 1 O.. J I a � J _,£, 7 1 0 3 
1 ,J I 1 5 1 1 7 1  1 7 !  I d [  • . • I 1 1 QIT}"Trl•"'"fll 1 1 .:1 1 1.! 0.9 !  o.7 1  O,B I 0.6 0.6 1 0 9 0. 7 1 u l O < ! 0 1 1� m1n 1m um 

mean l o 10 I o  1 1 I a o9 1 O OB 1 0. 1 1  I 0.08 ! 0 08 I 0,01 i 0 09 1 o a8 1 a 09 1 o o9 f 0,09 0.10 1 11, 1 1  1 o.o! 1  0 06 o oa I o.o� ! o . oal_£ . .£.'...L!E21 0 07 J� I� 
s1anaaoa d ev•a l •On l 0,03 ! 0 OJ I 0 02 : 0 03 I 0 02 I O ,OJ  i 0 02 �· i 0 02 I 0 02 I 0 02 I 0 03 I D.03 G.03 I Q 05 I 0 03 I 0 01 I 0.02 I 0,02 J � ()4 I 0 03 I 0 O :l I 0 03 I 0 OJ r � 
monomum I 0 06 I 0 06 i 0 OS I 0 05 I a 06 I 0,05 I 0 O• I a 05 I 0 06 I 0 OS f a 06 I 0 06 I 0 ()4 0.06 I a 05 ; o.os : c.�s ! c 05 I 0 04 I o:§J 1).0.: l 0.03 I 0 04 I 0 OS r 0.03 
•na.xHnum I 0 21 I 0.22 1 0. 1 4  I 0 24 I o. 1 5J 0. 1 9  I 0. 1 1 I 0. 1 1 I 0  13 I 0. 1 410. 1 •  i 0. 13 [ 0.24 0. 1 ) ' 0 ,24 ! ll. 20 1 0 1 0 1 0 1 2 I o.:2 j 0.!5· J O  ;;; I 0 . 1 5  I 0. 10 [0. 19  I 0 29 
mean t 3 1  6 I 33. 1 I 3 1  2 :  j2 0 I J.J.6 I JO 0 I 33.6 i J3 5 i J4.3 f 33 O I J2 1 ! JJ SI J2 6 3.1.0 ! .J2.S I 29.3 ! 29 6 :  31 J :  JO 8 ! J2,0 I J� 9 I JO 9 � .33 4 ! J1 4 !� 
stano.ouj dev1a11on i 5.7 J 5 a I J. i :  a s  I 5 a I 6 a I .s.�.1-2..2 L7·l i ;,!13.L.; 9' I 6 4 5_6 5.5 i J 6 I :.s I J 8 t ;.a Li·, ! e .  j � ' I  9,2 .a ')  I �-6 
1111n1mum I :21 0 . 22.0 t 2J O . 9 0  I 21. 0 � to o  �O.tl t Z?.. :J · 1�.o I .20 0 ! Z-2 0  j .:ITf]Ji" l S_o i 21 0 I 2 · . . o I 20 0 21  0 l 26 0  I �2:.. tl I 1 9 0 \ 5 0  ( 18' 0 1  .:1 0 I o.O 
m.:ta1mum f ..:g 0 :i 4'.J.O f J..1 0 : 55 'J I .iS.O t J.5 0 ..ag a ) .19_0 : 59 a i 56 :J F G f J.6 D I :9 0 I 44.0 1 J.d 0 ! .!.l 0 ' .:2 0 I 42 !) I 46 0 l .48 0 I �2 0 ! �.d 0 ..!. e.o.o l .J.6 0 ;  �Q.C 
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Statistical sunma.ry of calculated indoor climatic and thermal canfort indices 

Surmer Winter 

Ou• o·n� I • 1-11 l I • • s I i I 1 '  � 1 i '  10 � " I ·2 !TOT - I 2 J ' � 6 7 a 9 . • O r ,, ,f()T-
.---------.. -"'�"-'"-'-"-·--_.1 .io 1S I  'o ! .- 1 �1._f ... � ·'-�!J �a JO I 43 j s 1 4--1� 39 JB 39 <1 1 . � ' t .. o _ -i1 J:� � �·j·-2. ·1��£ .=�i 10!>"""'8 1emo«a<u•e me;n i E...! • in '� ' i!..:. I !:.� 1 23 1 �� !�� ::n 1_ :a 1 z n  I 23 1 1  <J ; v s  22. 9  n �  �! E l n. � : n ;_ i ��i :H �� � . � ! I  :: o .cc1 ,1anJa1o uov<>ruinH�el cr a !�U..! � � i... � f ��.L�.�ffii o • r,p 0.1 0 9  9� � .Jl.2. U?. l _! !: L!:§ l _: � 'i - � � ! _2 �  I nuo.m�m 2t :l :  ii Q I �J t2 I: I '!l S � 21  1 l .!l  !l h.1 ? • ;  ti I 2� ,? 21  9 ;  22. J  i1  .) l.1 ..9 I 2t t I 2\.6 I ;'0 � .  21 S 2! 1 1. :o b l 2!) 9 : 22 G :9 9 L l  5 I · � ; 

- m..:11num ;f6TT<-; I ;fl] 2' 5 ns:t'jTs' 1 ' �iO i :;; � ! �· 9 I :-E 3 <5.o ·�rzrr -� 9 �.o ' llo 2:1 D 1 2• 2 E -�� 1 2·-� i El E � I �� 1 ! !� � lfET· (C; Tlt!.tn ¢3 0 I 22 � fTz":i' � : �.a 9 I 22 9 I :?2 � I  ��.c i :!!! 2 J ;.: 9 21. 1 I .?J 0 I ?rr :!� 2 ,2.2 12.. l 2\ 6 + 22. '  21 :) ::2 � 2:? ,) 22 .i 21 4 2:2 :- 1 2� 
"""J"" J""""an �! 1 0 3 � 1 £'!IT L!!.l_ Q s [� 1 o ,; igij] � di  o o l  " ;i s l  0 9  t>S OT o ,; ""5's ! T !.£.H::.E =�] � L :� �  

I nir .. mi .. m JI 1 · 10 -J  ii ii �� 1 '  ::-:, : �, � �-=� O 1 2J i 1 �· l ! 2:J i : ::1 i 1:! 2 .  !"Q"; �1) 9 CO .a: ! ?� J f 20.Z �ts 1 �O :! 20 2 i :J C J 2C , 19 � 2� 3 '  · � ; 
• 

·narnnum 15 •12• '  !Eli " '  1.:6 sj 2S � TilJ :c " ! 2- 6 !.:� I 25 7 ?J ::...! in . 24 . !  � nTI� ! IE I n .;  i � �  l 2Jf."l 2rs p:i i I ;� � l�Ei LCl T• t:o.n a J 1 22 ·, • 23 0 2::? J J 2:i u , :J 1 22 j 1 : :: ; 1 : : s 1 :: .. J 2l 5 f 24 0l :J : :14 6 1 ::s u 1Tol n 6 2.: 3 �.:. 1 2-i 1 1 23 6 l 24 5  2� s 25 c l 2 .. ..  
1 �1araard at1-.. 1.inc.r. • a  � D  2 3  1 , 1 j 1 21 2 3! 1 �@LlE I �  . .c f  1.� 1 l :f  1 ,9 1 .a i. .: i ? 1 , '2:\ -rl  1 i"' --"'lil�  :!.3� �,_!,,[ _}� 
[ ·rnn murn 20 8 1 1 9 • . 20.2 l ! l .� .!t 9 l : 9 . o . Z0 1 l � � ' 'o a 1 2 :,J l :O. • l < 1 s 1 ; 9 .1  ;!1 0 <O o l 20 8  20 0 21 0 2 1 .2 1 20 7 I J 9 8 f 20 7 1 20 7 1 8 9  1 e 9 1  

n�1mum ,�fTe"f. ;; � o L !�-�lEil_�.! 11!1 2 ; 1 0 � 1 214 1 � �o·e .� • � a  c_g, ; 21..!_:�::JEY -�§] 2� f.3o � l �i' Jo 4  � �  01sc 111= 2- n·OO•) n • 0 n  ·0. : : - 0 1 1 0 0 1 · 0 : 1 o o l -:O:i" , -il l I 0 2  ' Q i  � 0 1 · •1 1 0 0 1 J O  0 1  G.2 i ;) 1  -1),1 O.OJ � 01 0 0 1  O D . � "  0 0  G l  O l  
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A U s e r  Fr i e n d l y  Co.mp u L er -A j decJ Tl ienn a l D e s i gn To o l  U t i  ] j z i ng 
Tr a n s f e r  Fun c t i on s  

> s t r a c t :  

i\ l i M "  I k ; i w i . l ' l r  l l  
. 1 0 1 1 1 1  \� ;u11 l 1 � 1 t 1 �� l 1  

<..'n l l "R''  I l l' i\ r ' < ' h i I " 1 · l 1 1 1 T  nnrl 1 1 1 h:u1 l ' l ; i 1 1 11 i ng 
'l ' lw l l 1 1 i v r ' r' '" i l .1· 1 > 1' �l i c · h i i� : r J T  

2 0 1 1 r i  1 '. u 1 1  i ;;  l < ' C I I \  I \ ' r l  
,\ 11 1 1 . \  l l 1 1. n· , M l · I �( l t ) � )  

I l s /\ 

/\. u s c 1 ·  f 1· i t'1 1 d l y  c o 1111.1 1 1 t . <-' i · - ;1 i c l < - d  t. l w rn1a l d(;• s i g11  t o o l t l i a L  h e l p s 
· c h i t. e c  L s  o p t. i m i  Z (' <:> 1 1 c 1 · g,v 1 1 ,-; p  i 1 1  h 1 1  i I cl i 1 1 g  l i a >; l i <' e n  d e v e  I o p c • d .  
1 i s  t o o l <i s s i �; L s  m· c h i t.<' < ' t� ;  i 1 1 l'<' f' i 1 1 i 1 1 g  l l w i 1· i 1 1 cl i v i cl u ;- il d e ;.; i gn 
i1i r· o ri c l w s  t o  r e d u c e  c�I H' i ' l2S c n 1 1 �-a 1 111p t. i on a n d  i n c r e n sc t h e 1 · m a  1 
� 1· f o 1 · m<1 1 1 c e  o f' b u i l d i n g;.; w; i 1 1 g  mu l t i - r.> x p e r l  >;y s t e m s . The L o o i 
l l ows tl 1 P  1 1 s <' I '  t o  1· 1 11 1  ;1 s i m 1 t l ; t 1_ i o 1 1  b ;1 s P d  0 1 1  t h e Trans f <' l '  l' l l n c L i o 1 1  
� L h o d  u t i l i z i 1 1 g  a n e w  mncl u l r' L l r n l. <i l l nws e a s y  w: 1 l l ;-1 1 1 d  r o o t' 
:! l� i n i l. i o n s  H i l d  Tt·rn 1 s t' e r  F1 1 n c L i o n r c l. l' i r• v a l . Tl 1 i s  rn o d 1 1 I P  I J C 1s a 
-; c 1· - f r i e 1 1 c! l y  G 1 · aph i c a l  l n l e l ' f <H ' C t. l i ;1 l. c o n s t i t u t e s  D f 1 · 01 1 L - c' 1 H I  
> J '  ;_1 w<1 l l a 1 1 d  r o o l' L r a n s f' c r  f u n c t i o n C' n c f l' i c i c n t  da L1 bas (� l t  i s  
1 e ;,1 s i l y  op c 1· a t P d  t o o l t h at a l l ows Uw L 1 s c r  l o  qu i c k l .v L' t• \x i c v e  
W t l- ;m s l' c l ' f u n c L i on s  for n l m o s t a11 .v e o m b i n<1l i 01 1  o f  wa l l 0 1' J ' o o r 
1 t e 1· i a l s  t o  r u n  a l h e 1 · m a l s i mu l a t i on .  

Int r o duct i o n :  

C o mp u t. e 1 ·  n p p l i c a t i cm s  i n  t lw d e s i gn o f' t h e  b u i l d i n g e n v e l op e  
J C l u d c' s i m u l a t i o n a n d  op t i m i z a t i o n us i n g qt.w n L i t a t i ve a n d  r e c e n t  
1 ow l cdge - ba s c d  t e cbn .i qu e s . 'l'hcl ' ln;1 l s i mu l a t i o n app l i c a t i ons t l i a t  

L' <' u s C' d  f o r  d e  L a .i ] e d  anci l y s  i s  1 · e q u  i 1 · c  e x p e r t s t o  i n t e l'p r c t  mul 
'-; <-: . Tlw s c  m o d e l s a 1 · e  n o t  upp 1 · o p l' i a L c  J ' o r  p r o v i cl i n .u; ,1 -i d l. o L h c  
1 T h i l. P c l. w i l.h .i 1 1  t h e  d e s i gn p 1 · o c c.' s ;.;  r l 1 H� t o  t he i r  c o mp l e x i t y .  T h c i 1 · 
1 1p u L d n L-1 .i s c o n s l r u c l e cl  i n  a 1' 0 1· m<l. L l 1 1 ; 1 l. 1: c q u i 1·l 'S n umer o u s  
l' l. a i  l s .  a n d  t h e i r  o u t p u t  d a t a  i· cqu i re s  (-� x p e r L k n ow l l' clge t o  
v a l 1 1 a t. c' , re f . < l l .  

/\. c c u 1· < 1 t c· s i mu l a t i o n o f  a p 1 · n p o s c cl b u i l d i n g des i gn w i t h o u t .  
0 1 · 1 .· e c l  d a t a  i s  .i mpos s .i b l e .  l lowcv<'l ' . ll 1 c  many v a 1 · :i a b l e s l' e qu i  r e d  
0 1 ·  r:clll s i dr·1· a L i o 1 1  i n  good ;.; i 111u l ;.1 l i rn 1  o l' L e n  b e c o m e  t e d i o u s  <:1l 1 cl 
1i r c c• r c s l' a t· c h c r s  t o  s p e n d  va l u a b l e  t i me c o n s u l t i n g t ab l e s and 
e 1 · J' o nn i n g r e µ e l i t i ve c a l cu l a l i on s . r<;xper i men L s  s h o w  t h a t  by 
l i m i n a t i n g Uw f o c u s  upon t he ext r eme c o n d .i t i on s  o f  c l i m a t e  J' o r  
n e 1· gy d e s i gn or mon t h l y e11p 1·gy c o 1J s u mp l i on l e ve l s , a n d  by 
1.· i c-n l i ng t oward d e ta i l e d ana l ys i s ,  t h e  d e s i gn e r  ga i n s  a rl. e e p e r  
n c l c 1 · s L a n cl i n g o f  lhe c h n i c P s  a va i l ab l e  i n  t h e  des i gn o f  t h e  
u i  l d i 1 1 g  enve l op e , J ' e:> f .  c 2 ) . c ;en e r a l i U e s n s s o c i a t e d  w i t h  
p p r o x  i rna t c  s i mu J a t. i o n methoclo I ng i P S  p r e v e n  L cl e s  i gn gu i dnn c e  for 
1w c i f i c  d e s i gn p r o b l ems ;rnd op t i ma l d e s i gn s o l u t i on s , as we l l  n s  
o r  the p 1 · e d i c t i o 1 1  o f  e x a c t  t h e r ma l des i gn l o c a t i o n s . F:xp er i me n t s  
n d i c a t P  t h a t  p o or unde r s t and i n g o r  h e a l i ng m i d  c o o l i ng c on t. ni l  
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and l o ad p e r f ormance o ft en r e s u l t s  when appr o x i m at i on such a� 
p e ak ] oacl s . i s  the only c ons i de r at i. on .  r e f . C� J .  In add i t i on ,  
methods us i n g app r ox i. m a t i on c an l e ad t o  IVl' ong c on c l us i on s , r e f . 
< 4 ) . 

I n  r e c P n t. y 0 <1 1 " S  o u r  r e s e ar c h t e am has deve l op e d  an i. n l e l l i gen t 
a r c h i  t e c t 1 1 1 · c1 l c o mpu t er a i d e d  t herma l sys t em .  The s ,v s  t e rn  u t i l i z e �  
t. h e  Trcrn s f e 1 ·  Fu n c t i on M e t h o d  f o r  therm a l  s i mu l a L  i on i n t e g r a t e (  
w i t h m u l t i - ex1w 1 · t sys t ems for i t s  prob ] (• IJI de t f� c t i ( ) t t  < t 1 1 d  aJ.v j c e .  
Tr ;m s f e r  f un c  L i  o n  me t ho d was f i r s t i nt l' o dw: c d  l J,Y S t eph e n s on anc 
M i t a l as .  r e f .  t !i , 6 > . Th i s  pr o c e dur e i s  bas e d on r e sp on s e f a c t on 
an cl t h e  i nt erp 1 HY of heat exc hange be twe e 1 1  v;ff j o u s  s ur f a c e s  anc 
s ou r c e s  of he a t  ,l(a i n ,  r e f . < 7 > .  Tr an s f e r  f unct i. ons nre bas e d 01 
two c onc ep t s : 1 he c on duc t i on trans f e r  f a c t o r s  ( C'J'P > and t h e  
we i g'h l i. n g  f a c t o 1 · s  ! IV!•' ) .  The CTF ar e u s c c l t o  d P S <T 1 b e  the heat 
f l u x  ;.i t the i n s i d e' w;1 l 1 .  r o o f ,  p ar t i t i on , c e i l i ng or f l oor as <: 
f u n c l  i n 1 1  of p r e \· i ou s  v a l ues o f  the h e H t  f l u x <i n d  p r p v j ous va l ue �  
o f  i n s i d e and ou t s i de· temp er a t u n� s , r e f . ( 8 J . The WF' a 1· e .us e d  t c  
l J · c1 1 1 :. J n t e  t h e  z o n e  h c ; 1 t  g a i n i. n t o  c oo l i n g l o ads . r e f.  •. D l . The s E  
C u r i e  L i o n s  a r e  clcr i v c r l  ma i n ly f r om r e sp o n s e  f a c t or s . Th e s e  re sp ons E 
i " c1 c L D 1' s a 1 · ( '  U l0 i" i 1 H� c i  <.i s a n  " ' i 1 1 f i n i L e s e r i e s  t h a t  1 · e l a1- e s  a current 
var i ci b l c  Lo p a s t  v a l u e s  of o t he r  var i ab l e s a t  d i s c r e t e t imE 
1 1 1 t e r v a l s .  /\. t 1 · : insfe1· f u nc t i o n c onver t s  t l i e  t h e o r e t i c a l l )  
i n f i n i t e s e t o r  r e s p o n s e  l' ri c t. o l ' s  i 1 1 t n n f i n i t P 1 1 1 1 m h e r  n f  t p:rm:= 
t h a t  m u l t i p l y I J o L h  p a s l va l u e s  o f  t h e  var i a b l e of i nt e r es t anc 
p a s t v a 1 u e s  of 0 Lh e 1· V<ff i ab l c s " , n' f .  c 8 1 .  

Cu 1 T e n t l y . L h <>  sy s t em ' s d a t a b a s e  s t r u c t lll' C' and i t s r e l a t i on t c  
t h e i 1 1 1. t" 1· f a c e  i s  b t"'l i ng l' r.? r te s i gn c d .  Th i f: t s  d o n e  i n  n 1� d�r t o  :1 l l n\• 
LIH' 1 1 s e r  i .o s i nn 1 l n 1. e  1 . h 0  h1 1 i l c l i 1 1 1Y, P <i r l y  i 11 tl 1e r.l 0 s i gn p r o c e s s  an c 
t o  ovc l ' c om e  t h e  p 1· o b l e m s  o f  '!'FM c omp l ex i t �' - The L o o l  e h m i n a t e f  
I. h e  L c cl i ous l c1 s k  o f  f i nd i 1 1 g  T r c1 1 1 s [' p 1 · Fu n c t i o ns f o r  t h e  bu i l ct .i ng ' �  
w a l l s a1 1cl r o o f and a l l ows L i l e  u s e r  t o  qu i c k l y  d e f i ne t h e  p r o b l en 
;.nHl r u n a s i mu l a t i on .  Tlw p;o a l o r· t h i s  n ew m rHlu l t' i s  t o  i n t e g1· R t i:  
t h e  cle t. a i  l o f  wa l I an d 1 · 0 0 [ t r ;m s f e 1· f t 1 1 1 c t i on c o c f f i c  i e n t s w i  LI 
t. h c  e x i s L i n g s ys t em i n  a ma1 1 1 1er L h;.1 t c ou l d  be q u i ck l y  under s t o o c  
a 1 1 rl e a s i l y 1 11 a n i pu l at e d . Th i s  paper d e s c r i b e s  an over v i ew o f  t h r  
i 11 L e l  l i ge n L  c o mp u t er �i i cled th c rn1 a l  s y s t em .  J t  d i s c u s s e s  t h e  
L 1 · ans f c 1 ·  fun c t i o n c o e f f i c i en t s  mo ciu i e  1 1 1 1- rcg1 · a t e cl w i th t h e  s y s L e n  
i n  d e t a i l .  T t s S (� ;,u - c h  me t h o d , d u t c1 b a s P  s L n1c t u r e  and i t s l i n k s  l e  
l h c  ove r a l l sys t em a 1 -c�  de s c r i b e d .  

2 .  Over a l l  Sys t em D e s c r i p t i on :  

R.C C l' n l. l y a p r o j e c t  t h a t  f o cu s e d o n  t h e  r e l a t. i o n s h i p  IJ e t w P e r  
d e t a i l e d L h e 1 · nm l ana l v s i s rn 1 d  gu i dan c e  mi v i c P ;-1 1 1rl  r T i l . i r · i s m w;-1 ;.c 
i n i t i a t e d ,  r e f .  ( ! U , l l l . To ri r' s i g1 1  1 . lw s y s 1". Pm , :-1 rl P U1 i l P d t hr:' nn � l  
an a l y s i s mo d u  I e w a s  cl e v e  1 oped . The moclu 1 e i s  i n t e g r a  tee! w i  U
i 11 t c l 1 i g e11 L agent s c ai· t i f i c i a l  i n t e l l i gence c omp u t a t .i on a l  methods ) 
t l i a t  l' l! a s u 1 1  cil i u u L L l i e  s i ml l l H L i o n u u l c u m e  a t uJ p 1 · u v i tlP d i e1 g 1 1 o s L i c �  
c c r i t i c i s m J  and adv i c e t o  s o l ve p o t. l� n t i a l p r o b l em s . Tlw sys t e n  

a l l ows u s e r s  t o  eval u a t e .  c r i t i qrn' and op t i m.i z e  ene r gy u s e  a n c  
d e s i gn i n  bui l d i n gs .  T h e  s y s t em i s  bas e d  o n  a h i e r a r c h i c a l 
i· c p r e s e n t a t :i  on o f  bu i l d i ng c l  c m e n t s  i n  the s i mu l at i on m o d e  t c  
e s L ab l i s h R we l l - d e f i ned o l l tpu l . t ak i ng i n t o  c on s .i cl e r a t i or 
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i s s i b l e  e l em e n t  j nt er a c t i o 1 1 s  a11c l  c c nf l i c t s . Th i s  chang i n g output 
:." C or d i ng t o  t h e  bui l d i n g c!r, s i g11 is used t o  b 1 1 i 1 d  a s s o c j a t i ons 
i t h l h e  i 11 f e r e n c l'  p r o c e s s  and r e l at e d  know l e dge s o ur c e s . The 
r1 f c n� n c e  p r o c e s s  i s  used lo op t i m i z e t h e  b u i l d -I n g  e ne r gy d e s i gn 
\' p 1 · m· i d i n g c r i t i c i sm and adv.i c e .  The c r i t i c i sm H n rl  adv i c e ar e 
rrn d uc t c' cl  b a s e d  on jl J ' o b l em cle t c c l. i o n  a n d  t h e i r  l o c ci t i o n s  u s i ng 
1· l i f j c i H l  i n t e l l i genc e uncer t a i n  l ' C�as o 1 1 i ng ,  heur i s t i c s  a 1 1 c.i s e ar c h  
c l. h o d s . The i r  framework ut i l i z e s  a m o d e l t h at f a c i l i t a t e s  
.vm1 m i c  mu l t i - exper t s y s t em i nt e 1- ; 1c t i un <l lH"l c on f l i c t  a v o i dan c e  
i t. h i n  p r o b l e m s o l v i n g . 8 P C <u< s e  o f  i t s open ar ch i t e c t ur e .  t h e  
�· s t em c a n  s i mu 1 a t e  .i nd i v i  d u a  1 p r o e e s s e s  ;md t e s t  t h e  i r o u t c ome 
n an i 1 1 d i v i cl t 1 <1 l b a s i s  o r  as a c o mh i 1 1 a t i on w i th o t h e 1· �; . l ' i gu t· e  
I l 
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L1�vel 2 

F' :i gu r e  1 .  T l w  dynam i c  m u l t i - expl� l' t  s y s t e m  i n lr:� J " ac L i o n m(Jdr., l .  

The s �' s t em u s e s  t h e  Tr ans [ e r  r-u 1 1 c: L  i 0 1 t  Me t. h o d  f o r  i t s t. h e r m a  l 
.na l y s i s  w h e r e  i t s output i s  l a t e r  u s e d  b �r t l i e  exp e r t s .v s t c�ms t o  
1 r o v i d e  p 1 · 0 1 J 1 c 111 c l c t c c t i on a 1 1 d  a cl v j c e .  Curr e n t l y , · the s y s t e m ' s  
latabase s t n1 c t t 1 ! ' (·� and i t s a s s o c i a L j  on w i t h  b o t h  t. b e  i n t e r f a c e  a n d  
.he t herma l s i mu l at i o 1 1  eng i n e h a s  b e e n  r e de s i gn e d .  The new t o o ]  
ntegr a t e s  t h e  d e t a i l s  o f  w a l l and r o o f  

·
. tr an s f e r  fun c t i on 

: o e f f  i c i ents w i t h  t he e x i s b  ng sys t em i n  a manner L h a t  c an be used 
! ar l y  i n  t h e  de s i gn process due to i t s s i mp l i c i t y .  

: . 1 .  The Wa l l  and Roof TF To o l :  

The t o o l  has a u s er - fr i e n d l y  Graph i c a l  U s er I n t e r f a c e  t h a t  
:ons t. i  t u t e s  a front - e n d  f o r  a w a ]  l and r o o f  t r an s f e 1· fun c t  i. on 
: o e f f i c i en t  d a t a b as e . r t  i s  an e a s i l y  o p e r a t e d  t o o l t h a t  a l l ow s  
. h e  user t o  qu i ck l y  r e t r i eve t h e  t r an s f e r  func t i ons for a l mos t any 
: o mb i na t i o n o f  wa l l  01· r o o f  m a t e r i a l s .  The t o o l man i p u l at e s  d a t a  
'rom d a t a b a s e s  c o n s i s t i n g o f  two c o mp o n en t s . The f i r s t  c omp one n t  
. s  a t r a d i l j on a 1  t ;1 b l e  o f  w a l 1 / J ' o o f 1. r ans fer f u n c t i on c o e f f i c i en t s  
1 s  d e t e r m i ne d  by t he l ayer sequence o f  the wa l J .  Wh i l e  this t a b l e  
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l 1 a : �  1 0 1 1 .!', l l c • · 1 1  : i v n i l al i l C' .  on l �· w i  L i l  t h i :-; L o n i i :-; i L c· n s i l y  
; 1 <T <' s s i b l c• i 1 1 ;.1 f o 1 · 1 11 1 ' 1 ;1 l c ; 1 1 1 i m11H•d i ;1 L P I >· i 1 1 p t 1 l. L h c• lH:' c P s s <1 1 · .v 
\' a l ' i ; 1 ! J l c s i n t o  ;1 c o mp 1 1 L e 1 · s i mu l ;.1 t i o l l .  Tlw :� c· t · u 1 1 li 1: 1 1111p onen L i s  a 
1 ww L1 b l 1-� l . 1 1 •·1 1 : 1 l i s t r a c· t s  t l w  l ' i 1 · s t  l r n d i t i o rni l 1 <l li l c 1 11 a 11'<'1.V 
c o n ci u c  i V l� L o  rn o r h,· 1 · 11 c · orn1H1  L. c- 1 ·  s r • ; 1 1 · c i i •' s . 1 1.. i s  t l H' s r.� c o n d  t ab I c 
l. 1 1 <1 l. a l  l 1rn•s tlw u s c 1 ·  \ . o  w o dc e f J' i 1 · i c" 1 1 t J .1- . 

T l 1 0  ;.1 b s t 1· n c t  t n li l c· c o n t a i n s i1 s i 1 1 ,g l c .  t1 1 1 111c r i c ;1 \  e n t r y  t' o r  e a c h 
w<t 1 1  0 1 ·  r o o f  t' o r  e 1 • c 1·y p o s s  i b I c• c om p o n r' 1 1 L  i 11 a w a l l 0 1: 1 · 0 0  f ' s  
l ; 1 y 1' t '  s e q \ tt' l 1 C «'  Tlw c i 1 l, i · i c· �" 1 · c f' l c l· t  l.l w  <1 m o u n 1. o f  t h e  ,g i v e n  
m < 1 l .  e 1 · i ;1 1 . Cl s c l  c t c •  I ' m i 11  l '  d h , v  L I i  i c k  n c :  s s . i 1 1  t h e  w ; 1  l 1 • F '  o r  c CJ m p  o 1 10 1 1 1.  s 
w i l l 1  n r · g l i g i b l e L l i i c l< 1 1 1 ' c; s _  s 1 w \ 1  ;1 :-; f' i n i s h .  t h e  1 • 1 1 \. t ' >' i s  a s i m p l e  
l o l-( i c  b i L - - <-• i l lw r  7Y J ' l l  0 1 ·  0 1 1 1 ' . T l w  n h s \ r ;w t  L ;1 l i l c • 1 · rn 1  \ 1 c  e ns i l y  

lll<l l l i p tt l : l l <' d  1, .v c ompu l C' r  s o r t.wa n� l .o d c l c l 'ln i n P 1 · c � l cv:.1 1 1 t  e1 1 l. r i e s i n  
L h e  t l ' iHl  i t  i () l l ;\ l t : i h  1 (' o f  t l « ·1 1 J S  l ' c · r  r 1 1 1 1 c t  i Ol1 S . 

The a c tu a l i 1np l c11H' 1 1 t. n t i on o f' L lH' n e w  l ' rl C l i' :.-1 1 1 d  wn l l  t r an s f e 1· 
f u n c t i on cl a l r1 1 J a s c• f' 1· o n t - E' l l d w n s  <H: h i e vc'd w i t h  l. h 0  u s e  o f  two 
d i f J ' c n• 1 1 L  t� (· : 1 1 · " ' 1  1 11 c tl 1 o clc; . \l' i l c • 1 1  L h c  w; c i ·  f ' i 1 · :-; L !; l. ;1 1 - L ! ;  I l i c• f' l ' Cm l. 
c 1 i r l .  thc.1· ;-ll' t' p 1 · c• s c• 1 1  l . c c l w i t 1 1  H I  I t lw i n f o r m a t. i on n e c c s s :.-1 1·.v t o  
1 1 · L r i 1 � 1· v L i 1 1·: L. 1 � 1 1 1 �i i· c' t " r· u 1 H: l. i o 1 1 s  L h c.v I H ' C d  i n  one c a s y - t. o -
u n c l 1• r s L 1 1 Hl  s c r c c 1 1 .  0 1 1  o n e  s i de� o f' Llw s c r c c 1 1 i s  a l i. s t  o f  a l l t l i e  
1' 1 1  L l '  i r" s i 1 1  I I r c t nH I i l i rn m 1 l n l > I  e o f '  w a 1 l u 1 · !' o u f t 1 · an s f e r  
r u 1 1 c t  i 0 1 1 !.; ,  < J 1 1  f . h C' 0 L1 1 c 1 ·  s i d P  i c� <t l i s l. o f  <1 l l t h e' c omp onen U; 
p o �' s i iJ \ �· p r e s r' n \. i n  L l 1 o s e  e n l r i c-� s .  f ' i g u r e  ( 2 J . U s i ng H m o us e .  t h e• 
1 1 s <· 1 ·  c <l l 1  s c• l e c l  1VI H • L l i (• 1· o r  110 (, t h e  r o o f 0 1 · wa l l  t hey ;i r e  
s i 1nu l a l. i 1 1 g  c o1 1 l ;1 i 1 1 s  c c · 1 · t . a i n  componen l s .  l lP o r  s h e  1 1 as t h e  c h o i c e 
o f' e x c l u d i ng ;.i l l e 1 1 l. 1· i c•:; w i t h  " 111 a l . e r i ;1 l  t s u c h  as w o o d  o t· 
r_' { l ! 1 c 1 · p 1_J:! l . i n r...: l ud i n.�� o n J �r f'r 1 t i · i (1 S  c o n L rl i n i n g �1 c o. r t n i n  rr.:;:1 L c1 · i � 1 . 
o r  i 1 1 1 ·  I 1 1 d  i n � 1• 1 1  I 1 ·  i r' s r 1-· 1�<1 r el I r- .'; s  o 1· 1. l i r' r· n m1 m 1 1 r• 1 1  I . ' s J 1 l ' P s PJH' <' 
l'� a c h  t i m r.� <1 1 1 c w  c ' 1 ' i l. c: r i o11  i s  c� 1 1 l. p 1 · e d . i L  i s  ;1 p p l i e cl Lo l. h c  
;1 b s l. r ;1 c l f' o i- 1 11 1 J f  tlw L 1· <1 n s f' (· 1 ·  l'u11 c L i o 1 1  c u c � f i ' i l' i C' 1 1 L s t ab l e: .  a n d  t h e  
1 · 0 1 1 1p u l. r · 1 · c a 1 1  qu i c k l y e l i m i 1w l r:' a l l  t l 1 o s c  c n l. 1 · i c s t h a t  c l o  n o L  m a t c h  
t' 1 · 0111 t h r:' ! i s l. o r  wa l l s  o r  nrn f s .  1 1 1 t h i s  111 : n m �' 1 · ,  t· h l• u s 1:· r c a n . i n  

a rn;1 1 l c: r  o f' s e c o nds , n a 1 T o w  t h e  l i s t. o l' c1 1 1. r i c s i 1 1 L h «� \ ab l e  t o  a 
J ' 0' w  c h o i c e s  t lw t. c ;1 1 1  lw 1 · cp l 'l' .'; c 1 1 \, (� d  g 1 · n p h i c a l l .v and c l o s e l y  
1_: o 1 ·r c s p n 1 1 d L o  l. l i e  w a l l o r  l · o o f  L I  1 l� u �; c 1 · w i s 1 w s L o  "' i mu I a t c . Thus . 
i t  i s  1 1 o s s i b l e t o  s i 111 u l a l e bu i l d i 1 1 .� d e s i gn s  vc 1 · y  c· rn · l �· .  ('\l r' n i f  
L i l e  LI S P I '  on i .v i 1 ; 1 s  p a t· t i a l i 1 1 1 ' o nna \ i o n about. L iw w;1 i i s  o r  r o o f s  t o  
I H •  s i mu l a t e d  ( f:' o 1 · i n s t an c P , l w  o r  s l w  111;1 y 1 1 1 1 l y  k n ow \ . lmt L i l e y  w;m t  
; 1  wa l l c o 1 1 t a i l \ i \ \ .l!; w o o d  :rnd n u  c : o 1 1 c r L• l e 1 .  

O n c e  L h c  l i s  L o f  p o s s i b l  t '.  w<1 I l o r  r o o 1 ' m a lw u p s  l r n s  lw c: n 
s h o r t e n e d  1. o a t'c·w e 1 1 L 1· i c• s ,  L i l e  1 1 s p 1· c an t h e n  cip p l ,v 1.\11! s r• c onri 
s e a ] ' (: h  op t i on .  C o n c rr' t e  a n d  i n s u l at i o n ;1 r c  ma l. e r i ri l s  p 1· c s 0� n l. i n  
a l mo s t n l l wa l l s  o r  r o o f s . b u l  i n  ll' i dc l y v a i · y i l lg q u;:i n t i L i e s .  
Th cr e f o n > ,  1. h c  s o f t w a r e  <.1 I l ows t h e  1 1 s r-' r t o  1 - ; 1 1 1 !\ 1 . lw l i s l . o f  
e 1 1 t r i 0• s  by t h e� q1 1 : 1 11 1 . i ty f f� i l . I H�1 ·  f 1 · 0111 h i p. I i  1 . < 1  l nw 11 1· 1' n1m l ow L o  
h i gh >  u f  c o n c. T e L e and/ o r  1 1 s Ll l a t i o 1 1  i 1 1 e a c h  e n t 1 · y ' s  l ay e r  
s c q u P 1 1  c e . Th c c I i  o i c ,,, Ix� s L m ;  " h  .i n .g l l  w u s  c 1 · ' s s p c < '  i t '  i c ; i t  i 1 m s  1 �; 
l .h t • 1 1  1« .rn i< e d  f i  1 ·s L i n  Lh1� I i s l  c l 1 u i c 1_· s . \H·1� v t• 1 1 l, i 1 1g L 1 1 c� 1 1 t• t• c l  f o 1 · 
t l ic t t> d i ou s  t a s k  o f  t h o nJ u g. • .Y  exam i n i ng t h e  e n t r i e s f o r  OI H' 
m a t c h i ng the p r o p o s e d  w a l l en· 1 · 00 !' . Bo l.h s e a r c h e s  a r c  mad e 
p o s s i b l e  by t h e n e w . a b s t r ac t e d  f o r m  of Lhe w;1 l l  f 1 1 1 H : L i o n s  t a b l e  
t hat i s  q u i c k l y  s e a 1· c h e d t�vc: 1·y t i ml• c r i t e 1 · i a  i s  changed t o  
gener n t e  a n  u p  t o  da t e  l i s t .  
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F i g1 1 1 · c · ;� . The i 1 1 L c 1· f a c P  o f  L h e  W a l I :' l l 1d J ·lo o l '  TF' T o o l 

l \ c' c : il l ! S e  1 l w n i J s t i · a c l  1_ ;1 1 J l c! a l l ows f o r  r ap i c l .  f 1· (• q u r · 1 1 L  s c :c1 1 -c h c s ,  
h e  u s c 1 ·  d i s c o v e r s  i 1 1111H.• d i a t c• l .v i I '  l H' c i 1 · �; l w  l r n �; s p c c i l ' i c , r l  a s c L o f  

· 1 · i t p 1 · i a  n o L m a l c l w d  l i_v ;m y  c' l t 1 1 - .1· 1 11 Uw t 1 · ad i t . i c 1 1 1 ; 1 J 1 . 1 · rn 1 s f c• r  
1 1 1 1 c l i o 11  c o r · f f i c · i c 1 1 1.  1 ci. b l c s a 1 1 d  c ;1 1 1 l h c> 1 1  u 1 1 c l o  1 1 i c  1 ; 1 �, L  s e l e c t i o n 

. i l l' .\' m ;1 r l t• . Th i s  i s  S l l J l t' 1 · i o 1 ·  t o  o t h c 1 ·  r l < t \ . ; i Ji ; 1 �; r' s c h r • m c s  t l i ; 1 t do n o t. 
· e l' i 1 1 < '  l h P i 1 · s e ;1 1 · c 1 i (� s  : 1 f 1 . c r  r' a c l i  < .T i t e 1· i o 1 1  i � : c • 1 1 t e 1· c• r l , :md t h 1 1 s  
· c· q u i r c u s c• 1 · s  c o n r 1 · 0 1 1 1 . t• < l  w i l l i  1 1 1' .L'J1 L i vP s c• ;�1 1 · c h  r e s u l t s t o  r c � c x a m i n c� 
1 1 1 t . I H' c 1 · i t.C'. l' i ; 1 P 1 J l. c' 1 · e cl . As a rn o clu l c• 1. o ;rn r•x i c: t i 1 1 ,l', bu i l d i n1� 
: i 1 11 u l a L i o 11 s�· s t e m , i 1  a l  l ow s  t 1 s c 1 · s  t c i  cl C ' h i c• v c.' a c r.: 1 1 1 · : 1 <: �' i n  an 
1 1 1 p 1 · c c.· c d r • n  l. c' d  1' ;1 �' 1 1  i D 1 1  l ha L dews 1 10 t 1· c· qu i r P  l lw u s c · 1 ·  Lo h ; 1 1• e  rn 1  
1 1 -- dc•p l h  l ' am i l i ; 1 r i l y w i t h l r; 1 1 1 s f' P r  l' l l n L· l i on s . I t. : 1 l l ow s  the u s e r  

, o  1 · a p i d l y ; 1 1 H l  P <1 s i l .v l o c a l e t h e  p 1 · c c i s c  t. 1· <rn s l' e r  func L i o 1 1  
: o t' t ' l ' i c i <� 1 1 l s  h e  o i· s l w  1 w e cl s  f e n ·  l t i s o r  h e r  s i mu l ;1 t i on s , a n cl c n L c r  
, ] ) {' Ill w i t h o 1 1 t  L h c  rfo nge 1· o r  d a t<1 e 1 1 t 1 · �1 C l T O J' S .  fl. d d i t i o nci l l y .  the 

' a s c' w i L i l  wh i c h ;1 1 1 s p r  c m 1  c l w nge t h e  wa 1 1  o r  r o o f  c ompos i t i o n i n  
i i s o r  l w 1 ·  s i mu l a t i o n ,  a l l ows f o 1· n1p i d  and e a s y  s i mu l a t i on t o  be 
: o n cluc L e d . F'o 1 ·  examp l e ,  by c h ang i ng t h e  amoun t o f  i ns u l a t i o n i n  a 
; i mu l <t t e d  wa l l  f r om Lwo i n ch e s  l o four i nc h e s , t h e  u s e L' c an 
1 u i c k l y  s e e  h ow t h i s  s e e m i n g l y  m i n o r  c h ange c a n  a f f e c t  t h e  
Ht i l d i n g a s  a who l e . B e f o r e , m a k i ng th i s  s ame c h ange wo u l d  have 
·cqu i 1 · c d  <1 g 1 · c ;1 l clea l o f' L i  me and e f f o r t . Now i l c m1 b e  done wi lh 
1 l ' c w  c l i c k s  of the mo u s e .  



3 .  Conc l u s i ons : 

l'r e v i  o u s  c ompu t e r  s y s  t ern s  h a n cl l  i ng L nrn s f e 1· fu n c t  i < i n s  r e qu i r e el 
an i n - d e p t h  f a m i l i m: i t y w i t h ma t t e r s  t h a t  s h o u l d be i nc i d<' 1 1 t u l  t o  
v a l u a b l e-� bu i l cl l ng s j mu l <1 t i o1 1  n� s e a r c h . Th<� t o o l d e v e l op e d  a l l ows 
the u s e r  to r aii i d l y  ;rn d e �1 �� i l .v l o c ni.. c tlw pr c c i  '.; e t. nrn :� f er 
f un c t. i o 1 1 s  he or she needs 1 · o r  h i s  or her s i mu l at i o n s . a n d  e n l er 
L hem w i t bol l  t t. he d anger o f  dn t a  en L ry e t-ror s .  New e n  l.i- j <� s c a n  b e  
aclcl e c l : 1 1 1 cl o l d  C! n l r i e s uprla 1.. e d  w i t h e x l reme e <1 s e  t o  n l l ow f o r  
expans i o n a n d  n� v i s i o n .  As a modu l e  t. o  ex i s t i ng l.i u i J d i ng 
s i mu l at i on .  the t o o l  a l l ows 1 1 s c 1· s  t o  ::i c h i e v c· i_•xc e l l e n t. a c c u nlcy .i n 
an u 1 1 p 1 · c� c c cl c 1 1 L c d  f c1 s h i 1_rn l-! i 1 L' l y  i 1 1 l l H-? d v s i g r 1  p 1 · < i L T S S .  Th i s  n e w  
t o o l  i s  a11 0 L l w 1 ·  s !J• p  f" onvci nl 1 1 1 i 1 1 L c .� 1 · ;_1 t  i n g  <1 c c u r a l. <• i n f o 1 · ma t i 0 1 1  
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R ECENT D EVELOPMENTS I N  U S  LIG HTING REG U LATION FOR ENERGY 

EFFICIENCY 

.BSTRACT 

Mohamed Boubckri, Ph.D. 
School of Architecture, University or I l l ino is 

6 1 1 Tafl: Dr., Temple Buell Hall # 1 1 7 ! '}f ! 
Champaign, I L  6 1 820; USA 

1 the latest National Energy Pol icy Act (EPACT) of 1 992, several energy efliciency programs 
ave been enacted. Within the lie Id of illumination, these programs included lamp standards, 
!Sling procedures, lamp lahclling, luminaire testing and information procedure and energy 
onsumplion standards. Many of the programs have not taken eflect unti l  1 995. This paper 
cscribes some of these programs and the implementation of these new l ighting efficiency 
�gulations. 

N TROD lJ CT ION 

"he latest National Energy Pol icy Act became law on October 1 992 after passing both houses of 
J S  Senate and U S  Congress. It was initiated and designed as a response to growing concerns 
bout America's increasing dependence on imported oi l  ( I ) . U S  domestic energy Policy 
ontinued to decline throughout the 70's and 80's but the reliance on foreign oil rose to nearly 
0% of U S  consumption. The several Middle-East crises ranging from the 1 973 oil crisis to 
)esert Storm war of 1 990 forced US politicians lo respond in a comprehensive manner to the 
otentially severe problems that the country could face some day. 

�l'J\CT l 992 (2) allccls all users and manufacturers of electric lighting equipment and/or energy. 
l impacts the manufacturing and util ization of electric motors, transformers luminaires, and 
imps. It establishes minimum e fficiency standards for incandescent and fluorescent lamps of 
ertain types. Lamps nol meeting these standards are no longer available since November 1 995 as 
pecilied in the Act. Facilities not using ineOicienl lamps need, therefore, to change their lamp 
echnology which could consist of simply changing the lamp type lo a more radical change such as 
1slalling a completely new lighting system. 

,JGHTING SYSTEM PERFORM ANCE STAN DARDS 

IP ACT 1 992 addresses energy performance standards for new construction of public and assisted 
1ousing, single family and multi family residential housing (other than manufactured homes) 
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subject lo mort gage insured umlcr the National I \0 1 1si 11g Acl . These must mcel the Council of 
i\ rncrican Bu i lders Ollicials (CAHO) energy code of 1 992.  A pro v isio n i n  t he Act states lhat IK 
later t han 2 years afler lhe date o f em1ct111cnl o f  E l' ACT '92, each state was requ ired to cer t i fy t 

the Secretary o f  E nergy that il lms reviewed t he provisions of i ts  resident ia l  building code 
regard ing energy eJliciency and made a deterrni1mlion as to whether lo revise such residential 
bui lding code provisions to meet or exceed the Co unc i l of American Bu i ld ing OJlicial (CAJJO) 

code of 1 992. 

The req uirements for the commercial bu i ldings were to meet t he Amer ican Society for J !eating 
Refrigcrnting and Air Co nd it ion ing Engineers ( i\S l l Ri\E) and the l l luminali ng Soc iety ofNortl  
America ( ! ESNA), AS/  IR/\E/I ESNA 90. 1 - 1 989 Standard (5) or any successor slandards and l 
states were asked to comp ly with these standards no lalcr than lwo years aflcr lhe enactment ol 
E l'ACT 1 992 . On June 2 8 ,  1 995 ASI I R t\E and I E S N t\  have completed t he revis ion of the 
previous standard to the new o ne A S I IR AE/I ESN A  90. l -89R. Dern is providing assist:mce to 

states for implement al ion and monilorin!:! the i r compliance w i th El' ACT upgrndcs. 

As in the previous standard , the new one is based on calcu latio11  or both in ter ior rn1d exterior 
power a lknvances ( I Li'/\ aud ELPA rcspcclively). The aclual co nnected power shou ld he cqm 
or Jess than the maximum a llowed ! LP/\ or ELl't\. trnde-olfa arc al lowed with in each of the 
interior l ight i ng budget or exter io r light ing hudget bu t  not between them. 

Specification for Light ing Power Ucnsity 

I be l ight ing l'owcr Density ( Walls  /square melcr or square foo l) prescribes a max imum power 
consumption level per unit  area e i ther per bu ild ing type or per space funcl ion lype. The bu i ld in 

Ll'Ds are based 011 t he weighted average Ll'U va lues o f  the space l i incl inn and the typ ica l area� 
of those funct ions typ ical ly found in t hat part icu lar type of building. Overall bu i ld ing LPD valm 

vary accord ing to lhe tolal  l ighted area o f l hc bni lding and tend to dccrcilse as t he lighled area ( 
t h e  huilding increases. 

Space Ll'D values arc mot e speci fic and re lalc to l he fu nc t ion of each spac.:c. Previous L PDs 

were based o n  a room cavily ra l io of I and were adjusted us ing an area factor (J\F) wh ich 

accounts for t he space l igh ted area and the cei l ing height. The new LPD vrilues arc genera l ly 

lower than the prev ious standard because they liikc inln consideralion the most r ecent effic ient 
l ight ing techno logies. 

Tl 1c ! 1 1 lc1 iu 1 Ligi il i 1 1g !'u we1 Al lo wa11ce 1 1 1ay lie calcu[ulcd using l l ie Tolal B u i ld ing Atca tv!c l 1 11 

or the Space ! 'unction Method. The ca lculalion procedures have not changed between t he two 

versions of the standards. 

The Auilding Arca Method calculates the cnl ire I LPA based on lhe allowable l ight ing power 
density for that bui ld ing type. The l ighting power densily varies according to lhe type of huildi 11 
and lhe to tal l igh lcd area of t he bu i lding . The larger t he bu i ld ing, the smaller lhe LPD. 



·

1 able I .  A Sample o f  l �ecommended Power ndjust mcnt Factors (Reference 5 )  

Automat ic  Con t rol Device (s) Power Adj ustm e n t  

Factor ( PA F  

Daylight Sensing Controls. continuous dimming 0.30 

DS. multiple step d imming 0 .20 
DS. On/Off O. l 0 

DS, continuous d imming and programmable t iming O.J5  
DS, mull iple step d imming a n d  programmable t iming 0.25 
DS. On/Off and prngrammablc t i ming and lumen maintenance 0.40 
Occup;mcy sensor 0.30 
Occupancy sensor and DS, co11t inuous d imming 0.40 

Space Function Method calculates the l ighting power budget based on the power allowance for 
each srace and the area or each space in relation to t he building. The interior l ighting power 
allowance and the exterior lighting power allowance are serarate. Trade-offs me a l lowed w ithin 
I LPA or ELPA but not between t hem. 

The two calcu lations methods are not all that much d i l lcrent from the Bui ld ing Arca Iv1cthod. The 
only rm1jor d ifference is that power adjustment foctors can be used for each sracc to calculate t he 
adjusted p o wer allowance based on whether that particular space uses some special energy saving 
lighting controls  or not as indicated in Table 1 .  

LAB F: L L r N G  A N D  EFFICIENCY REQUI RE M ENTS 

In terms of lamp technology, the 1 992 EP1\CT specifically addresses general service i ncandescent 
lamps, incandescent reflector lamps ( R), Ellipsoidal Reflector ( ER) lamps and Parabo l ic 
Aluminized Reflector (PAR) lamps, , straight, " U "  shaped , and compact tluorcscent lamps and 
high i ntensity discharge (HID) lamps (3). EPA CT now prohibits the manu frlclure or importation 
of certa in  w ithin these categories (4). 

Gen eral Service I ncandescent Lam ps 

The products included are the medium base tungsten-halogen lamps 1 1 5- 1 30 volts. 30 watts and 
above. used for general service lamps applications. Traffic signal, street l ighting, transportation, 
stage and s t ud io, industrial heating, reprographic, medical, colored, shatter resistant, decorative, 

showcase and appliance lamps incandescent lamps ure excluded rrom labelling and efliciency 
standardiza t io n. 

Under EPACT '92, t he US federal Trade Commission (FTC) is the agency required to design 
labelling program for all lamps included in the new Act (4) .  The Jcadline en forced was 15 May 

1 995 for most lamps except for incandescent group for which the deadl ine was extended lo 
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December 1 99 5 .  t\ 1 1  prnclucts i 11ch 1clecl w ith i1 1 EP/\C l 11 1ust meel label ling 1 cq1 1 i rc111enls,  name ly 

l;i mp packages cl isplay lumen n u t  put , lamp wattage, and rated lamp l i te .  For la1 1 1ps n pcrat i 1�g at 
other vol lage than the l J S  sta11clard 1 20 volts, t hey must be ] is led for their operat ing vo l t nge as 

wel l  as for the US sla1 1dard one.  

The labe l ing is in tended l o  help eo nsunH:r select high c11e1 gy clfa:icncy prod ucls to meet t heir 
needs . S imilar labeling requin:111c1 1 ls  arc nnw enacted for medium-base compact tluorcsccnt 

lamps, whid1 e111phasi1.cs the rel<1 Livc cost or energy l i 1r L l icsc commonly lan-.p types cncourng ing 
more 1 1sc o r  enicient l ight  sources. 

I n c a n d escent Rcnrctor La m ps 

The p1 od1 1e l s  inc luded within th i s category o rlamps are med ium-base rc l kctor R :rnd P /\R 

sha ped lamps, 1 1 5 - 1 3 '.l volts, rHJ wal ls  mid abo ve, wi ! l i  a d iarneler not L:xceed i 1 1g 2 . 7 5  inches. 

Exe11 1ptcd products arc the speeiu li1.ecl lamps s11eh as trafTI<: s igna l , strcct l ighl ing, trnnsportat ion.  

stage ancl sluclio, industr ia l ,  heal ing rcprogrnphic ,  mecl ica l , scient i fic cle<:orn l ivc, sho wcase. 

colorccl, shal lt: 1  1 cs is l a 1 1 l , appl ia 1 tcL\ la1 1 1 p:;, 1 u uf!_h/vi li1 at iun sci vice, lumps with bases o ilier t han 

l'.2<1 ,  E IZ and B R  b11 lh shapes R20 or snmllcr and low voltage lamps. Pcrforman<:c d<Jta mus( 1 1 1cc 
or excct.'u mi11 i 11111111 c nicacy l imits. Tal 1I(· 2 ind icates the 111inimu n 1  cflicacy ( l u rnen/wall) standard 

that rcl lcctor la rnps need lo l l lcct or exceed. 

Table 2. I ': I' ACT l 992 minimum e i l i<:ai.:ics for projcdL>r lamps 

Nom i n a l  La m p  

W a ttage 

40 - 50 
C l  t:. J  .. 
_! l - \ . } \ }  

67 - 85 

8 (i - 1 1 .S 

1 I <1 - 1 5 5 

> 1 5 5 

M i n i m u m  

A n· nigc l a m p  

IWicacy ( Ll ' W )  

1 0  . . 'l 

I I 

1 2.5 

1 ,1 

1 4  . .S 

1 5  

Lamps not meet ing the ab<l\le p1 cscrihcd e!J ica<:y vah1cs cm11 1ot  be manufactured atlcr Octo ber 

3 1 ,  1 99 5 .  I ,mnps t ! w l  do not employ lia logcn capsu le teclmolngy wil l  not meet the minimum 
c llirncy standm'ds. !11 1 1 s  arc now cl irnirn1tcd. In this list we find some popu lar and o llcn used larnr 

such as most IUO, R4 0,  and inca nclcsccnl  l ' t\R30 and P/\R 3 8  lmnps. 



;cn crnl Scrvkc F.luorcscc n t  La m ps 

\ccording to Fl' ACT , general fluorescent lamps need lo meet o r  exceed mnmlatory min imum 
amp ellicacics and Color Rendering I ndex (CR!) .  Table 3 shows these e ll ic::icy and CRI l imits  
1ccording lo lamp type and nominal wallagc. All regular 2400 m m  aud 2400 mm high-out put 
nanufocturccl afler April 3 0, 1 994 were subjected to t hese requirements.  lJ-shaped 1 200 mm and 
iOO mm lamps must meet ellicacy requirements a fler No vember 0 I .  1 995.  Colored lluorcsccnl 

amps are exempt from t hese requirements, but the DOE proposes that a CRI values no less than 

!O must be met .  All o ther lamps falling within the categories as shown in Table 3 and do not meet 
he req uirements eould not he manufactured as o f' October 3 1 ,  I 995 . Product exempted arc lamps 
.vith a CR! o f 8 2  o r  greater, plant growth, cold temperature, colored, impact rcsislaul, 
e flectorized, rcprographic or UV radiation lamps. 

l'hese standards have el iminated ful l-wattage lamps that use the lower-cost halopbosphors, 
hereby, encouraging the use or re<luced wattage or lamp using more e/licacious rare earlh-
1hosphors. 

Table 3 .  Eflicacy and CRI  requirements for general services fluorescent lamps 

Fluorescen t La m p  Nomina l  Lam p M in i m u m  C R l  M in i m u m  Average 

Type Wattage Lamp Efficacy 

(LPW) 

2 Jl lJ >35 69 68 
<35 45 64 

4 fl Med hi-pin >35 69 75 
<35 45 75 

8 ll high o utput > 10 0  (,<) 80 
< 1 00 45 80 

8 tl slimline >65 (i9 80 
<65 45 80 

l l igh I n tens i ty Disch a rge L a m ps 

!'here a re no speci fic guidelines under FP /\CT 1 992, but the Depart 1nc1il or Energy ( IJOE) was 

·cq uired to p rescribe ellicicncy standards if t hey arc warranted. in other words. if they would 
·esull i n  signi ficant savings and arc cco nomirnl ly feasible. I f  DOE determines that such standards 
lfe needed, they wi l l  he effect ive by Ociober 1 999. 
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CONC L U S I O N  

The rev ised ASl l RJ\E/IESNA standard 90. 1 -89R i s  comprehensive energy clliciency stamlard 
dea l ing with several energy consumption sources in commercial and residential bui ld ing that mor 
t han 3 sto ries. Th is revised slar1dan.l has gone an extensive public review and is a culminat ion of 

the work o f  several commiltees. In the area o f  bu i lding i l luminat ion, the new standard includes 

several clauses dealing with lamp standards, testing p 1 ocedures, lamp labelling, luminaire testing 

and informat ion procedure and energy consumption. lkcause o f' t he new �tandard, a number o f  
very popuhir lamps c:an no longer be manufact ured in t he  US because they don'! meet any longer 
the newest c1 1c1 gy c lfo.:ie1 1cy standaids. The new standard rdlccts most recent ndvunces in light 
fixture technology and the constantly develop ing tie Id of l ight ing . 
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Collaboration on energy techno logy research a1 1d developrnent through the 
e rnational Energy Agency ( I EA) contributes to the economic deve lopment, energy 
curity and environmental protection objectives of Member countries. 

The I EA Energy Technology Col laboration Prograrn rne provides a framework for 
perts to work co-operatively and s l iare results. The benefits typically include sharing 
sts, pool ing resources, and avoiding unproductive research paths .  Further, pa1i icipants 
� able to spread the risks associated with the choice of research p riorities . The 
!comes of col laboration enable the research and develorment objectives of national 
ergy technology p rogrammes to be better achieved at a lower cost. 

This paper introduces one of the IEA collaborative programme on Energy 
1nservation in  Bu i ldings and Commun ity Systems programme (ECBCS) and highl ights 
i ach ievements of a number of its col laborative projects. 

THE I NTERNATIONAL ENERGY AGENCY 

The International Energy Agency ( I EA) is an autonomous body which was establ ished 
November 1 97 4 with in  the framework of the Organ ization for Economic Cooperation 
d Development (OECD) .  I ts purpose is to implement an International Energy 
::>gramme. I t  carr ies out a comprehensive programme of energy cooperation among 23 
OECD's 24 member countries, and al lows for the participation of non-member 
untr ies. 

The chal lenges the I EA member countries face in  the energy sector have evolved 
er the past two decades. Energy security remains a primary goal .  But in  recent years 
�re has been increasing awareness of the significance, for energy policy and energy 
curity, of two further factors: concern over the environmental impact of energy-related 
tivities and the growing global ization of energy issues , as countries' economies and 
ergy markets become increasingly interdependent but nevertheless different in terms 
energy sources, pr ice etc. 

e objectives of the IEA  are: 
to improve the world's energy supply and demand structure by developing alternative 
energy sources and increasing the efficiency of energy use 
to encourage col laboration among member countries in  energy research ,  and 
technology development and demonstration 
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• to e n s u re that environmental considerations are taken into account in the formu l ation 
of energy pol icy 

• to maintain and i �npmve a system for coping with oi l  disruptions 
• to operate a p e rmanent i1 iformation system on the o i l  ma rket and othe r  sources of 

energy 
• to mai ntain cooperative re!ations with non-member countries and internat ional  

o rgan izations 

1 .1 Organ ization of the Collaboration Programme 

IE/\ energy technology activit ies are set up under simple contractual arrangements 
cal led I mpl ementing Agreements . The I mplementing Agre e ment provides the legal  
mechanism for establ ish ing the commitments of  1 h e  participants, the mnnagement 
structure to guide the activity, and the distribution of the be11efits derived from the co
operative work. 

There are cu rrently 41 active IEA Implementing Agreements cov e r i ng fossil  fuels 
technologies,  renewable energy technologies, efficient energy end-use technologies,  
fusion technology and energy technology information centr e s .  nesearch expenditures o1 
more than $1 OOM (US) per a 1 1num are coordinated, providing substantial  cost savings .  

A provision for  non I EA-Member countries to p a 1iicipate in Agreements as Associate 
Pa1i ic ipants was i ntroduced i n  1 992.  The Republ ic of Korea,  the Russian Federation ,  
IJoland,  I s rael ,  tl raz1 I ,  Ve1 1ezuela amJ China t iave become Assuciale F-'ar lic iµar 1 Ls i 1 1  a 
number of !mplernenting .A.greements. 

I he  I m plement ing A g reements are managed by Executive Committees made u p  of 
experts nom inated by the participating countries.  The various act ivities of each 
Implement ing Agreement a re set out in separate Annexes and are managed on a day to 
day basis by an Operating Agent. The I m plementing Agreements are mon itored by 
tech nical  and pol icy experts who represent Member count r ies  on the IEA Govern i n g  
Board ,  C o m m ittee on Energy Research a n d  Technology (C ERT),  and th ree Wrn ki n g  
Parties on specific technology areas . Al l  resources f o r  projects are suppl ied b y  th e 
Part icipants rather than by the I EA .  The resources are provided by Participants 
contrib ut ing f inancial  reso urces (cost-shar ing)  or by Pariicipants devoting specified 
reso u rces to the agreed work programme (task-sh aring) . 

2. ENERGY CONSERVATIO N  IN BUILDING AND CO M M U NITY SYSTEMS 

Approximately one th i rd of p r imary en ergy is consumed in  non industrial bu i ld ings,  
such as dwel l ings,  offices , hospitals and schools where it is  needed for  thermal 
condition ing ,  l ight ing and the operation of appliances . The percentsge of the total  e n e rm 
used in non indu strial  bu i ld ings varies from 30 to 50% depending on the cou ntry .  
Exceptions a r e  countries without heavy i ndustr ies; such s s  Denmark and The 
Netherlands where the e n ergy used in  the b u i lt envi ron ment is esti mated to vary from 50 
to 70%. 

Hence this sector represents a major contributor to fos s i l  fuel use and carbon dioxide 
p roductio n .  Fol lowing uncertainties in energy s upply and recent concern over the r isk of  
g lobal wanning,  many countries h ave now in troduced target values for energy ssvings ir  
bui ld ings.  Overa l l ,  these are aimed at reducing energy co11su mption by between 1 5-30°1 



o achieve such aims, international co-operation in which research activities and 
1owledge can be shared is seen as an essential. 

I n  recogn ition of the significance of energy use in bui ld ings,  the I n ternational Energy 
gency ( IEA) has establ ished an I mplementing Agreement on Energy Conservation in 
ui ldings and Community Systems (ECBCS).  This is aimed at in itiating research and 
rovid ing an international focus for bui ld ing energy efficiency. Tasks are d i rected at 
eneric energy saving technologies and activities that support their application in p r aclice. 
;esu lts are also used both nationally and international ly to develop relevant standards 
nd gu idel ines.  

Member organizations of the ECBCS are drawn from a total  of 2 1  Countries and the 
u ropean Commission .  The designation by governments of a number of private 
rganizations ,  as well as un iversities and government laboratories, as contract ing pa11 ies 
ave p rovided a broader range of expertise to tackle the projects in the d ifferent 
)Chnology areas than would have been the case i f  participation was restricted to 
overnments . Participation in any part icular programme of research is optional and most 
�mmonly takes the form of a 'task shared' Annex in which each participant commits an 
greed level of effort. Typical ly an Annex wil l operate for a four year period. 
iccasional ly ,  an Annex may be jointly funded, in  wh ich case a single institution receives 
mding from participants to undertake a given task. 

Overall control of the p rogramme is mainta ined by an Executive Committee, which not 
nly monitors existing projects but identifies new areas where collaborative effort may be 
eneficial .  The Executive Committee ensures all projects f it into a predetermined 
trategy without unnecessary overlap or dupl icat ion but with effective l iaison and 
ornmunication . 

. 1 Program me O bjectives: 

ieneral objective of the BCS Implementing Agreement is to facilitate and to accelerate 
1troduction of new and improved energy conservation and environmentally sustainab le  
ichnologies into bui ld ings and community systems. In  order to  achieve that both 
ichnical and non-techn ical goals are defined. Specific objectives of the BCS R&D 
rogramme a re: 

to support the development of generic energy conservation technologies within 
international col laboration 
to suppo r t  technology t ransfer to industry and to other end-users by dissemination of 
informat ion ,  through demonstration p r ojects and case studies and through attract ing 
d i rect industry par1icipation 
to contribute to the development of international  standards, test methods, measuring 
techniques and evaluat ion/assessment methods 
to remove technical and to some extend also non-technical obstacles to the 
penetration of new advancements in energy conservation technologies 
to encourage non-Member countries to participate in BCS activities by inviting their 
industries which are recognized in the specif ic area of the Annex, to accelerate the 
introduction of energy efficient technologies in these countries . 

The work of the BCS programme covers a large number of areas, including: design 
)Ols (early-stage ,  LCC-analysis ,  etc . ) ,  commun ity p lann ing tools ,  system engineering,  
u i ld ing automation and energy management systems, advanced technical systems 
ighting,  envelope, H VAC systems, heat recovery) , operational technologies, advanced 
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bui ld ing materials and components, indoor air qual i ty and venti lat ion ; energy retrofitting ,  
and i 1 1 te g r at ion of  e 1 1er�1y conservat ion and renewable energy technologies. 

The R&D activit ies cover both new and existi 1 1g  bu i l cJ ings, 1 es idential and 
office/c o m m e r c i a l  b u i ld ings,  even though main emphasis is on irnprnving the energy
eff iciency of the ex ist ing bui ld ing stock because of the decl in ing t rend in new construct ion. 

2.2 A ct ivities of the B u i ldings and Community Systems Program :  
Since the start o f  the  Agreement in 1 977, the  Executive Committee has in i tiated 34 

col labomtive projects (Annexes) with 25 of them completed and rnpor1ed.  The work 
addressed the main FHUJ EH88S rPciffirmPrl <Js p;::i rt nf  thP. St rntP.�JY Plrin .  ThesP. projects 
resu l ted in a large number of repo11s with resu lts rnnging from international state-of-the
art review to design g u i d e l i n e s ,  to val idated s imu lation models and ene rgy analysis tools .  

To enhance the disseminat ion of the program resu l ts ,  the ExCo encourages 
participation of industry in  col laborative projects, i t  publishes a semi-a11nual New::;letter, 
pub licizes the vvo rk on an Internet VVor !d VV!de VVeb page (v·1vvvv.ecbcs .org) , and 
encourages presentat ion of the resu lts at relevant national and international conferences. 

Descript ion of  a l l  annexes and a l ist of resu lt ing pub l icat ions are available on the Web 
page.  �ur r ie  u l  the 1 1 1a i 1 1 H&D a 1 eas and annexes addressing t l rnse areas are 
summarized below. More detai ls are sometimes g iven on some annexes to i l lustrate 
part icular ach ieve1 1 1ents.  

2.2.1  Enerqy M a n a qernent and Control Syste ms 

The implementation of bui ld ing energy management and control system::; can rc::;u lt in  
a considerab le reduct ion in  ener�JY use.  Efforts ha·Je concentrated on providing 
guidel ines for selecting su itab le systems (Annex 1 6) ,  the development and assessment o 
bu i lding H VAC emulation tools (Annexes 1 0, 1 l  and 30) and of diagnostic and fault 
detection techn iques (Annex es 25 and 34) . 

Annex 1 6  examined the functions of a number of existing mon itoring cind control 
systems,  how these wo rked in various countries and c l imates and the cost reductions tha 
resu llecJ f r u r r i  sysle1 1 1  i 1 1  q...1l e 1 1 1 u 1 1 tal iun .  Sensor types and instal lations were assessed,  a 
number of bui ld ings filled with computerized energy management systems were 
inspected to gain experience with d ifferent appl ications and experiences were also 
col lected through i nterviews wilh manufacturers ,  consu ltants and property managers. 
Examples indicated that investment in computerized energy management and control 
systems can result in 1 5-30% energy saving, depending on operating  strategy. 

Whi le Annex 1 6  primary task was to examine existing systems, the purpose of Annex 
1 7  was to develop the algorithms used in  the con t rol  3y3tem3.  Tho option:. for  hr.ttor 
control were demonstrated by means of s imulations using d i fferer1l  uper ali r rg st r aleyies. 
Two simulation software packages were used: TRNSYS and HVACSIM, and emulators 
worn dcvclopod and implemented at six different sites. Compnri::;ons havo also been 
made between various  emulators (e.g. for the operation of the boi ler, cooling system, 
cool ing tower, supply and return ai r  fans) and resu lts were in most cases with in 5%. The 
work indicated that emulators can be used to inspect or  examine the hardware and 
software of the control system,  assess the structu re ,  control strategies and algorithms ,  
f ine-tune the  default o r  p re-set values and  t rain operating personnel .  



! .2 Deve lo pme nt and Evaluation of Design Tools 

Several annexes have been devoted to the development and application of design 
ils including thermal s imulation (Annexes 1 0  and 21 ) . Several models have been 
veloped and/or assessed, many of which are in the public domain. The work of Annex 
( in collaboration with Task 1 2  of the Solar Heating and Cooling program) has resulted 

a comprehensive method to test and help correct computer-based energy an alysis 
idels. This work has been accepted by national accreditation bodies and is leading to 
tter design and assessment of en ergy efficient bui ldings. 

Effective e ne rgy red uction is dependent on improving the e nergy efficiency of the 
i lding stock without compromising occupant comfort or bui lding integ rity and d u rability 
pecially in relation to moisture accumu lation. Efforts have been dedicated to 
veloping computer prediction models and design guidelines for building e nvelope 
stems (Annexes 1 4, 1 9  and 24) . Annex 1 4  objective was to p rovide architects, bui lding 
mers and practitioners with better knowledge and understanding of the physical 
ckground of the phenomena of condensation, including material characteristics and 
tical conditions for mold g rowth. Also to provide better computational models, taking 
·at, air and moisture in account in predicting su rface condensation and potential 
lutions to avoid it .  Design and practice guidelines were produced and presented in o n e  
t h e  fin al reports.  

Motivated by the work of Annex 14 and the fact that national bui lding codes and 
:rndards continued to treat the subject of  combined heat ,  air and moisture performance 
a very elementary way, 1 4  countries have joined in Annex 24 to improve the 
1derstanding of heat ,  air and moisture transport in n ew and retrofitted envelope parts 
1d to analyze the consequences of thermal and hygric performance on durabil ity. The 
mex resulted in the most comprehensive compilation of computer models and materia l  
operty data . It also defined the concept of  I ndoor Cl imate Class with the governing 
1rameter as the indoor-outdoor vapour pressure excess, to classify the hygrothermal 
ress on the envelope. Finally, the consequences for energy consumption of enthalpy 
>W, latent heat release and moisture content were quantified in exemplary practical 
1ses. Parasitic airflow was highlighted as a major cause of u nwanted extra losses and 
oisture accum ulation .  Examples of effects on durability were also given for cases of 
ological and chemical attacks and mechanical degradation. 

2.3 Ventilation and Indoor Air Q uality 

It is estimated that 30% or more of space conditioning load (heating and cooling) of a 
Ji lding is in the departing air  stream . Therefore, in addition to impacting the indoor air  
Jal ity, venti lation has an important energy implication. ECBCS program has 
Jncentrated on understanding the role of  ventilation and evaluating ventilation system s .  
tudies have focused on energy efficient ventilation strategies a n d  methods f o r  predict ing 
r flow patterns (annexes 20, 23 and 26) . Other aspects include evaluating the impact of 
1 r  infiltration on venti lation and energy performance and the use of ventilation heat 
icovery systems (Annexes 8, 9, 1 8  and 27) . Information on air  related aspects is 
isseminated through the Air Infi ltration and Ventilation Centre (AIVC or Annex 5).  

Annex 20 was formed to evaluate the performance of single- and multi-zone air  and 
:mtaminant flow simulation techn iques and to establish their viabil ity as design tools. The 
valuation was done through a n umber of simulation exercises covering free, forced and 
1ixed convection cases as wel l  as a displacement ventilation case.  This also p rovided a 
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methodology and data sets for future work. Computational f lu id dynamics (CFO) codes 
were found to p redict room air  movement with sufficient realism to be of use to design 
p ractice, however significant ski l l  and experience are sti l l  required to use such codes. 
The work also identif ied three areas needing of further development , modeling of supply 
air  jets,  turbulence and thermal wall functions. In  the area of mu lti-zone model l ing ,  
expe1is of Annex 20 developed a number of  algorithms including f low through large 
openings and single sided ventilation , inhabitant behaviour (use of doors and windows) , 
a ir  f low-d riven contaminants and mu lti-room venti lation efficiency. These development 
were now incorporated into s imulation code COM IS developed in Annex 23.  

Experiences of  Annex 20 were a lso extended to Annex 26,  to provide design gu idanc 
on the appl ication of a ir  f low s imulation tuuls for understanding venti lation in large 
enclosures such as shopping mal ls ,  atria, airport terminals and covered theaters and 
stad iums.  Each of these presents enormous design chal lenges in relation to heat ing anc 
cool ing loads , the provision of good indoor air qual ity and protection against f ire and 
smoke movement. The annex developed new m ethods thrit have provided new guidanc• 
on the operat ion and appl icabi l ity of CFO models .  "Simple" analysis tools were 
developed for basic engi(18er i 1 1 g  aµµiicaiion . These inciuded the "iiow eiement" 
technique in which the flow field is predicted by ind ividually analyzing each flow element , 
i .e .  jots, p lumes,  boundary layer flow, etc. In addit ion, a s impl ified measurement 
procedure to evaluate bui ld ing air l eakage hns boon JGvi:.;8J,  w 1J exist i r ry in fra-red 
photography methods have been adapted to map surface temperatures ins ide spaces 
that can only be viewed from obl ique ang les. CFO predictions have been compared with 
measured results and demonstrated to predict the flow and thermal patterns to a 
reasonable degree of accu racy including coping v·1ith tho complexities of radiative 
exchange. Various developmontc of J\nnox 26 were incorporated into a "tool kit" aimed c: 
assisting the practit ioner to achieve proper f low pattern control for energy efficient 
venti lat ion.  

2.2.4 Advanced B u ild ing Materials and Systems 

Developments in window technologies, to improve the thermal insulation value as wel 
as the use of natura l  dayl ight arid passive heating and cool ing techn iques, have a 
considerable impact on energy efficiency of bui ldings. These technologies are developec 
and assessed in  various annexes on windows (Annex 1 2) ,  daylighting (Annex 29) and 
Low energy cooling (Annex 28) .  Combined with these are p rediction methods and a 
variety of new m aterials and energy efficient systems for use in bui ld ings. 

2.2.5 Com m u n ity Systems Energy Planning 

Widespread implementation of energy conserving technologies and measures 
depends on the scale of penetration . Various projects are aimed at developing 
community widA strntAgies or local area planning. Activities are concentrating on !hr. 
development of planning tool3 and implementation strategies that optimizes t i  1 8  e1 1�1 yy 
use within a whole community (Annexes 22 and 33) . This involves the co-operation of 
local authorit ies wi l l ing to participate in the use of p roper planning tools  as part of an 
internatio1 1a l  case study npprouch. 

2.2.6 The Future B u i ld ing Foru m 

An important part  of the ECBCS program is the Future Bui lding Forum - 2025.  This i s  
aimed at identifying long-term energy, environmental , economic and technical i ssues anc 
assessing their impact on future bui ldings. The Forum also monitors technological 



vances appropriate to bu i ld ing science and defines research priorities based on 
ierging technologies that wi l l  ensure that bui ldings contribute to a sustainable society 
the year 2 025 and beyond. The direction of the FBF is maintained through regu lar 
i i kshops and expe1i meetings;  s ix workshops on various subjects were held to-date 
·oceeding available through the A IVC) . The FBF Organ izing Committee includes 
)resentatives from al l  bu i ld ing-related I EA Implementing Agreements including:  District 
!ating and Cool ing, H eat Pumps, Energy Storage and Solar Heating and Cool ing. 

�.7 New Activities : 

Several new Annexes have recently been establ ished each aimed at improving the 
pl ication of knowledge to p ractice. These activities include: 

Energy Related Environmental Impact of Building - Annex 3 1  
1 e  main intention o f  this p roject i s  t o  document and develop techniques that can be 
ed to analyze how energy use in bui ldings impacts on the i nterior, local, regional and 
)bal environments. The planed work covers: documentation of methods and data; 
alysis ;  demonstrat ion; and information transfer. 

The project wi l l  be centered around l ife cycle analysis combined with the impact of the 
rastructure associated with bui ld ing and the energy chains involved in del ivering energy 
bui ld ings. 

Integral Building Envelope Performance Analysis - Annex 32 
1 is activity i s  aimed at the optim ization of the bui lding envelope to achieve energy 
iiciency combined with a good indoor envi ronment. Two main tasks are p roposed to 
!Velop appropriate methodology for performance analysis and to establish case studies 
assist in improving and demonstrating optimization methods . These studies w i l l  
:orporate new construct ion, renovation , laboratory tests and fu l l  sca le  demonstration. 

Advanced Local A rea Planning - Annex 33 
ajor effect has recently been undertaken in several countries to develop local energy 
anning concepts (LEP) into a tool for the integrated planning of entire communities. 
i is combines knowledge at the "microscopic" or individual bui ld ing design level with 
rstem analysis at the "macroscopic" or commun ity leve l .  Not only is modern day LEP 
>ncerned with min imizing the cost of energy supply but also in integrating demand and 
tpply side measures with environmental requirements and the planning and decision 
·ocess. 

There is now an enormous diversity of planning tools which are available to the 
anner, however a wide gap st i l l  exists between available techniques and there 
)pl ication i n  cu rrent practice. Ti le objective of annex 33 is to close this gap by 
·oducing tools to support practical appl ication. 

Computer Aided Fault Detection and Diagnosis - Annex 34 
recent study has ind icated that 20-30% energy savings in commercial bui ld ings is 

�hievable by re-commissioning of the HVAC systems to rectify faulty operat ion.  Cu rrent 
rategies do not expl icitly optimize performance and cannot respond to the occu rrence of 
1ults which cause performance to deteriorate. The objective of this Annex is to work w ith 
)ntrol manufacturers , industrial partners and/or bui ld ing owners a1 1d operators to 
ernonstrate the be11efit of computer aided fault detection and diagnostic systems.  
l ethods wil l be incorporated ei ther in stand alo11e "PC" based systems or  incorporated 
·ith in a future generation of "smart" bui ld ing control systems.  

1. ·10 



3. Summary 

Since 1 977, the I EA Bui ldings and Community Systems program of collaborative 
research has significantly contributed to the knowledge and expertise on efficient energy 
use in bui ldings.  The outcomes of the collaboration have enabled the research and 
development objectives of  national energy technology programmes in participating 
countries to be bette r achieved at a lower cost and a very high quality. 
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o\bslract 
:::omputational fluid dynamics offers the unprecedented opportunity to explore the discrete 
Jehavior of air, but the majori ty of simulations have been devoted to large scale rmxlels with h igh 
nomen tum air  supplies. Small scale CFO mo<leling of the boundary layer, however, reveals that 
ieat transfer from a given thermal source can be significantly altered if the characteristic length 
.vhich drives convective transport is shifted. This shifting can occur simply by changing the 
.ocation and/or orientation of the cold sink, without changing any physical parameters of the 
hennal source. FIDAP, a finite element code, w as used to investigate the impact of characteristic 
:ength on bou ndary layer heat tran sfer, and preliminary results indicate that orientation has a far 
�cater impact on characteristic length than previously assumed. As a result, discrete control of the 
:xrnndary layer heat transfer is achievable and may be an ideal application of MEMS technology. 

'fomencla t u re 

Ra Raylei gh number 

Nu Nussclt num ber 

Pr Prandtl number 
g grav i tationa l acceleration 

p volumetric expansion coemcicnt 

!\T temperature di fference between hot and cold isolhcm1al surfaces 

L length of isothermal surface 

L0 characteristic length 

v kincrnalic viscosity 

a lhcnnal di rrusivity 

µ viscosity 

p densi ty  

h heat trans fer cocfllcient 

k thermal conductivity 

c. specific heat 

I. Introduction 
Computational fluid dynmnics (CFD) and Microelectromechanical systems (MEMS) C<Ul 

complement each other ideal ly, the fonncr enabling a means to characte1ize di screte behaviors in 
air, and the latter providing the ability to act at a discrete level. These two fields, however, are 
developing independently of each other. CFD investig:1tions in building air behav ior h;ive tended 
to focus either on the evaluation of existing systems in typica l room scena.r.ios or on the 
investigation of specialized applications such as lnboratory fat:ilities and doub le walls. MEMS 
development has been carried forth almost exclusively by microeler.:tronics researchers, and their 
vision for future applications considers the deployment of MEMS only in conju ncLion with more 
efficient energy conversion, i.e. so as to provide direct personal cool ing or to replace the plant in a 
buildi ng. Coupling these two fields, however, requ ires discreti7..ation at sub-mil l imeter 
dimens ions, which is irreconcilable with the length scales associated with nom1al room 
dimensions. B y  removing the prima facie h igh ve locity air diffuser from the room behavior, one 
can consider that the air phenomena present are essentially independent behaviors thai interact with 
the room air through their respective boundary layers. As such, indiv idual phenomena can be 
explored accurately at length scales relevant to their boundary lnyers anti, therefore, wi thout tJ1c 
severe computational penal ties i mposed by room size models. The isolation of phenomena and the 



associa ted investi gation at small length scales ca11 then enable the cl 1arJclcrization of the !lo\ 
v ariables ,  and th u s  the subsequenl dctcm1ination of the parameters for direCLly con troll i ng th 
phenomen a. 

The proposi Lion that discrete Lhcnnal phi:,11ome11a in a space can be con lrolkd Jcx:ally an• 
d irect ly is ,  of course, not new; the microelectronics i ndus try has been actively clcvclopin. 
strategics fm disc.Tete thermal managcrnenl for over two decades. ll1e application of th is approac 
to room �1ir behavior, however, seems Lo be c. non sequimr for two reasons:  ( l )  the quicscer; 
ambient ,  considered as an infin ite thc1mal s ink in microelectr onics cooling, must be con trnlle1 
w i thin prescribed conditions in building environments, and (2) the high velocity air discharge o 
typical I IV AC systems inLroduces length scales on the order of room dimensions, supersC{ling an 
small length scale behavior. By shifting the focus from analysis  of exi st ing system responses t1 
analysis of existing thermal in pu ts , which generally induce bt1oya11t behavior, the high velocit: 
d iffuser, and Lhus its resultant mixed core flow, is no longer a requisite elemen t. ll1c el irninatirn 
of the dominant mixing behavior should result in an aerodynamicall y  quasi-calm core env iron men t  
and therefore the them1al inputs can behave as i ndiv idt1al bounded phe11ornc11a [ l ] .  Indeed , th• 
growing success of displacement ventilation strategics demonstrates that discrete buoyan 
behaviors can maimain their autonomy if mixi ng flows are suppressed [2 ,  3 ] .  More difficult tc 
discard, however, is the fiist co11llitiun which requires Lhe maintenance of a given quiescen 
ambient. Notwithstanding the economy and cnnt:imi n a nt removal efficacy of displacemen 
vcn tiiation systems, they sti i i  can not produce the ambient control ty pi fied by high velo<.:ity inducC( 
mixing .  It  is  for this condi tion that the i 1 1c lusion of MEMS hold s  Lhc most promise . Th• 
fundamental prem ise o[ the author's research is tlwt il ldividual thermal behaviors can be mitigatei 
lwfnrf' the.y nfft"•:t the ambient conditions. i f  approp1iate action i s  taken to control he�t ' tr:insfe: 
across the boundary layer . MEMS will eventua l ly enable the local and necessarily discrct• 
in ternet.ion s along the boundary layer for this control. 'I11e key initial step, theu, is to begi n le 
determine the relevant variahles for co11 1 ml l in e  h�:it trn nsfrr from a givP11 1 hen11a l  input. 
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Themrnl behaviors typically produced in rooms can be characterized ei th er a� boundcc 
convec tion , such as induced by surfaces and wi ndows which contain thennal gradients, o 
u n bounded convection, s uch as induced by people, computers, lumin11ires, etc. Both types o 
convection are buDyantly driven and their flows are thus governed by the Rayleigh n umber, whic/ 
expre�;ses the balance between the driving buoyancy force and the diffusive processes retarding the 
motion resu lting from that force: 

Ra = fl_/3 /'>,.T L� 
va 

( l )  
The heat transfer frorn buoyantly driven convection i�; goverm:.d b y  the N us$el t  number which i :  
defined as the ratio of the heat transport due to buoyancy to the p urely di ffusive transport rcsultin� 
only from the temperature gradien t : 

N h L  "' )  U := -·- (L 
k 

Within this relationship, the heat transfer coeffic ient, h, is dependen t upon the specific flO\\ 
characteristics, and thus is typical ly empirically deri ved . When the Nussc lt number is equal to one 
heat transfer is  p urely by conduction. Unfortuna tely such general conclusions can not be made 
regardin g convection a nd there are n umerous fom1ulalions for the local Nussclt n umber, most 01 
which are in a fonn similar to Nu, =f1 (Pr) Ra, where Pr i s  the Prandt l  number (0.7 1 for air) anl 
the function f1 is empirically derived [4].Thcre are distinct fom1ulations for each given f!m\ 
description ,  as weJJ as modifications dependi ng upon the flow regime . 111e complexi ty ol 
determin i ng the Nussel t number, and thus the local heat transfer, has led many room air modelen 
to substitute wall functions rather tJ1an suffer Lhe computalional pena lty necessary for direc 
dctennination [ 5 ] .  While adequate for estimating the overall heat trans fer, wal l functions a1e no: 
sufficient for accurate characterization of boundary layer flow. "nierefore, with the exception of h 
all of the variables for detcm1ini ng the Nusselt and Ray leigh numbers are general ly considered a� 
givens,  in tJ1at for a known thennal input in a paiticular space, the temperatures,  lengtJ1 anc 
properties are all prescribed . 
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I. T h e  C h a racteristic Lengl h 
In natural convection scenarios, however. the characteristic length i s  not a lways 

epresent::itive of the same dimension.  Dependin g  on the flow descri ption, the characte1ist:ic length 
nay be equal to the height of a verrical isothennal surface or the square root of the area of a 
1orizonta l surface [ 6 ! .  In rrddition, if i�othermal vertical surfaces arc closely spaced, the 
:harncteristic length reverts to the horizon tal spacing, and particularly i nteresting relationships 
:merge if surfaces are til ted [7] .  Microclectrnnics cooling strategies depend heavily on the 
nanagement  of characte1istic length to maximize heat transfer to the ambient environment. The key 
:lement detennining the resulting characteristic length is the relative loc::ition of 1J1c. cold sink. In  
:onventional HVAC systems, there are two types of cold si nks ;  the first i s  produced by the 
�nthalpic sponge of t}1e supply air and the second is  the chiller, both of which have no length 
dationsh ip with a specific room thennal input. B y  accepting the premise that MEMS will 
:ventually allow local placement of discrete s inks , then there i s  the potential to manipulate the 
:ffective characteristic length of any given them1al behavior in a room. As such, the governing 
�ayleigh number and the resulti ng boundary heat transfer coefficient can then be manipulated to 
:ontrol the heat transfer. 

I. Numerical Modelin g  
'Die initial investigation into the possible detenninants of char:icteristic length was carried 

rnt numericaJ ly, using the commercially avai lable CFD ccxle FIDAP. FI.OAP 7.5 is a sophisticated 
ln i te clement package that i s  l ittle u sed for bui lding simulat ions, because of i ts complexities, bu t  is 
-rmtinely used for the simulation of milToelcctronic heat trans fer. Two basic models were 
lcveloped. 'The first model acted as the simulation validation and was based on the classic 
rnmerical benchmark for nalllral convection [ 8 1 .  I n  addition, i t  served as  the baseline 
letermination of the relationship between the dimensionless Rayleigh and Nusselt numbers a s  
iriven by  the characteristic length. The second mcxlel was dimensioned, a n d  was developed lo 
�xplore the relationship between cold s ink location and heat transfer. Thi s  relationship has been 
�xpressed as an "effective" characteristic length, in that as the cold sin k  location relative Lo the 
henna[ input shifts, the characteristic length wh ich detennines the Rayleigh and Nusselt n umbers 
Nill sh ift even as the dimensions are unchanged. 'T he bounda1y conditions for both moocls are 
;hown in Figure I .  

The first model is a square cavi ty wi th isothem1al ve1tical surfaces and adiabatic horizontal 
surfaces . As i t  is non-dimensional, the input p hysical prope1ties arc replaced with the followi11g 
Jarametric values: 

� p =  r 

cP = Pr 

µ = g = f3 = k = 1  
For air, with a const.1 nt Prandtl number, the Rayleigh number i s  u1e only v<uiable influencing 
:onvcctive behavior inside of the cavi ty, and assuming  that the input temperatures rrre given , then 
the characteristic length i s  the only variable driving  the Rayleigh number. An order of magnitude 
:omparison of Rayleigh numbers, from 101 to 1 OR, was carried out not only to demonstrate u1e 
non-li near relationship between characteristic length and the Nusselt number. but also to dctem1ine 
the Nusselt n umber profiles across the boundary of u1e heated wall .  For the h igher Rayleigh 
number simulations, a finer mesh was used in the numerical model along the boundaries (with first 
node points located 0.4 mm from the boundary). 

TI1e second model is also a square cavity, but with embedded plates ac ting as the isothennal 
surfaces. All of the input variables are fixed---dimensions, temperatures and physical properties-
and only the location of the isothermal plates is varied in each case (see Fig. (2) for plate 
orientation) . A fine mesh model allows direct determination of the heat trans fer coefficient, and if 
the N usselt number is held constant for the cases then the following relationship must exist 
between the heat transfer coefficient and the characteristic length among the different cases: 
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!.l. = !::.L 
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Using this rela t ionship w i th the actual i nput condi tions would then produce ;u1 "e!Tectivt 

characteristic length as relative to 1 lie nonnative characteristic length represented hy the bcnchma1 
case orientation (i ndicated by the subscript i). This effective length supphrnts the actual surfac 

dimension or spacing that is typ ically assumed for this  value. The effective Rayleigh number c� 
then be detennined for each orientation. 
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Figure I :  Boundn1 y condilio11s of <lirnensionlc$S 1 11odet(lcfl) a11<l ciimensio1 1etl 1mxlcl (1 i�ht) 
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Figure 2: Isothcmial plate oric11t.ations for clirncnsio11cd model simulations 

5. Simulation Results 
The resul ts  for the first model are summarized in Table ( 1 ). 'Ilic purely diffusive case, ; 

i{a= I OJ, is considered to be the baseline with all dimensions nonnalized to one. By forcing th 
isothermal temperatures to remain constant, then each successive order of magnitude increase i 
Rayleigh number can only be achieved by increasing the characteristic length by a factor of 1 01 1  

TI1e mtio Le IL;, then, simply represents the relationship of the characteristic length of the hight 
Rayleigh number cases to the d iffusive case. Tlie N usst::!t 11urnl.Jt:r in the wble represents th 
average of the local N usselt numbers along the height of the hot isothemial boundary. Fig. (:'. 
compares the plots of the local Nusselt number profiles for all the cases. 

Ra lOJ Io• I O' I o• I O' 10� 
L, I L1 1 2. 1 5  4.64 10 21 .5 46.4 

N u  1 . 1 1  2 .25 4.56 9. 1 3  1 5. 82  27.56 

Table I 



l\s boundary layer flow becomes established at Rayleigh numbers above 1 05 ,  the gradient of the 
local Nusselt number profile becomes more pronounced. If the N usselt number is also plotted 
icross the boundary layer rather than only along it, the gradient disappears at increasingly closer 
jistances to the boundary as the Rayleigh nu mber increases (at Ra= 1 0  , the gradient becomes flat 
lt a distance of 0.0 1 8  x L from the boundary).  

The results for the second mcxlel are summarized in Table (2).  TI1e first three cases-�N 1 ,  
N 2  and N 3--are simulated with a vertical isothermal wam1 surface, and the remaining cases are for 
1 horiwntal placement. The benchmark case, N l ,  is considered to be the baseline, and therefore 
he ratio L. !L1 represents the relationship of the nom1ative characteristic length for each case to that 
)f the bas� case, as cletennincd from the average heat rransfer coefficients; whereas L,JL is the 
;alculated, or apparent, chrirac1crisLic length for each case in relationship to the actual dimension. 
fhe effective Rayleigh number can then be determined using L,ff' 

N l  N 2  N 3  N 4  N S  N 6  N 7  
h , , K  0.077 0.0828 0.0495 0.053 0.0795 0.024.5 U.0 1 87 

LJ /LI 1 . 0 0.93 1 . 56 1 . 45 0 . 97 3 . 1 4  4 . 1 2  
L,IT/L l . () 1 .075 0 .64 0.69 1 .03 0.3 1 8  0.243 
Ra,IT 9.2 x 1 04 1 . 1  x 1 05 2.4 x 1 04 3 x 1 04 1 x 1 05 2.9 x 1 03 1 . 3 x 1 03 

Table 2 

Two orders of magnitude separate the highest Rayleigh number case from the lowest, which is an 
:idditional order beyond what the literalllre predicts [9]. Figure (4) compares the plots of the local 
heat rransfer coefficients along the boundary (calculated at nodes .009 m from the heated surface) 
for the two groups of cases. As one would expect, when both the wann surface and cold sink are 
)nented horizontally, as occurs in N6 and N7, then boundary layer flow, and thus heat transfer, i s  
rnppressed. 
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<i. Conclusions 
The cases discussed in this paper were chosen to demonstrate the potential impact of 

characteristic length manipulation to alter boundary heat transfer. The author concedes that a 
substantial amount of verification work must take place before any substantive conclusions can be 
UrUWll. fo UUUitiOll, fu1 Lhe1 simulation Studies need to be canied OUt to determine the limiting 
factors which may impact the allowable spacing between source and sink and thus reduce the 
boundary layer interaction. Nevertheless, it iG dear that thermal phenomena can be controlled 
locally and directly by shifting the "effective" characteristic length, even if none of the dimensions 
or parameters of the thermal input are in themselves altered. As an example, if a window that is 1 
m. high by .5 m. wide is rotated 90" then the heat transfer can be reduced in half, even as the totai 
surface area remains unchanged. Judicious placement of the cold sink can significantly change not 
only the effective characteristic length, but also tl1e gradient of the heat transfer coefficient, 
indicating that the potential exists to selectively manage heat transfer at discrete locations. 
Although one can apply the results of this work to surfaces of any size, MEMS affords the greatest 
flexibility in placement. The author's current work in modeling point sources and sinks with slip 
flow boundaries is investigating the potential of discrete placements to manage local transport of 
particles, and initial studies have shown that very small interventions near boundary layers can 
significantly redirect particle momentum and deposition. 
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�BSTRACT 

G u idel ines fo r  Ven ti lation D u ri n g  the 

Repairi n g  P rnccss o f  S h i p- H u l l  in a n  V LCC 

Kong I IC. I I Sun,  Xu WQ. Koh CN 
S i ngapore Producti v i ty and Standards Boar d 

1 Sc ience Park Dri ve, Singapore 1 1 822 1 

luring the repairi ng process or the shi p h u l l  of a very large crude carrier (VLCC). large amount 

,r  smoke, heat and harmrul gases arc gcuen1ted. Jn order to i mprove the producti v i ty of the 
vorkcrs, their heal th cond i t i on and safely , venti l ation is needed lo have better indoor a i r  quality .  
\ new ventilat ion system is proposed which basical l y  transrers fresh air  from the deck (top) to 

he bottom of the ship-hul l  via an air d uc t  and then spread to the entire ship h u l l  by an air

; istributor before being sucked out at the deck. A set of design and usage guidel ines for th is  
·entilation system was prepared for the con veni ence o f  engineers ' use. It caters !'or sh i p  hul I s  o r 
l i fferent dimensions and the number of a i r-distributors, supply and suction fons to be used. It is 

mportant that i n  order to achieve maximum venti lat io n efficiency, due to d i fferent physi ca l 
haracterislic for different ship h u l l , correct configuration must be selected from the guide l i nes . 

INTRODU CTION 

. I Dur i ng the repairing process of the sh i p hull o f  a very large crude carrier (V LCC), large 

mount of smoke, heat and harmfu l  gases arc generated. From experimentnl analysis.  smoke and 

lust are the mai n harm ful subs tances prod uced. In order lo i mprove the product ivity or the 

vorke r s and their safety, the sh i p hul l  needs to be venti lated. The main pm pose o f  th is  

•entilation is therefore to reduce the l evel o f  smoke and d ust com:entralion t o  an acceptable and 

afc leve l .  i\t present, there is  no any i nternational standards ror ship- repai ring vent i lation .  W i th 

cference to the present sh i p-bu i l d ing vent i lation (Japan) standards, the acceptable smoke and 
lust concentration level is 1 mg/m1 . 

. 2 ·1 he s h i p hull  repairing has the fol lowing characterist ics: 

a. The ship hu l l  is very large; 
b. a number of harmful subs lances arc generated ; 
c .  t h e  repa i ring l ocations ar c nol  fixed ;  

d.  the amount of repa i r requi red at  each location is not  fi xed; 
e. the internal construction o r  the s h i p-hull  is  complex; 

r. the number of openings on the deck are l i mited; 

g. the repa ir  duration is short ( from one week to one month);  
h.  the ventilation system needs to he d i smantled after the rep:i i ring works .  

l .J With the above characterist ics, the fo l low ing vent i lation system has been designed (see 
;ig. ( I )) .  

1,47 
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a i r  supp l y purnp 

2. a i r suct ion purnp 

] . ai r-dislri hutor 

4. sucl i on hoods 

5. air duel  

1 F i gure I :  J\ir  J luw pattern 

or the vcnt i lnt ion system 

This  configuration bas several advantages: 

Fresh air i s  supplied from lhe  deck by 
a i r  supply pump I ,  via air d uct 5 to the 
�1 i r -d isl r i bulor 3 a! ti re hollnm or the 

s l r i p- lnr l l .  The a i r  is then spread 

l h r ough the entire sh ip-hu l l by the a i r  
d i s t r ibutor· hcfoJ e h e i n g  sucked out via 

suc l i on hood 4 by a i r  suction pump 2 

!n the al r 11osphcre. The n bove 

proposal can he referred lo as "al l
d i rccl ional,  g l oba l vcnli lal ion usi ng 

the  push-pu l l and u pward moving 

d i spl acement method''. 

a. The d i splacement type or vent i lat ion nol on l y con forms lo  the c<mslructi o n  characteri s t ic  

of the  sh i p h 1 1 l l ,  i t  ;i J so fol lows an 1 rpwmd- nowing flow ratlcrn . This aids the  process o 
remov i ng the harmful substances i n  the h u l l  while red uc i ng the r isk of exp losions . 

b. T he d i l 'ICl 'en l  c l cvalcd-angled su pp ly ol air  reduces the amount of c i rcu iat ion whi i1 
rn i .� i n e  vi� n l i la l inn ,�ffi c i cncy n11d savin{'. energy. 

c. The venti lat ion system is  s i mp le (Fig.  ( I )) mak i ng the task of assc11 1 li l i r 1g I di sma11 ! l i 11 1 

easy. · 1  hus it is  su i tabl e  for short d u ral iun wor'k s  such as sl t ip r epair . 
d.  The _ jct  o f  air fr om the air  d i stribu tor is  abl e� ' P  supply  a i r lo the wo rk i ng zones i rnp rovin :  

t i re wor king cond i t i o n s .  

2. D!CS l l � N  !'l{UC!W U !rnS U !� ' i · I !  !� V ENT I LATION SYSTEM 

2 .  I Detcrmi11atio11 of the Air-Flow Rate 
2. 1 .  I Accord i ng lo I lic  d i me1 1s ions  of the sh i p-h u l l . the l ayout and 11 1 1 111\Jer of the au 

d istl' ibutors arc chosen. Fro 1 1 1  there, the air l low rate 1 . r is dctcrm i 11ed.  l'or c x n m p lc,  d i n 1cns io 
o f  sh i p hul l  < rh cacly known { x 1 1 · x h • 0  ./()111 1 21!111 \' 20111 . Fw111  Tab le 7 .  lY!.ll �1 i 1 -d i s l!. i hultw; a i  

required wi th air f low rate L 1  = 2 x 1 3 000 - - 26000 1 1 1
1
/h. 

2 . 1 .2 Accord i ng to I l ic a l l owable smoke and dust  co11cc11 tnr t ion  le ve l , the ; 1 i r  llnw rate 1 .2 i 
calcu l ated . 

M J.. c- --- • K  ) ( .2 
where:  K is the saf"cty foc lo 1 , lak i r 1 g  K -, 4 . 

C7 is the a l lowable smoke and d 1 1s l  conccnt ra l iun  level ,  ta k i n g  ( :� � J mg/m
1

. 

rvl is l l w  rn l c  of 1•.cr icr;i l in 11 ( l f' s 1 1 1ok c  nnd d 1 1sl i .e. M •0r\, l l l t'  ·I 1 1\\lll W 
I le , 1i_, a rc  lhc number of workers do i ng cu ll i ng and we l d i n g  respect ively.  
I l l e ,  l l lw  arl' r a lcs of gc1 1crn t i on n f' smoke and dust  due to cul l i ng and wcld i n 

r espec t i ve l y .  (sec Table  ( 1  ) . rc r ( I  ) ). 

Table I :  Rates o f  gcncrnlion or smoke and dusl  due lu rnt l i ng and weld i ng 
·--

Expe r i ment No. I 2 
1 1 10  (rng/s/l orch) J l tcavy rus t i ng 0. 1 (J U.20 --
m w  (rng/s/torch) I no rust 0. 1 .1 0 . 1 2  -

] 
0.26 
U.07 

_ , ___ �-·-4 ;\ vcrng.c 
0 . 1 7  0 . 20 

- 0. 1 1  --



1 .3 Lastly, by co111 11ari 11g L 1  and L2, the l arger air fl ow rntc is chosen. 

2 Preca 11tio11s 1111d Trentme11ts to '"' T11ke11 when Setting up th e S)1sfem 

2 . 1  Flexible plastic tubings are used ns the duels. Due t o  i ts llexi b i l i ly, special precau t i ons 

d treatments arc needed when the duel passes through the deck opening, when bending is  
:1u i 1cd and when the dud needs to  be jo ined e i ther lo  one another or  to  the air-di stributor. 

For the por tion from the fan cxhausl to the deck opening of the sh ip hul l  (Fig. (2)), the 
d uct should be made of rigid material to reduce the pressure loss due lo any acute 
bending .  

r ig id 

L

dcok 

Figure 2 :  Portion from the fan exhaust t o  the deck opening of the ship hul l .  

Al  t he  jo int of the duct and  entrance of the  a ir  d istri butor, the vertical angle, c1., between 
the d uel and the a i r  dis tributor must be less Lhan l 5° ( i .e .  ct < 1 5°). This is to prevent a 
lobe-sided dis t ribution of air to the air-distributor. 

en trance or  
a ir  d istributor 

a i r  d istributor 

Figure 3: Joint of  the duct and entrance 
of the a i r  d istributor. 

�.2 The duct diameter should not be less than $400mm. This is because smal ler d i ameter 
rnld result in h igher resistance and cause a pressure rise. 

� .3 At  the exhaust, there should not  be any gap bclwccn the suction pump and the deck 
ening. This is to prevent any short c ircu i t  of the a ir  llow which would affect the effectiveness 
d efficiency of the suct ion pump. Ir any gap docs exist,  i t  should be properly sealed. 

u,q 
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F i gure 4 :  N n  gap sho uld be hctwC'Cll l hc s11cl in11 p1 1 111p mid lhc deck opening. 

2.3 Deter111i1111tio11 of the resistance of the duct and air distributor 

2.3 .  I Some of t he resistances for d i fferent !low rates are l isted in Table (2) whereby the tota 
resistance of t he system can be calcu lated as fol lows : 

Total resi1;tancc = f'r icl ional  loss I Local lo�;s I Air d istributor resistance. 

Table 2 :  J\0400 vcni i lalion system i nterna l res istance for different air flow rate. 

Air !low Frictional loss Frictional 

rate per unit length 

(111
3
/h) (Palm) 

6000 4.0 

7000 5.0 

8000 6.0 

9000 8 () 

1 0000 1 0 .0 

1 1 000 1 l . 5 

1 2000 I J .IJ 

1 3  ()()() 1 5 .0 
* duct d i ameter = 0.4m 

II duel length = 3 0 111 

2.4 Selectio11 of fmr 

. 
loss 

(Pa) 

1 20 

1 500 

1 80 

7.40 

300 

345 

3 90 

450 

Local �AD Resistance of System total 

loss@ (total pr./ air d istributor resistance 

(Pa) dyn. pr.) (Pa) (Pa) 

60 5 s :i o  ___ ----·:71 5  
75 5 720 945 

90 5 940 1 2 1 0  

1 7.0 :'i I 1 90 ] (i :'i()  
1 50 5 1 470 1 920 

1 73 5 1 770 2288 

1 95 5 2 1 1 0 2695 

225 5 2480 '.1 1 55 

+ obtai ned experi mentally 

(c]). local loss is  taken as 0.5 t imes of  frictional loss 

From Table (2), with reference to the air flo w  rate and total resistance, the fan is  selected 

2.5 Determination of luyout and n umber of air distributor in the ship hull 

2 .5 . 1  Fig.  (5) shows the d i fferent layouts and anangemenls o f  the air dislributor(s) for di fferer 
ship hull sizes. This i s  for selection and reference duri ng the des i gn i ng process . 



5.2 The l argest length that w i l l  be discussed here is 40111. The ratio for the ship hu l l  
dimension is l : w : h = 1 :  (0. 5- 1 . 0) : 0. 5 . 

.5.3 In  the Fig.  (5), "O" represents the air  d istributor. The recommended air  d is tributor is 
Model AD400 ( i .e. the entrance p ipe diameter of �400111111) .  The air  flow rate has a range 
of 6,000- 1 4,000 1113 /h. 

0 
0 

0 
0 0 0 G 

(a) Four AD required (b) Two AD requi r ed (c) One AD required 

Figure 5: Plan view of posit ion of the air distributors (AD) in the 
ship hul l when d i fferent number of AD arc required . 

. 5 .4 The rel at ionship between the a ir  now rate and the distance reach by the jet o f  the a ir  
d istr ibutor i s  governed by the equat ion (rcf.(2)) 

I' . 0.48 
- .l.. = --- -
v., as + 

0.1 47 
d., 

Table 3 :  Relationship between the a i r  !low rate nnd d istance reach by the jct  or  air  d i stributor 

Air !low rntc (m /h) 9000 1 0000 1 1 000 1 2000 1 3000 

Velocity al the nozzle v0 (111/s) 2 1 .7 24 . 1  26.5 28 .9  3 1 .3 

Distance, s, 1 cach by the jct (111) 6 . 8  7 .6  8 .3  9. 1 9 .9 

Remarks Taking: Final axial veloci ty v, = 1 . 5 mis 
Turbulence coefficient a =  0.09 

Number of  nozzles •:. 18 (of  0.08 x 0.08 111) 

Equivalent diameter, d0, of nozzle = 0 .09111 

. 5 . 5 T he suction rate at the exhaust is determined by the number or openings ava i lab le  on the 
deck and the exhaust rate must be equal to the supply rate . 

. 5 . 6  Some of the  recommended supply flow rates and the number or  a ir  d i stribu tors to be  used 
are shown in Tables (4) to (7) .  

l 
Table 4 :  - = 1 .0 

\V 
Ship hul l ' s  l (m) x 11•  (m) 

No. of air 1 3 ,000 m /h/AD 

d istrihutor AD 1 2,000 111 /h/AD 
(un i t )  1 1 ,000 111 /h/ A ) )  

1 0,000 nr'/h/AD 

9,000 m /h/AD 

30 x 30  2 5  x 25 20 x 20 1 5  x 1 5  

1 

4 I 

4 

U I 



Tab le  5 :  L =  1 .2 
11'  

Ship h u l l ' s  I (m) x w (m) 

No. of air 1 3 ,000 m 'lb/AD 

d i stributor AD 1 2 ,000 m'/h/AD 

(unit)  1 1 ,000 m'/h/AD 
I 0,000 m '/h/AD 

9,000 nl' /h/ AD 

Table 6: L =  t .6 
w 

Ship hul l 's  I (m) x w (m) 

No. of air 1 1 ,000 m'/h/AD 
distributor AD 1 2,000 m'/h/A D 

(unit)  1 1 .000 m '/h/AD 

1 0,000 1 1 1'/h/AD 
9,00U rn '/Iv AD 

Table 7: .!_ = 2.0 
I I '  

Ship h u l l ' s  I (111) x 11• (m) 

No. or air 1 3 ,000 m /h/AD 
d istributor AD 1 2, 000 nhh/ AD 
(uni t )  1 1 .00iJ Ill ihiJ\ i J  

I 0,000 1 1 1J /h/ A I) 
9,000 nY /hi AIJ 
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Abstract 
950 buildings in Thailand have to be charged with the time-of-day rate, about 1 20 buildings 

re the department store where the cooling load demand during on-peak period is 20-30 % of 
he building demand. The cool thermal energy storage can be substituted this demand. The 
letail audit had been conducted in  the department store for 1 5  clays. DOE2. 1 E program has 
•een used for the simulation and the results are verified. After that, 3 cases of TES operation 
ypes, namely ful l-storage, partail-storage and demand-limit storage with I 0 hours charging 
1eriod and combined with the ice-harvester and ice-on-coil are studied . The results show that 
he ice harvester with demand-limit storage and I 0 hours charging can drop 657 .4 kW of peak 
md save $US 58,295 of electricity with the investment of $US 6 1 1 ,6 1 6. lt has 9.08 years 
iayback period and 8.88 % EJRR. Further study also shows that 20 hours charging associated 
¥ith demand-limit storage and ice-harvester gets even better results. The uti l ity saving is $US 
i l ,  1 20 with the investment of $US 3 24, 768. This gives 5. 94 years payback period and 1 6.96 
lo EIRR. 

453 



1 .  Jn lrod uction 
The t ime o f  day rate (TOD) has been applied to 950 buildings ( 1 )  i n  Thailand. The demand 

charges ar e $US 0 0, 2.52 and 1 2.2 for o ff-peak (9.3 0  P M. - 8.00 AM. ), partial-peak (8.00 
AM . - 6 JO PM . )  and on-peak (6. 3 0  PM -9 :rn PM. ) respectively The energy charge i s  $ U S  

0 . 0428/kWh flat  rate /\lso,these buildings have t o  be under the Energy Promotion and 
Conservation /\ct 1 99 1 . That means, from January 1 996 they have to do a prelimi nary ene1 gy 
audit i n  6 1110111 hs to find the potentials of energy conser vation measures and detail audit 
afterward. Some expenses wil l  be supported by the Department of Energy Development and 
Promotion (DEDP). At t he same time, the Electric Generation Association of Thailand 

(EGAT) also launches the Demand Side M anagemnet (DSM) Program, purposely, not only to 
save energy but also to i mprove the system's load factor. The saving measures are, namely, 
replaced 20 and 40 Watt by 1 8  and J6 W att fluorescent lamp, high efficiency reft iger atot and 
air-condi t ioning and installed the cool thermal energy storage (TES). Hopefully that these will 
shill the power peak lo o fl�peak period This paper show the pot.::ntial of using TES in the 
depar L 1 11e11t stor e. 

2. Detail Energy A u d i t  
5 sLOrey depanmenr store has been in  t h e  operation since i 992. There arc 4 2 ,  1 84 sq . rn. 

uti l ized area with 3 8,494 sq. 111 , air-condi tioning space. The working hour is from I 0.00 AM. -

I 0 00 PM evervdav 
Building F�uction I J11Jergm1111d .floor- supermarket and food center. t"-3'"1 J7u11r

department store and shopping center. 4'"floor - playground, theater and shops. 

Building Structure Noor - 3 m .  height floor-to-Jloor, JO cm. thick reinfor ced concrete 
t opping with marble, excepl machine room. Wall - 2 layers of I 0 cm. brick with air gap i n  
lJt:tweer r .  Ruuf- 30 cur  l l r ick r eir rlur ced co11creie l o p  w i l h  waterproof materiais. Windo111- 8 
and 1 0  mm. thick single-glassed clear, stick wth 111111. 

Space load 3 ,205 x 36 Watt and 1 ,3 5 6  x 1 8  Watt recessed fl uorescent lamps, 2,6 1 8  x 9 
Watt compact bulbs with external ballast, 1 ,3 3 0  x 50 Watt halogen lamps, lighting density o f  
I. J ,  l. 7 a n d  2 .2 W/sq.11: for plaza shops and food center respectively. Jn ftltralion 0.04, 0 .05 
and 0 08 a irchanges/hr. for p laza, oflices and Lhe food center, respectively. 

HVAC System Temperature setpoint = 76 "r, outside air 7 CFM/person .  
Chillers 5 x 500 TR water cool, He1 matic cent r ifugal chiller with energy input r at io of 

0. 1 764 at AS! IRAE stnndm d and I a ·% part load ratio. 

3. Verification 
The i nput for DOE2. l E (2) had been writ  ten a nd �irnulatcd with 1 994 Chiangmni TRY 

format weather data. The results, such as chil ler consumptions and chil ler pumps, mon t h ly 
peak demand and energy consumptions, had bee11 compared with the actual ones. The 
difference is  less Lhan 8 %, so the input is good enough lo represe11t Lile bui lding perfomrnnce. 

4. Cool Thermal Energy Storage 
Since the building has been installed with 1101 mal chil lers. lee thermal energy storage with 

plate heat exchanger i s  selected due to less space need antl compl ication The ice-harvester and 
ice-on-coil (external melt) which J -type of operations, namely l'u l l-sto n1ge, partial-stor ngc (one 
chil ler as base load) and demand-limit, are studied. 

Stornge sizing To find the storage size or each opcr al ion types, hourly cooling load of that 
peroid are summed up. 1 2,700, 6,(J75 and 3,3 J 5 Ton-hours a r c  the sizes of fu ll-storage, 
pa1· t ial-storagc and demand-limit respectively. 



lcemaking machine sizing Dividi ng the stornge's size with dai ly operat ing hours wil l  get 
the size of icemaking machi ne. For al l operation types, the operating hours are I 0 hours ( I  0.00 
PM.-8 .00 AM.). For the ice-on-coil due to ice formation on t he outside causes the insulation 
elTect , sothat, the machine' s size is J O % larger than the ice-harvester. 

TES investment The cost for TES system arc from l . T.C Co . .  Ltd p )  and Temp Tech 

Engineeri ng Co.,Ltd ( 4 ). 

5. Results and Discussion 
5. 1 10 Hours Charging System 
EITecl on Peak Demand - Monthly peak demand of each period (PP. - pa 11 i al-peak , OP -

on-peak) except off-peak (Or P.) for an i ce-harvester and ice-on-coil arc considered. For 
pa11ial storage, since one ch i l ler operates as base load. The demand will i ncrease from full 
storage case, but the demand is st i l l  less than basecase because only one chi ller operates i n this 
period. For demand l imit .  the demand on a partial-peak will be the same as a basecase due to 
the same operation. Except the on -peak period, the demand wil l  be the same as ful l  storage 
case. Both the ice-harvester and ice-on-coil show the same result on the demand drops. 

EITcct on Monthly Energy Comsumplion - Mon thly energy consumption of 3 cases using 
the ice-harvester are stu(iied. With TES, month ly energy consumption is no doubt increased 
due to lower COP of the system and also waterpumps are added. As comparing between these 

Lwo types, the ice-on-coil type consumes more energy than the ice-harvester type due to 
increasing the insulation effect of ice formed around the tubes. 

Electric Tariff Figure I (a) i llustrates the tariff of each system With the ice-harvester, total 
electric tariff is less than basecase because the decrease in  peak demand cost is more than the 
increase i n  energy cost. Figure l (b) shows for the ice-on-coil case. As comparing between the 
ice-harvester a nd ice-on-coil, the energy cost of the ice-harvester is less than the ice-on-coil .  
Beciluse, even both systems have the Silme drop in peak demand but the ice-on-coil consumes 
more energy than the ice-harvester. Considering al l  cases, the demand limit case with the ice
harvester i s  t he least electric cost . 

Economic l 1 1 te1·cst Rate  of Ret urn (EIRRl and P:1y llnd< Pcl'iod CPB P) 
To calculate the E IRR and PBP the following inputs are appl ied, the investment , the saving 

. t he conversion factor for cquipmen l = 0.88349, the conversion factor for labor = I ,  the 
electric i ty cost 0.074 $US/kW-hr , the i nflation 6. 5%, the inflation for energy = 1% to 1 999 
A D . and 4 . 5% from 2000 A . D . ,  t he equipment l i fe 1 6  years 

Table I (a), (b) show the E I RR  and PBP for each cases of the ice-harvester and ice-on-coil .  
The demand l imi t  case with the ice-harvester i s  the best based on of the EIRR and PBP. 

Since, the ice-harvester, with I 0 hours charg ing (22 00 - 08.00 hrs.) and 4 hours d ischarging 
( 1 8  00 - 22.00 111 s. ). shows the best selection for investment .  

By looking ca1 el\.tl ly to this system, i t  is  i n teresting to find out i f  the charging hours is  
extended l o  20 hours This way, the ice-mak i ng machine size wil l  be reduced to half of I 0 
hours charging, therefore, the investmen t decreases. But, since the ice-making machine has to 
run on t he part i al-peak period , sothat the cost of demand on partial-peak increases. H owever, 
the cost of demand charge on part ial-peak is only 2. 52  $lJS/k W , possible the EIRR and 
payback pe1 iod  are better. 

5.2 20 l l o u rs Charging System with Uemand Limit 
Since, both the ice-harvester and ice-on-co il a1 e considered at the beginn ing, sothat both 

cases will be a nalyzed for this case. DOE 2. 1 E Progr am cannot simulilte 011 this case clue to the 
limit of program. Therefore, the new procedure is appl ied, based on the following 
assumptions. For the ice-harvester - The average kW/TR of chi l ler at chil ler-mode and ice
rnode arc 0.  76 and 1 .27 ,  respectively. For the ic:e-011-c:oi/ - The calculation i s  the same as Ice-



Harvester except the average kW/TR at ice mode is l 5 6  Table 2 shows the energy 
consumption of both cases. 

Electric Tariff The elect r ic  tariff consists of two parts namely energy cost and demand 
cost . The energy cost i s  obtained from multiplied t he energy consumption in Table 2 by 
0.0428 $US/kW-hr The demand cosl is obtained by added the parlial-peak demand increase 
with the partial-peak on the base case as shown in  Figure 2 and mul t ipl iecl with 2 . 52  $US/kW. 
The sum of these two costs i s  yearly electric cost of both systems. 

Investment The investment for the ice-harvester and ice-on-coil are $US 3 24, 768 and 
666,555  respectively_ 

EIRR and Pay flack Period Table 3 compares the results of both systems. The best 
selection is the ice-harvester with 20 hours charging because the E l RR and PBP are 1 6  96 % 
and 5.94 years If considering between 1 0  hours and 20 ho1 1 rs  charge with the ice-harvester 
system. It is found that 20 hours char ge ice-harvester gives better EIRR and PBP ( 1 6  96 %, 
5 .94 years) than 1 0  hours charge ( 8 88 %, 9 08 years) 

6. Conclusion 
This department store has the potential to install the ice-harvester wh ich the details are: Ice

making machine 1 66 TR-lcP-mnde with 20 hot! ! S chat ging, ice storage tank 5 x 5 x 1 3 .3 m, 
(3 3 1 5  Ton-hr.), heat exchanger 1 1 00 TR at �T 5 "C. Total investment are $US 3 24,768. 
EIRR = I 6 .  96 %. Payback Penod = 5 .  94 years . This study does not include the concrete 

work . 
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T11ble 1 (11)  Results of EIRR 1111d PBP of Ice- H a rvester ( 1 0  hours) 

Full Storage Partial Storage Demand-Limit 

-·········-····-····-······-·-······· .. ····-·········-.•.. ........ �:t..�.�.�-�--····-·· .. , -··· .. ·--�>:.���.��! ........ ..... .... ........ --�>!.���.'!!: .. .. .. .... .. . 
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·-��Y.�n.s ... t�Y..�2 ............... -··---· ·--· .. --�.?.J�Q .. --···-·· ..... _.J:?.i?.?_�·-·--·-· ___ .... . .  ).�i?P� ...... ...... .. 

EIRR (%) - - 8, 88 
• •••• • •••••�•••O. • • ••••• •••H.•••• ••••••••••u•••••••nn•••••H '""'""""'' ••••••••••••••••••••••••••u••••••• ••••••••••• ••••••�•••••••�•••�-.••••••••• •••••••••••••••••• •�••••••• •.• • • • • • • • • ••L"''" 

Payback Period (Years) unprofitable unprolitable 9.08 

Table 1 (b) Results of EIRR and PDP or ice-on-Coil ( 1 0  hours) 

Full Storage Partial Storage Demand-Limit 
... ... . ...... . .. .. ........ ... .... . ....... .... . . .. , ........ ....... -··········�Y.Jt_�D-� ...... .. ..... . ····-·······$.Y..S.�.�.��-� ......... . .... .... .. . ...... .. �.Y..��'?.i:.! .. ........... . 
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Payback Period (Years) unprofitable w1profitaulc 1.1 .29 

Table 2 Yearly Energy Consu m ption of 20 h ours (kWh) 

Base Case Ice Harvester lee-On-Coil 
Total 1 0,65 7,446 1 1 , 02 1 ,690 1 1 ,228,809 

Table 3 Results o r  lCI R R  anti PBP (20 hours) 
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Figure 1 (a) Tariff or ice-Harvester 
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A bstract 
950 bui ldings ( 1 92 hotels, 69 hospitals, 395 offices and 297 other) in  Thailand have to be 

charged with the time-of-day rate. The cool t hermal energy sforage can be substi tuted this 
demand. The detail  audit had been conducted i n  3 types of buildings, namely oflice, hotel and 
hospital for 1 5  days. Preliminary analysis shows that changing the l ight fixture, decreasing the 
peak demand and improving the coeflicient of performance of chil lers have the energy 
conservation opportunity . The electricity cost savings are $US/year 1 8,0 1 6, 84,000 and 
1 0,420 with the investment of $US 9,000, 487,560 and 1 3 ,630 for the oilice, hotel and 
hospital respectively. Afterthat, DOE2. 1 E program has been used for the simul ation and the 
results are verified. The demand-limit storage with 1 0  and 20 hours charging period and 
combined with the ice-harvester and ice-on-coil are studied . The results show that the ice
harvester is  the best i nvestment for all buildings. Both chnrging hours can reduce the power 
peak on the on-peak period by 447 . 5  kW for the oflice, 678 2 kW for the hotel and 262J 
kW for the hospital on the peak month. l'or the ollice, 20 hours charging hours is the best 
with t he i nvestment of $US 254,880 and the saving of $US 36,665 snthat i t  has 8.9 years 
payback period and 9.08 % EIRR . For the hotel and hospital, 1 0  hours charging period i s  
t h e  best due to 24 hours working of t h e  building. The investment is $US 420,550 and $ U S  
1 46,520 and the saving is $US 54,590 a n d  $US 22,000 fo r  t h e  hotel a n d  hospital 
respectively. Consider i ng on the ec;onomic, 7.0 years payback period and 1 3 .62 '% EIRR is 
for the hotel,  and 7. 1 years payback period and I 3 .06 % EIRR for the hospital . 
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I. lntroduclion 
The time of day rale (TOD) has been applied to 953 bui ldings (1 ), ( 1 92 hotels, 69 

hospitals, 395 offices and 297 other) in  Thailand The demand charges are $ US 0 . 0, 2. 5 2  and 
1 2 .2 for ofi�peak (9. 3 0  PM . - 8 .00 AM . ), partial-peak (8 00 AM.- 6.3 0  PM.) and on-peak 
(6 JO PM -9 30 PM ) respectively The energy charge is $US/kWh 0. 0428 flat rate. 
Also. these bui l dings have to be u nder the Energy Promotion and Conseivation Act 1 99 1 .  
Thal means, from J anuary 1 996, they have to do a preliminaty energy audit in 6 months to 
ii nd the potentials of energy conservation measures and detail audit afterward. Some 
expenses will  be supported by the Department of Energy Development and Promotion 
(DElW). At the same t i me, the Electric Generation Association of Thai land (EGAT) also 
launches the Demand S ide Managernnet (DSM) Program, purposely not only save energy 
ar rd alsu iu 1p r  ove the system' s  load factur. The measures are namely, repl aced 20 and 40 
Watt by 18 and 36 Watt fluorescent lamp, high efficiency l'efrigeralor and air-conditioning 
and i nstalled the cool thermal energy storage (TES). HopeCully, that these wil l  shill the 
power peak to off-peak period. This pape1 shows the putential of usi1rg TES i n  lhe uffice, 
hotel and hospital. 

2. Detaii Energy Audit  
Three types of buildings had been detai l ly audited which can be described as  follow, 

Office - ! ! -storey bui lding and 6-storey parking lot have been in the operation since 
1 986. The1 e ar e 3 7, 1 84 sq.HL u ti l ized a1 ea wi ll r 1 9,602 sq . 1 1 1 . aii -couditioning space. The 
working hour is I 2 hours. 

Build ing_function Gro1111d - floor - lobby, security oflice, store and contorl room. 1 
"" 1:7 . ---:::;;:r-:2"' fl ti ·: 1 d 

. 
. 3"" fil 0 . 4'" -.!'oar accountmg. -. oar 1nanc1a an computor rooms. -. oor versea service. · -

,.... • ,...,,.. -iii ,... · • • • •  • • -f/i .-.rh rr • • • ,.....,. 
poor 1oan 01 1 1ce J -poor trammg center, 1 1orery ana nursmg. o -,� -JIOOr oanKtng omce. 
Y'1' - floor garantee department. J O'"-J l'h -floor offices. 

Building Structure Floor - 3 .  5 m height for the ground floor, 5 m .  for I ''- floor, 
4.0 m. height floor-to-floor for the rest , 1 6  cm. thick reinforced concrete for ground floor. 
The rest is 1 2  cm. Wall - 1 0  cm. brick except underground floor using I 0 cm. thick 
reinforced concrete. Ro<?(- I 0 cm.thick reinforced concrete top with waterproof materials 
and insulation. Windolt'- 6 and 12 mm. thick clear and t i nted single-glassed . 

Space load 36 watt recessed fluorescc1 1 t  la mps, 34 l x 60 Watt and 92 x 1 00 Watt 
i ncandescent lamp, lighting density ofO 4 W/sq. ft . Infi l tration O . J  and O.OG airchanges/hr. for 
oflice when on and off, respectively. 

H VAC System Temperature setpoi nt = 74 "F, outside air 7 CFM/person. 
Chillus 2 x 27 5 TR and l x 550 TR water-cool , open centr i fugal chil lers with 

energy input ratio of 0.22 at ASHRAE standard and l 0 % part load ratio. 
Hotel -5-storey building have been in the operation since 1 98 4. There are 40, 545 sq.m. 

utilized area with 3 6,467 sq. m. air-condit ioning space. The working hour i s  24 hours. 
Ruilrl ing F1111r.fion f !11dergm1111d - floor - lm mrlry 11 nrl locker room Cir01111d floor 

ballroom, p antry, restaurant, kitchen, store room, machine room and parking lot. J"d_ floor 

meeting room, shops, ballroom, restau rant, guestroo111 and lobby lounge. 2'"1 - floor 
guestroom J'"- 5'" -floor guestroom. 

Building Structure Floor - 3 .0 m . height floor-lo-floor upper covered with 
rubberpad or carpet, o nly the lobby is covered by marble. 20 cm. th i ck rei n fo r ced co11c1 cte 
for undergroun d  floor. Wall - 15 cm. thick reinforced concrete. /?(}(Jf 1 5  c111 thick r ein l'lircecl 
concrete top with waterproof m a ter ials and i nsu lat i on . Windm r ·- 6, 1 2  and 20 mm clea1 rn1d 
t inted thick single-glassed 



Suace l oad 40 watt recessed lluure�ccnt lamps. 56lJ x 60 Watt an<l 2,2 I 9 x 1 00 
Watt i11candescent lamp, l ighting dens i ty or I 0, 1. 5 and 2.5  W/sq . ll for guestroom, 
restaura n t  and bal l room respectively Infil trati on 0 .05 ai rcl1anges/hr. for guestronrn and 0. 1 
for the rest. 

HVAC System Temperature setpoint = 74 "F, outside air 7 CFM/person. 
Ch illers 3 x 3 5 0  TR water-cool, screw comp1 essor chi l lers with energy input ratio of 

0.24 at ASH RAE standard and I 0 % part l oad ratio. 
H ospital - 1 2-storey hospital has been in the operation si nce 1 990. There are 30,460 

sq .m . utilized area with 22,9 1 4  sq.m. air-condit ioning space. The working hour is 24 hours 
B uildi ng .Function Underground floor- recept ion,  lobby, emergency, X-ray 

ultrasound, ollicc, accounting, pharmacy, park i ng lot and machine rooms . 2"c1- floor dental, 
infront, blood store, kitchen and parking lot. 3"1-.floor d rug store, otlice, store, resturant and 
parking loL ·1'1'-5'"-Jloor patient wards, conforence room. admin is t ration and parking lot .  6'1'-
12'1'-:floor pmient wards. Rv.of:/7oor 111n.ch111e room a11d main d is tribut ion board . 

Buildi ng Structure Floor - 2 . 3  111 height  for basement. 4.25  m for ground floor and 
! "-floor. 3 m. height floor-to-!loor for the rest . 25  cm thick reinforced concrete for l 'l and 
2"'1 floor. The rest i s  30 cm. Wall - 1 0  cm. brick except underground up to 2"'1 floor using I 0 
cm. t hick reinforced concrete . Roof- 25 cm.thick rein forced concrete top wi th waterproof 
materia ls  and insulation. Wi11dn11•- 6 an<l 1 2  mm clear and tinted th ick single-glassed. 

Space load 3 ,676 x 36 Watt and 8 1 9  x 1 8  Watt recessed fluor escent lamps, 265 x 60 
Watt incandescent lamp, lighting density of 2 .0, 1 . 5  and 1 . 0 W /sq. ll for out patient, resturant 
and patient wards respect ively. Infiltration 0 . 04, 0.24, 0.3 and 0.06 airchanges/hr. for out 
patient, patient ward, office when on and oft: respectively. 

HVAC System Temperature setpoint = 74 "F, outside air  7 CfM/person.  
Chillers 4 x 1 60 TR air-cool, reci procating chillers with energy input  ratio of 0.2 1  al 

ASHR/\E standard and 25 % par t load ratio 

3. Ve.-ilication 
The input  for DOE2. I E (2) progi am had been written and simulated w i th available TRY 

format weather data. The results. such as chi l ler consumptions and chil ler pumps, monthly 
peak demand and energy co11su 1 11pt ions, hacl been compared with the actual ones. The 
differ ence are l ess than 10 %, so the in put s are good enough to rep1 ese11t the building 
performance. 

4. Cool Thermal En ergy Storage 
S ince the bui ld ings have been installed with normal chi l lers. l ee thermal energy storage 

with plate heat exchanger is selected due to less space need and complication. From 
Tantakitti C and Leeyutthanont S (3 ) , the demand-limit storage is  the best for the Thailand 
utility rate, sothat the ice-harvester and ice-on-coil (exte1 nal melt) with the demand-limit, are 
studied 

Storage sizing To find the storage size that enough for the ,m-pcak hour, hourly cooling 
load of that peroid are summed up. 2,600, 1 ,000 <ind 1 ,3 5 0  Ton-hours are the sizes of 
demand-limit for office, hotel and hospital, r espectively. 

lcema king machine sizing Dividi ng the storage' s  size with daily operating hour s ( 1 0  or 
20 hours) will  get the size of icemaking machine. For thc ice-on-coil c lue to ice format ion on 
the outside causes the insulation effect . sothat, the machine's size i s  10 % larger than the 
ice-harvester. 

TES investment The cost of TES system a rc from I .T.C'.  Co.,Lt d .  (3 ) and Temp Tech 
Engineering Co. ,Ltd. (4) . 
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5. lksu lts and Disrns.� ion 
Effect on .Peak Ucmand For demand l i m i t  stornge, the demand 011 a partial-peak wi l l  be 

the same a s  the bascc:ise due to the same operat ion 110 matter what k i nd of operation and ice 

storage Except for the on-pen k period, t he denrnnd will  be d ropped . Bot h the ice-lrnrvcsler 
and ice-on-coi l  show the same resu lts 011 the dcr1 1a11d drops. Sothat, Figu re 4 only sho�\'S the 

comparison of maximun monthly peak demaml o r the on-pea k period for the i ce-harvester 

and i ce-on-coi l .  
Effect o n  Ycnrly Energy Comsumntion T�ble ! co11 1pares yearly energy cn 11sump t io 11 

of 3 build i ng ' s types us ing the ice-harvesler and ice-on-coi l  With TES, year ly energy 
consumption is, no doubt, inc1 eased due to lov,;cr COP of I he system and also water pumps 
arc added. As comparing between these t wo types, ihe ice-011- coil l ype consu rncs 111ure 
energy than the ice-harvester lype due to increasing t lw ins 1 1 l a 1 in11 dfoc·1 o r i c:P. for rrn�cl m n1 1nd 
the tubes. 

Electric Tariff Tahle 2 i l lustrat es t he ta r  i fr ( J r  each system . W i t h  the ice-harvester , total 
electric tariff is  less than basecasc because t he clcc: case i n  reak deman d  cost i s  1 '10 1"(' t han t he 
i ncrease in energy cost . As compar ing bcLween t he ice-har vest er a r r d  ice-011- coi l, the energy 

cost of the ice-harvester is less than the ice-0 11 -r.o i l Because, even both systems have the 

�r.n1c drop in peak dcn1und but the ice o n  coil  consu :ne� n1ore energy th�H1 the ice-harvester 

due to ice formation on the lube 
Considering all cases, the dema nd l i mi t case with the ice·-har  vcsler i s  l i re least elec l ric cost. 

For t he office, 20 hours chn rg ing per iod �hows the best econorn ic  clue to  1 ?  hni 1 1 5 WC)I k i ne 
of building. For 24 hours worki ng, such as the hotel ;i ml husp i til l , I 0 hour s char ging is the  
best 

l•;conomic I n terest R:1 tc of Return <EIJ�l11J11nl_Tuv ll:1dill,riutl il'lill To c�lcu l a te 
the E!RR ?..nd P R P  the fo! lo'.v!ng input�  �ff� n�1p! !C'd. nnn1c!v the �n\'f:�sin1�nl nnd snv!ng, t h� 
com•cr3ion foctor  for equipment -- 0.8 8 .l ,l CJ , f!ll( I  fnr labor � 1 ,  I lic  electricity cost 0.07r1 $ 

l J S/kW-hr. ,  the in l lat ion 6. 5%, l h e  in llat ion for ener gy - l �, ;, Lo 1 999 A D. it ml 4. S'/'o from 
2000 A. D. and the eq u i p ment l i fe 1 6  years 

Table 3 shows the  i nvestment , savi ng, E I RR a r rd 1'13 1 '  for each bui ldings of the icc

harvesier and icc-01 1-coi l  Based on of the EIRR ;rnd l'BP, the demand l i rn i l  case with the 

ice-harvester and 1 0  hou rs cha r g i r rg per iod is  the  best ,  except t he o llice, 20 hou1 s o ne i s  the 

most econornic 

G. Conclusion 
All bu i ld ings have the po ten t ia l ol' instal led t he T l '. S  system which i s  i hc ice-harvester type 

itnd using heat exchanger to transfor the coo l i r rg load to 1 he exist syst e ! l l  The prcl i minar  v 
systems are, <�ffice, 20 hours charging Ice-mak i ng machine 1 3 0 TR-Jcc- 1 1 1ode, kc storage 

tank 6 x 6 x 7. 5 nr'. (2,600 Ton-hr.). I !eat c.xcha1 1ger 830 ·1 R a t  L\T 5 "C., and etc. Total 

invest ment is $ U S  254,880. EIRR = 9.08 "/o Payback Per iod - 8 9 years. Hotel. 1 0  hours 
chargi ng kc-making rm1ch i ne, 8C) T R- Ice-mode, Ice s lorage t a n k  (i x  6 x 1 0  111

'
_ (J , 340 

Ton-hr. ), Heat exch anger 1 000 T R  at �T 5 "C. , and elc Total i nvestmen t i s  $ U S  420,5.'itJ 

EIRR = 1 3 .62 %. Payback Period = 7.0 yenr s_ l/ospital, I 0 hours charging lee-making 

mach ine, 1 3 5  TR-Ice-mode, Ice storage tank 6 x <i x 4 n r
'
. { 1 ,3 5 0  Tor r-hr.), l lcat 

exchanger 3 50 TR at �T 5 "C., and etc. Total investmen t  is $US 1 46, 520. EI R R  = l 3 .43 

%. Payback Period = 7 l years. This study does not include lhe concrete work. Foi the 
implementation, more detail  needs to re-audit and re-des ign. 
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Table 1 Yea l'ly Energy Cons11 1 1 1plio11 (kW- J l r) 
Office I Hotel I Hospital 
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·-· _Jc��.!�.�}!:�:.�¥J�.L .. . .. ..... .............. ................. ... . _ ........ ......... _._ . . ,_ .......... __ ...................... ..... -...... --. . -........... .............. .  -. . .  

.. .. .. _ .. : ... t.Q .. t�.��''.3..- .... ..... ... .. - -· · -�.J..?.2..11.2-:�.-··-- . .. . �. J.9.1.0._1.?:.1nL ...... .... ...... .. -� . . �.?.1.!.�.1.0.1.� .. --. ...... . 
, .... ..... . : .. 2..9. J..!.�.L�E.�.. . . ... . ......... ···-···-�.;.2..�.�.1.?) . . � ...... -.... .......... -.... . }� .. <2 .. ��E ... , .............. ................. �.� .. ��.!?. ...... , ......... . 

I ce-on-Coil 
"--•-•"""'"'�'"''''"''""'"'"''"''""'"'·' •-• • •••• • •• •• ••• •• ••"" u ••• • o o  ••-••• • •• •• • •• ••••• ''""''' ' ' ''' ' "'"" ' ' ' ''' ''''''' '' ''�'''' ''t u••• • • •• • ,,,,.,,_, ,,,.,,.,.,, ... ,.,,,,,,,,,,,.,,,,, ,,,,,,,,.,,,,,, 

._ .. _: .. �.��.U2�!.� .... ... .. ...... . ---·---�.?.�.�.}!.?:.Q.�!. ___ -· .. ...... ...... !Y!.Q.?.91.�n ... ........... .... . ..... ..... �.,�.Ei.?..1.2. ............. .. 
- 20 I IOUI s 5,275 ,089 No Run No Run 

Table 2 Ycal'lv TadfT ($US) 
Office H otel Hos1>ital 

;·'if d����-: ��i;;;��-� �

=1- ·· �:�:��;;�;=-�-: :=.�:=-;����:::� 
Ice-on-Coil 

· 

1�:
·
�::��� ::!:9.:n9.:\ir�::::::: :

·
:::::::: ::::::::::::.)�.?.:;I�T=::::.:::: : :=.::�:::� .. ��D;:���: :::::: ::::: :: ::=::�:::::::�:�;::i:?.?.=����:. 

' - 20 Hours 3 6 1 ,844 No Run No Run 

Table 3 Results or IT.IRR a nd Pnyback Period 

lnvcster ($ 

Office (20 Hours) I H o tel (J O Hours) 
lcc-on
Co i l 
53 7,000 

lce
Harvester 

254, 880 

Ice-on
Coil 

622,700 

lce
Harvcsler 
420,550 

... ':1.§2..-.. -... . ... -. . . . . _ _  ,,_ ·--·-· ..... -. .  -. .. _, _ _ ,,, , ____ . .  ____ .. , . . . . ...... - ......... _ .. , 

Saving ($ I 3 1 ,224 I 36,665 53,290 54,590 

... �1..S.1. . .. . _ . ..... ...... , ... . __ . .  _ ____ . . .. ..... ·-· - ·- · . . .. .... . 

Hospital {1 0 Hours) 
lcc-011-

Coil 
222,695 

2 1 , 1 45 

lce-
H a rves ter 
1 46,520 

22,000 

.. �;;\;�r-?.>. . .. . + ..... ..... �-··-· .. -1 .. ...... . . ����r---,t .. --.. Js�f ··-·-l·-·1+·6L . . . + ...... ... �0�t·-·+--!·}��·-
(Years) 

1.1;1. 
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he paper emphasizes the i mportance o f  the "Li fe Cycle Cost ing"  i n  bu i ld ing development .  l t  
! s o  detai ls  the development o f  a quanti tat ive l i fe cycle cos t i n g  model for t h e  assessment o r  
nancial feasi bi l i ty of b u i l d i n g  p rojects al the pre l i m i nary des ign stage. The model handles most 
:chnical  data and fin ancial  factors which arc requ ired to determi ne the l i fe cycle cosls and 
:onomic feas i bi l i ty o f  proposed bui ld i ngs, with basic ,  m i n imu m input .  Three assessment factors 
:e calcu lated : present worth, annual worth and savi ngs- i n vestment rat io. To have a better 
nderstanding of the process a real l i fe case study i s  considered. The al ternati ves are: extend the 

�isling faci l i ty  or  bui l d  a new one. Expenses are est i m ated in both cases, it consists of : Capital  
osls which includes construct ion.  real estate and i nterim financing costs, and Operational Costs, 
'hich incl udes w:trcl1011se e ffi ciency. t ra 1 1sporl effic iency. energy, maintenance, m ajor repairs, 
:curity and laxes costs.  

'ITRODUCTiON 

he cost or a bu i l d i n g  over i ts l i fetime i n cl udes first a series of i n i t i a l  expenses i nc l uding 
L1rchasc o f  iand.  design fees,  construc t i on costs etc . ,  paid as  capi ta l  costs. This i s  fol l owed by 
1nual  expendi tures on operation and mai ntenance as  well  as  occupancy costs such as  mun ic ipal 
1tcs, ma nagement and ad m i n istrat ive charges. 

1cc r s 1ons i n  t he b u i l d i ng i ndustry at the design phase have tradit ional ly  been based on a 
.>mparison of ini t ia l  capital costs .  The main reason for employing this decision method i s  
�cause o f  i ts s i m p l i c i l y  and the general fee l i n g  lhal !he l owest capital cost option w i l l  also be 
1c lowest total  cost option.  
h is  is  no longer t he case. Figure l i l lustrates the l i fe cycle cost commitment for a typical office 

1cil ity t _ 1 11 th is  fig me, operation and maintenance cos ls, which are incurred e i ther annual l y  or al 
�riod i c  i n terva l s  over the l i fe  o f  the foc i  l i ly, accoun t  for 58% of the total l i fe cycle costs, and are 

1us greater than the capital  costs, which are i ncurred a t  the i n i t ial construc tion stage. Fig. 2 

iows s imi lar 1 esul l-s for l i fe cycle costs for lwo office buildings i n  Canada. ll can thus be seen 
rat the long-ter m costs can far outweigh i n i t ia l  capital costs, and should therefore be considered 
;riously when laking decisions w i t h  respect to the design of o ffice bui ldi ngs . 
i fe Cycle Cost i n g  ( LCC) is a step forward in b u i ld i n g  econom ics, i t  deals with the costs endured 
u 1 i n g.  thc effective l i l'c or a project. In most conslruclion projects, detai led studies arc cat'ricd out 

> prov ide precise esti mates fo1 the conception and i mplcincnlal ion,  w i thout real l y  consider ing 
ic after-the-fact costs .  Li re cycle costing inc ludes the i n i t ia l  costs, a l l  subsequent expected costs 

lr npc1 at ion and m a i ntenance and a d isposal value. As l i re cycle cost i n g  covers a long period of 



t ime, the t i 1 11c-val1 1e u f  money shou l d he accur a te ly  we i ghed . The cost est i mate rnr L< :c i> 

usu a l l y  based o n  actual pr i ces and then adjusted by cos t i n d i ces, lo cover prices esrn lalion 

However the forecast of LCC i s  st i l l  a major cl i llicu l ty i n  the process for i t s  u n forcsecabk 

factors. L i fe cycle cos t i n g  l_cc lrn iquc is used w henever a dec is ion  must be 1 1 iade on a project tha  

req uires substant i al opera t i ng and maintenance costs. 

This paper attempts lo c l ari fy the use of LCC analys i s i n  the real work e n v i ronmen t .  A real l i fe 

case study i den t i fies t he most  appropr i ate decision lo be taken when considering e i ther l <  

renovate I ex tend an ex i s ti ng warehouse o r  lo construct  a new one.  T h e  method adopted i r  

pcrfor11 1 i n g  t he comparat ive analys is  was lo use t he d i fferent i a l cost comparison. w h i cl 

conseq uently produced a cash flow d i rectly iden t i fying snvi ngs and expenses. The real idcntit ic� 

of the part ies i nvolved in the case study were not des i g n ated for con fidcnti ; i l  1 casons. 

LIFE CYCLE COST!NG AT THE PRELJMLN t\.l� V  llESH�N STA GI� 
L i fe cycle cos t i n g  e nables the economic assessment of compet i n g des i gn alternat i ves 
consideri ng all  s 1gn r t 1can l cost 1 lc111s of ownersh i p over the projected l i re, exp1 csscd i i  
equivalent dol l ars2. 

While i n i tia l  costs arc c lear and v i s i ble al an early stage, long-term costs arc not. Est imating t lu 
l i re cycle cost of a b u i l d i n g  al the prel i m i nary d esi gn stage is i rnpo1 t a n l  hccause i n  t he bu i l d in 1  
mdustry ,  t he earllesl decrstons lend l o  establ ish boundaries for l he l a ter ones. I L  h as bec1 

. ' . . . . . . . . . . . . . ' . .  ' . . 
suggestcl1·' llrnl a 1 t 11oug 11 1 11e cxpenL1 1 1u re < l u r i ng t 1es 1g 11 1s co11 1par:H 1 \'CIY s m a 1 1 ,  ucc 1 s 1 ons am 

co111 1 n i tme11ts made duri n g  th is  phase have a hig i n fh1c1 1ce 0 1 1  wlwl later expendi t ures w i l  

actual ly Ile. Typical ly ,  abou t  75 %-95% o r  t h e  total f i fe cyc le costs o r  a bu i ld i ng arc thus lockcc 

i n  by the t i me the worki ng draw i ngs are prepa1 cd.  Fig ure 2 s hows l hal i t  is in the pre l i rn i n ar� 

des ign ph ase t hat the dec i si o n  1 1 1aker can greatly i n rt ucncc lht: ln la l  l i rL� cyc le  cost'.\ .  The rerme . i 

an es t i mate of the t o t ;1 I l i fe cycle cllsl is ; 1v;1 i lab lc  al an early des ign stage. cost reduc i n 1 
mod i fications arc rel at i vely  easy lo make; once t he 11rojecl goes i n l o  construction, th< 

op portun i ty Lo i n rJucnce the total project cusl d i m i n i shes great ly.  
There have been a n 11 mhc1 o f  spec i fic .'iludies on l i fe cycle costing,  b u t  the i r concepts and res u l t  

cannot b e  genera l i zed to d i frerc11l categories o r  bui l c l i 1 1gs .  B ro m i low a n d  Pawscy4 have desc1 i\Je1 

t i le theo1 ct i cal  bac k g 1 ound fo1 ;1 l i fe cycle cost mode l by usi n g  data relat ing to a 30-ycar ol< 

un i vers i ty bui lding. Neely and Neatha111111er5 have prescnlc<l several d i f ferent maintenance l ife 
cycle <lnta bases developed by the U.S .  Army Constru c t i on Eng ineer ing  Research labo1 alo1 y le 
ass is t  in  l i fe cycle cost analys is .  Computer-aided proced ures Lo evaluate the financial  feasi b i l i t: 

or construction projects have e x i s ted ror some t i me, bu l the ir  use h as frequent ly  beer 

cu mhcrsomc, r equi r i n g  loo much data FINFE/\S program developed by Tucker(i 
is a softwan 

fm mode l i ng the l i fe cycle cost o r  a b u i l d i ng project w i t h  exten s i v e  user i n pu t . 

Very l i ll l e  researc h  has been reported on the est imat ion of l i fe cyc le cost.s or b u i ld i n gs at t he 

pre l i m i nary des i g n  stage, and there is ha 1 clly any soflwnre avai lable  which cou l d  perform th i s jol 

w i t h  s imp l e and m i n i mu m  user's input .  One such attempt is the creat ion of a prototype expe1 
system for pred ict ing t he cos t- l i me profi les of m;�or constru c t i o n  elements l o  produce at 

est i mate al an earl y dc�i g11 p hase in the l i re or a school bu i l d i n g  eons lruclion project7 



:1roughout the building indus try . t hc1 c is now an ar1m.:c i a l i o n  Lhal computers (parlicularly 

icrocomputers) can be of conside rable ass istance i n  evaluat i n g  t he l'iiwncial  1 cq u i r ements of 
x 

1 i lcling projects . A computer model c n l lcll  LCC-0 (Life Cycle Cost i n g  of Office B u i ldings)  

1s  been deve loped that addresses lhesc issues at lhe prelimi nary design stage o f  an office 
1 i l d i ng proj ec t . LCC-0 is  written i n  C and implemen ted in TURBO C 2.0 i n  �; DOS 
i v i ronmcnl.  The system has been expanded to accom r uodate for other dec i s ion such as select ing 

�tween two alternati ves, i .e . ,  renovate a fac i l i ty o r  bui ld  a new one. This new katu t e  has hecn 

:sled aga inst a t eal case study . 

.IFE C Y C I  ,E COST MODEL 
, comprehe n s i ve cost model is useful at t he early stages of dec is ion making lo iden t i fy the 
: lat ive imporlance of each l i fe cycle cost category. A l l re levant cash nows arc eslahl isi letl over 
ie enl ire l i re of the b u i l d ing.  from pro ject comn1L'.nce111cnt lo Lhe end o l' its useful economic l i fe. 
'he measure of re turn, i . e . ,  present value, which s igniries tile economic worth of an investment, 
; clcri vetl from the cash flows . This  helps in compari n g  fae i l i l ics with d i fferent l ives or d i ffering 
r oporl ions between the i n i lial and opc 1 al i ng t·osls .  

,ife cydc cost rntq�ories 
'he rol lowing major l i fe c y c l e  cost cash rlows have been considered: 

Capital costs 

Lallll 
F i nancing 
Actual conslruclion costs (s i te- work , s lruclur a l ,  I I V  AC, e lec tric<i l and mechanical) 
Design fees 
Rc rr igcrat i on eq u ipmen t cosls 
Contingenc ies. 

Operation costs (annual)  
Energy (elcct1 i c i ty ,  g<lS ,  rucl-o i l )  
Clean ing ( wages, suppl ies, con:ract services, trnsh removal ) 
Sccuri ly/groumls nia in lcnance (wages, suppl ies,  conlract serv ices for securi ty an<l 
grounds mai ntcnancc) 
A cl 11 1 in istra1 ive  (wages for pe rso n ne l . Jcg:i\/cons111ta11t l'ccs rel ated to managing prnperly, 
grncral n llice expenses, suppl ies clc. ) 
Taxes/Insu r ance ( rt:al estate lax, bu i ld i ng i nsur ance etc.) 

Repair and maintenance costs (annua l )  
Includes expenses o n  con tract serv ices for mai n tenance or e levator. I I V  t\C, clccll ical, 
s t ru ctura l , rooL plu mb i ng , ! 'ire/ l i fe sal'ely equ i pment.  sup p l ies :llld wages 

• Salvage value 
Resale value of l and pl us scrap va lue o f  bu i ld ing (may he 11cga1 i vc if dcrnol i l ion i s  
req u i red ) 

• I ncome (annual)  
Income generated from al l  renewable space. 

• W arehouse efficiency 
• Transportation effi c iency 

f,b'l 



F i gure J shows schcma L ica l ly  t he l i fe cycle cost nwdel for ort ice b u i l d i n gs used i n  LCC-0. 

THE CAS E STUDY 
" Food I nc . "  ( th e  1 en l  name or the  company i s  left out  for con f iden t i a l i ty )  i s  the l a t gcs l  food 
reta i l e r  in l)uebcc, w i th mor e than 200 s tores and d i s 1 1 ibu1 i , , 1 1  ccn t 1 c s  located i n  prov ince of 
Quebec. " Food Inc .  l ias recent ly  putchased l'nl ll l  "(loml l ' i 1:":°d Li d . "  65 s toi cs localed i n  l he 
M o n treal area. l lowever. these s tOJes used to he serviced by Ci 1 1od Fcincl's w:1 1chouses i n  Onl :t r io .  
Therefore. Food Inc.  needs to expand i t s  w;1rchnu s i ng capaci ly  in  1 hc IVl0 1 1 l 1 c:1l  :u ea. Two 
a l ten1at ives have be('Jl iden t i fied by Food ' s  I nc .  1 1 1 : 1 1wgers: I )  e x t en d  and rrnov:1le the exist ing 
war ehouse, or 2 )  s e l l  t he cxis l i n g  warehouse and bui ld  :1 new one t h a t  w i l l  h andle the  e x i s t i n g  
and n e w l y  purchased stoics.  
l n i'ormat i o n  on the case qudy was input in to the J l lodcl and i ts outpul i s  s 1 1 1 1 1 1 11n r ized in table I .  

TABLE 1 I N CREMENTAL OPERATIONAL COST SU!\!M A H Y  
S t art- U p  
Warehouse E ffic iency 
Tram:pnrl Efficiency 
Energy 

M a i n lcn ance 
1\ .1 . .  : � , ·· o, .. r"'I ,, ;  •.•. l Y I HJ \ 1 1  1 '-"-' l .' l l l l  ."I 

Taxes 

Rec(1111mcndalion� 

Year I 
J\ nnual  
J\n n u :l l  
Yca1· 1 -5 
Yeat 6-20 
t\ Jl JllJ;J i 
Vn .. ,- <; l '- U I  _ ,  

Year 1 5  
A n n u a l  

+ $  1 0 000 
+ $ 4(J9 ()()() 
- $ 1 80 000 
+ $ 36 000 
$ 3 1  000 
+ $ 1. I 000 
I $ 'i 9(1 ()()() 
4; ](1 ()( )() 
- $ 2 I OtlO 

- ·  

( sav ing)  
(saving)  
(expense) 

+ ( sav ing)  
(sal'ing) 
(s:1 vmg) 

+ I C" 'n1 i n n '1 , . .... . ' ' 'b l  
( sa v i n g )  
( CXPCllSl' ) 

Rcfc1 c11ce lo l he corn pat al i ve analys is  sect i o n  or t h i s  ch:1 plc 1 , both monetary aud non-mo11ela 1 y  
con s i der at ions have t o  b e  accounted for .  
An i ncremental  c a s h  nnw a n d  p rese n t  worth figure were calculated for t h e  new fac i l i ty compare 
tu Lhc cx i �: l i n g  fac i l i ty. The�;e wer e pcrfo1 11 1cd on an i ncre1 11cnlal basis as lhcre were 1 10  1 e 1·enuc 
values and the object i ve was t o  represent L he cash flow i n  lerms of savings and expenses. I I  can 
be seen t hat l hc cash Dow a fter l<1x 011  an annual worth basis for 20 yea1 s i s  a pos i t i ve value for a 
majnr parl o r  the c:1 sh  now. This  i n d icates t h at hy choosing the :i lle1'1 1 : 1 L i vc r,1 f f'. <.li1 S l l l !C' l i ng t lw 

new warehouse, s a v i ngs would he generated annual l y. J\lso, the present wort h saving :1t M AR R  
1 2% was $ 1 ,865.550. There for e,  by set t l i ng on Lite new warclwuse :i l tc1 11a t i ve, Pood Inc .  i s  
better o ff i n  the long ru n .  J\ccord i n g  to t h e  s en s i t i v i t y  nnalys i s  i n ,  \V h i c h  tested for a v o l u m e  or 
busi ness or 75% and 50%, rood Inc. w i l l  s t i l l  be better o il. The pi esc n t  value s a v i ngs at 75% o r  
ex pected IJLl.';i 11ess volume i s  $ 1 .595.7 1 6  a n d  at  50% o f  t l t c  expected bus i ness vnlu ine i s  
$ 1 ,325,882. Therefore, a t  a re la t ively bad forecast, Food I n c .  i s  s l i l l  bdter o lT. I L  m u s t  be noted 
that  the presenl  worth figures arc on a n  incremental  basis,  i .e .  l hc pos i t i ve sign i ndicates a sav ing .  

Conclusions 
A rter implc 1 11c11 t ing  the real -l i re case s ludy lo the rcco111rncmlcd theore t ical  scc l i n n  nf t h i s  
pro j ect,  i t  m a y  h e  concluded t h a t  eac h study t e n d s  to employ d i fferent  J'acto 1 s  w h i c h  would a l l o w  
t h e'  11 1 <i i n  comparat i ve dec i s i o n  to b e  taken. 



: 111ost i 11 1po 1 l ;1 1 1 l  factor i n  arn vmg tn a val itl  comparison is that l i me and acc u rn tc 
s idcrat ion s hou Id be devoted to iden t i fy ing the various factors which contr ibute to capital  and 
rat i onal  costs .  
veri ry the val id i ty  of a dec i s ion,  se1 1 s i l i v i ty analys i s need l o  be 1 1 1 ;1de on the factors w h i c h  

Ldd al lL'r t h e  d o l l a r  figures and a r c  di 1 c c : ly l i able l o  change w i t h  bus i ness Vl) l u mes d u e  l o  

:tuation i 1 1  the economy.  
n ay he concl uded that deci s i on makers on vi abi l i ty  comparat i ve stuuies can take effect ive 

'antage i n  ident ify i ng the factors that  neeu to be conside red i n  their  stud ies.  

;o, a proposed expansion o f  the project is recommended i n  the case where reve11ues are 

urale ly  provided or rmecasted providing a c leare r overview or Lhe subj l'.c t .  
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emp loyment of heat recovery systems, u ti lisation of renewable energy and the use of 
bui ld ing energy con trol systems. In winter, energy consumption in offices may be 
reduced by loweri ng the indoor air temperature, hence red ucing heating costs. More 
recent field studies (2) , (3) have shown that oplimum sati sfact ion with the thermal 
environ ment in office b ui ld in gs can be achieved at a lower tem perature than that 
obtained under laboratory based conditions, which i s  the basis of lSO 7730 (4) . 

In this paper , the thermal environ ment and the air qual ity in naturally-ventilated office 
rooms are studied. The l hermal en v i ron ment in lhe rooms is compared with 
pred i ctions using ranger' s thermal com fort criterion . Generally,  thermal comfort was 
achieved at a lower room lempcralure than that predicted by Fanger and as a resu lt 
the poten tia l of energy saving i n  winter is investigated in the paper. 

2 .  METHOD 

Th i s  i nvesti gat ion has been carried out by means of physical measurements combined 
with a subjective assessment of the indoor environment in five naturall y  ventilated 
office rooms (denoted as rooms A, B, C, D and E). The offices arc si tuated in the 
FURS building at the Un iversity of Reading. Rooms A, B, C, and D are staff offices 
and room E accom modates several computer workstations. Rooms A aml B whkh 
arc s ituated in the north wing of the building are built of one concrete external wall 
and three concrete brick walls connected to other rooms. Each of the two rooms are 
connected to the north corridor via h inged wooden doors. There are lwo small and 
one hn!'..e weatherstri pped doub le-h ung aluminium frame. windows in the north facade 
of room A and room B respectively . Room C is located between south and north 
corridors which connects the south and north wings. The walls separating the room 
and the corridors are glazed while the other wal ls  are made of concrete b ricks. There 
is a small axial fan in the north facade near the ceil in g for supply i ng air into the 
room. Room D and room E have si mi lar structures to room A and room B 
respectively but arc both situated in the soulh wi11g and connected to the south 
corridor. Rooms A, C and D are heated by hot water rad iators in cold seasons. In 
room B there is a ful l-width convector u nder the wi ndow in addition to hot water 
radiators. Room E i s  healed by a convector of the s<tme type as thal for room B 
under the window i n  the south wall. Du1 i 1 1g l iul days a rotating fan was used i n some 
of the tests . The in vestigation lasted for 14 months i n  1 99 1 /92 . Tests were 
conducted in winter ( 1 99 1 )  in room A ,  early sprin g ( 1 992) i n  room 13, l ate spri ng in 
room C ,  summer in room D and i n  winter ( 1 992) in room E. 

2 . 1 Measurements 

During an experimental lest the i ndoor air veloci ty , turbulence i n ten� i ly  tinrl ti i r  
temperature were measu red continuously using thermal rmemomctcrs (DA NTE 
M u l ti -channel ! " low A na lyser t y pe 54N l0). Measurements were taken al points O. I 111 
( Coot/an kle level ) .  0 . 6m (centre of gravity of a sealed person) anr.l I . I m  (neck/head 
level nf a .scared person) al.love lhc rloor. The pla11e radiant lcmpcrnture and indoor 
a i r  h u m i d i t y  were mcn.surcct usi 11g nn indoor <:l i male amdyscr ( Brucl & Kjaer type 
1 2 1 3) .  Thermal crn n f'orl i n d i<.:es ( P M V  and PPD) were mc:isu red using a co m (orl 
meter ( Brncl & Kjacr lypc 1 2 1 2 ) .  /I. C02 gas anal yser was 111'c<I for the measurement 
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of indoor C02 concentrations. 

The air change rate was determi ned usi ng the concentration decay method with an 
i nfra-red gas analyser . A portable fan was employed to ensure a good m i xing of 
tracer gas (isobutane) and air in the rooms for a few minutes afler injecting the gas. 
The wind speed was measured with three vane cup anemometers and the wind 
direction with a wind anemometer mounted on the top of the building (about 5 m  
above the roof) . The outdoor air temperature and humidity were measured using a 
copper-constantan thermocouple (radiation shielded) and a hand-held hu midity meter 
respectively. 

2.2 Subjective assessment 

A subjective assessment was undertaken simultaneously with the physical 
measurements. The assessment of the thermal environ ment was based on the 
occupants' vote on the thermal sensation and air movement in the offices under 
various outdoor and indoor conditions and d i fferent arrangements of window and door 
openings. This assessment was based on j udgements at head and foot level s  as well 
as for overal l comfort. The i ndoor air qual i ty was assessed according to the 
i mpressions of odour and freshness of air.  A seven-po int thermal sensation scale was 
used to evaluate thermal sensation and five-point scale to rate the i mpressions of 
comfort with regard to air movement, odour intensity and ai r freshness. The rating 
scales for these thermal environment and air quality indices are shown in Table 1 .  

R ESULTS AND DISCUSSION 

A sum mary of the resul ts for physical measurements of room environment is 
presented in  Table 2 .  These measured results are di scussed together with those from 
the subjective evaluation as follows. 

3 . 1 .Room environment 

The Physical parameters describing the room environment , except for the air change 
rate, were obtained for every test. Figures 1 to 3 show the distributions of mean air 
velocity , turbulence intensity and mean air temperature al head level, foot level and 
overall (mean of three heights) respectively. 

The air velocity in  these rooms was usually below 0 . 1 7  mis when the windows and 
doors were closed and fans were not i n  operation .  Velocities above 0.17 mis resulted 
either from the provision of an additional fan used in  warm days i n  room D or from 
opening windows in rooms C, D and E. It is shown in Figure 1 that the air velocity 
at foot level was usually higher than that at head level, especially in rooms B and D 
which have a ceiling level higher than that of the other three rooms. 

The turbulence intensity data is presented in  Figure 2.  The values were between low 
and moderate for room A but between moderate and high in the other four rooms 
(Table 2) . 
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The i ndoor air temperature results arc plolled i n  Figure 3 .  The temperature changed 
from day io day during the cou rse of measurement due to the fl uctuat ions of outdoor 
temperature, air ch ange rate and heat loss or gai n from the rooms an d  due lo open i ng 
the windows or doors . I n  some tests overheati ng was observed during m i l d  ou tdoor 
cl imates. Temperatu res much h igher than 26°C were due to the solar hea t gai n from 
the part l y  opened south wi ndow of room D i n  t h e  summer . It can be seen in Tab le 
2 that the air  te111pcrnlure at head level i s h i gher than that at foot l evel with a mean 
vertical temperature di rference of 1 .  7K.  

T h e  measured plane radiant temperature, a n d  hence t h e  calculated m ea n  rad i an t 
temperature, were gcnern l l y  lower than the mean ai r temperature ror all room s except 
for room C where there was no ex tcrm ll wall exposed lo !he r.old ambien t .  The 
average d i fference between the mean air temperature and mean rad iant  temperature 
for all the tests was w ith i n IK .  

The relative h u m i d i ty i n  t h e  room through6(1t  the test period was normal ly w i t h i n  t h e  
com fort l i mits , ranging from 4 0 3  lo  55  % . O n  some occasio11s i t  d ropped lo s: ight 
helow 40 % .  

I 

The ai r change rate was determi ned for most of the tests in rooms /\ ,  11, D and E. 
However, only one test was carried out for room C because the vcn ti latiug fan was 
always Oil during occupancy and the air chan ge rate was assu med lo be constan t .  

3 . 2  S ubjc;.c..t.ivc;_cvill!.11;1Jjtm 

F igures 4 to 6 presen t the distri but ions of votes over the measu red spilcc d u ring the 
L i me of measurement. The results arc those for thermal se n sat ion . air movement, 
odour i n tl'nsi l y  and air freshness. 

3 . 2 . l  Thermal sensation 

As shown in Figure 4, the mean t hermal sensat i on was Oil the warm s i de of the 
neut ral poi n t .  However, the measu red PMV values, which were ob tai ned from 
Fanger's  com fort equation for the correspondi ng tests were close to lhc neu t ra l point  
for rnosl  o f  the test cond i t i ons . T h i s  suggests t hat Fangcr's  equat ion u n d erest i mates 

t he t hermal impressions and u ndcr-v;!lues the deviat ions o f  l11e i mpn:ssions from 
ncu t 1 al i l y .  This 1 1 1ay \Je d u e  lo L luei: 1 1 1 ai 1 1  reasons. One is the ass1 1 1 11p l ion of steady 
state cond i t ions  used in  the dcrival i on of Fangcr ' s  eq uation . A nother is  the over
s i mpl i  ficalion o f  the metabol ic rates of the occupants .  The occupants rarely sat 
quiet l y  in the rooms for a Jong pe r iod , say more than,  one hour, w i t hout engaging in 
snmr: ;wti v i l y  or movement. The metabol ic rale was however taken constant as 1 . 2 
met i n  the calcu lation of PMV d ne to the d i fficul ty of pred icting i ts  ex act v alue.  The 
t h i rd reason is the sen si t i v i ty o f  PM V In the thermal resi s t" nre of dot h i np, (do value) .  
I n  laboratory ex peri ments ,  t he clo values are consistent whereas i 1 1  field lcsts the 
clothing leve l s vary w i t h  i n d i v i rl u<ll occ 1 1 p<1 1 1 ts and l ime.  

The thermal  se1 1salio11  was found to he dependent  on the a i r  te 1npcrat 1 1rc and veloc i t y  
i n  room /\. . The effect of a ir  veloc i t y  was however ins ign i ficant for other rooms 



probably because of insufficient data collected for each subject or too high an i ndoor 
air temperature to be compensated for by a small i ncrement of air velocity. The 
regression equation for the termal sensation (TS) at head l evel , fool level and overal l 
for the rooms agai nst mean air temperature (T in °C) and, for room A. ,  velocity (V 
in m/s) can be expressed as follows: 

TS = a T - b\/ V - c ( 1 )  

where a,  b and c are constants whose values are dependent on t h e  room environment. 

In Figure 7, the occu pan t ' s  thermal sensation responses arc presented as a function 
of mean air temperature.  The PMV l i nes predi cted from Pangcr's  equation are also 
presented for comparison (assuming a metabolic rate of 1 .2 met and clo values 
between 0 .8  and 1 .0 and using the avcrnge values o f  the measured ai r velocity and 
radiant  tem perature for the corresponding rooms) . Note that a PMV l ine is 
theoretical l y  not a straight l i ne but bccau�e the curvature is very smal l ,  then the error 
caused by linerising the curve is  negligible i n  the region close to the comfort 
temperature. From Figure 7 a neutral temperature i . e. T for TS = 0, can be 
obtain ed .  The neutral temperature can also be predicted from Fanger's  comfort 
equation.  The neutral temperatures calculated from the above equation and from 
ranger' s  equation together wi th the di fference i n  neutral temperature betwecp them 
arc shown i n  Table 2 .  · �, 

H can be seen from Table 2 that Fangcr's equation overpredicts the neutrality for the 
rooms except room C .  The reasons for th is  were mentioned above, which seems to 
confirm the fi ndings of Schi l ler, ct al . (2) and Drager (3) . They found that the 
predicted neutral temperature was on average 2 . 4K higher than thal measured for 304 
offii:e workers in 10 bui ldi ngs.  Jn addi tion , Figure 7 i ndicates that the data l i nes 
from the presenl investigation are steeper than those g i ven by Fanger ' s  equation ,  
suggesting the occupants Rre more sensi tive t o  changes o f  air temperature. Th i s  fact 
was also observed by Fishnmn and Pi mbert (5) whose field study showed that the 
gradi en t  of thei r data curve deviated from Fanger's equation parlicular l y  at 
temperatures above 24°C. Furthermore, they found that Fanger's com fort equation 
predicted the neutral temperalure 0.6K h igher than that obtained from the field 
survey, which was attributed to their incorrect estimation of the subjects' cloth ing.  

If  accordi n g  lo  Fanger' s  defi n ition the central three categories o f  the thermal sensation 
scale were regarded as an i ndication of an acceptabl e  state for thermal comfort 
whereas the votes outside these central categories were considered to represent 
d issatisfaction with the thermal state, the results suggest that ahoul one thi rd of the 
responses were dissatisfied with the thermal environment whether for the head , foot 
or the overall i mprcssion. Most of the dissati sfaction that occurred i n  rooms A., B 
and E when the windows and doors were closed was caused by overheatin g ,  which 
could be avoide<l hy wi ndow openi n g  or by contro l l i ng the heat output from !he 
emi tters and hence reducing the heating costs with the help of a thermoslat or a 
weather cornpcns<licd heat i ng systcn i .  For room C however these measures were not 
adequate because lhc emitter was al ready turned off dur ing  the test period . Although 
in the laller period of tests, a wi ndow was opened on the roof, the room was stil l 
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uncomfor tably  warm i n  most days. The roof window was effective in reducing the 
i ndoor temperature only when the outside was windy such that cooler outdoor air 
would be blown into the roo m .  A possible way to decrease the indoor temperature 
i n  cold seasons is to i ntroduce air di rectly from the outside of the building rather than 
from the corridor, u s i ng the existing ventilating fan .  Due lo i ts location a 
comfortable thermal environment is difficult to achieve in room D in hot su nny 
sum mer days unless it i s  mechan i cal ly ventilated or air condi tioned . 

3 . 2 . 2 .  Air movement 

Figure 5 shows that the overall impression of the air movement was o n  the side of 
being stagnant. For room A when a window and/or the door were partly opened , the 
i m pression of air movement shifted lo bei ng slighlly draughty. The main cause of the 
draught was considered to be l ow temperature as air velocity and turbulence i n tensity 
were not very h igh . 

Figure 5 also i nd icates that the overall i mpression of air move men t  is s imilar to that 
felt at head leve l ,  i . e. when the head feels stagnant the overall response of the air 
movement w i l l be stagirntion . Thi s  is also true for dr nught. In these tests the feet 
were more sensitive to air temperature but  less sensitive to ai r velocity than the head . 

3 .2 . 3  .. Odour i n tensity 

Odour was detectable in most cases see Figure 6. However, no satisfactory 
correlation between odour intensity ano C02 level or air change rate could be 
established . !n some cases, 'Nhen the C02 level was !ow , or the ai r change rate was 

h i g h ,  odour was still perceivable whi le in other cases when the C01 level was higher 
than 1 000 ppm the odour i n tensity was not detectaule. This seems to suggest that 
there were other pol l u t ion sources such as bui lding mater ials or furni�hi1 1gs which 
cou l d  be more sign i ficant than the odour emission from the occupants. The 
j udgement could also be affected by fatigue of the olfactory sense due to long term 
exposure to the pol l utan ts . 

J. 2 .4  A i.Lf.L��hne�� 

Figure 6 also shows that the rating of ai r freshness was in general sl ightly stuffy. The 
assessment of odour i ntensity and air freshness shows that the air change rate is  not 
a good i nd i cator of indoor air quality since the air reaching the breathing zone could 
be contaminated as a result of poor m ixing in the room .  

4.  ENERGY SA VING POTENTIAL 

Si nce the neutral temperature given by Fanger's equation is higher than that found 
from field measurements, energy can be saved by decreasing the room temperature. 
The potential for energy savi ngs is described h ere. 

In most office buildi ngs, heat losses in cold seasons are mainly due to conduction and 
ventilation. These heat losses are proportional to the temperature difference between 
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i ndoors and outdoors (T; - T0) . Thus ,  for a comfort temperature based on laborn tory 
model s,  the amoun t of heal l oss. q1 ,  i s  

q1 ex (T;1 - T0) 
and for the com fort temperature which is ba sed on the fie ld  1 11easureme11 ts,  the heat 
loss , qr, is 

qr cx (T;r - To) 
where T;1 and T;r are !he rr.qui rcd room tem perature� prcd icled from t he l aboratnry 
model of Fangcr and from the field measurements respect ively.  

The amount o f  energy saving i s  then 

(q1 - q,) oc: (T;1 - T;1) 

Hence the rat i o  or energy saving based 011 !he room temperature recom mended by the 
current standards is 

(q1- qr)lq1 = (Ta - T;1)/(T;1 - T0) (2) 
In the UK, the average outdoor tem perature during the heati ng season , T0, is abou t 
6°C and for the whole year is 1 0°C . Assuming the room lemperature pred ic lecl for 
neu tral i ly is 22 .6°C , the ratio or energy saving i s  oblainecl for several d i ffe rences 
between predicted and measured neutral temperatures and th is  is given in Tab le  3 .  

I t  i s  seen that lowering the roo m temperature b y  l K represen ts about  6 %  r eduction 
in space heatin g  energy for T0 = 6°C. Por a temperature reduction or l . l K, the 
max i m u m  value measured i n  th is i nvestigat ion, the potential of energy saving is  

6 . 6 % . To take fu l l  advantage of th is saving,  i t  is  necessary to conl rol the heat supply 
to an office by instal l ing an individually adj ustable thermostat or by using a 
personalised environmenta.l system . 

.CONCLUSJQ_NS 

The resul ts  show that i n  natural l y  ventil ated office rooms the air veloci ty at foot level 
is generally h igher than t h at at head level . The turbulence intensi ty in the room 
however does not seem to correlate w i th the air velocity.  The C02 concentration 
does not represent a good indicator of the sen sati on of freshness i n the rot1ms.  This 
was attributed to the poor m i x i ng of outdoor a i r  with room ai r i n  natural l y  ven t i lated 
rooms.  

From the present investigation, i t  seems that the thermal model s based on laboratory 
tests at steady slate conditions can not accurately pred ict the thermal environment for 
naturally ventilated offices where the conditions are transient and where the occupants 
invariably change their activities. For the cases investigated, Panger's equation for 
thermal comfort generally overpredicts the neutral temperature and u nder- predicts the 



comfort requ irement when !he air temperature dev iates from neutrality. 

Heating energy can also be saved by lowering the room temperatu re from the 
currently recommended values by , for example, ISO 7730(4) wi thout compromising 
the thermal comfort. Besides, a lower indoor temperature can reduce the occupants ' 
complaints about the feel ing of stuffiness. 
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Ti!hle 1 .  Rating scales for thermal sensation (TS ) .  a i r  movement ( AM) ,  odo u r  i ntens i ty (01) 
and air freshness (AP ) .  

---

RATING TS AM Ol AF 
- 3 col d  

- 2 cool loo d raughty not detectable  very f'rcs h  

l sl ight ly  cool d raughty s l ight r rcsh 

() neutral acceptable modcralc llCUlra\ 

1 s l ightly warm s lag11a 1 1t slrn11g s l ightly S(ll ffy 

�· 
2 warm very stagnant very strong stuffy 

3 hot 

Table 3. Energy sav i 11gs d u r i np. the l l K hea t i 1 1g season due l o  a lower room temperature. 

(T;1-- T,,J (K) (q , -- q,)/q, ( % )  
0. 5 3 . 0 
1 . 0 6 0  
I .  I 6 . 6  
2 . 0 2 . 0  



Tahle 2. Phvsical "nu thermal propert ies of room environment. 

Room No. A n 

Dimension (m) 
Length 5 . 4  1 1 . 6 
Width 2 . J  2 . 9  
Height 2 . 6  3 .4 

Eflcctive volume'  (m') 29. :l 1 08 . 2  

Normal occupants I 3 

Averng� air change rate 0 . 86 0.86 
(h ') 
Avernl!e air supply rate 7 . 0  8 . 6  
( I /• per  person) 
Mc"" air velocity (m/s) 

l leacl level  0 . 059 0.07 1 
Foot level 0 . 064 0. 1 00 
Over(lll 0.060 o .oe2 

T11 rh11le11�e intei1'ity (%)  
Head level 39.4  59.2  
Fool level 28.7 4 4 . 1  
Overal l 34.7 51\.J 

Mean air tempernt11re (°C) 
I lead level 23 . 1  23 . 3  
Fnot l�vel 2 1 .4 ?. 1 .7 
Overall 22.4 22.9 

Difference between air 0.6 0.7 
tempcrnt11re. and rac..l ia11l 
temperature (K) 

Relative humidity (%) 45 . 8  45 .7  
Measured neutrn.l 
temperature ('C) 

l l��rl lr•wl ?7 4 7? 4 
Foot level 2 1 . 4 20.4 
Overall 2 2 . 0  2 1 . 7 

Pr�clict�d 11�1 1 t rnl 7.7. 8 22 . 8  
tcmpeniturc from F1rnger•s 
equation (°C)lf 

Di ffcre.nce between 0 . 8  l . 1  
predicted and rneH.sllrt"d 
nettlral temperature 
(K) 

Nntes: * av�.rege of the rl:il" for rnnms A, R, C:, D """ E 

c 

4 . 2  
3 . 5  
2 . 6  

.37.5  

2 

7 . 60 

16.9 

0.098 
O . J  1 1  
0.099 

43 . 8  
3 4 . 0  
4 1 .2 

25.7 
24. 5  
15. 1 
-0.7 

42.9 

:q ,? 
2 1 . 1  
22.5 
2?..3 

-0 . 2  

+ the volume exclnding lhe space occupied hy obstacles 

$ the occ11panls are not the 11ormal office 11sers 

I) E ABCOE* 

4.4 7.6 
2.3 2.4 
2.6 3.4 

25 .0 62.0 

I 3' 

3 .03 J .8 1  

2 1 .0 2 1 . 9 

0 06) 0 .066 0.07 1 
0.086 0 . 1 30 0.095 
0.067 0.098 o.r.so -

3 8 .6 47. 8  44 .. 5 
31 .0 ? l\ . 1 :l ? .9 
37. I 39.6 40.J 

27. 1 23 . 1  24.5 
25 .0 7. 1 . 7 22 . 8  
26.2 22.4 23 .7 

0 . 6  0.7  0 .5  

47.6 45 .5 45.5 

? ?  .R 7. 1 .  1 7.1 . 7  
22. 1 2 1 .0 2 1 .0 
22.7 2 1 .4 2 1 .7 

22.9 2 1  4 22.6 

0.2 0.0 0.9 

# hased on 0.8 clo and I . Smet for rooms A,13,C and D, I . ! I  do n11d l .2mct for ffllllll E,  0.83 do ancl l .4met 
for al l  rooms 
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E ff�'..CLQLlj_L!J'litc�_l.!�!•J J'nrn�fc r Coeffi c i e nts o n  t h e  Thcnn a l  E n v i rn n mcnt in 

Ho01ns 

J\ h s t ra r l  

, \ .  Ila f to n  a n d  I I . II .  i\ w h i  

Depart ll l l'nt  o f  Co11 .� l ru ct i o11 M a n a g c m < n t  & Engince: r- ing 
The ( ln inrs i ly o f  H e a d in g  

: 1 K 

( "onvccli\'l.' heat lrnnskr c1wlfo:i,· 1 1 l s  (ci i l c ' s )  pl' c�cni ly used in bu i l d i ng t h cn1 1a l  models h<1vc 
in nwsl cascs. been based upon cxpe1  ime1 1 ts  r·or s 1 1 1 :1 l l  ri ce edge hea l i ng p l ates. Recent researel 
has shuwn t lwt  in so111c cases there ca11 be 1 1 p  lo  a 100% d i llcrc1 1cc bctween e l it e ' s  used i 1  

b u i l d i n µ.  t h�nn�d n :Ddcl �; . ·r11 i�; ct 'u!d ! end to  son1c i n·�·1• 1 ! 1 s i s tcncy bt..'t\vecn lbc pn�dic..: t i r_n1� rn!ldt 
by d i llcn.:n l  bu i l d i ng thcrnrn l  mudcls  f'n l' the snmc t hcrni:i l  cond i l i 11 1 1s i n n room or <1 b u i l d i ng.  

· 1  h i :; J1ll J lCI llSC:; I I  l l''.;[ r;;·1:0(' b:.l �e.J l l l l  �;u J n 1  lw: 1 l i l l 1_' o f' t i l l '  i 1 1 t c 1 n:l i  S l l !'f�JCCS o f' a l'<l\l l l \  in  

l 1u i l d i 1 1g  us ing a bu i l d i ng l h c rnin l 1 1 1 t 1dc l .  A range o r· ch lc v;i l ucs ar c  used l\l 11 1·cd ic l  th< 
e 1 l\' i 1 1 1 1 1n ien(  i n  [Jic flH l l l l  ( �; 1 1ch !IS '>lll race a l \d ;1 i r  \1c l l l j1CL'<l t l l l"L'.S <l l t d  Cl l J l l flll"[ C ( l l ld i l i O llS) fllr the  
e;1scs 11 i ic 1 1  t i le 1 1 ou 1'. t l ie L'l' i l i n g  o r  <1 11 a l l  i s  hc;1 t cd hy l l 1c  s u n .  l 1 1 c l udt:d < 1 1 1 1 1. 1 1 1gsl  l l i i �  sekdiu1 
{ 1r c h ( c ' r;  ',\ (' ! !__' th :.� :..�h ! C \ �! J U�.':�: l' CC�n! ! y  ! 1 �\.':..�'--: t ! !'Cd [ 1 ':· t 1 1 1.� �ll ! t ! lU ! S  fnt the  !H_'D tciJ i � ld�1r: 1.::- nf  fl l 

cm· I ns1 1 1  l'. 

I .  l n trn d u d i o n  

S ur racc Cl l l l l'lT t i v c  h C' : l l  t rn 1 1 ., rc r  coc l ll c i cnts  ( c h l •: ' s )  a 1 c  ;1 n i 1 1 l cgu1 I p:1 n o r  l n1 i l d i 1 1 L( l herina 
model s. I h1we1 er. t here is  no re:1 l ly acrur: 1 lc chic th: 1 t  c; 1 1 1  bl' used i n  n·c 1 y  t l tc 1 1 na l  mod.: I .  Th· 

· most  C(l l 1 tmun c h l l " s  c1 1 1 re 1 1 t l y  ul i l i scd in h 1 1 i l d i 1 1 g  : l ic 1 1 1 1a l  11 H.1dc l s. ; 1 1 c  t hose fo und in th•  
/\S I  1 1 { ;\ l ·'. l l :1 nd lmok 1 1 1 . <_ ' l l l S I '.  ( i u i dc 1 2 J awl the rnllw1 1 · l :dmr: 1 1 1 � l t m11 1 i l : 1  hy ,1\ l : 1 11 1d: 1 ri nnc 

I l <11 1 1n101 1d [ .1 J J ]( l 1w1·er. 1 l tcsc cnL· rli e i cnts h:1v c:. a l l  hccn based upon L'Xpcri rncnls  using s m a l l  

l "rcc edge hc:.i t i 1 1 g  p i < 1 tc:,-;. J { e c c : 1 t  wot k  h y  l h c  :rn t lmrs 1 '1 ]  l ins show11 that the e l i t e ' s  for a hcate1 
Sl l l'JaeC i ll a 1 0\ IJll :LrC i 11 J l l l l' llCl.'cJ by i h C' l " t 1 1 l d i 1 i 1 1 1 1s  in l lH' room S l l l'h ilS the  add i t i on or D Ji11 

prod uci l l!! H W<J i l  jct ( l \'er a healed s 1 1 rf;1cc a 1 1d  ; i lso the  tcmpcralurcs of the other surfaces in t h· 
1 1 1 0 1 1 1 .  ·1 i i L'SC factors wc1'<:' nol taken i n l u  <1ccou 1 1 t  in t i le  Ii-cc-edge heal ing plate experiment 

1 cpol ' IL'd i n  thL· l i 1 c 1 : 1 1 u 1 c . 

I t  is c lear l l i :il t h e  sur l aL·c e lite p rn v i d l'.'i ;111 i l l l j1\ll ' lant t hc1 nw l l i n k  between the mass of th 

bui l d i ng aml the a i r  1·o l 11 1 11 l'. T hc1 c li 1rc i n  p1 :1c! icc i t  has an i n fl uence on room lemperalur 

con l 1 1 1 I  rnid 1 lwmwl cn1 1 1 l \ 1r l  i n  bu i l d i 1 1 µ '  

I n  a s tudy' ur 1 h ,: 1 n 1a l  nwdcl. c; h y  K Lt 1 1nas  1 .5 1 . i n  11 h i c l 1  4 e h le v a l ues were u s e d  w i t h i n  l h  

the 1 111<1 l Ll lod c l s  l ·: S I '  ; rn d  I J T l 3 2  i l  \l :lS rou n d  1 h :1 t t h e  l'Sl i rn a lcd Hll l l ll<l l h cr1t i ng e nergy de1 11a11 1  
varied by ; 1 1 u und 2 7%1 depcnd i 1 1 1� ( 1 1 1  t he elite 11snl . 1\ l sn 1\ hcn the t wo L l icrrnal models lesle•  
were i 1 1 1 p k1 11c11 lcd \I i l h  the s; irnc chlc t> l lc pt oduu:d ; 1 1 1  cs l i rn a lcd ;1 1 1 1 1 1 1 : d  hc;1 l ing energy d c 1 1 1 : 1 1 1 •  
wi t h i n  I 1!10 o l" t h e  oth i.:r m o d e l .  · 1  his suggL·s ts  that lo p1 o v idc cons is tcm:y i n  the  resu l ts. one scl  o 



ccurate elite's should be used i n  a l l  models.  I l u w,:vcr, lhal  paper also stales l ha t  lhc choice o r  
h lc had l i t t l e  in1pm:t  o n  the peak d a i l y  a i r  l rn 1 pe 1 a 1 ure predict ions .  

The authors have carried out  extensive ex peri 1 1 1c 1 1 lal  work i 1 1  < l  test  clw1 1 1ber l l' prod uce 

ccut ale chlc ' s  for use in bui lding tl iernwl model s .  They also showed l lwl on.: exp1 ess i (1 11 fo r 

hlc ror a surrace wi l l  not a lways describe the rea l heal trn 1 1 s fCr from the surliicc p;irt irnlarly i f  

1 i xed c011vcction i s  being model led . 

·1 b i s  p<1per presents the results of a number of s imul <1 l ions which have been c arried o u l  to 

0111pme pred icti ons made using three chlc' s ;  the /\ S l lR1\ E  equations, C l BSE's constant 1 ·alues 

ml lhe authors values in the bu i ld ing thermal model "ROOM''. A l lhough a popular choice o r  

hlc. /\ l mndrn·i and l lnmnwml ' s  equat ion was not considered due t o  i t ' s  eomplc.x i l y  and could 

1ol be d i rectly entered i n to t he " R OOM" input data (sec Sec tion 2). 

:. T h l'rmal motkl si mulations 

The bu i l d i ng lhcrmal model "ROOM'' was used to carry out the s imulat ions required lo 

ired ic t l' M V  values i u  a room. 

To assess the  i mportance o r  the elite ' s  o n  thermal com fort, a test case was needed that would 
nvo l ve heating the floor, cei l i ng and wa l l  o f  a room. The test case would also have to be 

·cal ist ie .  The heating or the surface would req uire the sun fall ing over it and so three scenarios 

Nere devised lo n l low solar heati ng on each surfocc. l lowever, a number of specifications were 

:ommon to each scenmio. These were a well insulated room or d i mensions 6rn x 6111 x 4m high 
iav i ng a low thermal capnc i ty (U value o r  euch surfoce = 0.3) .  The room was d i vided i nto 1 4  
;u r!aces mid was simul ated i n  each o f  the 3 scenarios. The site posi t ion was <Jlso common to 

�ach scenario:  th is  was London ( l at i tude "' 5 1 .7 °N). To k eep an nvcragc a i r  tem perature between 

� I  -25°C the nir change rate rind the supp ly ai r temperature needed lo be spec i fied for ench test 

1 11d these arc descri bed below. 

)ccnario I . ' Solm p<.i lchcs on a ce i l i ng - i n ternal l i gh t  shel l", Fig ( I ) ' .  

Using ' 'ROOM'" n ine sur faces represented the cei l i ng and 5 other surfaces represented the rest 

J f  the room.  /\ s ingle glazed w i ndow was al located lo the west wa l l  and a re fl ec t i ve shel f 

posi t i o ned lJ ll  t h e  i n side of the wi ndow . Two tests were carried out for th is set-up, one for the 
mon th of J u l y  and lhe other for february.  The nir change rate was set to 5 ach at a supply 

temperature l 9°C for July,  and 1 .5 ach and a tem perature o f  22°C for February . 

�.g:nario i. ' So l ar patches on a floor' 

In  th is  case 9 surfaces were al located to the lloor. The west wal l  now became a whole window 

with no reflective she l f. Two tests were carried out for this set-up, one for t he month of July and 

the other for February. · 1  he a i r  change l'[l lc was sel to 10 ach and the supply nir tem perature 1 0°C 

for J u l y ,  and 1 . 5 ach and a te11 1pcralure or l 5°C for February .  

I 5--l r; 



�c:cn_cu:i ld.  ' So l <1 1· paichL'S 011  n wal l "  

N i ne s u 1  l�1c,:s wc1 c  al loe<1 tcd t o  lhc  casl wal l .  The 11 i 11dow 1 1 11 the wcsl \\'a l l  was set h igh u p  c 1 1  
t h i s  wa l l .  0 1 1 c  lcs l  w a s  c a n  i cd oul  li1 1 th i s sd- u p  rm l h c  1 1 1 u 1 1 Lh u l  l kcc: 111hc·1-. hccausc \ h l' s u 1  

shone on ly on lbe C 8 S t  w;i l l  ll ur ing a w i 1 1 lc r l ll < l tllh . l 'hc a i r  change i i t lc was scl lo  1 . .5 <1ch and l i t ·  
; 1 i r  l c 1 � 1 pc1 <1 l u 1 e  lo �'. I 0C' .  

I he c l 1 lc  f\ 1r  each su 1  lace was Lklcrn 1 i 1 1cd by cnte1 i 1 1[!  a val uL· 1 \ 1 1  lhc codli r i c nls a & h in t h· 

cqu;i t i11 11 :  

h, '"' I I  ( 1\ f")" 
where h ,  '� convccl i 1-c h e a l  l t a n s fcr cuc r!i c icnl .  \V/m2 K  

t\ T  �· surl '<1cc lo a i t  t c n 1 pcrnt u 1 c  d i ni.:rcnce, K 
and a and b arc the cocnicicnts .  

For cnch of the three scenario ' s  " llUOi'vl''  w a s  1 1 1 1 1  ll.'-: i 1 1 g  the chtc ' s  in  Tab le ( I ) . 

Table I .  C h tc 's usc<l i n  " ROOM" ror tl!e simulations 

The authors chtc ' s .  

Wal l :  17 - -�R? - , 6. 'J ''t" i�.> 
' "  - D" 1 2 1  l I 

rloor: I 2 . 1 8 . .  I) lilX I = ·· ··- · .,-· ( 1\ 1 )  r /I })(1 ' 1 , (, . 
Ce i l i ng :  !J.7 . .  1 1  1 11 h ,,, ___ _ - ( !\! ) 

' "  L>n r. 

,\�.; I !RAE cq u;11 ivns. 

.\ f. . " 1 ...... I r •_ \ rn 
I �  t i  -- \J, I L.. \ \  f f  j 

Nu "' 0. 1 2 (Ur(' 
�· () ') )  ( . ,  ) I ·I 
I 11  = .�� Crr 

C l l l '.� L cuw.la1 1 l  va l ue� . 

j . 0  

4 .J  

I . :" 

As venli lat ion has be1:n used i n  each s i 1 11 u l a l i o 1 1  i l  was userul Lo make so1111: assun 1 pl io11s as t c  

the pos i t ion n11d size o r  l he i n let lo evalrn1lc a mixed convection heat lransler coe l l n: 1c 1 1 l  tor  l h• 

surface d i rect l y  under the i n ll ucnce o r  lhc jc l .  For the sun patches on the c e i l i n g  i n  the 111011 lh  o 
J u ly (sce11a1 io I ,  surn111cr case) an i n l et \V<lS assumed to be al t l !e top o l  one or lhe  wal ls  so as L t  
a l low a jet  to sprcml over the ce i l i ng . In  lh is  case the authors c htc for  ;i jct  ac t i ng over a c c i l i nr 
was used for the cei l ing chtc i n  the " ROOM"' i npu t data. However, the natural  ctrnvcetion chtc " .  

were e n tered for l h e  remain i ng surl�1ces o l  the room. 

The sa111c appl i l·d lo lhc tests \V i th lhc s u n  patch 011 lh ·2 ll o,)J for llic mt" 1r1 t h  , -, !" July (�u::1 1<1 1 iu 2 
s ummer rnse). The i n l e t  w<is assu med to be n t  the lrnsc ·or  a wal l  so the jel  <le ts ovct· the floor 

The chtc for a jct act ing over 8 floor was used <is lhe floor chtc in the ' "RUOl\I""  i nput dala, bu 

the natu rn l  con vec tion chle's  were en tered fr1r the re111 a i 11 i n g  surfaces o r t 1 1 c roo m .  

T h e  com kirt predictions were made fo r  a p l a n e  at  0. 6111 fro111 t h e  floor ( scaled l e i - c l )  for l i g h  

o !Ticc work act iv i ty <I nd l i g h l  onice wear cloth i ng.  T h e  P M V  val ues were then p l o l lcd for cacl 

e<tsc and presented in the resu l ts .  



;, Resulls  

In  Fig.  (2) the resu l ts slww t hat the Pl'vl V  values arc qui te  close w i th sm<dl  d i lfne11ccs i n  t h e  

'l'v! V  v a l u e s  occurr ing between about 1 1  :00 mid 1 4:00 hrs. l l  should he 111c1 1 li oned however that  
he cei l i ng sun pa tches only henl a sma l l  area o f lhe cei l i ng.  As t h e  si mulat ion is curried out for n 
um mer nionlh,  a high venti lat ion rate i :; requ i red result ing i 1 1  a eonsiderabk air  1mn't'111ent. 
herefore. i n  such cases. natural co11vec lion expressions m:iy not be s u i t a b l e  f'o r e;1 l c ulal ing the 

1ent lransl"cr  rrom the room surfaces. 

In Fig. (J) one can sec that the 3 sets o r  l'M V  resul ts arc agu i n  c h;c, I n  this case the 

1e11 t i lation rate i s  low as a wi nter ll !O l l lh was s imuln ted but  thL� sun patehL:s on the cci l i 1 1g again 

J 1 1 ly cover a smal l area. Therefore the natural convect ive heal lrn11s lcr li om lhc cei l i ng is sma l l  

1 11d h a s  l i tt le e ffec t  on t h e  com l"ort in  t h e  room. 

As mentioned in sl'.cl ion 2 the plr n1e n t  which comll>rt i s  calcu lnted wns <ii scaled l evel (0.6111) .  
leal g a i n  by natural convect ion from the cei l i ng wou l d  probabl y have a grealer c !Tccl o n  the 

' M V  values a l  a p lnnc closer lo the cei l i ng. /\ l l h nugh l l i is would not he a typ ical situation.  

From Fig .  (4) i t  can he seen that the d i ffC.�rence hetwcell the PIVI V val ues for a heated floor are 
; l ighcly h i gher than those ror the cases with the sun patches Oil the eci l i ng. One reason for this 

:ould be that as the whole o l '  the west w;1 J I  is gl a7cd in this case, then the sull paleh on the lloor 
:overs a much larger m ea t han in  see1rnrio I were the sun patch is oil part of the cei l ing. 

lowever, there is  a h i gh ve111 i l ; 1 l in11  ralc in this case (section 2)  w h i c h  suggests that heal 
:onvcct ion wi l l  be doll l i nated by forced eonvcction. 

'I he w i nier s imu lat ion ror the sun patches o n  the lloor produces the resu l ls shown in Fig.  ( 5 ) .  
n thi�  case a much l ower vent i l a lion rate w a s  used than the summer s i m u l at ion and :is a large 

Jrca of lhe flonr was l icalecl by !he sun patch we can say that natural eonveclion has a greater 
:fleet on the com for t  in the room . This  nm be sc1:11 in  the fi gure hy a greater d i fference in the 
" M Y  values predicted u�ing the present values and the C I B S I:: elite' s  than in the earlier 
; i mulat iuns. The d i fference between the J esuits  fr om A S I IRAE's a nd the present chlc's is much 

;ma l l  er. 

Figure (6) shows that the P M V  val ues calculated using the present chtc's ar c close to t hose 

Jbtai ne<l using the C lB S E  chtc's early in the day .  l l mvcvcr, later on in the clay the present val ues 

ire c loser to the ASI !RAE values. The sun patches on the wal l  in this case covered only a sma l l  

1rea lhus the natural conveeti ve heal transfer t o  t h e  ruom is  smal l .  Therefore. the d i fkrencc i n  

�he chte ' s  has a l i tt le e ffect o n  cum f'orl i n  t h e  room for th is  case. 

/\ po i nt tu mention rcgm<ling a l l  these resu l ts is that d uring the winter s imu lations the solar 

!lai n is 1 1 1ue h  lower than dur i n g  the summer s i m u l a tions. 

1:i gu1 e (7) shows Liu: l ' M V  resul ls ob la i 1 1ed u s i ng the authors'  mixed convection coefficients 

l"or a healed c e i l ing eomp<l!"cd In those predieleJ using m1 lural eonvccl ive eoerficicnts.  The ['/VIV 
val ues obU1 i 11ed us ing t he 1 1a t ur;il convec ti ve ehtc"s arc h igher than those obtai ned using the 

1 1 1 i xcd convection values between 1 J  :00- 1 7 :00 hours hut are lower between l 0 :00- 1 3  :00 hours.  



I -he cn111 forl res u l ls i n  r :i g .  ( 8 )  �how t h ;1 t i l w  l'M V  v: i l ues predi cted u s i ng the natural co nvcc l i o 
e l i t e ' s  a r c  h igher than those caleu[ a tcd u s i n g  the m ixed convection chtc·s _  

-t  C:o11 cl 11sion 

From the rcs 1 i l ts we can conclude t h at \.\ hen nat u ra l convection domi nates the heal trans re 
rro rn Lhc room surli1ces. t he c h lc value used has a s ig1 1 i fica11l  i 1 1 fl ucr1ce i n  pred i c t i ng the comlo r  

levels  i n  a rmi m _  1 lmvc ver. i 1 1  m:rny o r  the  lest cases considered ri:i tura l  convccl ion d i d  n o  

domi nate the hc:it lrnnsk·r f'1 P1 n t h e  room surl"aces because L h c  soi<1r healed area was sma l l  anc 

the ve11 l i la t ion 1 a lc  was h i gh . 

l l  was sho wn Lhal  1 1 <1 t u rnl convecl iL'll chlc·s  general ly produce g rc: 1 lcr  l ' l\·1 V  values in a roon 

con qx1rcd lo those us ing m i xed c h l c · s .  A l t hough the he:it lrn11s [(,r !l orn rno1 11 su rfaces is grealc 

w i t h  1 1 1 i xed convec t i o n  the e f'fec t  of a i r  vel o c i ty Oil  !'MY is more do 1 1 1 i n a nt, t h us producing lowe 
1'1\- I V · ;, .  

! 'he s ig11 i fi cance o r  these fi ndings to users mid developers o r  bui l d i n g  thermal models i s  Iha 
cons ideral i o 1 1  shou l d be given to using the correct e l i te in the mod e l .  For more rea l is t i c  
s i 111 1 1 l <1 t i n n s .  �1crnn1l1· c ·h tc: 's .  s u c h  as those given i n  T:1 h l c· I .  ��ho 1 1 l <.I be u:,fd in  b u i l d ing thenna 
models when natun:il co11vec t i n n  is  dominant  a n d  m i xed co1wecl ion coeflicienls should be uset 

when a room i s  \·Tnl i  In led_ 
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DYNAMI C S  OF A I R  POLLU'l' ION CON'l'ROL 

FOR AN OBS TRUCTED ENCLOSURE 

H .  R .  H a m i d z<.1 < 1eh and F .  D<� l  f an i a 1 1  

M e c ha n i c a l  E l l �J i neerj n g  D e p c1 r' l: 1 1 1 rm �  . 
. S o u t h Dakc) t a  S t a t e  Un .i v e r s i t y 

n rook i_ 1 1q s , Soul h n a l � o t. a  5 7 0 0 7 , lJ S i\  

l\ dyn ami c mod e l f o r  pred :i c t :i o n o f  pol l 1 1 L i. o t 1  i. n a n  ob�� t ruc t.· r, cl 
osu re has been d !C'vP l oped . 'J'l tP mat hemat i c a l  rnode l i s  b a �1 e d  ' 'l l  
l ed 1 umpe d p a r r nne t e r  rnocl e ]  i ng o f  t: o t a J  vo1 ume o f  enc l o s u re . T l l e  
e s p a c e  r e p r e s e n t a t i o n  i s  e s t 0 b l i s l i e d  t o  c omput e t ime r e s )XJl1�3 e  o f  
u l i on i n  t he F�y s L e m . The comp u t ed r e s 1 t J t s  h ave b e e n  v c i: i. f j e rJ by 

1 a r i. n9 wj th r e s u l t s  o f  an e �� l abl i s hed mod e l  uaserJ on compu t a t: i. on a l 
d d y n a m i c s . The e f f e c t s  o [  i nc o m i ng po] 1 1 1 t i on f r om o u l� s i ck· , 
u c e cl  i ndoor po] l u t i o n  f ro1 1t  r� uurc e s , a nd p e rc P n t . .:i.9e of r e c .i 1·c u l a l: e cl 
hav e b e e n  i nv e s L j cyi. t ed .  T h e  devr� l OJX'd mc_,cl e l  co1 1 s i ders rnaxj !!1 1 1111 

·wabl e i n d o o r  po.l l u t  i on a nd de t e n11 i. r 'J c s  t he requ i red i n c l)ming [ J  ow 
· i n  t e r ms of p e r c e n t a g e  of r e c i rc1J l a t r:> d a i r . A s  re su l t s of t h e s e  
y s i s a de s ii::1n gu i d f'> l i u e s  for cl e t ermi n a l J on o f  opt i mum f l ow 1:a t e  and 
.L ement t i me v e .1. s u s  percentci � w  r_> f ri=>c i rcu l a t Pd a .i r  a re presen t e d . 

INTRODUCTION 
An a c cura t e d e l e r m i r ir1 L i o n  C) f U i e  i ndoor e:i i t  pc 1 l l u t i ori a r i d  t h (� 

: i l a t i on sys t e111s i s  o f t en expe c t.-::d when rlr; s i qr 1 i 1 1q a b u i l d .1 1 1q . 
:e [ore , a know l edge o f  the amo r m t  o f  pol l u L-. ion .=i t. a 1 J. L i mes ancl t fl f� 
1 i red f re s h  a i r supply h a s  been of pra c t i cal i mport anc'' a s  wel 1 as o f  
L: heore t i c a l  i n t e r e s t: . The p robl em o f  dynami c res ]Y)n�; e  o f  t h e j 1 Kko 1· 

_ u t i on has b e e n  s t ud i e d  by s eve ra l i nve s t ig a t o r s . l n  mo s t  ;, 1 1 a .l. y f' "" "' 
· r i b 1 1t i o n  cha r a c l: e r i s t i c s  o f  a i r  ven t i l a t i on s y s t: em a 1 1 d  ci. i l' Cl '. kt l  i '- r 
: ro .1 h a ve been con s i d e red on t he b a s i s  o f  c ompu l-. a t: i orw l f .l 1 1 i d  
imi c s  ( CFD) . 

The o t h er a l t e t n<> t i.ve appro a c h  i s  l: h e  l umped parame t e r  1 1 1et.hod , ;i l so 
L e d  t i le macros c op i c� mode l . I n  t hi s  t. echn i que , U1e who l e  enc l o s ed 
.. 1 1rn c an be divided i n t o  a mnnber o f  s 1 1b . .  v o l ume s . The L i me v a r i a l: i o n 
: o n t i nua t i on i n  s ub - vo l u r ne s c a n  be f o rniu l a t r::,d b a s r' cl 1 1pon c o n t i l ll 1 i t y  
ic i p l e s . The aµpr oe1ch , d u e  l o  eil s e  o f  a1 1a l ys :i. F; ,  i s  very ve1 s a t i l e i n  
.li c: t i on o f  po l l u t i o n  concen t r a t j  o n  i n  d i f: f e .t el l t  req i o n s  and i. U> 
J e r s i on . 

A t t e nt ion h a s  been con f i ned i n  s ubs equent. publ i ca l: ions l:o obt;1 i. n 
=r i c a l  s o l u t .i CJ l l S  f o r  p r ed i c t i on o f  po l l u t i o n i n  a n  obs t: rn c t ed 
l osure . For e x t ens i ve l i  l era t ure rev i ew s e e  r e f e re n c e s  ( 1 )  , ( 2 ) , 

I n  t h e s e a n a .1 .ys e s , t he t i.1ne vari at i on o f  i ndoor pol l ut i on has b e ,o; n  
:U c t. e d  u s i ng 111od e l s  bci s e d  o n  comput a t i onal f l 11 i cl  dynJtni c s . A] l� houqh 
s e  mod e l s are e x p e c t  eel t o  p rovidP ac cura t e  s o l. u t j ons , t. l ley rco, q u i  i: e 
� s s i ve compu l a t j onri.1 t ime , a nd i n  mos t  c a s e s  they are l i mi L ed l :n 
o l e  c a s e s . 
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Where q i s  t:hf' s t". P n <iy st. Fi t e  f l ow rat e ,  P i s  the percen t a g e  
re c i rcu l a t i o n , and S ;  i s  t h e  g e ne r a t e d  p o l ut a u t: i. n t h e  i '· t' cont · 
vo l umf' . A l so , th.=,  R t- Cl. t e  spac�·e 1 1 1uLl C' l  w i l l  oe ':J i v i=n by t he f o l J ow 
e qua t i on . 

( c; I · [ .� ] { c )  • [ G ] ( S I  • [ B l C in ( . 

where 

( c 1  d 
d t { C J 

( c )  i s  t he concent ra t i on vec t or repre s enting pol l 1 1 t n n t  cnncPn t rat i on 
a l l  control vo l ume s . [A] i s  the s t a t e  mat r i x ,  [B ]  i s  the i nput: rna t� r  
[ G ]  i s  t h e  source mat r i x , { s )  i s  the po l l u t i on generated for C i  

control vo lume , C 1 0  i s  t h e  i nput pol l u t i o n  o f  the f r e s h  a i r . The amo1 
of cont amina t e d  concentra t i on as a func t ion of t i me are det e rmined 
s o l ving eqn . ( 2 )  u s i nf.J M a t l ab pr ogramming . 

3 .  VALIDITY OF THE SIMULA'l'ED MO!J.l!!L 
The l umped parame t e r  model i s  compared w i t h  ava i l ab l e  dat a  f o r  1 

s i mi l ar geome t ry o f  t he sys t em .  I n  t h i s  case f o r  a spec i f i c  f l ow r< 
o f  0 . 0 0 4  m3 / s  t i me va ri a t i on of concen t ra t ed po l l utan t  at each cont : 
v o lume were det e rmined and are pres ented i n  F i g . ( 2 ) . F o r  comp a r i s <  
rec i rcul a t i on sourc e , a n d  i ncoming pol l utant are n o t  cons i de red . A l t  
i n i t i a l  condi t ion f o r  p o l l ut ant concent rat ion a t  each cont rol vol ume 
a s sume d . The mean c ompu t e d  concent rat i on f rom t h i s  c a s e  i s  compa: 
w i t h  those d e t e rmined u s i ng computat ional f lu ]  rl clynnmi  cs ( ? )  . 

comp a r i s o n  indi c a t e s  that f o r  the f i r s t  f i f t een minu t e s  exc e l l <  
agreement i s  a c h i eve d . However ,  for a l onger p e r i od the resul t s  d i ve: 
f rom each o t he r . Thi s  compa r i s on i s  p r e s e n t ed in F i g . ( 3 )  I t  
be l i eved that due t o  v e ry l ow i ncoming f l ow r a t e  ( natural vent i l a t i <  
t h e  compu t a t i o n a l· mode l p rovides b e t t e r  a c curacy because o f  1 
d i s t r ibut i o n  o f  p o l l ut an t  c oncentrat i on wi t h i n  e a c h  control vo l w  
Neverthe l es s , authors t r u s t  t hat at high f l ow r a t e s  ( forced vent i l a t: i c  



l\mo11g t he i nve s t i g .'l. t o r s  who have con t r .i bu t. e el to t h.i s  a r e a , Yani,:1n1o t: o  
a l . ,  ( 4 )  have pre s e n t e d  a d i re c t  s o l u t i on l: o a mu l t. i zone i ndoo r 
t a111i n a n t  d i s t r i but. j on mod e }  They p ro v i de d an a n ."\ ] y t :i c a ]  t oe<! t o  
l u a t e probl ern!3 o f  i ndoor a i r  qua l i ty a n d  ana l y zed po ] l u t: a n t: mi gra t·: i on 
: he bui l d i ng .  

Th.L s paper p re s e n l: s  ma t hemat i c a l  f o rmu l a t ion o f  a l umped para me t e r  
" 1  [or obs t ruct: e el  e n c l o s u r e . The va l i d i t y  o f  t h e  pre s e n l: e d  mocl,c; L i s  
i 1 j  ned and ex.c e L J  ent ag r e ement i s  e s t ab l i sh e d  b y  c omp a r _i fl':l t:. he 
:t .i 1 1 ed r e s u l t s  w i t:. h t he ava i l a bl e da t a  b a s e d  011 cornpu t a t .i c· n a l f l 1_1 i d  
'lin i c s . Al s o , t he e ( f: e c t o f  p e r c e n t ag e  o f  rec i 1:cu ] a t e d  il i i.· 0 1 1  I i me 
)Onse of pol l u t i on conceut. ra t i on a t  d i f f e r e n t  re9 .i. ons for. 9 i  ven f .l ow 
:: h a s  been s t ud i ed . I n  add .i t i  on , t he d e s i g n c h a r t: r e .l a t ]  n'J t h e  
Lrnum r e q 1 i i red f l ow ra t e  a n d  l: he s e U: l e rnent Li me fo 1· ma x i m u 111 a l l owa b l e  

l u t j on conc e n t·. ra L 1 o n v e r s u s  t he a 11 1ount o f:  re c .i  r c u l a l e d  a i r  [ o r  
i cH1s he j g h t  o f  obs t a c l e  h a v e  been de t e nni ned . 

STATE - S PACE S I MULATI ON 
The phys i c a l  syst: em b e i 1 1 q  c on s i d e r e d  :L s an e n c l o s u r e  w i t h  a 

U. L :L on . A porl i on of t he exhan s l: e d  a i r  i s  be i ng r e c i r c u l a t e d  and 
�d t.o U 1e supp l i ed f r e s h  a i r . The s ys t em .i n c l  ucle .s ci pol l u t i on s o u r c e  
c e r t a i n  reg i ons . F i g u r e  ( l )  depi c t: s t h e  s c hema t i c  d r a w i n g  o f  t. he 
=l a nd t h e  sub - vo l umes con s i d e re d  f u r  t he ana l y s i s . Ave rage 
::: e n t r a t :i on for t h e  i. ' "  con t rol vo l ume is p r e s e n t e d  by C; and v, 
::i e c t i ve J. y . The govrn i ng eq11a t: i ons , c o n s e r va t .i on of ma s s , f o r  
: ro l  vol ume s  a r e  q i ve n  i n  eqn . ( 1 ) . 
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be t t e r  agreeme n t  c an be a c h i eved . 

4 .  EFFECT OF RECIRCULATION ON POLLUTANT DI SPERSION 
A s s um i ng t ha t  t h e  l ev e l  o f  pol l u t ant e n t e r i ng the con s i de r  

e n c l osure , a n d  i ndoor s ou r c e s  i s  z e r o  the d i s pe r s i o n  o f  pol l ut a n t  
each control vo l ume f o r  a c o n s t a n t  5 a i r  change p r  h o u r  ( ACH ) w e  
de t e rm i ne d . A t yp i c a l  d i spe rs i on curve f o r  2 0 %  re c i rcu l a t i on ( P  = 2 
i s  i l l u s t r a t e d  i n  F i� . ( 4 ) . The r e su l t s  i ndi c a t e  that concent rat i o n  
every con t ro l  v o l ume d e c ays rap i d l y  except i n  the f i rs t  cont r o l  vo l e  
f or c e r t a i n  t i me . As i t  i s  shown when c oncent ra t i on i n  t h i s  vo l e  
redu c e s  t o  t he l eve l o f  r e c i rcul at ion , t he s l ope o f  the d i spe r s i on wi 
be 1 1 10111en t a r i l y  reduced by a cons iderab l e  amount . 

5 .  DES IGN REQUIREMENTS FOR INDOOR AIR QUAL ITY CONTROL 
The requ i re d  m i n i mum a i r  f l ow r a t e s  f o r  d i f f e rent percentages 

r e c j rcu l at i o n  a s  we l l  a s  s e t t J. emen t  t- 1 me fnr mil x i m1 1m n l ] owat 
concen t r a t i on are i nve s t i ga t e d . I n  t he ana l y s i s , C07 i s  c ons i de red 
be the onl y  pol l ut a n t  sub s t ance . The maximum a l l owabl e 1 0 0 0  ppm in t 
encl osure , a s  r e c ommended by ASHRAE ( 5 ) , i s  a s sumed . I n  add i t ion , 
concen L n:l L i u t 1  of J 4 '::i ppm for incoming f re s h  a i r  was curniic.le.r eu .  The U 
respons e  f o r  e a c h  c o n t r o l  vol ume f o r  an opt imum f l ow rate at a spec i f 
r e c i rcu l a t i o n  p e r c e n t age i s  compu t eci ·'Ind i s  pre. R e n t e d  i n  F i g . ( 5 ) . 
provi de d c g i g n  <,i u i ue - l i 1 1e 1c: ,  v ct.r i a l i on o f  opt i mum f l ow r a t e  for ( 9 9 �.; 
a l l owed pol l u t a nt i s  i l l u s t rated in F i g . ( 6 ) . 
6 .  CONCLUSION 

A l umped parame t e r  dynamic mod e l  for de t e rmi n a t i o n  o f  p o l J. u t j 
concent ra t i on a t  d i f f e rent reg i on o f  an o b s t ru c t ed e n c l o sure 
i nt roduced . Thi s  mod e l  i s  capab l e  of c ons i de r i ng t he e f f e c t  
rec i rcul a t i on ,  a n d  p o s s i b l e  po l l utant sources w i t h i n the enc losure 
The compu t e d  re s u l t s  c o mpared we l l  with t he ava i l a b l e  r e s u l t s  obt a i r  
u s i ng compu t a t i on a l  f l u i d  dynami c .  The mode l w a s  u s e d  t o  predi c t  t 
opt imum requi red f l ow r a t e  f o r  a s e t  maxi mum a l l owab l e  pol l utant i n  t 
enclosure . 
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C LI M A T I C  CO N D I T IO N I N G  O F  IJ l l l L D I N G S  J N  M A G l lH l� IJ CONTEXT: 
l l Y U H t\ l l LI C  FLOOn FOH COO L I N G  A N U  SOL/\ H  l l E A T I N G  

A. rvJOKi r l  1\ IU �.  I I  K AZ l :O l Jl * , Y  B O U K l:ZZ I * .  L l(i\l) I * .  (i /\ C l l A R D * *  

l .abora ln irc d e  T hc1 1 1 1 iq 11c d u  fl;"1 1 i 1 1 1cn1 .  l ust i lu l  d e  (jcnic C i 1  i i .  l lSTO, l l  P I :'il l .'i El  Mcnao11c1 . > 1 0011 Oian. 
i\lgc1 ic 

* J .ai.Juratoi 1 c  c lc Genie Ci\' i l  ct  I Jabitat. f.'SJGEC. l111 i 1 cr si1(; de Sa\ l>ic. 7.1:17<> LE f)()l JRGE"I DU Li\C. 
Fi; 1 1 1cc 

A BSTl{ACT Consider ing I he gcnernus a va i lab i l i ly nr S( ) la r energy in Algeria .  (inc 
can ex peel good per ltll lll<l l l CCS nr sola r  heal i 1 1g by using Di  ree l  Solar  I I ea t ing, Floors 
The acld i l ionnl ndvanlage or such a hc;i 1 i 11g system is t ha l the san1t' floor hyd1 <ml ic 
loop cou ld  be used 1 ( 1 1  hea l i ng and C()ol ing In  J h is sl udy, J he  pe1 l(> 1 111a11cc of  such 
sys lems has been a na lvzed. us ing the TRNS Y S  s imu la l i ( )n J p(1I Rcsuhs  for a n  
Alger ian  cl imate shl> IV t h e  i 1 1 llucm:c or t he 111a i 1 1  sizing p a l  a llll' IC I  s a 1 1d i nd icate that  " 
l arge f'rac l ion ()f" hea l i ng needs u>u ld he Cll\ Cf ed hv spJa 1  Clll' l _l!V \.Vhc11 CO( d i 11g i s  
co11sidc1 ed. a n  i 11 1po1 la 1 1 1  de.: r case i n  1 esu l t :1 1 1 1 1 c1 1 1 pc1 a t 1 1 1 c  c < 1 1 1  be nchcivcd wilh  a 
rel a t i vely cle1·a1 ed l l u id  i nkJ te 1 1 1per a t u 1 e 

1 1 trndurtio1 1  

The t echnique o r  f loor hC'a t i ng oht <1 i 11cd t hese last  yea 1 s a excess of i 1 1 1po1 1 a 11ce The nrn i 1 1  
dvirn tagcs o r  t h i s  t cc l 1 1 1 i q 1 1 c  arc I ci<1 ted 1 "  t he ! 1 1 1v t c 1 11pc r a tw \ '  u J" the heat source d 1 1e lo  t he  h igh 
urface or emission a high degr ee of J hermal L'.Olll lt)I I and as l hl' pcr f(H l l lilllCC or h eat ing floor i s  

c.:cor di ngly l l lO I C elevated i r  the t Clll Jll' l n l l l l l' or l l 1 1 id  i s  lo \\'er 1 1 1 , J hc u J i l i s a l i ( )n ( )r the su la 1  
nerg_v amel io r a te  J hen conside1 obly the  cn 1 1Cl 1 t io ns o r  ni111 fo 1 l ' 1 he So la r  Di rect I lc;1 t i 11g Floor 
[)SJ IF)  i s  the most I C'Cellt l ech1 1 iquc or heat i ng hv t he  Sl l l l , i t  IV<JS dcvclnpecl in Fr e111.:h ltlr yc;u 
IJ80 l>y t he Supc1 io1  S cho()I l'I" Engineers oC l\fa 1 sc i l le ( L S l l\ I )  and  si nce nrnde pr n()r o r  
i 1 11pJicity, or con1 fo 1  t and or  CCOl1Ull1\' o t "  CllCl g)' 

The use of lmv J cmpe1 ;i J u rcs ( aho1 1 t  ,.Hl"'C)  in he ;1 t i 11g 1 1 1odc h 1 01 1gl i t  p 1 o lcssionals  to  imagine 
wor k i ng i n  summer ("(1n 1 fo 1 1 w i t h wate1  sent a l  ah1 >ul  I S ''( ' · 1 1wn. Jhc co(l l i ng l loor mves i t s  

x istencc t o  t h e  hea l ing h v  J h c  l l ( )nr This  svsl c 1 1 1 ,  he:i l i ng a nd co() l i ng 1101>1' , a l l ows l o  assu r e  a 
l imn t i c.:  cu1 1d i t i on i11g du r i n.L'. t he cx t 1 e111cs ()r bo lh  st 1 1 1 1 1ne 1  and win ier 

This study i s  i n tended to g ive a nl(ldcl l i ng or l he behavi our  111" a n  e:<pc1 i 111c1 1 ta l  rc l l  which i s  
eing achciYed at 01 an i 1 1  Alge1 i a  

•rsrri p t i o n  of l h c  1 l irt·r 1  ,rnl :u- h c a f i 1 1 g  1100 1· 

The princ ip le or t he d i r  t'Ct so h r  heal i 1 1g 1 1001 i s  <11' c i 1  c u l a l i ng d i 1  t.:L·t ly in a net wo1 k o f  p i pes 
ro1\11ed i n  J h c  l fou 1  a fluid hea led i >\ so11 1e solar co l lectors 11- i J hou t  us ing the  i n termediate 
nrage tanks The l loor i s  J hcn a n  clc1 1 1c 1 1 l  or t h e  bu i ld i ng s t 1  uc lurc and an  cle111e11t o f  storage 
he sysl e 1 1 1  J hus obtained olli..' 1 s 1 1 1a 1 1y adrn11 J agcs 1\ i t h  1 cga 1 d  lo t he classic sys lcms of solar 
caJ i 11g 011 t he plill l  or C<1SIS .  of" ! he l iab i l i ty  I 2 1  

1 1 1  t he 111ude l i sa l i o 11 o r  t he hea t i ng l looi . IVC chl>U SC t he  u 1 i l i sa t iu 1 1  or  TRNSYS sol\warc, 
ec.:m1se its lk'< ib i l i t v, i t s  modu la r  s1 1 1 1cl u r e  and t he i 1 1 1po1  t a 11ce o l' i t s  donrn in or appl ica l ion .  The 
cal transrcr by Cl1nduct io 1 1 is t r ca lcd by a cn1 1vo lu l iu 1 1  1 11ode l .  1 11ct hocl or (( Z-lrans form )) 
Dellic icnls fo1 l hc walls and  111e t h( )d o r  CTF l 1 I l( l l  t he floor, the buth being derived from t he 



method nf t hernrn l r esponse factors_ The fol lowing assumptions were i n1 crjectcd i 1 1  0 1 der  t o  
s i m p l i fy t he c<1 l c u l a 1 io 1 1 s  
- t h e  t emperat u 1 e  o f  flu i d  i s  s 1 1 p poscd t h e  same i 1 1  a l l  the  poin ts  of the loop;  i t  i s  1 h e  a 1  i 1 hmclic 
average be1ween entry and exi t  tempcr n 1 u res. 
- t he t hermal p 1 ope1 t i es of t he hea t ing floor a rc supposed i ndependent o r t h e  l cmpera l u re. 
- the1  c are not the1  nrnl  losses on t h e  pe1 i phc1 y of floo 1 , 
- 1 he conduct ion  t m n s lt::r is supposed h id i 1 1 1e11sionnel and the study is l i m i ted lo a h a l f 1 ight sec t i o n  
h y  I eaSOll o r  sy111111ct I _V offcl eel b y  ! h e  d i sposi t ion  of hea l i ng p i pes 

T he coupling or t h e  heal ing llou1 with  t he bu i ld ing is achieved via 1he equivalent  tcmpcrn t u 1  e 

or 11001 and 1 h e  co nduct ion ll u x  i n  t h e  slab 1 3 1  This l lu;.; i s  calcu l at ed in t he hea l i ng floor module 
ol ' TRNSYS 5oflwarc wi th  the a ssupt ion of high and low equiva lent  1 cmpernt u re of f loor  known 
L I  ea l ed 1 t i s  t hen l i k e  a \IHI  inb le  o r  e 1 1 t 1  a nce or lrn i ld i ng 1 1 1oc lule o r  rn.NS Y S  which gives a new 
value of the  equivalent L e1 11 p ern l u 1  cs in  1 c tu 1 1 1  This process i s  I hen 1 epealeu u n t i l  the  
convcrgem:c. 

Si111 11l:1 t iu11 or thL· cx pe1·i11u• 1 1 ta l  US l l F  s, ·sh -111 at l l STO 
T he s i m u ! � !cd b u i l d i ng ! eprc>c1 1 \s  an C".pcrimcnta l  cel l in prngrc,•ss <Jf rc� l i o;a t i on 111 the 

l ns l i t u le of Civ i l  l '.ngincer ing o r  the l l 1 1 ivcrsi tv o r  SciC IKC'S and Technol ogy of Oran ( l JSTO, 
t\ lgei i a )  and composed I wo 1 0011 1s  of same di 1 1 1e 1 1s inn which only one i 5  equ i p ped nf D S H r. The 
global Sll l liicc i s  of 40 1 1 12  / 'he ex perience h;is fo 1· object ive of t est ing and o r  knowing t he 
behnvi our  or D S l l F  i n  t he A lgerian c l i 1 1 1a 1 ic co1 1d i t io 1 is Conce1 1 1 ing l he solar insta l la t i on,  we u scu 
a hea t ing sl11b of r ci n frn ced co11c 1  ele ( I il c 111 ) '" here t he net wo1 k or p ipes i s  pul d i rectly o n  4 cm 
o r insul n l i ng 11rn tc 1 i a l  ( polv�ty 1 cnc ) l 'hc :;o la 1  col lector:. a rc o r ,1 1 1 12 a 1 ea a re insta l led 011 the roof 
and l i l t ed 4 ) '' lo the sou t h  /\ de1 i vnt ion t l n� n 1 d  n hut waler t ank i s  foreseen in order l o  valorise 
the 1 11ax i 1 1 1u 1 1 1  or the Sl) la 1  cne1 gy ( i l l  SUlll l l lCr ) 1vhich wil l  assu1 e t he pi e-hea t i ng or !he  Domest ic 
I lot  Water (DI I W ). !I d ;i i l y  volume ,,f I <; O  I i s  dcl ivc1 cd l o  t he u se1 s a l  a l e1 1 1pe1 ;i t u r e  of 60°C'. 

The auxi l ia r y sysl ern is considc1 cd l i ke n svslc111 cornpletcly  indcpenuent or 1 h e  DS l l F, it w i l l  
l 1 1 i ng t he quant i ty  o r 11ecess;i 1 y  enc1 gy i n  onle1 l o 1na i n l a i 1 1 1 he inte 1 i o r  Lcnipera t u re t o  i t s  rcqu i 1 ed 
v;i lue  which i s  lixcd a1 1 8'T  Nole t hat we st udy in l h i s  n rl ic lc unly t he r oom eC]u ippcd w i t h  
DSI  I F  su pposed i n  con tac t ,  w i l h  outside,  bv a l l  i t s  wal l . ! he rnse o r  llorn i n  con t act  b y  i t s  i n lerior 
surface wi t h  a sn1 1 i tarv c a v i t y  is a lso considl'l l'tL 

I lou1  ly melcor oiogical  
·
d a 1 <1 were u sed for the s i 1 1 1ulat  ions The l(i l lowing measured var iables  

a l  0 1 an ( la t i tude  3 \ U3" N )  \�CI C co11sidc1 cd l(ir the spcci lic ycrn or I ()()2 :  - t h e  cxt':'rnal ambif lnl  
t em per atu 1  e; - the di 1  eel  and d i lTuse co111po11cnls  of sola i  l low; - t h e  wind speed and d i rect ion ;  -
the  t c11 1pc1 a l u re of sky:  - t he l l' 1npcrn t u r e  o r colcl wale1· 
The i ncidem:e of t lV(l parmnetcrs Oi l  1 hc energet ic  pc1 fo1 nu1 11ce or t he SPlar  insla l l a l i o n  is s tud ied 
in t his a 1 t ic le :  solar  collectors area ;rnd t h ick ness of t he hea t i ng slab 

W e  could note t h a t  the reduct ion o r  t he thick ness or 1 1 ic  hea t i ng slab aci.:0111 pa11 ies a red u c t i o n  
or ene 1 ge l i c  p e 1  l c l l  ma nces nf sola 1  system I ndeed, i n  ana lysing ! he economy * o r  heal ing energy 
(ECO I I E /\ )  b r ought bv every slab ( Fi g  I ) , we note t l rn t  it is acco1 d i ngly n101 c elevated when the  
t h ickness is big I h is  i s  due Lo t h e  fo c i  t lr n t  when the t h ickness i s  1 cdu ced ( r educed enc1 gy 
slornge), ! he energy which is  gi ven up is badly used Knowing tha t  the quant i f y  or energy given t o  
t h e  l lonr i s  prnct ical ly thl' same when i t s  th 1d; ncss v a n es, t h i s  energy i s  d i 1 cctly given u p  to the 
ambiance with a delay l imc and a dcadeni ng l\ 1 1 icl  inn o f t  h ickness o r  1 h e  slab In ana lysing now the 
total  economy brought  by the sola1  insta l la t ion ( heat ing and DI  I W), we wi l l  say t hat i t  is  
not iceably t he same fo 1  a l l  the sl�bs ( Fig I ), bccm1se t h e  absence or the  regul a t i o n  l i m i t ed t h e  
C]Liant i ly of e11ergy given l o  t h e  11001 

* The ccn1101m· or  energy is l hc diffc l Clll'C hcl\ICCll l hc Cl lC I  g\' 1 cq 1 1 i 1 c111c11 ls bcf(H C : t l ld :tl1cr i 1 1 1 1 ocl11cl io1 1  or solar 
i 1 1sl:i l lal io1 1  clc1·iscd b1· 1 hc cncrg1 1 cq 1 1 i t L' t 1 1cn l s 11 i l ho1 1 I  q1 J ; 1 1  i 1 1s1 ; 1 l l : 1 1 io1 1  
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T h i c k n e s s  o r  li o n l i n H  s l a b  (cin ) 

---0-ECO liEA • • -0 · · ECO HSW - -0 - ·ECO l OT 
Fi�. I :  ln l hu·m'l" of l h c  hc:it i u �  lloor l hi t lrn1:ss on l h c  s;"·in�s in Clll'I"!!� ('011s1111111tio11. 

n sun1 1 11ary figur c. we cou ld note i lrnl 
the r eduction ol' perfo rn r a nce* * o f  hea t ing for the s lab of 07 c111 is  of 9� ·o wi t h  regard to ! he s lab 

, r  .rn cn 1.  Th is i s  o n l y  of 7% for ! he slab n r  I O  cm 
the r educt ion or glolrnl perrm rnarll:e is of J . 5°10 for l he slab or 07 Clll wilh  r·egard lo t h e  slab o r  

0 c m  a n d  on ly o f  J�;, fo r  the slab or I 0 ct n . This mean that b y  reducing t he t hic kness o f  more  
·ian 50%, the reduct io n or energet ic per ronnance is  o n l y  o f  3 %_ 

The ut i l isati on  of an i r 1 1pnr  l a 1 1 1  thick ness is not necessary, a hea t i ng s l::ib or I 0 crn wil l  be a n  
iteres l ing cornprornise (111 co11cl i 1 ion t o  see lhe consequences o r  t h e  use of t h i s  slab thickness on  
ie com fort condit ions . 

I n  fo l lmving the  evo l 1 1 1 i o n  or t he i n t er ior  l empernt u r e  and surface 11001 len1pcral u re ( Fig 2 ), 
1c note t hat  a maxim11111 or i n t erior ave1 :ige t empera t ure of 2'\ . 5"C and 28 .3°C at the  su rface are 
btiiined in t h e rn o n l h  or N u ve111hcr W i 1 h  such tempe rat ures, we cou ld a m rrn t lrnt some 
1tolerable overheats a r c  felt in add i t ion to t he temperat u re o r  surface or floor which exceed 28°C, 
mit of surface t ernpe1 a t u r e  or heating floors . With a slab of JO cm. some sensat ions of 
ver hea t i ng arc a l so fel t because we note a rnaxi rmrrn i n ter ior average te rnpern l u re or 24 . 5°(' and 
7. J "C' at  surface 

We conclude t hcr el(1re ! hat a slab or 1 0  cm wi l h  4 1112 of col lectors leads necessari ly  to some 
verheat s  that  we rnusl  avoid . The so lu t ion is of supp ly i ng the DS l-J F  wi t h  a system of regu la t ion 

l ]  which 
cuts the circu la t ion of l lu id as soon a s  t he t c111peratu1 e of flu i d  r eturn i ng from hea t ing floor 

xcced a l im i t  value (TR ET) t lrn t we l ixed at 2 �' 'C, 

a l lows aga i n  the c irculat ion of flu id  as suon as i t s  tempera l u re is  in fer ior to TR ET-Sr ( AT i s  set 
1 2°C) and if t he tempera ture or flu id coming out from col l ec t ors is  i nfe r inr to a crit ical value 
i0°C). 
i gure ( ] ) a l lows to co111par c the levels of in te1 iot tcrnpern t u r  cs obtained before and all er 
1 t roducing the r egu la t ion system_ We note Iha !  the  levels of tempe r atures obtai ned with  

1 t r nduc i ng the r egu la trn arc less elevated than t hose ohta im:cl without  t h is system We note t ha t 
1e interior maximal te111pc1 a lure dccreCJses from 2'\ '\ t o  20 7°(' CJnd 1 he tempernttll e of surface 
om 28 .2  to 2 1  8°(' 

• · 1 he 1 cd1 1c1 io11  o l  pc 1 fnrn1a 11c� is r hc d i l rc r c 11cc or cco 1101 1 1 ics b1 011ghl by l hc hea t i ng stabs o r  .1 11  cm < 1 1 1tl (c l or 
ick1 1css dc1 iscd by the C'COll()l l l)  o f C l ll'r,I() bH•1 1ghl b) l hC' st:ib or .1 1 1  Cll l  
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l'i1•,. J: l 1 1 1luc111-c of t he 1·011l rol 1111 rlnifl rl' l u rn  lc111 pt•1·a 1 u n• on t in· � l:arl )  c"1l 1 1 l io11 ol l lu· i u t c rn a l  a 111 h ia 1 1 I 

tcmpc1·a1nrl'. S l a h  of I l l  rm a n d  -lm2 of' sol a r  rnlll'l' lors a l  Onm ( l a l .  JS" N ). 

The i n l r o d u c l i o n  o l" a Cll ll l 1 o l sysl elll Oi l  flu id  I C l u rn  lc 1 1 1pc l 'nllllC leads lo an i 1 1 1 p 1 ovc1ncnt of 
cornforl I I  is however impLnl n 1 1 I  t o  a nalyse i ls  in l lm· nce 01 1  ! he cne1 get i c  per forma nces l • I' t he 
DSl l F  We note t lrn t  the ene1 _l(cl i c  per lc>rn1a 11ce l i i 1  Lhc h ea l i ng fa l l s  w i t h  the  inl ro d u c l io11  o l  
regulat ion syst em . I l owcver, t h i s  1 educt inn accrn11p;1 11 ies a n  i ncrease nf pe1 fornrn ncc for l he ( ) J  J W  
precesses syst e1 1 1  w h i c h  <ind < 1 1 1  i 1 1c1 case n r  globa l  pc1 l(1rn rn1H.:e l(ll t h e  t wo ( Fig 4 )  T h i s  is  due l o  
L h e  fact of  i 11tr(1d 1 1 r: i 1 1g  t h e  1 1.'g1 1 l n l m .  l i 1 11 i t <;  lhP q 1 1 a 11 1 i 1 y  n f  (>J]C�l !_',y eiven l i p  l P  I l ic  heal ing noo1 
The e11ergy no valnr ised is t hus cxpl o i l cd in t h e  DI IW lank cont1  a1 i ly l o  the  case or the absence of  
the regulat ion where th is  energy cont 1  ibu ted t o  c1  eate so1 1 1c  overheats 1vhe 1 1  Lhe l) J  I W  l a n k  had 
<igai 11 some needs. 

Conce1 11 i ng t h e  co l l ccto1 s a 1 ca ,  1vc cou ld sC'e tha l  an i 11 1po1 l a 1 1 1  col l cclors a1 e;1 reduces 
considerably t he auxi l i a i y  e11e1 gy for t he l wo p1 occsses. heat ing and D I  l\.V This phe11ome11nn is  
C3USCd by the  fact  ! Im!  i n  increasing t h e  <l l C<l Of col lecl o l S ,  I V C  i l lC I CRSC t h e  qt 1a 11 t i tv  of cne 1 gy 
given to Lhe heat ing s lab  and t o  t he IJ l I W  t <1 1 1k  So. t h e  ccn 1101 11y  of cne1 gy br uugl 1 1  bv t h e  sulm 
insta l la t ion  i s  accordingly d i 1 11 1 1 1el'  I ha 1 1  I he a 1  ca 0 1· ro l l l'r t tl l s i s  lcasl  ( Fig. �)  1 1  seem,, i 1 1 1 purt <1 1 1 1  
to not e t h a l  fhc ut i l isa t i l >n  n l" 2 1 1 12 o r collcct o1 s ( I O" o  o r 1 h c  a 1 ca of' heating i loor) genc 1 n t es an 



�CllllOl llY or CllCl i:(_\' \1 1 '  abou t (1ll0 o, So an cconol lly S l l jlCl' ior lo t he one generated by 20�,-;, o r  
:ollect ors i n  Fr ench cl i 1 1 1ale I n  urdct lo  sat is ly 45 tn 50°:;, o r  economy on ly, a s  i n  France, w e  say 
:hat a ratio ( col l cctnr s a1 ea 011  hc;i t i ng lloor area) of 8 t o  I o".·ii is widely sunlcient i n  Algeria n  
�linrn le  W e  are go i ng lo sec now i r  t h is <1 1 e<1 ( 2  111 2 )  cou ld h e  used without  t h e  system or 
'egu l;i t ion For t h i s  put pose. 1ve a 1 e  i 1 1 t ercstcd us to  a sequence t ha t  we round very unl'avour nble 
Jll t he pla 11 o r  OVCI  heats I lo November I 0, t he holies t  1wek i n  t he pct  i od o r  hea t i ng of the year 
1 992, where we a n a lysed t he dai ly  evolut ion or the i n t c1 ior  t e111pe1 a t u rc ; rnd the lloor s1 1 rfocc 

: Fig (i ) 
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Fie. 4:  lnflut'll\'l' of lh1• rnnlrnl on lluill rcl u rn  lr111 11nal11rc 011 lhc � 1·arl� c' olul ion of cncq�� (healing and 

hot n a l c r) sin i u gs. Slnh of I ll cm an1I 4m2 of sol a r  collectors :11 Ornn (lat. J:\0N). 

We c;in nole that a swface or 2 1112 or coliedors could be used without foa1 ing the risk of 
nve1 heats since the in t er i or t e lllperntu1  e 11evc1 exceed 23 "(' and the surl'ace tempernt u re 24 5nc. 
But ,  like the cl i m a t i c  d a t a  a re va1 i able, we could not avoid the very sunny periods In this case, it 
is  mrn e p r  udenl  or l(1reseci11g a svs tcm or 1 egulat ion a l lowing lo a void a l l  ri�k of overheats 
what ever l hc a r ea or col l eclrn s used 

We c hoose t h e  u t i l i sat ion of' 4 r n 2  o l' wllectors  ( 20% of t he a rea or hea t i ng tloor) in order to  
lrnve the  maximum of' l hc sular e11e1 gv a n d  minimise the auxi l i ; rry cnc1 gy 
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t'iJ:. 6: fi:rnlulion of Ulc internal amhiant ancl llonr surfal'c ll'lll lll'nttu rcs f1w l h l' hnll'St 1krn1lc i n  l l ll' � 1·:1r. 
Slah of I ll c m  ancl 2m2 of solar rnll1•1·f(u·s at Oran (lat. .IS0NJ.  

Simulaliuii of i he hydra ulic noo1·  s_ysirm for cooii ng 

In t hi s c::ise, we use some relative data  lo the d i 1 ecl solar  heating t loor i nstal led I t  i s  a 111al t e 1  
of hea I i  n g  !1001 com:epl ion ( composi l  i o n .  t hickness a ml modelisat i o n )  a n d  t h e  hypot heses 

rc1 1 1 1 1 1 i ng t here l'he lonely d i ffc1 encc 1 csidcs in the absence of col lect' ' ' '.; : i 1 1:; t cml uf {i.:e d i 1 1g t h e  
floor b y  col lectors, !l n o t h e r  source call ed "cold s o 1 1 1  ce" l!tkes p l ace al  o n c e  i t  i s  needed. The 
ins ta l lat ion depend s on cold smf f cc N eve1't heless, so1 1 ie d iflicult ies impose as for its choice. face 
to t h i s problem.  we suppuse i n  u 1 1 1  case t o  ha\'e a constant  cold departure te111pe1 ature 

/\s 11 nrn t t e r  o f  {';,ct , 01 1 i  woi k is based es�e n t i n l ly  Pn t he poss ib i l ity tl f cool ing wi th  on 
hyd rnu l ic ci 1 rn it i n  l hr. floor nf l lw room in Algeria n  c l i mate  This. we have w;ed the software of 
ther1 1 1al  d esign T ll N S Y S u nder IVl editcri a11ean c l imate (Or n n )  

The main problem i n t er\'cni 11g t o  t he level o r  working o r  coo l i ng floor i s  t ied t o  the problem 
or condensation 1 4 ] . J\ s a mat t er of fact ,  a t oo low surface lloor t e111pe i a t u r e cou ld lead t o  
condensat ion o n  t he J l oor l t  is advisable to regu l a te t he entra nce l l u i d  tc111pcrat u r c  in  t h e  slab 
start ing from a l i 1 1 1 i tcd temperature ( dew temperat ure Dt ) This last is d etermi ned t h i n k s  tu a ir  
psychometric chart 01 he1 com fo rt condit ions must  a lso be fu l fi l l ed - the su r  foce lloor 
temperature ( S l1 )  must  be u pper than 1 8 . J0c [ 5 1  i 11 ord er to avoid the sensations of c o ld weat her 
t o  the feet ; - the d ry resu l t i ng t em pera t u r e  ( Ur i )  111ust be lucated between 22"c a11d 2.'i''c The 
physiological co m rort  of hu 111an body is  defined by t ha t  te111peratUJ'e. I l encefort h, WC define the 
summer comfort by: t he absence or condensat ion a11d t he1 111al ourly simulat ions wer e achieved i 1 1  
order t o  study the condensation and the t hermal  com li.ll'I I n  order t o  ana lyst.< the pr oblem o r  
condensat ion ,  t h e  day o r  A ugust 0511 1 i s  considered ( Fig 7) We consider separ !ltely ( WO e 1 1 t rn nce 
temperature of flu id ,  1 9  and 2 1  "c Concurrently to th is  analysis, we study I he t herinal comlc.irt 
The phenomenon of condensation is accentuated for !In en t r ance temper n t u re of I 9°c.The dew 
temperature are elevated o f  about 23°c The risk or condensat ion i s  d iminished with an cnt1 a r11.:e 
temperature of 2 1 °c, however, i t  is  not eli minated We fi nd t h i s  r isk nt  3h i n  the morni ng J\ higher 
entrance t emperat u re, o f  about 22°c, wil l  separa te t h i s  proble111 . Cilolrnlly, we coul d  say t l rnt  the 
criterion of comfort was r espected · - a su i face lloo r· 1 einper a t u rc upper· than 2 1 ''c; - t h e  d ry 
resul t ing tempera t u re does not  exceed 2 s�c. Nevci thelcss, in or der  to a vo id the problc111s L ied to 
t h e  condensa t i o n  during a l l  the period of coo l i ng, we must  augment the  entra nce tempera t u re or 
flu id  i n  the  lloor (a m a x i m u m  of 22''c), 

r;rr; 
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Vi�. 7 :  lnnucncc of nuid inlet lcm)lcrnlurc nn lhc tlail� c\ olulion nl' nll lcmJlcra l u n•s. External amhianl 
lcmpc rn l u rc ( F: I )  is also rc11 1·csc.· u c cd. (a) luicl lc111 11.= 1 9°C; ( h )  lu lcl !cm 11.= 2 1 °C. 

:::011cl11s io11  
-he s imulat ions  achieved to the  course of th is  work showed that the u t i l isat ion of the technique or 
)irect So lar  h ea l i ng Floor i n  an A lgerian c l in rn te  i s  very promising. The energy 1·eq u i rc111en t s  
:overed by t he solar 11re o f  90� o about t h e  t o t al needs of bu i ld ing wi l h  a rn t i o  o f  col lect ing or 0.2 
ind of 60% with a rat io of 0. I only This mean t hat t he rat i o  o r  col lect ing. is di 1 1 1 i 1 1 ishcd and t he 
:nerget ic  performances are improved with regard to the c l i 1 1 1a1 c of France 40 to )0'�'0 with a r n t i o  
i f  0 2 )  We also showed t hat  t h e  u t i l isat ion or a t h i n  s l a b  ( I  0 cm) reduces (l i l ly  to J %  t h e  
�ncrgetic performances \vi th  regard t o  J O  cm of 1 h ick ness ( s l a b  advocated b y  E S I JVI )  p 1 ovided 
hat this 111ust be suppl ied w i t h  a syst em or 1 egulat io11  which avers i ndispensabl e  whatever t he 
hick ness of heal i ng s lab and the area of solar col lcct(>I S used The inJ luence of other d i fferent 
rn 1  a 1 1 1ete1  s m u st be s tudied before an<tlysing ccono 111 ically t hi s  t echnique compar ing to the o t her 
eclmiqucs of t ra d i t iona l  heat i ng Also t he theoretical study of coo l i ng flour <1chieved in c l imat ic  
:ell in Or an put i n  evidence t h a t  the  process could  i n  act u a l  foct g ive sat is fac1 ion i n  matter  of 
:ool ing o f  t l 1e amb i en ce. a l owering air a nd d1  y resul t ing t ernperntures of 4°c is possible with an 
�ntrance te 1 11pern t u 1  e of'  water relat ively elevated. of some 2 2°c. The temperature of water must 
ie chosen in  function of : thermal comfort and 1 isks of condensation 
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ABSTRACT 
The e ffects of therm al performance of glazing and bui lding structure 011 air con d i t ion ing 
ioa<l oi dwei l ing house are analyzed in Fukuoka Japan. Then, guide l ine of optimu m 
w i n dow glazing uni t  u s i ng S AT as regi ona l i n dex in tempen1te c l i n r n l e  i .� prnposr.d Thr. 
adequacy is shown by the relation of SAT to s i m u lated heating and cooling load of one 
room model  w i th a south window. At the sirn u l :it ion,  effective suln r  l 1ea t gai 1 1  in  wi 1 1 Li.;1 i s  
counted in connection w i t h  thermal perfonrnrnce of bui l d i ng stru c t u re.  By SAT-Glazing 
relat ion maps, i t  i s  shown th at Low-E double glazing un it is adaptable through year over 
the wide a rea of S A T  i n .l ripan.  

I .  INTRO O lJCTI ON 

Opti mum thennal per fo 1mance of window glazing for dwell ing houses i n  temperate  
c l i mate should be designed so as to snve both o f  heat i ng load in  winter <rncl cool ing load in 
summer.  Window perfonmmce is  determi ned by two cl ements of thermal i nsulnt ion and 
sun shading.  The themrnl insulation i s  general ly accepted to be desi rable because it 
contributes to reduct i on of hen! transfer caused by temperature difference between i n door 
and outdoor. However, i f  the air and wall temperature of indoor nre h igher tlrnn those of 
outdoor in summer, such condi tion is often appears at ni ght, th ermally insu lated w i ndow 
is d i sadvantage for saving cool ing l oad. Sun shad i ng contributes to reduction of coo l i n g  
load, but possibly increases h eat ing load because of reta ining of indoor heat. I n  a d d i t i o n  lo 
such seasonally contradictory effects of window pcrfonnance, the regional difference or 
outdoor temperature and solar radiation i n tcnsi ry l l lakcs the required thermal  l oad 
di fferen t .  Th emr n l pcrfornrn nce of bui ld ing struct ure, p art icularly thermal  cBpacity, i s  
another i m portant  fo c i  o r  In. change the a m ount and b11 lm1ce o f  h eating a n d  cool ing load.  
S uch cornpl i catcd rel a t ions fl r e  d i scussed on the basis (l l" n u rn erical s imul ri t i on o f hcfl l flow 
thro ugh l U  kinds of  g l <1z ing a n d  thennal loads of dwell i ng h o u s e  w h i c h  h a s  t h e  glazi ng 

Trible  1 Thermal a n d  Optical Perfornwnce of G lazing (Noumi l l n c i d rn t  ,1\1 1g lc)  

Kinds or  U lazing 
---- w @ CJ) 0) ----···-··--·------ ·-· o. 8 7  o. 1°i o---f, i(C1 ,I Snlar I !cal C l a i n  Coefficicn1 

Sri l : i r  I k>1ITrnn>n1 i tt ; ince 1.k Co I /tn'h'C] 
Vis ihk Hay r1a ns111it1ance 

5 I 2. 9 l Z Z. 2 
O. 90 0. &Z 0. 68 0. G8  

'iOI. 

(g) CEi> Vi (Ii) (9) ".!Q.> 
o. 11  o. :ii°·o· 1To�ff-o:j1--o:-zu· 

2. 6 I .  ,1 I .  ·I ·U Z. 7 Z. :3 
0. 82  0. 68  0. GR  lL '.lO 0. Z7  0. 27  



(j) 

3mm ® 3-6·3 

I ® 3-12-3 
Clear Clear 
Single Double 

Low-E '"' l � 
-side 41: 

CD 3-6-Ll 
@ 3-12-Ll 

Inside Low-E 
Double 

Low-£ ® R R r r r ® L3-6-3 3111111 @ RH>-3 
(J) L3-12-3 (ji)) IU-12-3 
Oulside Low-E Refleclive Reflective 

Double Single DCJublc 

Figure J Specifications of Glazing Units 

I 900 I. 800 

0)Gypsum8oard 
<2)Airlayer 
®Plywood 

900 

@GWl OK 
@Mortal 
@Flooring 

Q)Concrete 
<eJUrethaneBoad 
HC:Thermal Capacity 

[kcal/m "CJ 

Wooden Structure Model 
Partition Exterior Wall 

Outside Inside HC��.�l ll HC--riJ]'L o<�t�l) �� 
Lm_J LmJ 

Flooring & Ceiling 

� """� � 

RC Structure Model 
Parlition J11a'/��h3.4 (i)��4a) 
UILJ 

Exterior Wall 
O:.itside lnsidc �(!�3.4 
lJ<l, 
uu_I 

flooring & Ceiling 

�� � � - "' HC'"86.0�-{l) � 
�- �) 
---� 

Figure 2 One Room Model of Multiple-Layer Dwelling House and the Wall Structure 
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,.igure 3 Heat Flow through Glazing in February 
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,.igure 4 Heating load of Wooden and RC Model 
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Wlit facing south in Fukuoka Japan. Then, the authors propose the method of assessmen 
of optimum window glazing w1it by region in terms of SAT (Solar Air Temperature) a 
the the climate index, overall expression of outdoor air temperature and solar radiati01 
intensity. The adequacy is shown by the relation of heating and cooling load to SAT of I :  
cities through longitudinal location in Japim. Here, the effective solar heat gain througl 
glazing, the part of solar heat gain which rises the room temperature to the setting poin 
(22°C ), is counted as the contribution to heating load reduction. Then, SAT - Glazini 
relation maps are given for wooden and RC stmcture. 

2. CONDITIONS OF NUMERICAL SIMULATION 

2.1 Simulation Method 
S imulation program for room temperature fluctuation and thermal load, THERB1 �2l, i. 

used . Time-v11rying of surface heiit trnnsfer coefficient, long wave radiation balanc1 
among indoor surfaces, solar radiation incident-angle-dependency of glazing therma 
performance and multiple reflections of trans patent solar radiation among indoor surface: 
are strictly dealt in the progran1. Non-stationary or stationruy linear equilibrium equati01 
is applied to heat flow calculation through opaque wall or glazing, respectively. 
2.2 Housing Model and Conditions for Simulation 

The specifications of selected gJ.azing units and the thennal pe1fo1mance are shown it 
Table I and Figure 1 . . No.@ and @ are insulat ion type of Low-E glazing unit with Low-I 
film coated on room-side pane, and © and (1) are sun-shading type with Low-E film 01 
outside pane. Figure 2 shows one room model of multiple-layer dwelling house witl 
wooden and RC structure which has a south window. Temperature of adjoining rooms i! 
dealt with tl1e same as objective room. Standard-Climate-Data of 1 8  regions by SHASE 3 
is used as outdoor climate. Room temperature is set at 22°C constant ill winter (February· 
or under 26°C in summer (August). 

· 

3. RESULT AND DISCUSSION 

3.1 Influence of Glazing and Building Thermal Performance on Air Condi tionin� 
Load 
Figure 3 shows the heat flow through gl azing and the ratios of each glazing to sing!� 

clear pane glazing (No.Q)) in February. The heat loss is consisted of convection anc 
radiation from room to inside pane surface, and the heat gain is mainly of solar radiatior. 
transmittance. The former is considered to convert directly into heating load, while, some 
extent of the latter contributes to the reduction of heating load. The amount is the effective 
solar heat gain which rises the room temperature to the setting point (22°C) depending on 
the thermal performance of building structure. Figure 4 shows heating load calculated on 
the consideration of the effective solru· heat gain and the ratios to single clear pane glazing 
for wooden nnd RC structure. On the comparison of two figures, the difference of ratios 
among glazing writs of heating loads of wooden and RC model is much smaller than that 
of heat l oss tluough glazing. This means the substantial contribution of soliir heat g11in on 
heating load reduction for all glazing units. In Figure 4, heating load of RC structure with 
the high d1ennal capacity is larger than that of wooden structure in case sun shading type 
glazing (No.©, ®"'®) is used. 

· 

Figure 5 shows the heat gain through glazing and the ratios in August. Both of direct 
and diffuse solar trans1nittance ru·e remarkably reduced in case of Low-E and reflective 
glazing units. The heat gain is considered to convert directly into cooling load. Figure 6 
shows the cooling loads of wooden and RC structure. The difference of ratios among 
glazing Wlits of cooling loads of wooden and RC model is smaller than that of heat gain 
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Table 2 Linear Correlation Coefficient of Thermal Load to SAT and Air Temperature 

Glazing CD ® @ © @ @ (J) @ ® @· 
Cooling Load to SAT 0. 9 5 2  0. 929 0. 939 0. 957  0. 9 1 4  0. 8 9 2  0. 930 0. 982 0. 978  0. 975  

to  Outdoor Air Tern£. 0. 9 1 5  0. 8 87  0. 898  0. 924  0. 868  0. 840 0. 8 89  0. 9 6 1  0. 956 0. 953 
Heating Load to SAT 0.  9 86 0 .  983 0: 980 0 .  979 0 .  982  0 .  9 77  0 .  975  0 .  986 0 .  982 0 .  980 

to Outdoor Air Temp_. 0. 967 0. 964 0. 961  0. 960 0. 963  0. 9 58  0. 9 56  0. 966 0. 962  0. 960 
(Wooden Structure Model) 

r.n.., 
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luough glazi.Pg, particularly in case of glazing with high insulation pe1fomiance (No.@ 
fV). This indicates the retaiuing effect of indoor heal  by the i nsulation perfomumce of 
:lazing. In Figme 6, cooling loads of RC structure with the high thermal capacity are 
l igh!'Jy lager than those of wooden structure for al I glazing units except ·single clear pane 
No.UJ). Summarizing on swmner, sun shading effect of glazing on cooling load reduction 
s diminished to some extent by insulation performance of J>laziog and heat storage of 
milding strncture. 
U Correlation of SAT to Heating and Cooling Loads 

Figure 7, 8 show relations of heating and cooling load of wooden strnctnre to 1 8  
egions' SAT b y  glazing. Table 2 shows that the values o f  linear coffelation coefficient 
vith SAT are higher than those with outdoor air temperature in al l cases. The values of 
:ooling load to air temperature is comparatively low especially in high insulation type 
�lazing (No.@@). This causes by that cooling load is primmy depend on solar radiation 
ntensity but not on air temperature, although higher the air temperatme, larger the cooling 
oad. Therefore, the linem· coffelation with SAT, which equivalent sol m· air temperature is 
ldded to air temperature, gives substantially improved results. We can conclude the 
>ropriety of using SAT as climate index for selecting optimum window gazing units. 
U The Relation between Allowable Area by SAT and Glazing 

Here, we set a guideline of allowable heating load consumption in winter for all regions 
1s the amount less than the heating load of Sapporo (the main city in cold region) in case 
�lazing 3 - 1 2-L3 is used. As for in summer, we set it as the cooling load of Fukuoka 
howing the highest SAT in 18 cities in August in case of L3-6-3 is used. Glazing 3 - 1 2-L3 
atisfies the insulation perfonnance in coldest region in Japan by the Energy Conservation 
am1dm·d, while, L3-6-3 has been assessed to be the most suitable grade both for insulation 
lnd sun shading perfonnance in Fukuoka by our previous study' >. 

On such bases, the adaptable area for each glazing in tenns of SAT of winter (February) 
md smnmer (August) is presented as Figure 9 combining Figure 7 and 8. Figure 10 is the 
nap for RC structure by the same procedure. Some of useful information from the maps 
lfe obtained as follows: 
( 1 )  There is no through-year adaptabl e city for elem· double glazing units (3 - 1 2-3) in 
case of wooden strncture, while there m·e two cities in case of RC structure. 

(2) Sun shading type Low-E glazing unit (L3-6-3) is adaptable for wide area of 1 3  of 1 8  
cities through year. 
(3) Heat reflective single gl azing (R3) is adaptable where the primity is given to 
cooling load saving under the climate of high SAT in summer and not so low SAT in 
winter( city @ in case of RC strncture ). 
(4) In Tokyo or Fukuoka, four kinds of glazing (L3-6-3, L3 - 1 2-3, R3-6-3, R3- 1 2-3) are 
adaptable through year. 

I. CONCLUSION 

Propriety of using SAT as climate index for selection of optimum south window 
:lazing was shown. By thi s guideline, complicated effects of glazing perfommnce of solar 
Leat transmitlance and shading on thermal load consumption could be reasonably dealt 
vith. Furthermore, it was clarified that Low-E glazing unit, particularly sm1 shading type, 
Las the adaptability throughout wide area in temperate climate of Japan. 

lEFERENCES I � Kohe! ONO, etc. �Milan, 1 995), froceedings �[Healthy Buildings '95. vol. I ,  pp. 3 1 7-322 
2 Kohel ONO, etc. 1 996), J. Arch1t. Plann. Environ. Eng., AIJ, No.483, pp. 33-42 
3 Published by The ociety of Heating, Air-conditioning and Sanitary Engineering of Japan 



Energy and cm· i ron111 e11tal  audit  of bu i ld ings : an indirect eval t1atio11  

D. Barbier i ' .  J\ . Nucara ' ,  1\1. P ietr a fesa ' § . G. Rizzo « 

· Diparti 111e11to di Uettronica c Matcmatica J\pplicata. Un ivcrsita d i  Reggio Calabria.  
V ill E. Cuzzocrea, 48. 89 1 2 8 Reggio Calabria, Italy. 

' 1  Dipart imcnto d i  Energet icn ed /\ppl icazion i d i  Fis ica, Un iversita di  Palermo. 
V ia le  delle Scienze. 90 1 2 8 PH lenno, I ta ly .  

/\bstract 

/\ s i mple i l lll i 1  eel w11y or perform ing energy and cnvironmcntnl auditing of buildings is here 
rircsentcd. I t  i s  based 011 the proper application of a reccnt ly released Ita l i an  standa rd aimed at 
the energy saving in d imatisation o f  bui ldings. Its s i r  1 1c 1 ure. that can be easily turned into a 
computerised frame. cnablcs such 3lnndnrd to be employed :i:. a complete analysis tool for 
p1edic t i 1 1g the lhc1 111:il behaviour of bui ldings.  By means or the application of this model , the 
effect iveness of the iulopled techn ica l  solutions can be usefu l ly  ranked in terms of saved energy 
for cl imal i sal ion purposes. /\nother relevant fea ture of the method is the poss ib i l ity of getting 
environment rclr1Lcd in limnation, in terms of amount of released C02. rcs 1 1J 1 ine from the 1 1se of' 
the selected equ ipment . /\n appl icat ion to a simple bui lding module,  l ocated in  a southern Ital ian 
town, is  also presented. 

t .  I n t roduction 

Building energy audi t ing represents  011c <'f' l hc best k nown procedure� which a l low to achieve 
in fortJrnt ion a houl  lhe c r 1 ergy perforn1111 1ce of  a c lwcl l i r 1 g. A bove ;i l l  i i  i s  vc1 y l lSL� fu l  in  verifying 
the energy sav i r 1gs resul t ing from ret r o f i t  1 1 1c8S l 1 1' cs and in delt'cl i n µ  nccasi o n a l  or syslcmatic 
occurr enccs of high energy consumption. 

Many auditing tool s  arc currently avai lable lo !echnic ians. They can be!ong to !he h ighly 
'.;nphistirnted s imulation models l i ke ,  for example, DOE ( I )  or ESP (2) ,  t lrnt provide estimates of 

energy COnSll 1 1 1pl ion on lhe basis  of the knowledge or lhe1 11rnf and physicai clrn1 acteristics o (  

bui ld ings and equipmen l ,  along with infornrntion concerning local c l i mat ic diita.  Other tool s can 
also refer to the so-cal l ed energy signatur e  procech r r cs. l ike PRISM (3 ), that pred ic t  the b u i lding 
energy consumption by 111em1s o f  a proper regression cmve ( genera l ly l inear) of the heat ing 

energy demnncl verc. 1 1 f. the outs ide temperature. /\l tenrnti vely, some miinual methor.15 r �m �l�n hf" 
employed, 111ai11ly referring to energy inspection procedures (4). 

l lL1wever. at present . b 1 1 i ld i 1 1g  a 1 1rl i t i 11e represents a very t ime and work spending operation. 
due to the complexity of the above mentioned ava i lable tools, at any level of deta i l .  On the 
contrary, technicians do require easier methods, in order of getting fast information iibout the 
consequences of the adop!ed design choices, even at  a rough stage of prec ision . 

In the recent yeius. severnl domes! ic lcchniciil t u les l r nve been released by most or the 
industr ial ised countries. w i th the 11 im of promote energy saving in the c l imatisation of buildings. 

1 author lo whom all cl11 1 cspo11ck11cc should he add1 csscd 



Ma1 1y or these 1 u les need a computeri sed ll·a 1 1 1c  m i d  a l low lhe thcnnal am ilys is nf bu i ld ings to he 

performed wi th  an enough detailed l e ve l .  1\ s that ,  t h i s  k ind or models can be d irect ly  adopted 
l i ke  aud i t i ng  l oo ls .  s i nce l l icy arc  C�I Jrnble  or prov id ing  a l most lhe snmc range or res 1 i l ls .  A new ly  
released l la l i an  ru le can be  assumed as  a typ ica l  exam p le  o f  such k ind of  methods. I t  cm he 

easier openitcd in compar i son w i l h  l h e  classic m1d i l ing methods. In addi t ion, as i i  w i l l  be 
emplrns ised i n  the fol l owing,  t he 1nelhod can he a l so util ised for drawing env i r onn 1enta l  
i n fon11at i rn 1  co 1 1ce rn i n i,!  t h e  co11sequc11ccs 1 csu l t i ng  tl·om the working o f  the  I IV /\C system. 

i\s a 11 1atl c 1  or 1:1ct , the  new aw:l l'encss conccrniug the env i ronmental i mp l ications o f  the use 
o r  energy at 1 1 rban scdc,  st r ongly a ffects the structure o r  the standards that are nowadays to be 
:0 1 1 1p i \t'd . i\ 1 ost of l hesc standards arc now so com prehensi ve and wel l  defined that they can be 

used.  1 w t  0 1 i ly for chcck i 1 1 g  t he l a w-· rela lcd compat i b i l i ty o r  the des ign choices, but d i rect ly ;is 
\V< l l k i nt! (OUIS re))' SCJeL: l i 1 1g J ;i y rn 1 (  <i l ld  p l n ns .  

2.  I I s i n g  an l la l i a n  s l a 11 d a nl :1s a co11 1 pnt:i f i on  f ool  

The 1 ccc 1 1 l  f t ;J l i a n  la\\' n' '  1 1 J i l 9fJ I ( 5 ) .  l (H ·  o: a 1 1 1 p lc,  t cl eased in the a im o l' acconip l ish ing the 
1 1 n l i o 1 w l  cn: 1 gy p l a n  ( l ' f·: N ) , rn 1 1 d idatc' it se l l ' l i k e  a prominent 01 1e i n  the European context .  w i th 
1 c�pcc1 to l h L· e1 ic1 gy use fi.i1 c l i m a l i s n l i o 1 1  o l ' b 1 1 i l d i 1 1g,;. l l , i n  fact, could be d i r ectly employed for 
cksig11  pr occd u1 cs.  1 c k 1 r i 1 1 .1! t 1 1  I l i c  crn c l r i pc a 1 1 c l l o  l l 1e l l V /\ C  system of a g iven bu i lding. T hi s  
law i n  li1c t .  1 ej cc t i ng  t h e  n ldc1  <1 pp 1 0;1 c h c�s l lwt  only est imated the heating loss through the 
lrn i ld i 1 1g el l\ e lope. makes use 0 1' <1 l i 1 1 1 i l ; 1 l i 1 1n  to the energy demand of lhc system, defined by the 
h1 1 i l d i 11g nnd the hea l i n g  nml a i r-con d i l i o n i ng equ i p 1 11en t . The method rel ies 011 a g lobal energy 
lm l rmcc, l aking i nt o  acco11 1 1 (  d i ffcrc1 1 l  co11 l l i hut io 1 1 s  (prim;iry energy used in the I IVAC plant, 
solar  r;1d ia l io 1 1 ,  i n tenr n l  loads)  and \· ill ions types of he<it losses ( 1 r nnsmiss ion ancl ven t i lat ion 
th ro ugh the bui lding.  l osses of the I I V  AC sys l em d 1 1 e  lo l he sepm nte steps of p roduct ion,  
1 egulat ion , distr ibu t i o 1 1  and e 1 1 1 i ss io 1 1  o f  the 1 eq u i 1 ed hc8t ) . 

'] he nt l e  < ISS \ l l l lCS  85 re ie 1 ence p;1rn1 1 1ele 1 s t h e  "IHll lll;i l i sed e 1 1e 1 gy dcnia 1 1cl" o r  l he bui l ding,  

FEN ( kJim 1 DD), aiid the " 'g loh81  mcan seasonal  e f'l i c icncy", 1 1 �· to both o l' which l i ll l i t  values 
8 J e  irnposed . /\ n nccurntc nnalysis o f  scvc 1 <i l  con1p lex energy i ssues i s  a l so i nvo l ved in  the 
procedure, l i ke the esli 1 1 rn t i u1 1  of the so lnr  g<1 i n s  :i 1 1 d  l hc detai led treatment of lhc co11 1po11c11(s of 

lhe c l i nrnt isnt ion systc 1 11 .  nnw11g other t h i ngs. 
J'hese features obviousl .v 8Sk ror the use or 8 co111 putcrised p rocedure . A co1npr ehc11sive 

non1c11clature of the several parnll le(crs i 1 1 vo l vecl i n  the procedure i s  given i 1 1  the fo l lo w i 1 1 g  

·1 ab le  ( I ) . Fi gs. ( I )  nil(! (2 )  i l lus trnle  l h e  l ogicnl sequence m i d  the  ca l cu l at i n g  operations lo  be 
nccompl i shed in order of get t i ng  lhe fi 1 1 n l  en ergy parameters t l ia l  c l rn r acter ise the selected 
bu i l d i ng. thal  i s  the nornrn l iscd energy dc1 1 r nmL FEN, and the glob:: d  mean seasonal efficiency, 
i i�- Obv iously these paramcle1 s cau be di 1·ecl  ly  adopted as ener gy aud i t i ng  i ndexes. 

Table I .  Nomencb�� 1 �_:.: o r t l !e symbols used through the procedure 
l'n: useful power of the liealcr: ('cl : hc>il loss vnl 1 1nic coeflicie111: V :  hui l ding volume; DD: degree 
days: 11: number or houi ly air cha11ges: I: aver age sol:11 i 1  r adiance on an horizontal surface; a: thennal 
internal gains; Q;: denrnnd nf pri111a1y rncrg' required by lhc I IV /\C system: Q,: primary ener�y 
required for the lhern1;i l cn11vcr s io1 1  in the l'urmcc: Q,: primary energy correspo11ding lo !he eleclnc 
consu11 1pl io11 <11' the auxi l iary sy slcms: I),. :  l l 1cnnal  e11e 1 .gy generated by the l l V/\C system; Q,.,,: 
lhe1 1 11a l  energy tn111smilted fr om auxil iar) s_, slcms: Q1,, : elcciric energy required by the burner; QI',,: 
electr ic  enc1gy requi 1 ed by the ci rculat ing p1 1111p: 1 1 i ,,: uscli.11 lhernwl ef'Jic ie11cy; 1i,,,,: l la l ian electric 

5 1 1  



bc•ard elfo.:icnc) : Q1,, : 11si: li1 I  cncr!(y dc111m1d; Q,,": useful energy demand in the actual working duty 
cycle (11011 rnntinuous.l: ()1 : overall heat losses by transmission and venti lation; Q5,: lhennal energy 
due lo the solnr rndiat iPll absorbed by the opaque surfaces; Qs1: thermal energy due lo lhe solar 
radial ion falling 011 the gluc<l surfaces: Q1: thermal energy due lo the inlemal gains; Q 1 :  thernial 

energy exclrnngcd by lra11'11 1 i ssio11 wi th the outdoor environment; Qr;: thermal energy exchanged by 
transmission with lh<? ground: Q1-: thcrnwl energy exchanged by ventilation and infi l tration ;  Qu: 

thennal energy exclrnnged by lrnnsn1ission and ventilation with adjacent non-heated confined 
en1·iro1 1 1 1 1c1 1 1s: Q 1: thermal energy cxd1a 11gcd by lrnns111ission and ventilation with zones characterised 

by a const"1 1 t  (and k1H.11111 )  value of the air tempei nturc:  N: number of d�ys in a month; II,: heat loss 

coerlicicnl; 1\0,: cli 1Te1 e11ce of tcrnpcrn1u1·c between the i11ter esled elements or the1mal zones; Hi.:: 

overall thcrnwl losses coerlicie11 t :  111' :  c f liciem:y of the 1 1 \/  i\C system; TJ•: efficienty of the d istribution 
system: q,: efliciency "r the regulation systc11 1 :  T], :  efliciency or the heating elements; 11,,: utilisation 

factm of heat g;1 ins; 1'11 : rcducl ion foctm' of the t 1 ans1 1 1 issio11 heal losses (depending on the intcnnilfent 

wm king regime): F1,: reduction l�cto1 of lhc lhernrnl energy due lo the solar radiation and the internal 
heat gains ( clcrcnd inµ <.111 the intennitlcnt wo1 k ing 1 cgime); k: coefficient taking into account the 
w o1 ki11g p1 o li lcs: qq: m c1 nl l  da i l �  i r i :uli : 1 1 1ce 011 lhe surfaces with j exposi t ion:  A,.j: equivalrnt area of 
the surfaces with j c�posi1iu11 
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Fig. I Procedure for the computat ion of the energy paramclers for the auditing process. 
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Useful ene1gy demand i n  the actual working duly cycle (non continuous) 
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Heat losses 
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Fig. 2 Detai led sequence of the algorithms involved in the audit method. 



J. Ao a p p l kn t i11 1 1  

l ! s i n g  : 1  \.'( > 1 1 1 n 1 cH: i ; i l l 1 · : l\ : 1 i h h l e  clcclrn1 1 i c  s h e e t .  the  l l a l i a 11 s l :1 1 1 d :1 1 d  i s  hc1 c 111a 1 wged as  a 
1 ·u l l )  c n 1 1 1 p 1 c l 1 c1 1 s i 1 c  d e ;; i g 1 1  tool  l(_,r a whole syslc111  1 cpn:se 1 1 tcd  hy t l tc  e1 1velupe mid Lile he;i l i 1 1g. 
\ e 1 1 l i l nl 1 1 1 g ;i nd :1 i 1  c111 1 d i l i o n i 1 1 g  cq u i p 1 1W\ \l. 1\s sckc l i 1 1 g  parnmctcrs, we assulllc he1 c botlt i h c  
-.;c:1s , 1n a l  enc 1 �'.Y d c 1 nand.  (_)"·'"'"" '  a \ \ d  the  e1 1 v i r0 1 J J 1w11 1 a l  <; 1 1 i l H h i l i t y  o f  lhe t\csig11 choices. W i 1 h  

l h i :.:  � i lll  ;J J t d  i 1 1  ( l t d c 1  u l" shnwi 1 1 g  1 1 1 1? r,:as i b i l i l y  o r  the me thod , a very s i mple building i s  here 
:1d 1 1p 1cd.  li i 1  wh i c h  lite rncrgy d c 1 n a 1 1 d  req u i 1 e<l for l he c l i matisation and the released amount of 

l ' (  ), rro 1 1 1  l he hca l i l lg  planl a 1 c  compu t ed .  
1 · 1 i ,, '.; i 1 1 1 1 i l : 1 lccl \iu i l c ! i n g  i s  a s i mp l e p:1 ra l lc lepiped module (4x5x3 1113) supposed to b e  located 

in the c l i 1na l i <: rn 1 1 c l i 1 i u 1 1  or l ' :t l ermo, I ta ly ( 3 8 ° 3  1101th l at i tude, 75 1 DD): both mean monthly 
lc 1npc r n l t1 1 e <; :rnd l l lcan l l l • l l t l l dy so lar  i rrnd i ance c:rn he assumed as typical of the whole 
!Vl ed i tc 1 1 al ll'<lll a r e a .  � s  i i  i s  1 c pn1· 1 cd i n  · 1  ahle (2) for l l 1c heating prriod. All externa l sur fo<:cs or 
the e n l'c lopc ;1 1 c  s 1 1 p 1 H >';cd lu 1�1,:c l i i L· 1 H 1 l door co l ld i t i o n . wh i l e  l i te i n d uo1 t rn 1 pcr:11 t 1 1 c  i ,; SL'I :i i  
2 0"(  · : i l t L· 1 c1 1 1 i l :i t i n 1 1  rnl c', ; 1 1 c  ,;cl :1 1 0. '· 1: 1 i :1 1 1 pl's l "-' 1 l irn 1 1 _  ; 1 1.- c 1 1 1 d i 1 1 g  1 1 1  I f i e  l i ; i l ia l l  ni k .  S ( ) J \ \C 
1 1 1 ; 1 i 1 1  l l 1 1' 1 1 1 1 : i l  k:1 1 1 1 1\'<; u l  i hL· <: J i \ \� l opc ; 1 1 v :t i s" 1 c p " 1·kd i 1 1  ' l : i l 1 l c  ( 3 )  

I :1!�c -� ·J'� :� 1 1  c l i 1 1 1 < 1 1 i ,: p:1 1 ; 1 1 1 1 c' l <: 1 :: I " "  1 l 1 t' l 1 c : 1 1 i 1 1 ,ll '"' : 1 ·,, . , 1  1 d. l ' . 1 k· 1 n 1 1) 
l ) J J ( t l 1 1 ( l J  
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Table 3 .  ·1 hc1 ma l  ck1 ractc1 isl ic': of t l tc  i l l l i l d i n !'. 1 1 1 1h l 1 1k.  
----- -·--- - -··· - ·  - - . , •  . 

Uve1 n l l  lrans1 1 1 i l la 11ce ( 'N i n i  ' 1,: ) 
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/\Her a l l  the ca lcu l ation dcsc r i l >cc l  i 1 1  I i gs. ( l )  < l l H I  ( 2 1  has 1 akc· 1 1  p l a ce .  the 1 1 \ llSt rc l ev:rnt 

resu l ts for the gi ve 1 1 bu i l d i 1 1 g. t u  he : 1 ss r 1 1 1 1 c d  : 1s ;\ l ld i l i 1 1 g i 1 1 1 i ) l 1 1 ta l i o 1 1 .  can be s p l i t into t \\ ' CJ 

di fferent categories,  l h n l  :1 1 c  1 c:spec l i 1 · c l y  1 c i <1 t cd  10 rncr gy and e 1 1 v i ro11 1 1 1e11 I  i ss t1es.  

J\ s  represent;1t ive par:1 1nele 1 s  o f  I f ie c1 1i:· 1 )Ly pe1 1"1 1 1 1 m1 1 1rc o f  lhc b 1 J i l J i 1 1g  wc ndopt here the 
who l e  sensom1l avc1 <1gc c lTi·,· i c r ll'j or the  hc:i t i 1 1g p l :l l t l .  ' k  mid lhc 1 101 1rn1 l i scd energy demand, 

Fl:N . /\s represc11 ta l i 1·c pnr n 1 1 1dc 1 s  ( I I  l h 1� c11 v i 1 0 1 1 11 1 c 1 1 l :-t l perf'o 1 1rn1 1 icL' n l' 1hc bni ld ing we selcc l 
the pri 1 1 Hiry SC:l' ; ( I J l : J i  CllC J g_\ dcl l \ : l l ld .  () t d i 1 c1. · i ly l i nked IP ( f ie  a! \ IOl l l l t  o r  fossi /  fuel and 
electr ic i ty rcq u i 1 ccl hy l l 1 <: he:i 1 i 1 1 g  pl:1 1 1 I ) :l l H I  l i t e  q u n 1 1 t i 1 .v . , r  rn rho11 d i ox ide  rt:!cascd through Ilic 
hea l i 1 1g pc1 i o d  "f t i 1 1 1c. I hcsc p;i 1 n 1 1 tL' lc1 :-; n 1 c  l :i l ,c l s  1 l 1 :1 l IC· ;1 l 1 1 1·e the b u i l d ing and a re considcrcd 
HS the 1nos l  1 c i L'\ ' : 1 1 1 I  i 1 1dcxcs i 1 1  01 der <1 r a ud i l i 1 1g I l i c  bu i l d i 1 1g . hy mc:1 1 1 �  ol l l ie i n d i rect WHY here 
i n t 1 oducecl . · 1  :1 hk ( 4 )  reports 1 \ J e  p 1 0 1 'i l c Ll r t h e  s i l l l t 1 i :1 lc c l  hu i ld i 1 1 g. hol l1 in te 1 1 1 1 s  of energy 1 1 1 1 d  
c 1 1vl ro1 1 1 1\l' 1 J l :i l  issues. 



!" able 4. Encrgx a1 1d e n v i rn11 mcnlal l abels of " the selcded bui ld ing. 

_______________ , Em•1 J!,l_{Jrofilc> 1 
A vcrnge effi c ie 1 1cy of the heati ng phrnl, 11� 
��'1' 1 !wl ised energy dem;md, FEN { kJinl'1/DD) 

E11l 'iro11111en1al pr<l}ile 
Pr i 1 1 1 <1 1 y  seasona l energy demand, Q ( M J )  

I'' li;1tn:1· e11erg1 re,111i1 ed .fi1r thermal co111 'ersiu11. Qc  (1\1.1) 
; w1111u1:r energJ' con·espondin[! lo tl1e electric consu111ptr'o11 t�/ tht? a11xiliw:l' ,\TSfem'\, Oe (_M.I) 

�(2,, 1 c leased (kgC) 

(). 7 1 

1 1 7 .73 

5305 
5 1 25 

1 80 
1 1 4 .2  

r l1c  lotnl amount o f  released ca1  bon d iox ide i s  eva luated by means o r  t h e  emission factor 
computed through the whol e cycle of the pertinent fuel (7) .  In t he hypothes is o f  oi l  (or  any o i l  
dc1 i val i ve l  employed as fuel for the furnace heii t i ng p lant . t he correspond ing emission factor to 
lie adopted is 2 1 .52 gC/M.I. 

4. Conclnsious 

J\ n indirect method, based on the app l ica t ion of an energy saving standard, has been proposed 

lor a quickly  a ud iting of bui ldings. The m eth od . implemented on a commerc i a l ly avai lnb le  
c lec tro1 1 ic sheet, can be use fu lly  employed in the early s tages of the lhemrnl analyses. when 
gr.:11e1 a l  i n format ion about the performances of bui ldi ngs are req u i red. I t  only needs data 
1 c le r ri 1 1g  ln  the the rma l  d1aracter is t ics o f  t he enve lope . lo the features of the HVAC system a nd 

to l he c l i n i a t i c  s i l c .  
i\ 11\l l her relevant characteristic o f  t h e  procedure is the possibi l i ty of o bta in ing in formation 

abo 1 1t the t!n V i l Oll ll lClltaJ  impact o f  l he bu i ld i ng (al  least in terms o f  greenhouse gas rcle;1scd), 
once l lrnt  the healing pl ant and the used rue!  nrc defi ned. 

T he fi 1 1 a l  resul t  of the method i s  n l a  h ie \\ hc1 c I l ic energy and the cnv i ro111 11ent:1 l  pro fi les o f  

the  bu i ld ing  <rre r epor ted by  1 nca1 1' o l' f(H 1r rc lernnt parnmctcrs. 
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IN FLUENCE O F  RADIATION HEAT TRAN SFER ON S PACE HEATING AND 

COOLING LOADS 
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* Department of Architecture and Environmr.nt;il Design, Kyoto Un i v . , Sakyo, Kyoto 606, Japan 
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ABSTRACT 
TI1e influence that radiant heat transfer has on space heating and cooling load is investigated 

hased on the fundamental equation of radiation inter-reflection. The analysis sh ows that in a space 
with a uni form enclosure, even when each wall has a di fferent emissivity and different ac.ljacr.nt 

ou tdoor temperature, the radiative heat transfer has no net effect on space heating lond. In this 
case, only the convective component o f  the combined convection-radiation coefficient of heat 
transicr shouiJ be used in tbeo caicuiai ion of heating l oad . Example cakulaliu1iS show that there 
would arise a signi ficant discrepancy between an accurate space heating load and a value obtained 
t h ro ugh the use of the combined coefficient of heat transfer. Also shown is that a peak load error 
of more than 80 % might be possible at the warming-up period of inlermillcnt J 1ea ti11g if the 
combined surface coefficient is used.  

1 .  INTRO D U CTION 
Usually the combined surface coefficient of heat Lrnnsfo1 consi:;ting of convective and r:Jdiant 

components is used to calculate space heating and cooling load and/or room air temperature. To 
obtain reliable results, however, convective and radiative heat transfer must be de<ilt with sepnratel: 
This i nvolves a calculation of a surface-by-surface conductive, convective and radiative heat 
balance for each room surface and a convective heat balance for the room air'J. In particular, a 
complicated equation of i n ter-reflection must be solved for the radiative heat t ransfer. The 
computational algi\rithms5J6171 and simpl ification of the treatmcnt2>4) have been proposed and 

investie;itccl frnm a prnctical point  of view. Among others, Hu tchinson '') re-examined the standard 
value of the radiant fraction of heat transfer through the air film adjacent to the inside surfaces of 
walls, floor and cei ling. Through the analysis o f  the cubic room enclosed by a un iform 
construction and external air with a uniform temperature, be showed that a significant rec.luction of 
the equivalent film coefficient for radiant transfer is possible.  

In this paper, the influences of radiation heat transfer between room surfaces on space he<1Ling 
and cool ing load, room air temperature arc studied for a better understanding of the radiant heat 
transfer process . The intent of the present paper is to rc-cxmninf:' thr. mrfomt frn-.tion of heat 
transfer, and the importance of inter-reflection of radiative he<1t tiansfer under a transient condition 
will be stressed. 

2 .  FUNDAMENTAL EQUATIONS 
Following are the fu ndamental equations used in this paper. 

(1) Heat Balance of Room Air Enclosed by Surface S 
cit c a  V -Jf- '- C O  Vn[t0.(t) - t,(t)] + { hc(s)[t; (s, t) - t,(t)] ds + Q(t) 

where, c: 1 t:  

(1: 



t,(t) : room air temperature [ °C ] ,  c :  air specific heat lJ/kgK], a :  ai r density [kg/nr'], 
t0v(t) : ou tdoor temperature related to air exchange [ °C J ,  n :  air exchange rate [ l/s], 
hJs) : convective heat transfer coefficient al intet ior surface [W/miK] , V :  room volume [ml 
Q(t) : heat input by the air-conditioni11g system and internal heal source at time t (W],  
A :  inner surface area of walls [m2), s : position at  the inside surface of wall, 
t;(s, t) : inner surface temperature o f  wall at time t [ °CJ ,  t : time [ s ] .  

(2) Heat Balance at the Inner Surface of Wall 
a t 

h (s)[ t (t) - t(s , t)J + q(s, t) = - .l. -w (2) C 3 I Q X 

where, q(s, t) : net radiative heat flu x  absorbed by wal l (W/m2] , 
.l. :  thermal conductivity of wall material (W/m K],  tw : wall temperature [ °C ] .  

One-dimensional heat flow through the wall is assumed here. Eq. (2) reduces to Lhe following fonn 

at steady state : 
1 

hc<s) [t, - t;(s) ] + q(s) = r(s)
[t;(s) - t0(s) ]  (3) 

where, t0(s, t) : outdoor temperature [ °CJ , r(s) : thermal resistance from inner surface to outdoor . 

(3) Long-Wave Radiative Heat Transfer between Room Surfaces 
If every surface is assumed to be completely diffusive, the equation expressing the radiation 

inter-reflection is given as, 

G(s, t) = f c (s')Eb(s ' ,  t)F(ss ') ds ' + f (l - c (s ' ) ) G(s' , t) F(ss ')ds' (4) 
A A 

where, G(s, t) : irradiation (W/m� , E (s) : emissivity of inner surface of wall [-] ,  
F(ss')ds  : shape factor, �(s, t) : emissive power of a blackbody [W/m2] . 

(4) Net Radiative Heat Flux Absorbed by Wall 
q(s, t) = E (s) [ G(s, t) - �(s,  t)] (5) 

(5) Sum of the Net Radiative Heat Flux 
By making use o f  Eqs.  ( 4) and (5) ,  the following equation can be derived: 

f q(s, t)ds = 0 (6) 
A 

3 .  I N FLUENCE O F  RADIATIVE HEAT TRANS FER ON S PACE HEATING AND 
CO O LIN G LOAD I N  THE CASE O F  U N I F O R M  WALL RES ISTANCE 

A space encl osed by w;lls with uniform thermal resistance and convective film coefficient is 
considered in this section.  Under the a�sumption of uniform thermal properties, the characteristics 
of radiative heal transfer between walls can be understood easily as will be seen later. First, the 
steady state is examined. Next, non-steady state conditions are dealt with. 
3 . 1 .  S pace Heating Load at a Steady State 

With regard to space heating load and room air temperature, the following relationship is valid : 
The net e[fect of radiative heat transfer on the space heat ing load is 0. Therefore, a convective film 
coefficient must be used instead of the combined convection-radiation coefficient of heat transfer in 
the calculation of space heating load and room air temperature. 

This can be explained as fo l lows (see Fig. l) : lhe illfluence that radiation inter-reflection has 
on the heat transfer process on a wall su rface is equivalent to the surface heat generation with the 
magn itude of net absorbed radiative heat flux q(s, t) . A part of th is heat flows outward through the 
wall, and the rest flows into the room through the inside air film. n1e sum of the ou tward heat 
fluxes over all enclosu res is the heating load caused by the radiative heat transfer. The outward heat 
flux is determined by the ratio of thermal resistances, one from the surface to the outside air and the 



other frnru the surface to the room air (interior film 
r es istance). S i nce th is ratio is assumed here to be 
conslanl al each wa l l , the sum of the ou tward heat 
flux 1 cmains conslant 110 matter how nonuniformly 

the 5urface heal generation may be distributed. 
Fu r t hem1ore the sum of  l l i i s  equ ivalent surface heat 

gcueiatinn is 0 because I l ic  s u m  of the net absorbed 
heat caused by rndiation over all surfaces is () ( Eq.  
(6)) .  Thcrefme, the su 1 1 1  l ) f  lhc outward heat flux 

caused by radiation is also ( ) . 
Thi s  proof requires no assumptions on the external 

air te m peratu r e  distribution, surface em issivity and i ls 

frequency characteristics and the linearization of 

Convect ion / 

r .  I 

r ;;I; 
/ / / 'I ,' 

I / q (s) 
I 

" �?· I .  
'/ 

Transmission 
Figure 1 Graph illustrating the separation of 

absorbed heat into convective and 

transmitted fluxes 
radiat ive  heat transfer. Th us, the slalcmcnl gi ven at the beginning of th is section is val id even in the 
fo l low ing situations : 
( 1 )  su 1 1 ound i ng external temperatures are different from wall to wal l, 
(2) emissiv i t i es are different from wall to wall , 

(3)  nonlinear dependence of radiJtion on surface tempcrnturc (4th power law) is taken into account, 
(4) the dr:pcr1dcnce uf rad iation on wavelength is also iakcn into account. 

Also by making use of this resu l t ,  some insight into the va lidity o f  using the comhineu 

convection p l us radiation surface coefficient nf heat tra11sfc1 and its adj usted value for practical use 

c�m be ob tained. The fact U1at Llic cc1nvecti � c  li lrn cudficicrJI (m11vcnlional value of 2 . 3  to 3.5) 
shou l d  be used in a bui lding with a u niform resistance means the ove restimation o [  he;1ti11g load 
when predicted hy the nsmi l thr.m w l  c.ilcu latinn with thi:: cornhincd surface coefficient (the 
conventional value of which is 9 . 3 ) .  
3 . 2 .  S pace Heating Load at Non-Steady State 

The conclusion obtained in  section 3 . 1 .  has its equiv11lent under Lill: l r a 11sic1 1 l  stale . That is ,  the 
net effect of rad iation heat t iansfer u nder non -steady state is 0 if the thcnnal properties of U 1c wall 

and the convect ive heat transfer coefficient is uniform along the enclosure1'. 'Il1is rel ationsh ip is 
valid even if the surrounding external temperatures and their emissivities arc diflc 1 c 11t frum wall tn 
wall. 

4. NU MERICA L  EXAMPLES 

4 . 1 .  Objectives 
Since the results in sect ion 3 arc valid only at a space surrounded by a unifonn cnclosmc, it io;  

necessary to examine how far these can he appl ied to an actual si luation with non-unifoi m 
enclosures. Herc, by comparing ll ic l ic.ating I cuds of a simple room obtained by U1c fnl lowi1�g tbH:c 
rnclhoJs of thcmrnl calculat i1 1 1 1, Ilic i 1 1 1p1 1 1 la J 1u: 1 J f  I l ic 1 adiativc heal transfer is invesligc1tc. > 

(1)  gad iatinn heat tra n s fer is calculated exactly by taking account of inte1 -rel1ectiun, 

(2) heatiJJg li 1aJ is calcu lalccJ !Jy making use of the conventional method of thcmral calcu la t ion 
where the combined su1 foce coefficient is used . and 

(3) the same method is 11scd as (2) except that only the convective surface coeflicient is used. 
4 . 2 .  Method of N u m erical Ana l y s i s  and a Room Analyzed 

The fundamental equations used bere are Eqs. ( L) through (.5) and the nonsteady !Je;il cond uction 
eq1 1a t ion .  For the numerical compu tation, each wall and glazing is divided into rectangular cells (2 

X 2 in !he fol l mv ing examp le) . Furt!Jcrmore wall depths a1c d iv ided into severa l sl ices for finite 

differc1wc cal cu latirJIJ. Exolicit finite diffe1ence method is used In so l ve onc-dimensinnal hrnt 



nnduction {'.quat ion. 

Thr mom shown i11 F i g .  2 was analyzed. [ t  

as di rnc11siuns 5 X .3 :< 3 nr1 a1td t he wal ls and 
,lazing face Li le  ou tside (nr the next room). The 
>'a l l  is I,\ 011 thick HC (thermal conduct iv i ty J .(, 
V/rn I<.} and the  glazing is 3 m m  thick gla�;s 

t l icnn; i l  crn 1d 1 1cl ivi ty 0 . 7 9  W/rn K) .  Outdllor air 

ml Sclpoint room air tem pcrnl llr{'.S <lie ()°(; and 
'.WC . respect ive ly .  The con vr.ctivc, mdia11t and 
l 1c cotl ! hi 1 1ed surfoi:r.: c1 1ellic icnts o f  heal 
1a 11sfrr were set at 4 . 6 ,  4 . Ci and 9 . 3  (W/m1K), 
cspcct ivcly.  l lerc a Cllns tan l  v11luc nf 4 . 6  is 

1 1ercly given to the radiant coefficient h, /\ 
'alue cl1 1sc to t h is is o ften used as a standard 

,.aluc fut desig11 pu r p":;cs in Japa n .  

� . 3 .  R e s u l t s  an<l D i s c u s s ions 

-... -.. �--�·· '- I "-
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Fig.2 Schematics of room employed iJ1 sim ulation 

Broken lines denote the cell part ition.  

fi g .  3 shmvs the time history of heating l.oad where only one-fourth o f  the wall  wit h 5 �< 3 1 1 1�  
1rea is glazed. In  th is calculation, thr. initial tcmpcralines w e r e  all sel al  f l  °C and the morn air 

empc1 at 1 ? 1c  was raised to 2D°C at time t �  () . Sl)lid I.inc denotes the heating load whe1 e the 

adialim1 i n tcr .. rcikr.tion is taken i 11 t 1 1  co11siderntion (herc<1ftcr rnlled a n  exact so l u ti on) and the 

)roken l i ne shnws the 1 cs u l t  nf tl 1c  usl l a l  the1mal rnlcu l;1tinn with !he convcnliunal combined 

;urface coefficient of 9.J (hc1 cafter l';11lcd convc1 1 t in1 1al  coefficient solu tion).  The upper figure 

;hows the healing lm1ds a1 1d  t l ic  lowc1 one shows I l ic  percentage deviation f1 om U1e exact so luti on . 
!'lie resu l ts of convr:nt iorwl t hc., 1m; 1 I  calcu latiun w ith cnnvccl ivc  !ilrn coefficient (called a convective 

;nJ ut io1 1)  1.knntcd by c:k1 i 11 l i ne�; ;uc a lmns l cni11eidc11t with the exact Sil luti o11s. 

J\lk1 30 homs w llrn ;i steady �;talc i s  al 1 1 1ost  ach ieved, the convent ional  coefficient sol uti on is 

:i . I ( k W )  co111pm ci i with exact sol i 1 t ion 3.4 ( kW) and ovc1csli 111atcs by 46 %. T he di fference is 

.argcr than 8() % al lhe l icg i ru 1 ing of ai.1 -rn11di t in11 ing and remain�; sti l l  l ar ge. with 65 % even after 2 
hours,  which is rn1 1ch J ;1 1 g<.:r than the steady stale c 1 1'n 1 of 46 % .  ;\s sh own in th is figure, just after 
:he change of rnn11 1  ai 1  temperature. the ratio of the heat ing ! flac.ls obtained by using the combined 

:md convective coefficients is close to the ratio of their values ( h0+h , )/I\ = 9 .3/4.6 = 2, since the 
initial temperatures of all enclosurcs except for the window arc set at O"C. 

Fig.  4 shows the resu lt whc 1 c  a wall with a surface area of 5 X :3 m2 is glazed and the wall 

opposite to the glazing is a non ad iabatic partition wal l . The air temperature of the neighboring 
room a<ljacent to this partition wall was set equal to the room air te 1 1 1perature being analyzed. 111ere 

is more non-unifo1mity of thermal properties of tbc enclosing wal ls  in this situatiun t han in the 

former example, thus the <lcvi;Jtion of the crn1vcc:ti1•e sol 1 1t ion fwrn the exact one may be expected 
to become larger. TI1e erro 1 s  of the conve1 1t i 1 1 1d cw l l icicn! �;ol l l t i o n  al stc;.1r.ly state and at the 
beginning of the air conditicrning ;ire SO '?�, and g(J 'X1 .  1 e�;pcctivc::l y. On the other hand, the error of 
tJ1e convective solution is ncgat i v c  i n  this case and takes its 1 m1ximu1n value of about - 1 . 8  r;.;:, at the 
steady state. This discrepancy is not  so large from ;1 piaclical poi1 1 t  of l'icw. Furthermore, since an 

error at U1c starting time of tJ1e air romlitioning is also negligi ble, it c:in be sai<l that the simple 

conventional method nf Lhcm1al analysis using the convective film coefficient in�;tcad of the 
conventional combine<l one is practical where U1c degree of non-unifo1 1 1 1 i ly  of the C1 1cli.1su 1 c  is not 
larger than the present example. 

5 .  D I S CU S S I O N S  
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Figure 3 Comparison o f  heating loads 
One-fourth of an external wall is glazed . The upper figure shows the heating 

load (kW) and the lower the discrepancy from the exact value (%). 

1 0  . - ·  . . . . . .. . .. . . . . .. .. . .

.

.. .. . .. ..  - .. ..  - . .. .. . . .  - - - - . . .. ... . . . . . . .  - - - - · - · - - - - · - .  - - - . . . .. . . . , I o o I I I ' ' I o • I 0 I 

9 
8 

[i' 7 c. 
'O 6 "' 

0 5 ....! 
"° 4 .§ "' 
:I! 3 

2 

0 

; � ' I ' 1 I 
I t O • • o I I I I I I I O I " '"  * • t • • • "' r  '" " "' •  t -· • • f" • '" '" • ' • • • • I '" '"  • f • • • • I " •  • " r • " " • I '" • • •  j • •  ... .. I ' .. .. ' t '" '" • '  = " '" • • '-

\ : ! : : : : : : : : ! : : : : 
• \: · : . . . · : - - - · : . - . .  : . - · - : - - . . : . .  · · : .  · · · : . . . .  : · - · · : . .  · - : - - - "' !  . . .. . : - - - · : · · · · :  
. . .  '�- . .  - : . .  - . � - . . .  : . . . . : . . .  - : - . . - : - . - - : - - - . � - - - ·

.: . - - : . .  - - ! - - . - ; - - - - : . . . .  : 
. .. ..  - : .. � � � - - . : - . - - : - - - - � - - .. ..  � - - - - � . - - . � . - - . ; . . . . : - . .  - : - . - - : - . . . : . . - . : . - . .  � ,�. - - �  · · - - � - _":- . ..;, _ ....,. : · · .  _ : . · · - � - · - - � - -Conven)ionat Goe ff -Solu!fo� - - - - ; · - - · ; : : : :- - -:- - -: - - � --� --,- - - --- :..___ _:__ _�_:..... _ .....; 

' I I I I O t • • • 0 I I I 
- - • - • ir - • t - · - - r - • • • r • • • - r • - • • r - • • - r - - - - r - • • - r - - - - r - - • - r - - - - 1 - • - • r • • - - r • .. _ • ' : , · • : : E;xact:So l ution , Convective Soll)t ion : : 

· · · - · · · · · · · - - · - · · · · · · · · · · · �_;...�_..;.��.:..�....:...��.;_�.:..�....:.��.;_�...:..�.-.: 

0 

' . 
I 0 , , , I • I I • • i 

· · · · � · - .. · � -- - ... · � - · -- ·  · · �  ... ! · · · · �  · · · � · · · · ! - ... · - � · · · - � - - - - : - - - · } - - - - � · - - - � 
t 0 0 I t t I 

t � ! I 0 ' 1 � I I I I • • • • : • • • • t • • • • r - • • • • • • • r • • • • t' • • • • , .. • • • , • • - • : • • • • f • • • • 

: 

• • • • 1 • • • • � • • • • 1 • • • • t ' 
2 4 6 8 1 0  1 2  1 4  1 6  1 8  20 22 24 2 6  28 3 0  

Time ( h )  

Figure' 4 Comparison o f  heating loads 

One external wall is entirely glazed and the opposite wall is a partition. 



Although the situation where a convective film coefficient should be used instead of the 
>mbined surface coefficient of heat transfer has been investigated so far, it must be noted that this 
not always the case and there arc several situations where the usual combined surface coefficient 

1ust be used. The following comments seem appropriate with regard to this point. 

Consider a room whose internal walls are all adiabatic. 1be external temperature is assumed 
igher than the room air temperature (cooling case). By exchanging radiation with exterior walls, 

1e adiabatic walls have a net radiation gain so that they will have a temperature above the room air 

:mperature, thus supporting convection to the room air from other than the exterior walls. Thus, 

1e "film" coefficient must be increased by some amount to account for this radiative effect 
epending on the relative size of the transmission walls and adiabatic walls.  In the case of a very 

nail transmitting wall area, the temperature increase of the internal walls is also very small thus 
:ading to the result that the internal wall temperature almost equals the room air temperature. 111e 
ppropriate radiant coefficient in this case is the standard one. 

· 

In the case of a multi-room space, it is not possible to obtain an exact heating load by using a 
llnvective film coefficient. Consider a partition wall that separates two symmetrical rooms. Here 

1e boundary condition at the center of the partition wall becomes adiabatic if the conditions of the 

djacent room are the same as the room of interest, which results to the infiniteness of equivalent 
icrmal resistance of the partition wal l .  Since U1e themrnl resistances of the other walls are usually 

;nite, the condition of unifonn resistance will not be satisfied . 

. C O N CLU S I ON S  

Th e  influence of radiation inter-reflection o n  
·
space heating and cooling load was investigated in 

1is paper. 111e conclusions of this paper are summarized as follows : 

1) Radiant heat transfer has no net effect on U1c space heating and cooling load if the thermal 
esistance of the enclosure is uniform. This means a convective film coefficient should be used 
•1stead of the combined surface coefficient of heat transfer for the calculation of the space heating 
Jad. 'This is valid even if the outside temperatures adjacent to the external walls are different from 
.tace to place and the emissivities of wall surfaces arc different from each other. 

2) 'Ibe possibil ity that the use of the conventional combined su rface coefficient of heat transfer 

aight give too large a value of heating load at steady state, up to 40 % ,  was shown by a simple 
heoretical analysis. Numerical examples showed that a space load enor of more ._1an 80 % might 

•e possible at the starting ti;ne of the air-conditioning if U1e conventional combined surface 
:oefficient of heat transfer is used. 
3) It has been stressed that the inter-reflection of radiant heat transfer is important and the thermal 
l!lalysis with a convective film coefficient is effective under certain circumstances. 
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T i n: I N F L m:Nn·. O F  A IH-S PA n': l'OS IT IO N  l l l'ON ROOl\I T E l'\ 1 P E H ATl !JU: 

C : . B ;1 1 tol i .  M. C i a m p i .  ( i.T uo 1 1 i  

Di1 1 .•1 1 1 i 1 1 1c 1 1 l o  d i  Fnc 1 gc1 i c � .  Un ivci s i f :i '  d i  l'isa. \'i:i Diot i�alvi 2.  5 n  1 2(1 l ' i .�:i ( 1 1 a ly )  
' I L' I  J Q  .. <; () .. .'j (i %  I 1 - Fa .x 3 9- 5 0 - 5 (JCl(1 (16  

t\bstrncl. ·1 1 tc  lhe1 11 1 a l  hehav iou 1 o f  a roo11 1  equ ipped wi t h d i lfo1 en1 t ypes of ve1 1 t i l;ited "' a l ls  
and subject t o  ext ernal lcn 1peral urc osci l la t ions is a n a lyzed . The 1 esults ohl a in ed c o 1 1 1i 1 11 1 tha t  l i te  
t ypes or vcnti la t cd w a l ls. found i n  a p revious sl u dy to be p 1 cJcrnhlc lh1111 the m1c1gy point  1 1 1 ' 
view u n der steady- sta te co11clitio11s. cxhihi t  acceptab le behaviour  also when sul'h  l c111pcra 1 1 1 n .: 
osci l lations a 1 e p resen l .  

I . lntroducl iou, 

Vent. i la l ed wa l ls lrnvc hcen recently a t t ract ing a good deal  o f n:�ea r ch a l k ntion beca use their 
po l cn t ia l  ap p lica t ions lo clima te control affect both 1hc ener gy sn v i 1 1g  aud co111fo11 o f  h1 1 il cl iugs 
I n  a 1 1othe1 papc1  p 1 escnled H l  t h i s  Co1 1g1 ess ( I ), I l ic  ;\u l hoi s i t:prn tcd lite 1 csults of a �tudy u1 1  
the ene1 gy belrnvior of a room equipped 1v i 1 h  ro1 1 1  d ifferent types of ventilated walls of eq t rn l 
ther 11 1al  rcsis la 1 1ce with thr ee ui ffe1 e11 1  vc1 1 1 i la 1 io1 1  sche1 11es. 
More precisely. the walls denominated as types I and 3 had a layer of insulating mater ial 
between the a ir spare mid the outer face, while in  walls 2 and 4 the same foyer w;is posit io11ed 
between the a i 1  space and the ext erna l  wall face. Moreover, in walls l and 2 the thicke1 b r ick 
laye1 ( Lhe1 efo 1 e  o r h igher t hc 1 1 1 1 a l  capacity) is included in the outer face, wh i le in types 3 and 4 it 
is in the inner one. Rcgm·di 1 1g the ventilation schemes of the interspace-to-room system, in case 
J\, a l l  t h e  a idlow i n l o  the intersp a ce, of thermal capacity c ( i .e .  the product of the  air mass llow 

by its sp eci fic heat), is collected ll om the outside and is used lo turnover the a ir  in the room: in 
i.: a se B i ! ie  tu 1 1 1ovc1 a i 1 ,  is i 1 1 t i otl11ced d i 1 eL:t ly i 1 1  the i oo1 1 1, l r ns  thc1 1 1 1al  !low Llt.:fo 1cd as g, a nd is 
l a t er used to venti late the wall at the moment of �iection; in  the limit case Y,  wall ven t i la t ion is 
effocted using a large a irflow that is indep endent of room-air turnover (c>>g) ;  fina lly. a lso the 

reference case R of a non-ventilated wal l  (though with the same thermal J 'esistance ) is 
considered. 
'Ilte energy analysis developed in ( 1 )  has suggested a good compromise t o  be the choice of wall 
2, with ventilation A during winter mid B during summer. This report deals v.ith ventilated-walls 
under conditions of periodic heat flow by analyzing the same structures vvith va rying external 
temperature, solar radiation and air-conditioning system power. Indeed, under non-st.cady-state 
conditions, the arrangement of air spaces i n  ventilated walls is determined,  n o t  only by th e ra t io 
z between the a ir-space-lo-outside thermal resistance and overa ll wa l l  thermal resistance. hut 
a lso by the distribution of thermal capacities within the wal l  (2,3 ) .  Furthermore, ult inrn te 
solution of the problem will depend on the thermal characteristics of structures within the r oom. 
Regarding the ana lysis, the opera tions followed to derive the nrnin relations used are outlined in 
the appendix ( 2 ). 



: ._S.t11-t�m(!.IH_!ll!<l.fillJ11�km.Q.f tl_1c prolilem 

In the case in whi ch ! h e rn i a l  stress is a pc1 imlic fi1 1 1ct io11  of t i 1 1 1c. wil h : 1 1 1 .��1 i la 1  fi cq 1 1 1:�1h: v  ( : •  
nd period x·�<11/2n_ i i  is a lso n ecessary to co11 si1\c1 the 1 nn1 1 1 's  i 1 1 t 1:rn:d :;! r 1 1 , 1 u 1 c  ( vc 1 ! il'al and 
101 i1:onta l p a rtit ion s), a s  i t has  a c o 1 1 side1 <1 h l c  i1 1 f luc11cc. C1 • 1 1 1p lcx 1 hcn1 1 a l  va 1 iat ion�·; T ol '  t h e  

00111 <; a n  arise fl om l en1p e 1 a t 1 1 1 c  oscil \ 11 1 i o 1 1 s  ol " t h 1: cxtcnrnl  a i r  in t he sh ade T, . .  osc i l l a t ions o r  
h e  ra cl in 1 io1 1 co1 11p o11c11t Cl>To) o f" thc  �ol--a i 1  c.'\f e1 n a l  tc 1 11pc1 a l 1 1 1 c. rn fhrn1 w�ci l la t ions  ol' t h c  
1ower Q, of the air-condit ioning system ( i.e. "cqui1 alcnl  1 c1 1 1pc ralu 1 e" <))'.. , ) . \�'c can t h1 1s  w1 i l e  
2): 

I )  li = L1 ·1 ;, f Li(- 1:. - · 1 ; ,) + L/)� R, 

vhich cau yield the frequency spectrum of the  roo m · ;;  thc1 1 1 1 11 1  i csponsc. Fq.(  I )  i.� a l inear  
i.mction completely characterized by the tlu cc parametc1 s L 1 . L2 ,  I . .  .• which a re di 1 1 1 1m.�in11 lcss. 
:omplex quanti ties with modulus of one or less. Then, \he �c1 u a l  t rend of t h e  inside l en1pcr  al 111 c 
1ersus time can be obtained by calculat ing the Fnuric1 a11t il r n 11sfo1 1 1 1  of Eq.( I ): 

I Ill 
.
,. ( ) 
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vith 111 indicating the maximum n umber of lr n 1 mo11k fimctions present in t h e  expa 1 1 �i o11s of  T11. 
l'c and Q,. For some hannonic components, the cocOicienls L; ( i 0� l ,2,3 ) depcud on the chosen 
:entilat ion scheme. as we l l as the elements of the t r n 11sfor matrices of the 1wo faces of 1 h e  
1enti la ted wal l  all(\ those of the elements transfer mat rices relative to l h c  st ructunil c:o 1 1 1pn1 1c11 1 s 
vettical mu\ horizon tal pa1titions) which make up the room inter ior. Regarding the v enti lrition 
;chemes R, A, B and Y; an expression for these coeOicien t s is presented in the append ix. 
)n the basis of Eq. ( 1 ), it seems that situations where coefficients L 1 and L2 are small in 
nodulus are preferable; in this way room te11 1pcrature is  less influenced by sudden cl i l l latic 
:hanges (variation s in T0 and/or Tc-Tn). On the other hand, large values of L, seem preferable, i11 
Hder to be able to "correct" room temperature vatiations with limited use of the cl imatc-conlrol 
;ystem. Eq.( I )  is a gen era lizat ion Eq .( I )  from ( I ), to which it reduces under stat io1 1ary 

;onditions  (m--+0); under such conditions, only temperature diOe1 e11ces must he present in  
C:q . ( I ), and so i t  mu st hold that  L, ,� 1 .  In the pa r t icular case in which a consta1 1 l  t empcr n lure is 
mposed with in the room (T;=O), Eq.( I )  takes the form: 

Q R  = - -
1
.: 1 T - �-•�- (T - T ) 

, 1 I. . ,  o Ll ' n ' 

..\''llicl1 quite similar to Eq . (  1 )  of ( I ), and depends only on r atios ( l . 1 /L. ) and ( f ,2/Li). Even more 
rn 1ti<;ularly, for a passive r oom (Q,=0), ( 3 ), without no air turnover ( g=O ), and a n on-vent i lated 
mll, we can write: L1=L2 (see Appendh); then, fi om Eq.( I ), we can deduce: T;�' L?Tc. 

3 . Numeri.fal  1:y_sul_ts. 
As a sample a ppl icat ion. we have considered a reference room of 3x4x4m, with a single 

�xternal wall of 3 x41112, and volume of 48m�. The ventilated external wall is the same that is 
�onsidered i11 ( I ), the inner strnctures a re made up of a pa 1tition of light 0.08 cm brick with 
:ilaster on both faces and by t ile-lintel floors 0 .20111 thick; the a ir in room has been represented 
by a p ure thermal capacity M (p er surface unit of external wall) assu med to be M=8.4 kJ/m2K. 
Hie geometric and thermo-physical characteristics of the materials have been repo1ted in Table I 
of ( I ). Regarding the thet mal conduct ivity and diffusivity of the t ile-l intel floor, we have 
assumed values of0.80W/mK and 3 6 Hr'' 1112/s, respectively. 
In contrast to the steady-state case, under osci llatory conditions, the reference case depends on 
wall type; so we actually should utilize four different reference cases, one for each wall type. 



Howeve1 , since wall types I and 2 and types 3 and 4 differ only in tlwt the pos i l ion of the 
insulating laye1 and interspace have been switched, and since these two layers are e�se11 t i a lly 

resistive, with a very good 11pproximotion we can state: I R=2R ancl 3 R  ... :::1I R. More suhstnnt ial  
differences exist between the first two types of walls ( I , 2 ), a s  well as between types ( 3 . 4 ), 
which differ in the placement of the 0.25m brick layer and the 0.08m light brick. 
Figu r e  I shows the cmve of I L1 I versus the period x (in hours) for all exami11ed cases, for an 

air-turnover rate of n=0. 5 .  ·n1e va lues of I L 1 I  for the reforence case ( R) and case B, for 

examined va lues of x. depend very litt le on wall type and are very close to each other. Thus. the 
grnph p resents cases R and B hy a single curve (bold). From figure I ,  i t  can be see11 that the 
values relative to case 2A (considered optimal for energy saving) result clearly lower 1 h a n  those 
of the reference case; thus insuring he.tter control of room le111pei atu1 e in response lo outside in-
shade temperature va r i ations during winter. From this point of view, during summer venti lation 
pa t tern B offers no great Rdvnntnge with respect to the reference case; it is evident that case 2Y 
yields values smaller ! L 1 I tha n  case R only during short periods (x<7.4 h). 

Figure 2 p lots IL2 I  as a function o f x, with n=0.5 ,  fo1 lhe vaiiuus cases examined: i t  should be 

rec?.!led tlrnt in case Y the L2 value is always zero and the i 11tenrn l t>.11virm11nent i s  completely 
dissociated from the effects of insolation. Now, consider the differences between the values of !L 2 ! for ventilation scheme A and those for the corresponding reference cases: these are a lways 

positive and generally iucn:ase with 1 i si11g x. instead, the !L2 I  for ventilation pattern B arc Hll 

inferior to those of the correspo11ding refer ence cases. Here again, the difference between case B 

and corresponding reference case increases, albeit slightly, as a direct fimction of x. 
With regard to variations in the intensity of solar radiation, we can confirm that dur ing summer 
(ventilation pattern B ), only a sma ll i 1 1 1p1  ovement is achieved with respect I n  1 he reference case, 
while a clear worsening, still relative lo the ref erence, is evident during the win ter (ventilation 
pattern A) but however, this  produces limited effects, because of the p o or insolation 
characterizing this season. As the air turnover rate increases, the trends of the cu1vcs 
n :p rese11talive of the various cases, do not change qualitatively. At constant x. the values of I L 1  I 
and ! L 2 I  for any given wall and ventilation type increase as a function of n .  As the air lumover 

rnte increases, so does the influence on the interior thermal behavior  of both the i11-slrnde 

temperature and insolation. [ l3[ is relati:iely indepencle.nl of w11 ll typt>. �nd �dnptecl ventilMion 

system, but depend considerably on the air turnover. Figure 3, presents I LJ l 11s a function of x, 
with n=O. 5 and n=2, practically equivalent in all the cases considered her e (case 1 Y presents 
higher values, but is of limited impottance here). As the air turnover rate increases, the value of 

i LJ f decreases. ·111e higher 11 is, the Jess sensitive is the room's thennal state to the action of the 
conditioning system; the difference between the L3 values for n=0.5 and n=2 increases, though 
only slightly, as a function ofx. 
F igures 4 and 5 p lot the phase trend (in degrees) respectively for factor L 1 and L1 as n fw1ctio11 

of period x (in hours) relative to wall type 2, with n=0.5 .  Regarding figure 4, it is evide11t that 
the phase trend of L1 , in rel11tio11 to configurations A mul Y i e111ains i 1 1 fe1 iu1 Lu those uf lhe 
r eference case R, whi le the phase for configuration H practically coincides with that of case R. 
The Li phase trend (Fig.5 )  is quite different (configuration Y has been excluded, because l..2""0) :  
here the discontinuity in the curves i s  only apparent because of the effects of perioclicity. The Li 
phase of configuration A results greater tha11 that of the reference case, a 1 1d  the difference 
between the two phases, although pa1ticularly notable due to the high-order lrnrmonics, rema ins 



e1 1s 1 l ivc I <• t h e  li1 1 1 d a n 1e11 1 a l l 1 ;1 1 1 1 10 1 1 ic case ( x- - l,I ho1 1 1 s ). h11 C:\:1 1 1 1p lc. f i 1 1  t he  c a se 0 1 · 1. 2,l 
101 1 r s  a 11d i n  l h <'  1 efc1 c11ce ca se. 1 h c 1 c is  a 1 i 1 1 1c delay o r a b n u l  8 h o1 1 1 s. 1'> h i lc 1\11 c 1 1 1 1 fig1 1 1 a < ion t\ 
h is  delay is about 1 0 hou rs. Such hehal' ior 1 1 1 1 1st he cons id er ed p o si t ive. hcca 1 1 se i t  tends  l o  �h i !.1 
he t emper n t m e  peaks cm1sed hy 1·a 1 i a t ions in insol a 1 i 1 1 1 1  t o wa rd s t h e  11 ig.htt i 111c . ..  1 11c 1 1  co 1 1 1fo 1 1  
eq11 irc11 1en l s  a 1  e 111ino1  _ 

;in ally, it is not c-1-vo 1 t hy  ! h at.  f\,1 coeflicie1 1 1  L�. as we ll_ I l ic  ph:isc 1 cla t i1 c l o  con figu 1 a \ i(l l l  B is 
·e1 y close to  the rercrenee case. The curves p lot t ed in  t h L'. 1n e1·ious fig1 1 1 cs do un i  d1ang<: 
1ua litati1 ely wit h  increases in the  :t i r  t u m over \\·h � t  can be seen is l h a l  pha�;cs L 1 and  L:! in._�1 ea�e 

• ppreciahly with in c.;re;i sing 1 1 ,  frll ;1 1 1y  gi1 ·c1 1  x a n d  con llg1 1rnl io11 . Th e g.1 c a l c 1  is t h e  a i 1  t u 1 novc1 . 
he g1 ca ter a lso is t h e  t i me uccdcd for v<1 r i a t in11s in l h e  in-shml c  11 ir  tc1 1 1pe1 a l 11 1 e  ri n d  i 1 1sol<1 l io11 l o  
nakc t hc1 1 1sell-cs frlt wit h i n  I he roo 1 1 1 .  T he I . , plrnsc does  not depend very 1 1 1ud1 t>n ve1 1 t i l ;1 1 i011 
1 at le1 11 �nd p r ac.;tica l ly  coin cides 1vi lh  ph:1sc L, 1 ci<1li\'c l o  t h e  reforcncc case. l'hasc I . , inc1 c<1 st�s 
vith  i11creasi11g "11" .  1 e<h1c.; i 1 1g t he 111 0111pt11css the cClnd i lon ing sysl e111's ellh·ts. 

I .  Conclusion . 
The l in ear stru ct u re or 1 h e  p1 ohle1 1 1  is such l lwl .  fo1 any given i::onligurat ion.  room Lhc1 111al 

'lll ia l i01 1 s  t u rn  o u t  l o  b e  l i 1 1c� 1  t'.ornhinal ions. s 1 1 i lah ly weigh i cd h y  complex coeflicien ls ,  or t h e  
·xtcnr n l  a i r  t empcr n turc in l hc shade ( cnefTicicnt L 1 ). L h e  i11sola 1 ion ( coctlicient L2) a n d  the 
1owcr o f' lh e  condit ioning sys1 c1 1 1  ( c.;ocflic icnt Li ). sef� r elat ion Eq ( I ) . Fu1 conl rol or the  in ter ior  
e1 1 1pcrnl ure. s i tuations arc dcsir nh le  in  which cocflkients  1 . 1 mid L2 a rc "smal l"  i 1 1  modulus. but  
vilh a "considerable" phase in 0 1de1 t o  l imi t  :1 1 1 d  d elay l h e  i 1 1 flt1 Cl1CC o r  clima t ic changes Oil l h e  
lllerior  ( l clllper n l t l l C  or exle1 1 111 I  H i l  i l l  (] Jc sh ade a 1 1d  i 1 1so la l io 1 1  clfocl s ). 01 1  t h e  Othc 1  hand .  
ocllicienl L, should he "high''  in modulus. but  "s1 1ui l l " '  in  phase, in  n 1 der  l o 1 c1 1de 1  the  a ct ion o r  
he condit io1 1 i 1 1g system 1 11 0 1 e eflccf i\·e a11d pi  01 1 1p1 .  The a11alysis pet rmmcd 1 even ls  t h e  
i·equeucy spect n11 1 1 o !' t h c 11 1odul i  anc l  phases o f l h e  aho\ e-men l ioncd c.;ocllicic.;11 1 �  re�rn rding t h e  
i i ur  types o f  walls co 11si d e1 cd a n d  t he 1110 1 ·� s1 1 i 1 n l i l e  ,·e11 1 iht io11 scht"llC' for s1 1 1 1mH:1· a n d  

vi11 1 e 1 .  I n  p a rticu lar. 1 eganl ing wa ll  t y p e  2.  cnnside r ed op t i 1 1r n l tvi l h  1 c<;pccf to c 1w1gy s a 1  i n g  
I ). w e  h a v e  observed lhe fulknving:  t h at cocflkieut ! ., is  prnct ica lly the sa 1 1 1c  as  t h a l  u f  ! h e 
i;:IC1 c11cc c a se when consideri 1 1g the s1 1 1 1 1 1 1 1er and vent i l a t ion  p a l l c 1 11 B :  t h at for 1·c11 t i l a 1 io 1 1  

•a l lern Y, the  va lues of i i) arc lower t h a n  the refe1 rnl·1; case \\ hen c01 1s idc1 i 1 1 �! Sl•kly 

osci l la t ion n f sho1 t pc1 iod, while lhc i l s  ph ase t 11 1 1 1s 01 1t  1 10 1  1 1 1 1 1 l'h i n fr1 io1  10 the 1 c k1 e1 1u: c a s e :  
hat in wint er wit h  ( vent i la 1 i n1 1  p a l l c m  1\ ). wa l l  t � pc 2 is prelC1 :1ble l o  the rdi? 1 e1 1 l:c c a s '� " i l h  

especl t o  liol h  : l. 1 : and p h a se L . � :  t h a t  et ic0icie1 1t L ,  i s  qu i l •.� i 1 1depc1 1dr:11 1 o r  \ \ : i l l  lYp.:: : 1 1 1d  

·c11 1 i l a tio11 sch e11 1e for :i l l  t h e  cases e:-::m 1 i 11cd. 
' 'lnts. we can conclude  t ha l  w;i l l  type ;� . aside l i o1 1 1  being opt i 111:! 1 \\ ith rcspccl l o  <:·111:1g.y 
·01 1s1 1 11 1pt ion.  a lso d e11111 11 sl rn l es hehavit>1 , which t h o1 1g_h 1101 sa l i sfy i 1 1g all 1 eq 1 1 i 1 <: 1 11cn 1 �  1 ( 1 1 
nollulus a 1 1 cl coellicil'lll L, ph :ise. is ove 1 a l l  q 1 1 i le  acccp r a l> le for 1 he \'a 1 i l11 1s exa1 1 1 im:d 1T11 l i la 1 in1 1  
1 atterns under pe1 iodic hea l flow. 

i.\tu!�nili�-
We would l ike provide a brief 01 1 t l i 1 1e  of t h e  calculat ion or coellicien l s  L; ( i 1 , 2 .3 ). defined 

111plicilly in Eq.( 1 ) . llirough th is  appendix a l l  q u n n l i t ies a r e  1 el at ivc l o  one unit  or external wa l l  
u 1  face. I .et the 2x2 matrices with elements E 1 ,  F 1 ,  G 1 . 1 1 1 a n d  E2. F2. Ci". I Ii b e  Lhe t r a n sfer 
natrix belonging respectively to the external  a 1 1d  inlenrn l wall faces. Each or t hese matrices wil l  
•e calcn lated as th e ordinate product o r  t he  t ia n srer mall ix of the singlc- layc 1 s  ma king up the  
ace in question. Th e Iii S (  and last o r  these l ayers \'\,' i l l  he considered a p urely r esistive type 
epr esenting the t he1 1 1 1al ho1nul a 1y resist a nce ( 2. 4 ). In the following we 1 1sc t h e  dc fiu it ions: 

N� hFi 1 1 - , 1 1 1 , a-N( cl.- 1 F2) 1 , i1�( l -e-0 )/cr. 
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'r11e intenrnl pmt of th e room is formed by P structural elements (ve1tical and horizontal 
partitions). In many cases, the a given inner wall of area Su is symmetrical and separates spaces 
having the same temperature. In these cases, the surface p a ssing through the middle of the wall 
can be considered to be a diabatic; thus only the half-wall facing the room results important for 
the thermal problem of room itself So, if we define as g0 and h,, the third and the fourth elements 
of the transfer matrix relative to the n11' imrer half-wall, and we represent the air and objects in 
room as a pure ly thermal cflpacity M, the in lluence of the room's internal strncture is explained 
hy elements of type (2,4 ): 

A n = jcoM + 2: �::· v ,, 

where the summation must be extended to all interna l p stmctures and v,, represents the ratio 
between the surfaces of the 111 11 sl 1 uclur e and the exle1 11a l wall. Rega1tling the venti lation pa1lerns 
examined in the work ( R, A, 13,Y), let  us consider the following relations (2): 

R: 

A: 

l ( F, ) I ( I ) I 
A = g + F H 1 - -N + A 11 • L 1 = ""j\ g + N • L 2 = AN 

2 

t r  F l A = g + ::- I H 2 + �� ( 11 - I) - 11 + A n r2 L 1'1 J 

L , = -� [g + �l�ll._�_!'2_::-N) + I --_ 11 l L2 = _!_kl + -�-� l A i-1 F2 N j A L  J·, N j 
I [ F1 ] I ( I - ll) I - 11 B: A = g + r� 1-1 2 + N < 11 - 1) - 11 + An .  L 1  = x g + N-- , L2 = AN 

\': A = g + � + A n . L, = -!-(g + _!_) ; L2 = 0 ; L, = -1 -F2 A F2 AR 1 

I 1 ·i = AR,  

I L , = -AR,-

L� 
= A R ,  

The stationary case can b e  obtained from the previous relations a s  the limit case fo r  m�O. th at 
is, the limit for low frequen cies. I t can he clearly seen that 

and therefore 
N � R1. Ao � 0, a �  LcR17{ l -z)] " 1  

E , =H,= I , F, =7.R,, G 1 = 0, E2=H2= 1 ,  F2=( 1 -z)Rt. G2=0 
and, fin ally, through the e;>qJression for L; shown above;· we can easi ly obtain the l imit-c�se 
exvression of A.; = L; (rn�O), which obviously corresponds to those used in ( I ). 
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VENT I LATt: D  WA LLS: A I ll-S PA CE POS ITIONING 
A N I> EN EH.G \' l'ISH FO H.M ANCE 

<.: .  Ba l lol i . M. C ian1pi.  G. Tuo n i  

Dip a r1 i 111e11to d i  Enc1 ge l ica .  l J nivcr·si ! a '  d i  Pisa, v i n  l >iolisalvi 2, 56 1 26 Pisa ( l la ly) 
Tel 3 9- 50- 5 6% 1 1  - fax 39-50-56%6Ci 

1\b�tra_1,;I :  Th e energy behavior  or walls  having a w1 1 t i l a t cd a i r  spm:e is a1 1a ly1.ed. V a rying. wall  
types and i 1 11er space a r fa l ll;!ell lent s a rc cn1 1side1 ed with the a im clcl c r mi11i 1 1g t h e  co11fig:1 1rnt io11 s 
hesl-s1 1 it.ctl to the winter a 1 1 d  s1 1 1 1 1 1 11er seaS('llS. 

l .  l 1 1 ll od11c1io11 
Ve11 t i la tccl w:i l b  ( d ouli lc nrnso n r y \\·a l ls  whose i r 1 1 c1 space allows :i i r llow) wer e i n i t i a l ly 

de�igncd to le� h u n1 idi t :\-· dui in  !h11n t l :c inlcr·�p;:c:c. La1 er. 1 csn!ving p n�h!e!ns ! i11 kcd !n nir-
cond i t  inning a rHl  e11er gy saviup, hcca111e I.h e  1 1 rn i1 1  goal of reseal eh ( 1 - c; ) . ;\ r ecent st 11dy ( 1 ) , 
ana lyzed the ener gy cllkic1 1cy or cli l f o r c n t  co11lig:ur at in11s o l  vc11 t i l a ted wal ls  1 1 1 1 rlc1  st eady-sl ate co11 d i 1 io 1 1s ( i1 1 c lud i 1 1g  t he c a "e of a 1 n1 1 1 sp a r c11t cxl (�rnal  firce exp osed to snr i l igh l )  a 1 1 cl a 1 1 ivcd H l  
t h 1 e t' p a r l irn l a rfv e!licic1 1 f  S)'!;f C lll.<; o r i n t c1 �p � t.:C-l o - r oo11t  a i r  cirrn la t i oll . 
I he p r c.<;c111 1�01 k e:-:a 1 t 1 i 1 1r� t h e  en ergy e .xpcn d it u r e  for cl ima t e  co1 1 l ro l  for t h e  said t h1 ce 

co1 1 1 i g1 1 1 a l i 11 1 1 s. ;is 1, e l l  ; is  .li.1 1 a l l  po,-,ifi li: n 1 1 n r 1g,c1 1 1e1 1 t s  of t h e  a i t  sp aces. ;\Jt ho 1 r g.h t h e  
n r r :1 11gc11 1e1 1 t  1 1 1 i 1 1 i 1 t 1 i1.i1 1g c 1 1c 1gv 1 :1 r ies. p a 1 1 ic11 la 1 ly a ccor d ing t o  t h e  01 1 ts idc t c1 1 1pe1 a 1 u 1 c a n d  
dq1.1 ec o f' ir1su la t i 1rn,  i 1  is 1 1c 1•c1 t l i d cs:' p nssiblc I • >  find di flcrc11t c.onlig1 1 1 a l i n1 1s bcsl-sui l cd t n  t h e  
1 1  inter  a 1 1 d  s1 1 11 1 1 1 1cr sea sons. 

2. Statcr111:::n t  _and so_lulion 1 Jfthc p 1 ohlen1 .  
I f " 1·, , i s  the ext ernal  a ir 1 crnp e 1 a w 1 c  in the shade, T; t i re  1 001n lc111pc r a l u 1 c  a n d  T,. t ht' 11 e l l 

lrn ow11 sol - a i r  t e1 1 1pc1 ature rl cllnec! a s :  
re = To +  al  ( Y  0 

wh er e 11 is 1 h c  w a l l ' s  so lar·· i a d i n t in1 1  alJso r p t io11 eodlicicn t ,  I l ite  r a d i a t ion i11 t c 1 1 sily, :i 1 1d u, 1 h c  
external bo111 1 d a r y  s1 1 r fa ee h e a l  1 1  a n stc:r c 1 1c l licic1 1 1 .  T h e  over s! r ick en q1 1 :1 n l  i t  ic,. dcnut c average 
values over t i 1 1 tc  ( e.g. a ver irg.c rnnnthly values). 
F11 rlherrtH, 1 c. let It ,, a n d  R; be the lhcr mnl r csista!lce bet ween t h e� i 1 1 te 1 sp:1c:c ; 1 1 1d  t i l l� c·d crn:i l : 1 1 1d  
i n te r n a l  air .  respect ively. n n d  lt, - R,. 1 ]{ ; t he  wal l 's  o\-c r a l l  1 hc 1 11 ta l  rcsisi a f lt:c. I J 1  t h e  stead) st a l e. 
the  inte r  space posit i o n ing. w i 1 l i i 1 1  l he \v : i l l  is d ct c 1 1 1 1 i 1 1 cd hy t h e  d i mc11sio 1 1 ic's p a r a 1 1 1 c l e r  .,,, gJlt 1  
t ha t  l cp r csenl s the 01 1 l11 :1 l d  C 'r a c l ion o f t hcrnrnl r cs i<;l a 1 1ce :  oh\' inusly OS � <: 1  
The stcacly-stal c p r 11b k 11 1  h a ." hccn st u d i ed a n d  t he thcnnal  p owc1 (),, nen�ssa 1 y  f i , I '  1 00 1 1 1  
<.:oncl i t in ! l ing c n ku lakd ro1 a l l  p n :;�;ih le r o 11 111-in1 t� r �:p �1r:c a i 1  1 : irl'11 l :t t i o 11 r.d1c1 lJf.'S ( I )  l f' \.\ C 1 1c 11kd 
the co1 1 t 1 i lrn l io1 1  n f' irracl i a t io r 1  i n side  t he i n l r:.'r >pacc, the re:�1 r 1 1 s  oht :1 incd hy t h e  p 1 c\' io 1 1 s  1 1 11 t h 1 1 r :; 
11wy he s1m111tar i1.ed ( IVil h mocl i l icatio1rs i11 1 1ot a l i11 1 1) hy t he rch1l i<1 1 1 :  

( I ) (j, R 1 = ·:, 
J 

( Ti ... T., ) -- �cl ( (. 
-- 1'11 ) 

1\...1 - \ 

\\'he1 e cocllicien t s  A, mid /,1 d epend 011  the vent i l a t ion sl" i 1c 1 1 1 c  a 1 1d t h e  p1 opcr l ics 1 1 1  t h e� 
vc11Li latcd wall  t hrough l h c  q u antit ies: 

:)2fl 



z, y � gR;. a0 = 1 ::( 1 - - ::h' .  1 1 = ( l -- e - "• ) / u1 1  
111 which g is the the1 mnl  ai rllnw into the roo 1 11. l lc1 c, insl cad of g \'e wi l l  1,flcn 111 i li7.c the  
mmber n =  g/Vc', exp ress ing l he  room air  ltn n over, where V is the 1 00111  vo lu n 1e a n d  c '  the  
;peci fic heat of a ir per unil  volume. f ler c:1 llcr. \�c refer lo ther mal flow as the p ro d u ct o f' air  
mass flow by its specific h ea l . For our p u 1 poscs, i t  is  alsn user11l lo  in l roduce the sp ecific t h ermal 
1·cq1 1 i r c111ent : 

FTS =-" =Q, I� 
T - T ' " 

:iccause we compare diffc1 ent walls wi t h ihe same ove1 al l  resist:1 1 1 ce and co1 1 1lgu rn t ions in which 

i l l  inwa i d flow is new turnover a i r. We int r oduce t h e  cnvir011mc11t p a ramet er � defined as: 
1" - T  

E, -= T� - -'j ·
" 

' II 
wh ich expresses the rel at ionship hetwccn insulat ion effects and t h e  inside-to-outside the1 11rnl 

grad ient ( in the absence of i 1 1sola1 io11 T, l'11 and ��· O )  I 1 ]. ·11111s, Eq . (  I )  may be written as : 

: 2 ) FTS = - I A.2 . E, 
A.J /,, . 

So the speci fic thennal rcq11 i r e 1 1 1e1 1t  FTS is a fonclion ofrnt ios 1/A., and A., /A., and ofthe inside 

1 1 1d  out side 1 he1 11rnl  fields lhrough the env i ron men t p a rameter � 
I\ c1 i 1 ica l  p a 1 : 1 1 11c1 e1 considered in the following ana lyses i� cal led the  perfo1 nrnncc parn mel er S. 
:lcfined as: 

1) - - <)" s = 111 " 

0,;1 
1vhcr c l),;1 is t h e  th e 1 1 1rn l p nwc1 need ed for 1 00111  condit ioning withonl a venl i l a !ed i 1Jl c1 spa<.:1!. 
:hough \-Vit h  lhc sa11 1e heal trn1 1 sfcr cocllicicnl s. In \vh a l  fo l lows. th is  case ". i l l  he adnplcd as a 
1·efore11ce model a n d  sh a l l  he denoted by R. Obviously. i l' vve compa r e  \\ a l l s  hav ing  equa l  O\"C1 a l l  
resist ance. p a rn metcr S 1rn1�1 a lsn he defo 1cd i n  t erms n f' spccit ic l henrnd 1 eq 1 1 ire111e11ts_ 

: i 1 g 
I 
' 

A l 

i c  _ __ __ ,. 

: r I 

13 

c l 
+- ..!--: g, 

F ig. I .  Ve111  i la 1 ion p:1t le1 11s 

. I . I • ' ·-··- i• 

y 

l '  ---�-� 

I c-

1 :o r  cm1vc1 1 ic 1 1ce_ by winter scaso11 we r efer t o  the p eriod of '  1hc yea r  d11 1  ing which 'I 11-S T.. 
-:, l"; ( lk'.:.-- I ). wh i le  s111111 1 1er is dc!incd by l'; · · 1 ·1 1 ,- 1 ·., (/;· 0 ) . I .luring winter, a l or very near  

1 1 1 i 1ld ay thl'- snn -a ir tc111pc1 a t 11 1 e  for so 1 1 f h e1 11 wa lls may reach peak values higher lh :111  l h c  1 110 1 1 1  
:e 1 1 1perntu 1 e. M o reover. in general the  avcrnge sun- ai 1  tempe1 ntu1 e va lue  11 ss111 es that  p:1 1 a11 1cl e1 

; is less than unity. t\s the 1111 11lysis developed in ( I )  demonstrates. \'Cllti lation p a U crns A nml B 
1 1 111 borderl ine c�se Y a 1 c  very i mpo r t a n t ( sec Fig I ). Jn case 1\ 1ve consiclt'r a l lowing a l l  the 

i n t crfo cc a i r, t a kc11 fr om t h e  o u l si d c  n t  te1 11pc1 :1t 11 1 c  7i·0. l o  entc1  into t h e  1 00 111 at 1 hcrma l l low c 
as a i r  t 1 1 1 11ovcr ( c " g ). In case n. n i l  the  sl a le  a i 1  fi o n 1  the room al tempc1 a t u 1 e  T; is ejected lo ! h e  



interspace ( c•g). At times it may he usefiil lo �ject to the outside a l l  the air allowe.d lo flowed 
into air sp ace; if the interspace a idlmv is very h igh ( c>>g), borderline case Y r esults. in which 
1 00111 ' s thermal behavior is independent of insolation. ror such ventiln tio11 111odels. we hnve: 

H. 

A: 

( 3 )  

n 

V: 

I 

"1 = A, 
= 

T+-y- . 

I + ( 11 I z) - 1 1  I A, = -··- ---··-- . A, = - ---- -· 

I +  y - 1 1  I +  y - 11 

I - 11 __ 

)'?. 
= 

;:-,. y - 11 

"" = 0 .  

l . A., = T+-y·=·�;- . 
I - z A = -·· ------------. 

.i l + y ( l - z) 
3. N u111erica l results. 

FTS = I + y  - � 

FTS = I + y - 11 - ( 1 + !L 11) � 
z 

FTS = l + y - 11 - ( 1  - q)� 

I FTS = ---- - + y 
1 - z  

We consider the very common case where the outer wall is  made up of' three lnyers ot 
d i lfor enl materials: the first biick ( L), the second light b1ick (Lg), the third in ther mal insulation 
( I s) ;  aucl the i11ner wall has two layers o f  plaster ( In ). The thenno-physical and geometric 
clrnrncteristics of the materials are repo1ted in Table I ( d thickeness of layers, k thcr111al 
conducl ivity and 0 thermal d iffosivity). 'f11e assumed refe:·ence values for the intenrnl  and 
external houndary surface coefficients of heat transfer are 7 .  7 and 25 W/m2K respect ivelv. nnd 
tlrn t  for the spec.i fic tlu�rmal re.�istanc.e nf  the inl erspace 0.  1 .1 m 1 K/W. We hnve consid�red a 
reference room o f 3 x4x4m with a single outer wall of 3x4 m2 and volume of 48 111' . 

Tab . I  
Ma terial d (cm) k (W/mK) 13 106 ( n/is) 
Bricks (L) 25 0 .45 0 . 5 0  
Light bricks ( Lg) 8 0 .35  0. 5 8  
Thermal insulation ( ls )  5 0.054 2 . 8  
Plaster (In) I 0 . 70 0 .44 

The outer wall can assume four configurations depending on the or der of the layers, \vi lh the 
constraint that the interspa ce (J) and insulation layers must be between the two brick layers. Tiie 
arrangements are shown in figure 2 and numbered from I to 4 ( insulation is represented by the 
shaded area, plaster layers are not drawn for cla1ity). M ore p recisely, the layering for the 
different wall models arc the following: In-L-ls-J-Lg-In, type 1 ;  In-L-J-ls-Lg-Iu, typt:: 2 ;  ln-Lg
ls-.1-L- In, type 3 ;  ln-Lg-J-Is-L-In, type 4.  Hereafter, for each wnll type we will consider the 
three ventilation patterns specified above plus the reference one; thus yielding n total of 1 6  
cases, each of which will b e  denoted by a number, indicating the outer wall typt::, and a lt::llt:: 1 (A, 
B, Y, R), for the ventilation pattern (e.g., IA denotes the case of outer wall type I from figure 2 
and ventilation pattern A). Under steady-state conditions we obviously have only one reference 
case ( cases N R  with N= l.. .. 4 are all equivalent) which will be indicated simply as R. 
Figure 3 reports the FTS trend as a function of the environment p arameter � for diITerent 
possible cases and w=0 . 5 .  Figure '1 illustrates an enlarged detail of figure 3 :  E indicates the 



1tersectio11 point of the straight lines corresponding to cases 4/\ and 2A; F the intersection of 
ases 3B and 4Y, and G the intersection of cases 2/\ ;rncl 3A. The graph shows tha t ,  with the 
xception of ventilation pattern Y, during winter ( O'.S�s I )  the ventilated wall is always preferable 
ver the nm1-ventilated one ( case R); while cllll ing summer (�< I )  ventilation pattern B is always 
iore suitable. Ventilat ion pa tterns /\ and Y, on the  other ha1 1d, may result superior for only a 
arrow range of values of� .  More p r ecisely, during the winter. for 0 s � s �n (�n = 0.03 50), the 
1ost suit able ar rnngement is 3/\.  while for �, ; :s; � :s; �F (�1' = 0.276) it  would be 2A. and fo r � >  
" it is 4A 

I 

I� 

�' l 
( I) 

uring the summer, for � > �F (�1· = -0. 795 ) the most advantageous arrangement is 3B,  whereas 

<f � < �F it is 4Y. 
the air turnover rate increases, the linear trends of the various cases do not change 

1a litalively. l f n  i11cre<1scs, the abscissas o f  points F, G ancl E decrease; in par1icular, for 11�-2. �1• 

-3 , 20, �G 0� 0 . 0 1 22 , �I ' co 0.08 1 J ;  that is t O  Say, as a ir turnover increases. SO does the l'ange o J'  � 
dues for which the case 4/\ yields better results during summer and case 3B is pr eferable i u  
inter. 

11ally, it c;rn be seen that Lhc value of specific therm:il 1 equirement, FTS, concerning cases 4A 
1d 2/\ ( for � >�i:). t hose relati 11g t o  cas�s 2A and 3/\ (O<s<siJ, :is well as, for s<O, cases 3 B  
1 d  2B a n d  2Yand 4 Y ,  a 1 e  very si 1 1 1 i la1 ; al l this lead the conclusion that i n  practice the best wall 
type 2 with ventilation pattern /\ in winter and vc11tilatio11 pattern B or Y (for h igh insolation 
ilues) during summe1·. 
gure 5 illustr ates for wall type 2 alone  the performance parameter S as a function of �' for 
=0. 5  and n=2; it can be seen that  with n�0.5  the curves for vent ilation patterns B and Y 
ter sect at �=�0 =- 1 . 1 8 (for n=2 the intersection would he occur at �=!; 1=-3.98). The graph 
veals that dming winter, with ventilation pattern A, parameter S increases as !; increases, and 
at for any given value of �. i t  decreases with increasing r i .  For n=0.5,  parameter S varies from 
minimum value of roughly 1 3 % at �=O (no i nsolation), to a maximum of over 60%, for 1;= I .  
hich conesponds to insolation: I=a.( l'; - T0)/a . In summer, for n=0.5 ,  the most appropriate 
:ntilation pattern would be B, if �0:-:;�:so. while if �<�0, it would be Y. Parameter S increases 
1ickly as � decreases, and at �=O reaches a min inmm. equal to about 1 3%. For n=2, except for 
:ry high insolation values ( l>a. ( l';- l'c) � 1/a), the most favorable pattern is B; again, 
1r nmeter S increases as � decreases and reaches a millimum of 1 0% at �=O. 

'i.1 1 



I <. 011clusio 1 1s  
"J11e pract ical c a se c:-;a11 1incd i 1 1  t h is paper illustrates the desiµn c1 i lc1 io11 for t h e  ainrnµ.cmen1 

( Ir \'Cllt ilat.eli air spnce den l l  \\'i lh extensively in ( I ). Four different types or wa lls \\'CI C sl 1 1d ied.  
al l  with t h e  sarne t hermal rcsist a n (;e but cli!Tering values of p a rn melcr 7... Clea rly, 11 01 11 the 
p r actical point ufvicw. the  'vit l l  typc 11111sl be fixed once and for a ll .  \\ h i le the ven1 ila t ion pal l crn 
may be varied a ccorcl i1 1g  to the clima t ic conditions (winter/ s11 111111er). The simpli!ications 
adopted ;i l lows the a1 rn lysis lo be per formed through �implc r elnt io1 1s  leading lo easily-read 
graph ica l 1 epresenta l ions. In p a 11ic1 1 lnr, of the wal ls studied. the best co11 l ig1 1 r a l io11 resu l t s to be 
second, because it assur es a suitahlc :11rn11ge111cnt both in sununer, when vent i lat ion B ( or Y for 
h igh inso lat ion )  is p 1 eferahlc, and in winter. when ven t i la t ion A is p r cfi.:.rn h lc. Lncrgy savings 
m er comp nm hie 11011-ventil:il cd walls are, in t h C'  worsl-c;1se scena rio of no insulation at a ll ,  
_g 1ca lc1 1ha 11 1 0�/o. and  could easily atta in va lues  ove1 20-30% for any r caso1 1ablc level of 
in solat ion. 
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A SIMPLE COMPUTER CODE FOR ESTIMATING ENERGY LOAD IN 
BUILDINGS AS RESULT OF MECHANICAL VENTILATION 

Abstract 

S. Vitale 
ENEL S.p.A.  - CRAM, Via Volta 1 ,  20093 Cologno Monzese (Milan), Italy 

E-mai l :  vitale@cram. enel.it 

Mechanical ventilation i n  build ings requires appropriate systems for heating and cooli11g. The 
osts of energy demand repr(>.�ent fl high percentage of the global costs for climntisation. As a. 

part of a project concer ning these subjects the development of a computer code for 
evaluating energy load due to mechani 11 vent ilalion in buildings is in progress. 
The mathematical model is based on � .1plified equat kms to fit dynamically the psychometric 
curves. l nlet <1ir flow rates are evaluated accord ing to the more recent 1 Lalian regu lations. 
Ener·gy amounts are calculated at hot ·rly t ime-step taking into account time dependent 
operating cond itions chosen by users such 11s· set-point temperatures, relative humidity, 
ventilation rntes, use and occupancy of the rooms, scheduled time of operat ion. Meleo test 
eforcncc yonrs for the main I talian sllci; iu c used us default hourly cl imatic data. 

1 .  In troduction 
Within the frame of 11 rn�e:m;.h programme co-ordinnted by ENEL S pn on nir quality in non
industrial bui ldings, i t  was necessary to use an instrument for a quick estimation of thermal 
)<)ads due to external air ch11nges as n fimction of the expected climntc t rend. the choices 
made for nmn i ng tJ1e systems, and the use of rooms. Literature already i ncludes many 
softwares developed for this purpose. but t heir use is not a lways simple for 11011-experl users 
and the references to national regulations are not always up-dated. Jn order to have a product 

')mply ing with our requirements, we are developing the "VELA" (Ventilation Lo;id 
. \Jlalysis) code. Reference norms are the Italian ones and in particu lar refs. ( I ). (2), (3). 

2. Th_e mathematical model 
I n  its present version, t'he  code allows to dynamically estimate, with an hourly calculat ion 
cycle, the energy requirement arising from the treatment (heating/cooling ru1cl at the same 
time humidification/de-humicl;fication) of external air by a central system, without taking into 
account thermal dispersal. F<. the calculation of humid air mass-en I halpy .I (J/kg) of the dry 
air/steam mix, l he fornmlal i1J11 reported in ref. (4) was chosen, obt ained by assuming, :is is 
conunonly done, that the value of air enthalpy flt 0°C and I 0 1 .325* I 03 Pa pressure, is equal 
LO zero: 

.I = cp, * T + 2490. 7 * 1 03 * X + cpv * T * X 

wherein: 
x 
cp,, CPv 
T 

= air water content (kg/kg) 
= specific air and water heat (J/kg K) 
= air temperature (°C) 

( 1 )  



For air water content, the following equation may be adopted which, during the concerned 
interval, approaches the values that can be obtained from the psychometric curves, ref (5), 
having fixed temperature a• .1midity values: 

X = lJ * 3 59 * 1 0"3 * exp(0 .0684 * T) I 1 00 (2) 

wherein U is the relative humidity. 
Considering the subscripts i ,  e and r referred to internal, extermil and recirculating air 
respectively, the thermal load E (J) for the �imulation period is determined as 

E = fMi ' Ji - Me •  Je - Mr • Jr)dt (3) 

Heating and humidification during winter and cooling and de-humidification during summer 
are the only air treatments taken into account. 
The mass of inter nal air M, (kg/s) treated during the time unit is  expressed as 

M; = p * Qo 

p = air density (kglm') 
Q0 = air flow to be treated during the time unit (m3/s) 

(4) 

In the field of air condi t ioning both air and steam may be considered as perfect gases and 
therefore for dry air, one obtains 

p = 1 0333  I ( 29.27 * (T + 273 . 1 5) ) 

The air flow Qo to be heated or cooled is calculated as follows: 

Qo = C1  * Q0p * N 

wherein 
C1 = altitude correction coefficient 
Q0p = specific air flow per person (m3/s) 
N = reference crowding for design purposes 

The correction coefficient c1 is  obtained by linear interpolation of the values of Table ( l) 

Table I .  Values of altitude correction coefficient 
Altitude a .s . l .  (m) c1 coefficient 

0 1 . 00 
500 1 .06 
1 000 1 . 1 2  
1 500 I .  1 8  
2000 1 . 25 

(5) 

(6) 

Lacking certain data on the N number of people permanently present in rooms, the following 
relation may be used : 

�-'r; 



N == N, *' S 

N, = crowding index per su1 face unit  ( l /m2) 
S = useful floor surface (1112) 

(7) 

The surface S is estimated considering a conventional occupied volume V (m3) as a room 
portion defined by the following surfaces: 
- floor; 
- a horizontal surface placed al a height of l .80 m above the floor; 
- vertical surfaces p laces at a distance of 0,60 111 from each of the room wal l s  or the 

a ppa rntuses for environment climatisat ion 
The values of Qor and N, (number of people present for design purposes per each square 
meter of useful floor surface) may markedly d iffer, according to the use destination of rooms. 
Table (2) shows some reference values: 

bl � 
TYPF 

Individual oflices 

Open space oflices 
EDP cent res 
Meeting rotlfns(- 1 :) 
Readin�oms-libraries(+) 
tv1useu11 1s(+) 
Living rooms, bedrooms 

- -� · 1�- --.� 
Oo. ( l o·· m /s) N, (!!nh 

J I  0 . 06 -
I I  0. 1 2  

7 0.08 
10  0.60 
5 .5 0 .30  
6 U.30 

1 1  0.04 

ndex 

For rooms to be used for public entertainment or meetings, marked by (+) in the Table (2), 
instead of Qop the Qop• real flow is util ised, obtained as follows: 

if 
else i f  

V / N :0: 1 5  
V I N ;::: 45  

then Q,,pc = Qop 
then Qope = Qopmin 

(8a) 
(8b) 

wherein Q,,pc01in is the minimum air flow al lowed, calculated accor ding to the fol lowing Table 
(3) : 

Table 3 .  Values of minimum air flow allowed 
Qop {10-.lm3/s} Q�� /s) 

up to 7 4 
7 to 1 0  5 ,5 
1 0  to 1 2. 5 7 
over 1 2 .5 8 ,5  

Lastly, i f  1 5  < VIN :;; 45 o n e  obtains 

Qopc = Q.,p + ((Q.,pm;o - Q.,r ) / 30) * (- 1 5  + V f N) (8c) 

.-.... ,., 



3 .  Code use 
The computer code i s  written in MS Visual Basic"" language and i s  composed of some masks 
with curtain menus for input preparation and for the graphic visualisat ion of the resul ts . The 
following input data are required: 

Choice of a simulation site from a database of the standard years or the main I tal ian sites: 
utilised data include relative humidity, hourly temperatures and si te n l t itude. 

- Surfaces of rooms to be conditioned and their use dest inat ion, room crowding. According 
to use destination and expected crowding, the air flows are calculated in  diffcrenl manners. 
As an alternative to crowding data, al ready tabled indexes are proposed . These 
calculations are carried out according to what is provided by ref ( I ) . 

- Subdivision of the period to be simulated into one or more heating, cool ing or i 1 1 ··bct ween 
season periods. The chosen minimum duration o f  each period must correspon d  to a week. 
Periods provided by ref. (3) are proposed by default depending on the climal e zone or the 
site. 

- for each period so determined the standard week must be defined, namely for each days of 

the week one must specify the hours when the system is  running, which hours need not 
being consecutive, in relation with the particular needs of users. 

- Choice of the temperature and relative humidity to be achieved by external air to be 
11 eated during hea l i ng or cool ing periods. 

When al l  of the required data have been defined, i t  is possible to start the compu tation phase 
or r eview i rnd modi rv any defined input parameter, also by means of the use of a printout of 
the whole of the selected data and the diagrams of meteo data of the concerned site. 
As output, the code provides in form of diagrams and tables , for the different use destinations 
and the various periods, the energy r equirements of air treatment systems for heating, cooling 
and humidi(ying r ooms. Data are recorded every hour and the possible visualisations range 
from t hose of daily trends to those concerning the whole year. Heating and cooling 
requi1 c111cnts as well as sensible imd latent energy loads may be visualised also separately. For 
the purposes of t he wor k session, the case can be filed and added to a reference d atabase. 
Filed cases may he consulted quickly, as a sho r t  description i s  associ a t ed to t he me name, and 
inpu t data of lhe s lored file nrny be u l i l i sed for new si rnu l� t ions, making therefore the loading 
phase easier . 

1�Anr>J!!<.;.i,Ll9_11_�xnnJ11!� 
The simulation concerned the computation of lhc thermal load of a central system. due to 
sens ib le and latent hcnt. Two identical bui ldings wer e chosen in  Rome and in Milan. For the 
definition of running l imits of ther mal systems in winter, r efcrence has been made to DPR 26 
August 1 993 no. 4 1 2, ref (3). I nput dala a re shown in the Table ( 4) 
/\ s  the spec ific heat of d ry air at the atmospheri c pressure of 1 0 1 . 3 2 5 *  1 03 P a  in the 
te111pernlure interval from -40°C to 80°C ranges between 998 . 3 + 1 02 1 .4 (J/kg K), a cp, 
value equal lo I O<H , Ci (J/kg K) was assumed. /\s speci fic heat of steam cpv, the constant value 
1 925.6 (J/kg K) was a<lnpted . I nternal air r ecircula.lion is not considered . 
In the calculat ion of the specific a ir  flow per per son Q0,, and the reference crowd ing N, Eqs 
(7) and (8a) were used, us  the V/N� 1 5  cond it ion had taken pl ace. 
Diagr nms show some 1 esults of the sirm r l rtt ion I n  parl icular, Figs. ( I )  imd (2) show t he 
month ly average tempera l u r c  and relaf ive humidity or external air for lhe two sites being 
exami ned. Thermal load trends for the var iou s months of the year arc shown in Fig. (3). It is 
possible to dist inguish the heating, cooling and i n-between season periods during which the 
system is not runni11g 



Table 4. L' f '  d 
S ite Milan and Rome 
Surface assigned to offices 30 modules of 20 m' 

Surface assigned to meeting rooms 200 m' 
Surface assigned to EDP centres 1 00 m' 
Surface assigned to libraries 1 00 m' 
Room crowding as oer UNI 1 03 3 9  
Days of u s e  o f  t h e  system Monday to Friday 
Hours of working of the system 6:00a.m. to 7:00 E. m. 
Winter and summer temperature set-point 22°C and 24°C 
Winter and summer relative humidity set-point 50% 
Duration of simulation yearly 
Duration of heating period Milan: 1 5/ 1 0  - I 5/4 

Rome: 1/1 I - 1 5/4 
Duration of cooling period 1 5/6 - 1 5/9 

5 .  Conclusio. !1§ 
The "VELA" code for the computation of energy consumption of HV AC systems i n  non
industrial buildings has been shortly summarised. In this first version the enthalpy differences 
ensuing from ventilation and humidification/de-humidification of :xternal air are considered 
according to the Italian regul11tions in force. Further implementations shall concern the 
refi nement of the evaluation of energy contributions, taking into account contributions such 
as the power required by fans and conditioning terminal units, the presence of possible heat 
recuperators, etc. 
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H O'vV C/\N GLAZING IN WINDO\VS I NFLl l EN C E  THE Bl l J L D I N G  EN l : R U Y  

CON S U M l" l 'ION? 
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Juan C .  Klai 1 1sek 

Dep<H tamento de Cnnslrucci\111  y Tcrnnlugfa /\ r q u i tcct<'.l 1 1 icas 
E . T . � .  de Arqui tcctura - U n i Ycrsi dad l\1 l i tecn ic<1 de Mad rid 

!\ v .  J ua11 c.lc Hc1 rcra , <1 28040 f\fadr id - Spain 

G l azi ng i s  one of the paramete1 s lhat 1 1 1osl i 1 1 ll ue11ce� l i te 1Ju i ld i 1 1g c1 1ergy conservat ion .  so 
i t  shou ld be taken i n to consideration especia l ly  in  non -residen t ial bu i ld i ngs . s i nce the surface o f  
g lass area s i s  very i m portan t in t h i s  typo log y . The a i rn  o r  l h i s  paper i s  to analyse d ifferent glass 
arc<i shapes a.� wel l <I S  the i n fl uence they have ()II the. Clll.�1·g y L.t1J ISUl llp l iu 1 1  Uf a 1 1u 1 1 -- 1  t:�it il: 1 1 l ia l  
bui ldi n g .  H o r i zontal gla1. i 1 1 g  ( w i th d i ffe1 cni heights)  a1 1d wrt ical glazi ng ( w i th the: same area as 
the horizo n tal 01 1es) , separated by opaque areas are considered i n  a base case b u i l d i n g .  /\ 
trad i tional wall and a cu rtain-wall arc also considered, and the d i fferent annual consumptions 

per surface un i t are obt::i.ined in wi nier and summer.  

1 .  I NTRODUCTION 

In 1 1m1 -residential bu i l di ngs the thermal in teractions bctwce11 the st1 ul'lurc uf the h 1 1 i l d i 1 1 g ,  t he 
indoor air, the i nternal  heat loads and the solar rad iation resul l  on lluctuat iuns i n  heal sur plus  
or defici t  (4) , so the bui ld ing energy performance i s  part icularly complex i 1 1  t h i s  t ype o l  

b u i l d i n g s .  On the other hand,  considering the fact t hat glazing is  the weakest spot o f  bui ld ing 
envel ope from the point  of v i ew of thermal t ransfers, t hese transfers are rnorl� i 1 1 1po rlant than 
thu�e wl1 ic l 1  1 1 1ay takt: place t l 1 1 ougl i opaque a1 l'as, !Jot l t  i 1 1  s u 1 1 1 1 1 1c1 and wi1 1 ter . /\ I  though g lazi ng 
plays such a 1 1  i m portan t role in the local thermal condi t ion passive control , it i s  u sual ly t reated 
at the design stage as i f  i t s  only  target was lo v i sual i ze, i l l uminate or be j ust a composi tion 
clemen t of t he fa((ades. 

IL i s a fac t  that in many b u i l cl i ngs,  one t h i rd ur the heat is Jost only through the windows: t he  
i n ternal heat sources may ba l ance t hese losses through t h e  glazi ng (2) , nevert heless a more 
reali stic  esti mation or t he thermal t rans1 1 1 iss il1n through lhe window becomes R necessi ly  i I it 
proper design and a decreasi ng of heating and cool ing energy consurnplion arc t o  be ach i eved . 
On the o ther hand,  the aw<ireness exists tha t the theoret ical basis of even the most sophist icated 
p rograms may not he total ly appropriate for h ighly glned areas .  ;:is i t  is the case or n llicf' 
bui ld ings , for both the radiation transfer and t i le bu i ldi ng structure i nteractions are extreme l y  
complex (5) . 

The We i ght ing Factor Method has been used i n t h i s  paper ( 1) .  This melhod est i mates the 
i n stantaneous sensible l oad with a s i mple, flexib le  technique,  considering the parameters t h a t  

5 1,0 



Freet the b u i l d i ng energy flo w .  The We igh t i ng htclu1· l\·!cthod represen t s 1.- l r an s lcr  l\ 1nc t i p11s 
"' J and it accounts  for t h e  parameters v,.foch affect t i l e  bui l d i ng f'low: i t  a lso al lows heal ga i n s 
J be fi x ed at a co11s lant t emperature ,  f1 o m  the physical descri ption o f  the bu i l d i ng , t i le 
1 1v i ronme11 tal el i 1 1 1ate coml i t i rn 1 s  and i n ternal lnacl p1 < 1 ri lcs .  

i\s i t was stated allove ,  g lass a reas have a great re levance ,  espec ia l ly  i n  the e11ergy wsts of 
commercia l  bu i l d i ng , hence t h e  effect o f  d i ffe ren t  gl ass sha pes i n  a lrnse case com merci al 

1u i l d ing h<1s been st1 1 d iccl : hor i zon ta l cun t i m 1ous w i ndows w i t h variable heigh t , and verti cal 

: i scont i nuous windows w i t h  fi x ed heigh t  and variab l e  w i d t h ,  so as they can have the s ; 1 1 1 1e 
u r face as the former ones.  • 

. 1 11'1;;t;:_J,�i1s_� __ bl1_i_ig_ing 

i\ ten - floor o ffice b u i l d i n g  located in Mad rid is taken as a base case bu i l d i ng in t h is  paper; 

t has these characteris t ics:  40m x 26 111 floor; 37 111 he igh t , whic l 1  corrcsponcl s lo a gross s u r f<1cc 
1cr lloor of 1 03 6  m � .  useful cond i ti oned ol 795 m2. Tlw location or t h i s  bu i l d i ng is the 1 1 1ost 
l i saclvan tagcous one because the l a 1·gcst rac;ades l ook o u t  i n to t he cast  and we> ! .  

Mon ths fro1 1 1  November to f\farc l i  correspond lo  t h e  w i n i er season .  �i l l  t he 1 1 thcrs 
orresponcl i 11g lo the su 1 11 1 1 1er season .  

I n  t h e  est i mations,  a constant in terior temperature o r· 2 0  ° C  and R H  5 0 %  i n  w i n t er.  and 25 
' C  an d RH 55 % in su m mer is taken i n to considernl inn ;  the exterior te11 1 p c 1 a t u re is  variab le ,  so 
lie ca lcu l ations arc carried o ut hou rly . 

W i th regard to the exterior cond i t ions , meteoro log ical variab l es are generated h o u rl y fr o m  

el i ab l e  meteo rological d.i ta ;  0 1 1  the other h;rn d ,  a n  aux i l iary progrn 11 1 1ne has been u sed . Rclat i 11g 
he dai l y  starting data, the m ax i mum and m i n i m u m  te11 1 perature ,  the total  daily i r r nd iance on 
1orizon ta l surface and the day absolute l 1 1 1m id i ty al max imum tem pera tur e  hour a r c  con s i dered . 

The heat ll 'an s 11 1 ission coefficient  o r  opaque <1rcas ( K - l'a lue) :  - lwrizu1 1 t;1 J - mo\' K r = (J . 4.1 
1v'/m2 . K ,  l ight  color (cream); floor level s above open space K f= 0 . 66 W/m'' . K .  -Ycrt ical

racli t ional wal l w ith seven layers and wi th  a to tal thick11e.<;s or 23.5 c1n, w i th i ns u l a t i n g  material 
if 4 cm,  244 . 6  kg/ m2 and K w = 0 . 6 1  W/m2 . K ,  ancl a curtai n-wal l w i t h  fou r  l ayers and a total 

hickness of 5 . 3  cm,  an insu l at ing material 5 cm thick 89 . 6  kg/m2 and K w = 0 . 4 2  W/111 2 .  K .  both 

nedi u m  color (green and b l ue, brigh t red , l igh t brown , wood and concrete) . W i th regard t o  the 

netall ic  w indows wi th d i fferent types of  glass ,  wh ich are stud ied in  t h i s paper ,  t hey a rc 
lescr i bed nex t .  

Glazing having 1 10 shad ing devices, except t h e  shadows cast b y  setbac k .  The resu l ts of the 
�nergy con su m pti on calcu lat ions are obtai ned per u seful or net surface u n i t ,  and a free he igh t 
)f 2 . 80m i n  a l l  floors is considered . The i n ternal loads ar e fixed by :  occupation 55 pers . /flonr; 
1en t i l at ion 2000 m3/h lloor; i l l um i nation 7.  95 kW /floor. The characteri st ics o f  the g laz i ng 
:onsidered i n  th i s paper are: colorless; insu lat ing 6 + 6 m m  wi th an a i r space 1 2  m m  and 6 m m  

h ick, o nd Kg = 3 . 7  and 4 . 0  W/m2 . K  respectively;  single 6 mm wi th Kg = 5 . 8  W/1112 . K .  Each of 
h i s  glazing is affected by its correspond ing corrective coefficient of the solar gai n factor (c . c . ) ,  



2 .  ANALYSIS OF RES U LTS 

The energy consu mptions (e . c .) per conditioned surface in s u mmer and winter for the base 
case b u i ld ing , with w i ndows of d i fferen t hei gh t , l1w 0= l . OOn 1 , I .  l Orn ,  l . 20m , 1 . 3011 1 ,  a l l  of them 
round the peri meter o f  the bu i l d i ng , are esti mated . These glass areas are then transformed fro m 
con ti n uous to d iscontinuous , w i th the same fa<;ade surface than the previous ones . 1 11  order to  
do th is , the  glazing height i s :  h = 2 . 1 0111 ,  from Ooors t o  l in tels.  T h i s  shape change done , taki ng 
as variable t he external vertical opaque surfaces (tradi tional wall and curtai n-wal l ) , d i fferent c . c .  
are observed . These consu mptions are achieved from d ifferent types of  glazi ng w i t h  their codes 
in to brackets , the fi rst symbol for the conti nuous glaz in g  and the second for the d iscon t i n uous 
one : 6 + 6  m m  colorless insu lat ing g l ass with a 12 111 111 a ir  space ( ll)  ( t. ) ;  the same g l ass with 
a 6 m m  air space ( +) (x) ; 6 m m  colorless s i ng l e g l ass ( <> ) ( "' ) . 

When the e .c .  val ues of each of these types of glazing arc achieved . a regress ion l i ne , 
obta i ned by the least square method , i s  auj usted , and in th is  way a l ine eq uat ion is obta i ned , 
representing the variation of these consu m ptions for glazi ng with  a surface even smal l er or 
bigger th an that of the g laz i ng considered in th is  paper . 

In Tab les 1 ,  2 ,  3 and 4 the e.c .  cor responding tu sum mer and wi nter w i th trad i t ional wal l s  
and cu rtain-wal l s ,  i n sulating g l azing w i t h  a gap o f  1 2  111111 , the four cJi ffercnt heights  and the 
transformed ones wi th the apostrophe, the equations and the medium variation arc showed . I n  
order t o  1; i 111pl i fy ,  and  j ust for t he Tables, 0 1 o ly  val ues corresponding t o  6 + (i  1 1 1 11 1 i rmilat i rig 
g l ass , with a gap of 1 2  m m ,  are represented . 

In Fig u res I ,  2 ,  3 and 4 the val ues obtainetl i n  s u mmer and winter wi th  a trad it ional wall and 
curtai n-wal l arc studied. On the axis of ordi nates in  the diagrams,  the consum ptions per 
cond i ti oned usefu l un i t su rface (kWh/year 1112) arc represen ted ; 011 t ile  abscissa axis ,  the fou 1  
h e i g h t s  nf con ti n uous windows, which  coincide in t h e  same way wi th discont inuous shape
trans formed windows with hw =2.  I Om, both cases having an equal glass area, arc represented. 
I n  these F i g ures, not only the l i nes corresponding to the e .c .  showed i n  the Tables fo1 
conti n uous rectangu lar horiwntal windows , insu lating glaz.i 11g with a gap of 12 m m  ( [; )  anc' 
shapc-transfor11 1e<l d i sco1 1 ti 1 1 uuus w i 1 1duws, w i t l 1  t he same glilss ( t. ) , are represc.n tcd , hut alsc 
those corresponding to insu lating glazing, gap of 6 m m  ( +) (x) ,  and sing le g la1. i 11g ( <> ) ( "' ) . 

3 .  CONCLU S IONS 

-The e.c.  become h i gher if  l 1 1e g l ass areas are l arger. 
-There is a l i near rcl al ion cor responding to a l aw as: c . c .  = ax + b :  t h i s  l aw i s  obtai ned !'roll' 

t he d i fferent t ypes of glazing shapes studied . In case there are no g lass an�as :  b > o, for there 
is t herma l transference even th rough opaque su rfaces. 
-The i n tervals  o f  energy co11 sumplion for these shapes, depend i ng 011 the three types of col orles; 
glazing stud ied , in the s 1 1 111 111er scr1snn and with the t r;i d i t i onal wal l ,  vary fro111 0 . 92 %  to 0 . 78 % 
with the curtain -wal l the variat ion is from 0 . 39 % lo 0. 3 % .  J n  the w i n ter season , with trad i t iuna 

wal l .  between 0 . 1 8 %  to 0. 1 6 % ;  w i t h  the curtain -wall the di fference is not s ign i ficant . 
In short ,  the energy con sum ptions are always higher i n  summer , if vertical d iscon t inuou�  
wi ndows s tarting from the Ooor arc used,  than when the rectangular con t i n uous ones of the same 
area are used. These energy con�u111 pt ions can show an i n s ign i fican t va riation in w in ter, if t lH 

curtai n-wal l i s  considered . 
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Abstract 

This project stud ied a new cooler system u t i l iz ing the Pelt ier 
effect for Bu i ld ing .  The major objective of th is study was to p rove 
the basel ine concept through experimenta l studies. The important 
results frorn this study included design and fabrication of a 
laboratory-scale cool ing system. The cool ing capacity of the TE
Cooler was 0 .4  ton of ref1 igeration. The experimental test ing 
system has been bu i lt to 'i nc lude a test chamber. heating element ,  
circulal ion pump and cool ing tower, and the instrumentation system 
inc luued wRlt-hour meter, temperature sensor, hygrometer, f low 
meter, calor ie meter and data acqu is i t ion system by the Hewlett
Packa1 d ar 1d  the TE Model TS-205 The p 1  el iminary test ing results 
showed the system COPc of close to 0.4. 

1 .  I ntroduction 

Environmental po l l ution is becoming a greatest issue on earth 
as global energy demand increases. Particu larly, carbon d iox ide 
gas generated as a result of combustion of  fossi l  fue ls .  deplet ion of  
ozone layer as a result of use of  freon gas etc. . .  are becomi n g  
cause of accelerated global  warming.  Thus, every country o n  
earth wi l l  soon have t o  b e  regulated by an internat ional  
agreement, " Green Round" , regard ing consumption of foss i l  fue ls .  
Th is  paper reviews p rinciples of thermoelectric heat pump and a 
power generator which respectively ut i l izes Pelt ier effect and  
Seebeck effect o f  thermoelectric semi-conductor materials and  
a ims to  develop a new cogeneration thermoelectric heat pump 
and a power generator  ut i l izing "solar power as  ma in  source o f  
heat" . The paper reports on the  design, fabrication and pre l iminary 
experimental  results of an a i r-cond i t ion ing system. 



2. Theory of thermoe lectric technolog ies 

2 .  1 Pelt ier Effect 

Pe lt ier effect was d iscovered in 1 834 by Pe ltier, a F rench rnan . 
He found that when d i rect cu rrent is passed through a c losed 
e lectrical c ircu it compris ing two dissimi lar materia ls ,  one at the 
two junctions become cold whi le the other becomes hot, ind icating 
that the c i rcuit  works as a heat pump as shown in Fig. 1 .  
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Fig . 1 .  Princ ip le  of Pelt ier effect and basic construct ion of Pelt ier 
cooler 

Fig.  1 also shows the principles of  a most e lementary 
thermoelectric cooler compris ing P-type and N-type semi
conductor materia ls .  The N-type material has excess electrons 
wh i le the P-type material has on the hand insufficient electrons 
wh i le  electrons o r ig inating from the cathode of  the battery a re 
f lowing toward its anode through the two semi-conductors in the 
c i rcu i t ,  the excess electrons in the N-type material and the h o l e  
in the P-type material carries heat energy from the cold junction to 
hot j unction (radiator) . Thermal energy transported to the radiator i s  
expressed by : 

0µ = S I Tc 

where 
Op = Pelt ier cool ing effect (Watts) 
S = Seebeck coefficient (volt/0c) 
I =  E lectric current (amp) 
Tc = C o l d  j unction  temperatu re (0c) 



2 . 2  Seebeck Effect 

Seebeck effect which has d i rect relat ionship with Pelt ier 
effect .was d iscovered in 1 882 by Seebeck, a German, 12 years 
prior to the d iscovery of Peltier effect. Its principles, as explained i n  
Fig .2,  are a s  fol lows: when two junctions o f  a n  electric c i rcu it 
comprising two semiconductor materials ,  P- and N-types are 
subjected to a temperature difference, an e lectromotive force is  
generated in the open circuit and an electrical current is avai lable 
when the circu it is closed - phenomenon of Pel t ier  effect in 
reverse .  Physists expla in th is phenomenon as fo l lows : When 
excess electrons at the hot j unction of the N-type material are 
subjected to a high temperature, these electrons energ izes on the 
average above the Fermi level  in  the energy leve l .  These 
e lectrons in a h igher energy level  diffuse toward the low 
temperature junction in order to reduce energy level ,  resulting in  a 
negative charging on cold j unct ion whi le the hot junction becomes 
positively charged. In counter to the process of this electron 
diffusion flow toward the cold junction,  a voltage is generated.  On 
the other hand, in  the P-type material where holes are carriers,  
the cold junction becomes positively charged whi le the hot 
j unction negatively charged, resu lting in power generation due to 
the electromotive force. F ig .2 schematical ly shows a case where 
solar heat is u sed a heat source.  
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Fig. 2 P rinc ip le of Seebeck effect and example of so lar  
thermoelectr ic powe r generator 

3.  System des ign and  perfo rmance analysis 
3 . 1  Mode l ing  of a i r-condi t ion ing system 

In order to study on thermoelectric air-condit ioning,  an  
experimental a i r-condit ioning system o f  0 .4  RT capacity has  been 
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m odeled as shown in F ig .3 .  An experimental prototype (Fig.4) was 
bui l t  for performance tests, where heat extracted from air at the 
cold side is f i rst transferred to a irr to be eventually d issipated to 
ambient  a ir .  

When electric power is  connected to part 1 of the thermoelectric 
cooler, l1eat is extracted from the chamber air( Part1 ). The heat 
extracted plus energy input to drive the cooler is carried away by 
means of a c ircu lating fancoi l  to be dissipated at the heat 
s ink(Part2) .  A i r  flow meter measures flow rate of condit ioning a i r  
i n  the chamber. A data acquisit ion system connect ing wi th  
sensors for  measuring air  temperatures at  various was to mon itor 
d ata. 

Tern . 
fiAnsor  

i j p & 1"t. 

I 

C i r c .  Pump 

C ontrol ler 

I 
I 

�I � 

� I ! 
Data Acquit .  

2 2 0V Power  

PV 
CELL Sun 

F ig .3 System d iagram of  Test ce l l  o f  the  Air  to A i r  
Coo le r  System 1 .5 Kw 

3 . 2  Const itution of experimental setup and performance analysis 

As shown in Fig. 4 ,  a thermal ly insu lated chamber approximately 
ot L . 88 cubic meter is insta l led in order to measure cool ing 
capacity. The chamber contains an electric heater which is used 
to maintain the chamber temperature at constant temperature 
wh i le  heat is being extracted from the chamber air .  To 
dissipate al l  the heat inc lud ing heat input to the thermoelectric 
modules,  a fan coil un it is instal led in  which a circulating water 
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pump carries heat to the coi l  to be diss ipated there .  T-type 
thermocouples are used to measure temperatures ; to measure 
electric power inputs to the thermoelectric modules and  to the 
I i  eater, power meter is used.  

F ig .  4 Test Cel l  of  TEC Cooler (KIER model : 0 .4  RT) 
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Fig .  5 COP Variat ion Depend on the I ndoor Var ious Temperatu re 



4. Conclus ion 

A prototype of  an new a i r-cond it ioning system ut i l iz ing Pe l t ier  
effect which is  basic to thermoelectric technologies, has been 
des igned and bu i lt for  experimental studies. The exper imental  
results show (f ig. 5) that COP varies between 0 .29 to 0.48,  wh ich  
supports the in i t ia l  predicted system COP of  the  0.4 RT un i t .  
Thus ,  i t  is  expected tha t  a practical thermoelectric a i r- condi t ion ing 
may be feasib le v ia  cascading modules , system des ign 
modificat ions, etc .  This study a lso suggests that the present COP i s  
substantially l ow compared to  the  conventional system. From the  
stand point of environmental protection , however, further stud ies 
a re cons idered  to be n eeded.  

REFERENCE : 

1 .  B. Mnthipralmsnm, P. Heenan , nnd D. DeMott, Development of a 
Small Thermoelectric Water Ch i l ler  for Medical Instrument Cool ing ,  
f' roc . 1 2th ICT , 1 993 

? .  R.J R 1 1 ist, Design and engineering of thermoelectric coo l ing 
devices, 1 0th ICT,  1 99 1  

3 .  J .G .  Stockho lm,  Rel iabi l ity o f  thermolelectric cool ing systems, 
1 0th ICT, 1 99 1  

4 .  Y .S. Yang ,Trends o n  the Thermoelectric conversion system, 
Journal of A i r -condit ion ing and Refrigeration Engineering, Korea 
1 994 

5 .  Y .S ,  Yang et a l . ,  A review on energy conservat ion and ut i l i zat ion 
technology by thermoelectric energy conversion systems. , Energy R 
& D vo l . 1 6  1 994 

6. Y .S .  Yang et Al . ,  Development of Solar Thermoelectric 
Cogeneration System, Journal of The Konrnn Sol;:ir F nmoy 
Society , 1 996 . 6  



'atural venti lation efficiency i n  apartment and Reynold s  analogy i n  a 

vater channel 

:. LIMAM, F. ALLARD 
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ntroduction : Within the f rame of AL TEr�ER/AIOLOS [1 ] p rogramme of the European 
:ommunity experiments have been carried out in order to study the efficiency of natural 
•enti lat ion in a real apartment. In  th is study, through the experiments occurred dur ing 
he last Ju ly and August, natural ventilation effects have been thrown into rel ief . The 
:oo l ing effect induced by natural vent i lation has been shown by the resultant 
emperature results and the efficiency coefficients enable us to show clearly the qual ity 
)f natural venti lation in relation with the opening strategy. For the Reynolds analogy, the 
1 im of study was to define an experimental protocol in order to visual ise a i r  f low 
)atterns in naturally ventilated bui ld ing.  

I .  Site characteristics and building description 

<Po r1e Oceane» is located just in front of the ocean.  The bui ld ing has a facade of white 
;tone and glass so that every inhabitant get a fantastic view on the ocean. The south 
acade shows the searching for openings and transparency given by the integration of 
arge windows and balcon ies. The local c l imate is typical of the temperate cl imate.  I n  
;umrner there's a quite large amplitude between n ight and day ( 1 1 - 1 2  ° C  i n  August) . 
\l ights temperatures are cool. This apartment has got the advantage to present a large 
:>alcony in front of the ocean. Inside of the apartment there' s one large room (26 m2) 
Nith a window ( 1 1 .32 m2) l ike a loggia bay. 

(a) (b) 
Fig. 1 : (a) The apartment(5111 f loor of the bui ld ing) (b)The window pane 



The window pane is of 5. 1 O m width and is divided in 4 sl iding sections of the same 
su r foce. It 's si r  ik ing to notice that the window is front of the ocean, it 's suppose to have 
a1 1 important impact of natu ral ventilation if the window is opened . In the fol lowing 
experiments, CMV (Control led Mechanical Ventilation) is c losed or opened.  CMV is a 
mechan ical system which permits to exhaust pol lutant in the kitchen,  the bathroom and 
the toi let .  I t 's  located near the pol lutant source,  at the cei l ing. When CMV is opened, it 
exhausts 0.7 volu1 1 1e per hour. 

2. Weather characteristics during the experiments 

T<ib le ( 1 ) gives t i l e  w inrl characteristics (velocity and di rection) for each experiment. 
The f i rst one is measured in meter per second .  The second one is measured in degree. 
O and 360 to the North ,  90 to the East ,  1 80 to the South and 270 to the West. 

Experiment no Wind Speed (m/s) Wind Direction (d8a.) Conflouration 
Julv 1 2 , 5  50 Window:i: opened CMV, Doors: closed 
August 1 4 30 W indow 1 ,  CMV: opened Doors: closed 

2 4 30 Window 1 ,  CMV, Doors: opened 
3 6 320 Window1 &4,  CMV: openerl f)nors: r:lnsArl 
4 7 330 W i ndow1 &4, CMV: opened Doors: closed 
Ci 8 330 Window 1 M ,  CMV, Doors: opened 
6 6,5 340 Window2& 3 ,  CMV: opened Doors: closed 
7 4 350 Wimlow2&3, CMV, Doo r s :  opened 

8 2 ! !1 3rl(l W ir1dow2&3, CMV, Doors: oponod 
9 3,5 7 5  W indow1 , C M V :  opened Doors: closed 

1 0  4 75 W i11dow 1 ,CMV, Doors: opened 
1 1  1 75 Window 1 ,CMV, Doors: Of.Jt;1 1t;t.J 
1 2  2 20 Window2&3, C MV: opened Doors: closed 

Tab. 1 : The Configu rations 

3. Thermal behaviour of the b u i l di n g  d u ri n g  s u m mer 

The experimental results are described i 1 1  the two following parts, the f i rst one shows 
the resu lts of the Ju ly experiments and the second one analyses those of the 1 2  
experiments carried out dur ing the August pet iod.  

3.1  Cooling effect i n d u ced by natural  
venti lation : Our interest concems 
especial ly the black bu lb temperature. 
Indeed this temperatu re is the most 
repro£ontativo to express the thermal 
sensation feel ing of the user. As can be 
SAAll in the fi rst graph,  there's a 7 days 
reriod with the same exterior conditions. 
During the 3rd one, window 3 was 
opened. Fig. 2 shows that the black bulb 
temperature is lower when the window is 
opened, it 's the direct effect of natural 
venti lat ion. 
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Fig.  2: ,J u ly exreriments results 



'\n other important point is that the black bu lb curve has an amp litude of 7 °C whi le this 
)f the exterior has an amplitude of 1 5°C.  In  addit ion, there's a difterence in  phase of 
ibout 1 hou r. That shows the apartment inertia effect, the apartment structure reduces 
md alters the important outdoor temperatu re osci l lations.  Indeed, the external walls a re 
nade of concrete b locks with an exterior insulation and the f loor and the cei l ing are 
nade of concrete slab , so the apartment has a h igh inert ia.  It wou ld be important to 
ake this fact into consideration when the object of designing n ight ventilation for 
�xample.  

3.2 N atural ventilation efficiency: 
fhe f igure (3.a) shows the evolution 
: Decay Method ) of concentration in the 
�entre of the room .  We observe an 
mportant decrease of concentration 
'.ppm) which concerns the three cases 
)f opening ( window 1 opened, window 
2&3 opened ,  window 1 &4 opened) . I n  
?ach case o f  opening (surface al: the 
Jpening is 2 .83 m2 or 5 .66 m2)· the 
:Jecrease of SF6 is very quick, combared 
:o the decrease concerning the 
Jerrneabi lity of the room. 

The two following graphs (fig. 3 .b and 
3 .c) show the CMV effect on the air 
renewal. W hen CMV is closed, the 
:ifficiency coefficients for the central point 
(61 .78%) and kitchenette (60 .8 1 %) are 
the same (d ifference of only 1 %) . But 
when CMV is opened there's a drop of 
kitchenette efficiency coefficient, mostly 
20% (the central one is 57%) . This can 
be explained by the fact that the 
extraction opening is located in the 
Kitchenette cei l ing. It 's striking to notice 
that only central and kitchenette results 
have been reported in the graphs 
because on the one hand middle,  east , 
west and cei l ing comportment and on the 
other hand kitchenette and corridor are 
the same. As can be seen in figures 4.a 
and 4 .b ,  for the same lapse of t ime 
(about 20 minutes) , the double quantity of 
gas has disappeared when the windows 1 
and 4 are opened (compared to the case 
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opening of two windows has lead to have (c) 

of one opening window). Moreover the 1 ·-
a good air renewal, so there was not an Fig. 3.b,c : Tracer gas resu lts (no openings) 
accumu lation at the cei l ing. 
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Fig. 4 :  Tracer gas results (openings) 

The geometrical average is  calculated averaging on the 6 points which are unifo 1 rnly 
d istributed in the room. Several remarks can be done : Firstly, the CMV impact is very 
weak, it represents only 1 or  2% modification of the efficiency coefficient. Secondly, the 
fact of opening two windows is better thon opening one window but it 's striking to notice 
that, when the lateral windows are opened, the efficiency is 1 8% higher. This can be 
explained by the fact that when the lateral windows are opened , a draught appears and 
permits a better mixing of inside air . 

Window I npc1 1cd 

Window I &4 op1.•1 1cd 

W i n dow 2&3 opened 

Bathroom & WC doors Expe1iment 
closed I 
opened 2 

1 1  
c losed 3 
c l osed 6 

1 2  

opened 8 

Tab .2  : Efficiency coefficients 

T]J 
The efficiency is calcu lated by : E - 2 < r > 

� C(t )  
with : 1p is the local mean age 1p= Io -c(o)dt 

Geometrical average (%) 
68,311 
(19,2 1 

7 I .<i�"\ 
t\7.45 

7 1 ,7 
(19,(17 
7 1 ,34 

( 1 ) 

(2) 

flcu )d1 
<1> is the room mean age <t>= f,11 n (3) 

(I C( I )di 
C (t) : SF6 concentration at the measurement point. Final ly, comparing the eff iciency 
coefficients of experiments 6 ci.nd 1 2 , we can see that these two coefficients are s im i lar. 
Nevertheless the wind velocities are different (6 m/s during experiment 6 and 2 mis 
during experiment 1 2) .  So the conclusion is that, when the wind velocity reaches a 
certain threshold , the venti lation efficiency stays on the same level even if the wind 
velocity is sti l l  increas ing. 



. The scale model  in the Hydra u l i c  channel 

he aim of this study is to define an experimental p 1  olocol i 1 1  order to visua lize a i r  f low 
a tterns in natural ly venti l ated bui ld ing .  

r o 1 1 1 a f l u i d  mechan ics point  of  view,  there is  a d i 1 ect s imi l i tude be tween two flows with 
ie same Reynolds number.  Around 20°C , there is a ratio of 20 between the viscosity of 
1ater and a i r, which means that. for t i le same characte ristic velocity between the i-ea l ity 
nd t i le  m o d e l ,  the geometr ical  d irnensio 1 1s can be reduced by an order of 20 t imes.  

'he fac i l ity is a 20 m long water  channel  of  1 rn2 section and a 7 Watt laser equipped 
1 i th 30 r n  of optical f ibre with di ffe r nnt kinds of lenses [2] . The model ,  represents the 

Porte Ocean ,,  apartment and moves au tomat ic a l ly along the channel (fig . 6) .  
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Fig.  6 : f loor plan view of the scale model 
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r i l e  ve locity covers a rnnge f l o i n  0 t o  7 1 1 1/s, rep 1 es e 1 1 t i 1 1 g exte1 mil w i n d s  of  t i l e  s a m e  
; h a i  actr�r is l ics .  T h e  d a t a  acq u is i t ion  coi 1s is ls of  plmtograpl  1 s  an c l  vi cfoo. 



The aim of these experimen ts is to study s ingle-side vent i lat ion in a fu l l  scale bu i ld ing,  
under real c l imatic condit ions,  in  o rder to: better u nderstand the related phenomena, 
col lect data for the validation of exist ing models (theoretical models and computational 
network models) , and develop more accurate methodologies for the calculation of the 
air flow patterns in  th is specific case of natural venti lation .  A scale model is conceived 
to provide the flow visual isation by Reynolds analogy in water channe l .  Indeed, we are 
interested in  the velocity field of air, generated by an external wind in  an apartment. The 
visualisation technique used Ri lsan pa1iicles (density 1 .06) which is very close to water 
density and leads to a very good transport in the flows (f ig. 5 ) .  

The resu lts consist o f  a video showing different configurations of air  f low patterns in 
single sided venti lation with various angles of incidence upon the opening (f ig.  5 and 7). 
I t  shows very clearly the d ifferent f low patterns that can be found in  these 
configurations : inertial f low in room with a small circulation in  aperture zone (the 
incidence value with respect to the normal of the open ing in  a s ingle sided venti lation 
case is 0° induced a piston flow phenomena (fig. 5); and for case e = 30° (Fig. 7) the 
concentiation of particles localised in left of the roorn. This video is ubviuusiy a very 
good demonstration tool ,  but i t  is not sufficient to obtain quantitative data. There are 
also stil l  photographs with different exposure times in order to obtain trajectory 
clements of the part ic les.  These elements represent in fact velocity vector f ields fo1  
d i fferent configurations .  

Conclusion : I n  th is study, througl1 the experiments occurred dur ing the last July and 
August, natu ral venti lation effects have been thrown into rel ief .  The cool ing effect 
induced by natural ventilation has been shown by the resultant ternporaturo rosultG and 
the efficiency coeff icients enable 4s to show clearly the qual i ty of natural venti lat ion in 
relation with the open ing  strategy. These results obtained by f low visual isation in  a 
water channel demonstrate the suitabil ity of this method to characterise the f loV'v 
patterns .  !his methodology offers good perspectives to obtdin a very detailed 
information about veloc ity f ie lds .  
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THE EFFECT OF T H E  I N N E R  S U RFACE MATERIAL ON T H E  I N DOOR RELATIVE 
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\bstract 

The indoor air relat ive humidity i s  an i 111porta1 1 t  parameter· ir1fl uencin �J the hurnan 
:ornfort and hygrotherrnal performance of a bu i lding From the comfoii aspect not only 
i rne averaged relat ive humidity but  a l so i ts actual  courses are important With the aim 
o evaluate the effect of  i nterior surface mater i a l s  with di fferent hygroscopic ity on the 
·esult ing dai ly  courses of indoor relative humidity the non-steady numer ical  calculat ions 
)f the indoor relat ive humidity, consider- ing t ime variable outdoor c l imat ic condit ions.  
ndoor moisture product ion a11d vent i l at ion rate were done 

I. Introduction 

The value of indoor re l ative humid i ty i s  a resu l t  of tl1e s imu ltaneous effect of t l 1e 
·a l lowing factors: outdoor cl imat ic cond i t ions,  ven l i l at ion rate, indoor rnoisture 
Jroduction,  i ndoor a ir  temperature and the release or uptake of moi sture by i n terior 
:; ur  face materia ls .  The numerical model used i 1  i th i s study enables to evaluat(� the 
?.ffect of the part icular factors 011 indoor relat ive humidity. T he presented calcu l a t ions 
Nere focused on the effect of the interi o1· surface mater-ial hy9roscopic pi'operti es on the 
:ourses of the indoor rn l at ive humidity in  the rnsf.ls of co11s l a11t 01·  t ime Vcffiab le 
vP.nt i l ation rates . 

2. Numerical model 

On tl1e a s s u 11 1pt i o 1 1  o f  the we l l - 1 1 1 ixed air in the room ti 1 �? n 1ass b a l r1 1 1u.• equat ion for 
' rK1oor water vapour may be wr itten as foi l ows ( 1  ef (1 )) 

,-P i 
ti 

. 1 .  f < ,  1 "' c; _ ) - [ il · /\ i  ( p , -- P ,,, . .  ; )] )  ( . 
P J 

462 - i ' \ -' 1, L.1 ''· '-� -' 
! ll · fJ... ; v ( '1 ) 

where p; is the indoor vapour pressure ! Pa] ,  p. is the outdoor vapour pressure ! Pa ] ,  t i s 
t ime [s] ,  T; i s  the indoor air temperature [K].  Gp i s  the indoor vapour production [kg. s 1 ] ,  
EG,k is  the sum of the moisture flows from or into the room construction surfaces ,  V is 
volume of the room Jrn3L fli i s  the d iffusion surface f i lm coefficient [s .m-1 ) ,  Ai i s  the area 
of the surface where condensation or drying tal<es place [m2] . Psat ,si i s  the saturat ion 
vapour pressure on that sur face [Pa],  n is  the venti l ation rate [ s · 1 1. 



Accor ding to lt1e equal ion ( 1 ) . t t 1e indoor vapour pi-essure after smal l  l ime i ncr ement :\t 
can be wr i tten a s :  

f l ;  ( I  ; i\t ) 
:\t 4<1:� 5 · l � ( t J · (u ,  ' LU .. l I[ 11 ; ·\ · ( p ; ( t J 1i .,.,, , ; ( t ) l] l  

11 ; ( I )  , \I 

1 .,\t n · ( p, ( t }  P ; ( l ) )  (2) 

1 he presen ted numerical mode l for ca lculat ion of the indoor a i r  relat ive humidity 
cons i sts in the sol ution of the equation (2) coup led with 1 -D nu merica l simulation the 
heat and moisture tr an sport through tt1e room constructions On the base of that 
s i rnulr:ition the moisture flow frorn or i nto the hygroscopic surface of the room i s  
calculated f o r  eac�1 t ime step: 

Gsk :::: fh . (Psk - p;). Ak (3} 

where p,k is the vapour pressure on the wal l  surtace [ P a ] ,  Ak is  area of the surface 

[rn?.J 
The numerical s i m u l ation of the heat and moisture transport through the room 

constructions was done using the progr am NEV 3 ,  based on numerica l solut ion of two 
coupled partial  d ifferent i a l equations for heat and moisture balance Tile more deta i led 
der,cription of the mode l  used in p rogram NEV 3 is in ref. (2) 

The used numerical model for the calculRtio1 1 of the indoor a i r r e lat ive humidity was 
veri f iGd by cornpming the calcul:::ited courSE-)S of the indoor re lat ive humid i ty with the 
measured results The experimental data wew taken from ref. ( 1  ) . The experiment was 
done for two rooms with volume 40 m3 and total wall area 50 rn2• The wa l ls  and ceil ing 
of the first room were covered with aluminium p lates , the wa l ls and ceil ing of the 
second room were f i n i shed by gypsum board with textured paper. T t1e p lastic floori n� 
was used in both of the rooms. T he considered water vapour production was 0.2 kg per 
hour durir i�J the first 3. 5 l 1ours and the vent i lat ion rate was time variable. The course� 
of the vapour pr oduction and venti lation rate are shown i n  Fig. (1 ) The materia 
prope1 l ies u�;eu i r i  c'1 lcu la l iur 1 we1 e lal,en from ref. (3) The t ime step ,\\ = 300 s wa� 
u sed in numerical ca lculation The comparison betww:"?�; the meas ured indoor relativE 
hum id i ty courses and tt1e cour ses ca lcul a ted by the riurne1· ical rw:idel is  i n  Fig. (2) . Tilt= 
calculated data coincide sufficiently with the measured ones . 
3. Results of the numerical s i mulati on 

With the a i m  to evaluate tho effect of l 11e i n terior surface material  hygroscopic 
properties on the indoor relat ive humidity the r 1umer ic:al calculations of i ts da i ly  coursE 
for three rooms with different wall surface m ateria ls  a.nd for two different venti l at ior  
strategies were done. T he volume of the each of t ile rooms was s ·1 m3, the area of thE 
possible hygroscopic s urfaces was 55 m2.  I n  ti le first room the cellular concrete wall�  
were f inished with 1 5  m m  of qypsum pl <istm (vripour resistar 1ce factor p == 8) ,  in thE 
second r oorn tt1 e concrete wal l s  were covered with 0 . 3  mrn th ick v inyl wall pape 
(vapour diffusion th ickness p d = /.  1 m) r n1d in  the thi 1 d r oom the concrete wal ls  werE 



finished with 1 2  mm gypsum board (p = 1 1 ) covered with 0.3 mm paper wall paper 

(vapour diffusion thickness �td = 0.027 m). 
The considered dai ly course of vapour production is shown in Fig. (3) Two different 
venti lat ion strateg ies were considered : 
- the constant venti lation rate 
- basic a ir  change rate with the additional ventilation by tile window open ing during the 
water vapour production periods (Fig.  (3)) . 
The dai ly mean ventilation rate was the same in both of the cases: n = 0.4 h- 1 • 
The considered indoor air temperature was constant t; = 20°C. The daily courses of the 
outdoor temperature and relative humidit ies were used correspond to January in 
Bratis lava with the dai ly mean temperature - 1 .3 °C and the dai ly mean relative humidity 
78 % (Ref. (4)). The solar radiation was not taken into the account. The calculations 

were done for one week period with the t ime step 1\t = 300 s _  
The calculated dai ly courses of indoor relative humidity for the a l l  considered cases 

are shown in F ig. (4) As can be seen from the figure the vent i lation strategy was very 
important as for the daily course of the indoor relative humidity as for its mean value. 
The hygroscopicity of the interior surface material  decreased significantly the amplitude 
of the indoor relative l1umidity variation_ The effect of the interior surface materia l  
hygroscopic properties was more sign ificant i n  the cases when Hie constant venti lation 

rate was considered The 'active thickness' that means the thickness of the surface 
material moisture content of which was changing dai ly as a result of the release or  
uptake the moisture into or from the indoor a ir  was about 10  mm as i n  the case of 
gypsum p laster as in the case of gypsum boar d  wiU1 paper wall paper. 

4. Conclusions 

The numerical model e 1 1 abl ing ttie eva l uation of ti ie effect of the particu lar fact om on 
the indoor relat ive l iu rn idi ty was p1 es(·mled 

T t1e exa mp l e s of ca lcu la t ion confi rrmJd that a s  mean value of the venti lation rate as 
the vent i lation strategy are important for t h e  ach 1H I  cou r s e of indoor relative humidity 
The presented calculations con f i r  med the importance of the interior surface 
hygroscopicity on the dai ly course of the indoor rnlalive hum ict i t�'- I t is more signifficant 
in the cases with constant ve1 1t i lation rate 

A lot of further ca lculatior1s for various venti lation and moisture productio11  strateg i e s ,  
geometry of  the room a n d  longer t i m e  periods are necessar y for more general 
conclusions regarding the global effect of the particular factors influencing tile actual 
relative hum id i ty courses 
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Every b 1 1 i ld ing is u n ique Therefore eacl t project must be treated separately to find 
1nd1vidual energy conservation possibi l it ies. On the other hand the bu ilding ow1 1 e r  s 1 1 1 iy l 1 t  
also have various p lans for renovation and d ifferen t n�quirements for the profit of ENCON 
measures. 

The process of evaluating and i l T lplementing pr ofitable energy cons e 1vation 
measures 1n a bu1ld111g is otten described as "tl 1e ENCON process" Tile tota l ENCON
process has been derived to five main steps: Project Identification, Scanning,  Energy Audit, 
Implementation and Operation 

l hP. Clim of energy Cludit of office building is  to define energy conservation 
measures. Tl 1e  paper describes tile existing state of bui lding co1 1structio11 and HVAC
systRrn, which ENCON rn e a s 1 ffe s  to i 111p leme nt and how, inves tment costs and profitability. 
Basi:id 01 1 I Ju i l tJ i 1 1y ::,\al� tJtc!su iµ l iu 1 1 a1 1d the actual constr uction paramete r s ,  the energy 
consumption was calculated by the l<ey Number Mel11orJ and compared with the measured 
energy consumption Then the energy savings from r elevan t ENCON me a sur es were 
calculated an d  describe d ,  before tile investme11t  costs and profitabi l ity for each measure 
w e r e  round 

rhe summary of these calculat ions:  energy savi 1 1gs ,  investm en t costs a n d  
r r o fiti'lbi l i ty m a k e s  up tl 18 ENCOf� pote ntia l of t h e  office bui ldin�J . 

INTROD UCTION 
r he <iim o f  F.nergy A u d its is  t o  make a 1 1  Energy Audi t  r� e p o 1 t  t o  be 1 1 sed a s  a p la tform for 
ca r ry ing oul EN CON 1 1w a s l 1 f e s  T l i e  r a p e r  d e �;cr ibes the exist i 1 1�1 bui ld ing co n s tr uction and 
the tect111ic<1I systems of office VVA buikii 1 1!-J 

- H e at i 1 1g system 
- DumesliL hot  wale1 1·m,paral iu1 1  
- Venti lat ion 
- 1 ioh l ina 
- V a r i o u s  e q u i p e m e n l  

- Cuul i 1 1g I A i r  coi 1cl i t ioning,  

which m ea sures to im plemen t and i low, invesment costs,  profitabi l ity and proposal for time 
schedule for i m p l e m entation of the m e a s u r e s  



Bui ld ing State Description 

Bui ld ing envelope characteristics 

The VVA bui lding consists of two bui ldings joined together; The main office building is  L
shaped with basement and three floors, the wal l  construction is made of bricks, with a flat 

roof. The second bui lding - "Semerek" - is  also made of bricks. Is has no basement, but two 

floors and a partial ly used wooden attic. The double g lazed windows have wooden frames 

without  seal ing , the main stair case tias double glazed walls with wooden frames. The 

e n trance door is also of wood, with double glass. There are metal  gate in the building .  

Therm a l  gains are stopped only b y  some light coloured (mostly white) curtains in  the 

offices ,  there a re no shading obstacles in other spaces of the building. Some windows are 

permanently shaded of the other bui lding. Bui lding envelope characteristics are defined by 

parameters: 

Table 1 . B u ild ing characteristics and parameters 

Heated area:  5.200 m2 Heated vol ume: 1 7.500 m2 

U - walls 1 , 3  w.m·2x1 U - windows, average 2,9 W. m-2. K1 

U - roof 0.9 w m·2x 1 U - doors 4, 1 W .m·
2 K-1 

U - floor o,s w.m·2x1 U - gate 7 , 0  W.m.z . K-1 

Average room temperature: 21 °C 

Heating season: 15 October - 30 Apri l  

Energy supply efficiency: 88 % 
Infi ltration: 0,8 h" 1 

HVAC-systerns 

The heat!119 centra l for low-pressure gas boilers contains two SLAT INA gas boilers with 
APH 50 PZ burners Each boiler has a capacity of 440 kW, tota l ly  880 kW T l i e  instal led 

power of pumps is  3 kW. There is a two-pipe distribution system with forced water 

circulation a n d  a closed expansion vessel instal led i 1 1  tt1e bui lding. The hor izontal part of the 

pipe line i s  ins ta l l ed below the cealing of the ground floor. no insulation The roo m s  are 

heated by steel rad iators with manual closing valves. Some thermostat ic •1alves are also 

instal led,  but they seem lo be broken. There i s  a g a s  meter insta l led , m easuring the total 

gas consumption in  tl1e bui lding . fhe operation of tt1e boi lers i s  controlled manual ly. 

Healing is cont i nuous , witt1 manua l set back du1 i 1 1g n ights and in the weekends,  but witl1 no 

outdoor cornpensalion. 1 he present construction of the h e at d istribution system is not 
suitable for zone contro l  

T h e  hot water preparatiol} is done by one standing s torage- heater OVS 2 1 ,  volume 1 000 I 

Two electric hot water heaters with a volume of 2 x 1 60 I are operated a l l  yea r , insta l led 

r. (� '} 



power is 3 kW All  of ti le  tan k s  are insu la ted witl1 a ppr. 1 00 rnm mineral wool . The hot waler 

preparal ion is m anual ly  control led ror a 1m1ximL1rn temperature or 55 °C Tl1e t10rizontal part  

or  the distr ibutio11 pipes a re instal led under  the cei l i 1 1g ol the g round f loor ,  no i n su lat ion . 

T h e  ma in domestic hot water consumers in tlm bui ld ing:  48 kitct1 e n  and toilet taps. there i s  

n o  water s ;:w i n g  s a n i tary er1 1 1 ipme11 t  T he f loors in  common s p aces s u c h  a s  corridors a n d  

h a l l s  a r e  being c l e a n e d  regulari ly . 

The computer room h a s an '.l.ir.:_��_QHl_().!!l!!!J unit (witf 1out humidi fier) s u p p lying cooled or  

t1eated a i r  a t  a rate o f  3. 600 rnJ/h 1 he air rate is  control led rnanual ly . Operation period : 8 

hours per day ,  5 days rer  week. The healing coil is electrical ly h e a ted. Al l  other· rooms are 

naturally venti lated by the wi11 dows 

Estimated s irnultaneous L<!!! power: 0 ,3  W/m2. Operat io n period: 40 hours per week. T i l e  

installed power of the 3 Q!J!!!2� is 3 kW ( 1  back u p ) ,  est imated simultaneous power: 0 , 4  

W/m2, operation per iod : 24 hours per day during the hea ting season . 

The light fittings consist rnz.iinly of i t lumin.'Jr ies.  Estimated instal led power: 50 l<.W. 

Estimated sirn1 1 l taneous power. 5 Wlm", 40 hours per week. 

There is appr 80 computer� in Lile bu i l ding , installed power appr. 200 W per computer. In  
addition lhere are so1 1 1e  copy machines and ot1 e r  electrical equipment Estimated 

simultanP.OLIS fJOWPr '!. ).1 \/V/rn2,  -1 ( 1 h n 1 1rs f1PI WP.Pk 

Appr. 300 pc rs�Q�. h ;:ivc their work 1n t t 1e bui lding,  250 of them a re in average present .  

E s ti nr nted n o r m a l  occu p a 1 1cy rieriod is set to 9 hours per Liay,  5 days per week H e a l  load:  

1 00 W per  person ,  

Energy Cons u m ption 
M easured e n e rqy c o 1 1 s u m p ti o 1 1  

T he f n l lowir 1�J e n e r g y  d a t a  I i  a v e  been suprl ied by NAF r A :  

Til l l le  2 Measur•�d energy  co1 1 s 1 1 1 1 1 pt io11  
b -· m . ,._  ... _ =-- __ ---� 

Yea r: 1 992 - ��-- I E lectr ic i ty 
Energy d e m a n d  

before E N C O N  [kWh/yr] 

Energy cost 

before E NCON [Sl1/yr] 

P resent e n e rgy rr!�:es 
Energy price u n i t  

'9? 74;� 7 4 5  

'93 2 7 -1  045 

'94 263 566 

'92: '125 963 

'93 439 1 75 

'94 688 5 1 2  

Sk/kWh 

�;-

Gas 
--- ·--'9?· 7()() 1 30 

'93: 797  930 
'94: !3 1 4  o!:JU --
'92: 222 4 3 ;:>  
'93: 257 979 
'94' 272 909 

3 , 35 

'�-- S�J1113--

Tota l 
\:!4\:J 875 

1 07 1 975 

1 07 8 2 "1 6  

64R :�% 
697 1 54 
96 1 4 2 1  



The measured gas flow values (m3) have been multiplied by the normal gas 

efficiency to f ind the gross gas consumption in kWh/yr, and the gross energy 

demand for heating and domestic hot water. The efficiency of the energy p1·oduction 

proces s  (boi ler) has been accounted for in the Key Number calculations. 

Calculated vs. measured energy consumption 

The most i mportant variables which will !nfluence upon th0 energy consumption of an 

existing bui lding are cl imatic conditions and operation and use of the technical installations 

and equipment. 

Without any registration routines regarding operation and maintenance of the building, it is 

impossible to know how the build ing and the technical instal lations have been operated 

previously: In which way has the manual control of the heating system been done? Has 

there been any leakages in the systems the last period? Actual room temperature the last 

years? Etc. 

To obtain a reference for evaluation of ENCON measures ,  the Energy Audit always should 

i nclude a calculation of t l 1e existing energy consumption, based on: 

- a standard "cl imatic year" 

- the existing bui ld ing condition 

- "normal" operation conditions. 

Table 2. Adjusted energy consumption 

Energy Budget, WA NAFTA 

Budget Item Calculated Measured Adjusted, measure d  

kWh/m2year kWh/rn2year kWh/m2year 

1 Heatin g  2 1 0  + 20 

Sum 1 (gas) 2 1 0  1 50 1 70 
2 Ventilation 5 
3 Domestic Hot Water 1 0  

4 Fa ns/P u m p s  3 
5 Lighti ng 10 

6 Vari o us 5 
7 Cool ing 5 
S um, 2 - 7 (electricity) 38 50 3 8  
Total 1 - 7 248 200 208 

This calculated energy consumption is the basis for the calculation of savings of the 

ENCON measures . Therefore wil l the measured savings never be equal to the calculated 

savings ,  and the measured savings wil l  be higher or lower than the calculated savings 

depending on the outdoor climatic conditions and the previous operational condition s. 

. , 
11 



T h e  energy consumption for 1 994 has been used as a basis for the measured energy 
consu111ption and for t i l e  adj u stmen t  made. 

Energy consumption befo r e  and after ENCON implementati ons 

The table below shows tt1e energy consumption per budget itern before implementation of 

F r--JCON rne21s1 i res compared to the energy consum ption after implementation, wit/1 or 

without non-profitable measu r e s. From an energy point of view, appr 40 % of the E N CO N  
potential is  con n ected t o  non-profitable measures 

l <i ble 3 . EnerQ y  con s u m ption before and after ENCON implementations 
-

Energy A udget 
----

Budget Item C a l cu lated After After ENCON, i ncl .  
consumption ENCON, n on-profitable 

before ENCON profitable measures 

measures 
kWhlm1year kWhlm\ear kWh/m1year 

--

1 Heating 2 1 0  1 43 96 

2 Ventilation 5 5 b 
3 Domestic Hot Water 1 0  7 7 
4 Fans/Pumps 3 3 3 
5 Ligllting 1 0  1 0  1 0  

-

6 Various 5 5 5 
7 Cooling 5 5 5 
Tota l 248 1 78 1 3 1 

CO NCLUSION 

T h is paper presents us t h e  EN CON Potential - a consider able energy saving potential i n  
t h e  VVA bu i lding:  

• Profitable energ y  savings 

Economical savings 

Total investments 

Total p rofitabi l i ty ( Pay Back) 

362 000 kWh/year (= 28 %) 
1 32 .800 Sklyear 

700.000 Sk 

5,3 years 

I f  the non-profitable measures are implemented because of need for renovation, the total 

energy savings will hP. 47 % nf thP tr:>t::1I energy consumption. 

The measures are ranked according to profitability: all  of the prof itable ENCON measures 

are assumed to be imple mented simultaneously as one project in ord e r  for the investment 

to be val id The f igures have a n  accuracy of ± 1 0  - 1 5  %. 



-able 4 .  ENCON potential of office VVA building 
= ......... -=--- ·�= 

Energy conservation measure Investment Savi ng Pay Back 

[Sk] [years] 
-·-· -

[kWh/yr] - _J�ly�] 
1 Water saving noz.zles, kitchen a11d 20 000 1 7,000 1 0.000 1 . 7  

bathroom - -··-- ·--· -----'- - - · ,____ __ 

2 N ew a u tomatic control system 60_ 000 - --------
3 Energy Control System 65. 000 ,____ -
4 Sea ling of windows 1 2 5 .  000 

62. 500 ------
5 4 . 500 

99,000 

2 ·1 900 "------· 
1 9 . 1 00 

- -·--·-

34.600 

2 , 7  --
3,4 
3,6 

--· ---·-

5 Replacement of burner 80. 000 4 1 . 000 1 4 .400 5,6 -
6 Bala

_
ncing of  the l1ealing system 30. 000 - - 9_000 3 1 00 ----�;!__ __ .. .. 

7 Thermostatic radiator valves 320. 000 79.000 27. 700 
- - ·  

rota! {Measure 1 - 7) - 700. 000 362. 000 1 32.800 

\Jon -profi ta ble measures: 
--·--·--·----- -

8 Replacement of windows 8 1 2 .  000 68.000 23 800 ·-- -----· 9 Insulation of external walls 5 670. 000 1 06.000 37 1 00 -
1 0  Insulation o f  roof 2 520_ 000 68.000 23 800 

;r, _ - .. 
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OCCUPANT INTERACTION WITH A MIXED l\ I EDIA THERM A L  CLl l\ I ATE CONTROL SYSTE l\ 1  

IMPROVES COM FORT AND SAVES ENERCY.  
D .  M. Rowe, B. Forwood, C, T. Dinh and \V ( i  J u l i an 

Department of /\rchitccturul nnd De:;ign Seicnl'c 
The Univers i ty  of Sydney, New South W:i lcs 2006. Austral ia 

Occupants of a s u i te o f  seven ol' l ices i n tervene lo adj us t  thei1 thernml env i ronments hy man ipu la tion of 
ven t i l at i on l h r\lugh doms and 11 i 1 1c lnws nml hy nprralion of supp lementary n1o l ing and hea t i ng equipment when 
cnnsidcred necessary. l n ln\'\' n t i < •n ae t iuns, space tcmpnn turcs : 1 1 1d L'l l t' 1 gy rnnsumpt inn have been 111onitorcd 
C(lntinuously lor twelve 1nnnt hs. I.energy simu lation 111odds h;l \ c  been used to cornparc t he energy eClnsun1pti(1n 
\\' i t h  an L''l i 1 1 1a tl' of what 1 1 1 igh t  he L' .\ pcctcd with a cP11 vent innn l  ducted a i r  condi t ioning system for the sa111c 
s11;1ce .  It i s  reported that the l'L�L·ordL·d cncrµ) u11 1 sun 1pt iu 11 i s  apprn x i ma t e l y  one qu11rtn nf that est imated fnr l hc 
'1 l t t· 1 n at i 1·e S ) SIL' llL ( lccup:1 1 1 ts rn lc  t he 'I'""" h igh ly  1-. 11 s a t i s lac· t i o n  with the t hermal cnv i 1 on 1nc11I and a i r  qua l i ty .  

1 .0 l n t rodu<:tion 

Sydlll')'. Austra l i a ,  cn i") ' a lll i l d  c l i 1 1 1a te with he 1 1 i g 11 wi 1 1 IL' I \ .  1 1 1 i ld sprin!! and :11 1 1u 1 n11 \\ l'at he1 and w:u m tn 
h1 1 t  su 1 1 1 1nns. I t  i s  possible 1 1 1  be 1 lw1 nwl ly  c 1 1 1n l'nrtab ll' i nd"o" lor n n1cl1 P l  the yca1 wi thout  rt·sp1 \ i ng lo 
111cd1an ica l  i 1 1 l t' l \'f.' 1 1 t iun whl'.1 1  l " 1 i ld i 1 1g' a 1 e  cks ignt·d 1·ur pass i ve ,·c1n1 1 1 1 l 1 1 I  c11c 1 gy llows and l' i 1 1d1.'""' and doP1 s 
can he <'['L' l l1icd to t r i 1 1 1  t:fl11tl i t i 1 1ns as rcqn i rcd. �lore nr lt'ss s i 1 11 i l ar c11nd i t i1 1ns p 1cva i l  i 11 the heav i ly pop1 1 l ated 
region� i n  J\ u:.t rn l i a  and de f l c .1r rc l. ( l l h.1.s Lk 1 1 1l 1 1 1 s t 1 <1tcd t l 1<i l l l 1 is i s '" f1 1 1  .s 1 1 1 1 1e sc'1> i ' l" i 1 1 1 1 1a 1 1y u t l lt' I p�l l lS DI 
the world. In 1 1 10'1 places, however, there w i l l  be occasions wlll'n i 11tl11P1 cond i l iuns w i l l  move above 01 below 
:1 >.T<:pt : ih[ •.' �'ll l l l fll l l  l i m i t s  U l l [C��: they Cll l l  hl' \ l lOd i l iecJ hy the \\ l1'.' I C1iio11 Il l [iOnlC l\1 1 1 1 1  uJ' ;;upp lell lCl11U f)' CC\ll [ i ng 
anti heal in!! equipment 

J)npi l t' the fJC.'> [ I Wll \  oiva i lahi l i t y  of l a vou 1 ablc Ol1\dt1nr etindi t i l l llS i i  has hl'Cl l l lll' C l l, 1 1 1 1 1 1111)' i n  111any i'al'IC. of 
the 11 1 11 lt l over the  las t  th i r ty yc·11 1 s  rn so i t' enc [ ,,sc bu i ld i ngs 11 i 1 h  l i xed wi ndows a1 1d tu  1 c ly 011 1 11ec'li : 1 1 1 i ca l  
coo l i 11g .  hea l i ng aml \e 1 1 t i l : 1 1 ic.111 yc111 1 pu 11tl to n ia i 11 ta i 11 lrnh i tah lc n11 1d i t ions i ndtH H s. Thi s  i s  m a d e  possible hy the 
cxpentl i t u r L' nl" l a 1ge qu< 1 1 1 t i t i l'.S of  cheap c1 1c 1 !!)' I < >  the exten l  t l 1a t ahuut  ha l l' the enc1 gy uJ11su 1 1 1cd i n  a ty pic :i l  
<Mice bu i l d i ng i s  ll 'l'cl l 1y 1 l 1c L" i i 1 1 1a tc c 1 1 1 1 \ 1 1 1 l sys lt� l l l , 

l l  i� l l ( lW hcc n 1 n i 11 �  l' \ ' i dc1 1 l ,  ho\\ l' \ e t .  1h; 1 l  t l i l'Sl' a1 1 a 11gl� l l lc 1 1 l s  do nol sat i s l y  a suhs lan t i a l  pur l of lhe 
\ \ceu 11� 1 1 1  [ l l l [ l U l a t i P I L  IJu l'l y re l . ( 2) has S ll)(gC\lc'd that "Tiii' o/J1·i1•1 1.' /JJ e/errnce fi.•r the 1u1111ml 1•1 1 1 ·i"""ll<'llf. (lllll 
tllP lto1tPtl '�t' oit rn11di1i1 1 1 1 i11g. i.� ;,,,.,-p,1.,·i11,i: r1nd ;,, ('\'('fl {.1,•g i11ui11g to be cleorly .H'<'N in No1 1/i ,·\m1•1 ico. H� gPc!I 
nu to say "rilC' Norr/1 11n l <'1 iec111 idl'o 1/i111 rhe lmildi11� is .H'/)(11'!1/erl ji·o111 1Jll/11rr. hen11e1ically co111rolled ll/1(1 
e11gi11rf'! ('cl i11 s1 1clt a 1 1 ·r1y rlwr it 11rm·;des a r;tuhf1• i111e111al e111 ·iro11111enf. is 1101 a s11�;tui11ahle hlea. " 

Rowe rei'. ( 3 )  has p1 esc11 t ed  scores for thc1 1 nal  C(l11 1 l n 1 1  in t welve su i tes ol o l l iccs which were studictl in the 
pc1 iod l'rc1111 1 992 lo [ l)l)), ·1 he sm11plc i 1 1t· l u c led lwu in 1 1wrc or less l ree 1 unn i 11g  spaces. e igh l  that  a rc air  
rn n d i l i l l 1 1ccl :1 11Cl lwn l lia l  a1 c vent i l at c·c l 1 h 1 Dugh tl1 •01 S and wi ndows and have occupant cc111 \ 1 ol il'd, 01Hk11rnnd 
supple 11 1c1 1 l 1J 1 y  cn11 l i 11g and hea t i ng . As i ml i cated i n  l ' if! .  I the best scores for thermal co111fofl were achie 1·cu in 
the lallcr two su i tes (uumhcrs I and 1 1  ). 
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This paper presents  the res u l t s  of cont inuously monitoring occupant i nteracti ons w i t h  control clc 1 1 1ents  in t he 
:u i te  idc11 1 i l ied as numbe r  I I in f'i g I over the pcriOLI of twelve months from I A u gust  I l)l)5 to 3 1  J u l y  1 996. I t  is 
eportcd thal  energy consu rn r l i l'n is <1pr1 ox inwtely a quarter of what wou l d  he e x pected i r  c l i rna lc  co n l w l  wer e 
>rovid�I in the same space by duclcd air condi t ioning wilh fixed windt>ws. ll i s  concl uded t h at t h i s  very 
:onsitlerablc saving i s  due lo the i n 1 c 1 1 1 1 i t tcnt  use or the supplernen l a r y  coo l i n g  and heat i n g  cqu i p 11 1cnt .  It  seems 
l l o lrnhle lhal a large prnpo1 t i r.>11 or  lhe occupants use pass i \'e controls by p r c l'cr c nce to 111a i n w i n  the i r  cornforl 
:ond i t i o n  and o n l y  rcsrn t to rneclranical i n te l \·c 1 1 1 ion w l r c n  I h i s  is n o t  successfu l .  

/\s r epor ted i n  t h e  Sydney f\l ur n i ng l l c r ald rei".(4) Austral ia  h a s  r ec e n t l y  curm' umlcr i n 1 e r n " 1 irn1al  c 1 i t i c i s 1 1 1  
'or i t s  reluctance l t l  accepl ri r rn  tar gels lrn t i re  reduction or greenhouse gas e m issions. In a wur Id where  "pi n i o n  i s  
n o v i ng stead i l y  toward •111 u 1 1de 1 s t a11c l ing ol  the need for a t h e  rnore sustai nable r e l a l i < lnship  wi th  t h e  
: n v i rnnrnent ,  a 1 1 1 i x e d  l l ll'd ia  s 1 ra 1 e gy l <l r  i ndotlr c l i mate control sucl1 "s  l h i s  l'aper tlcsc r i bcs r·cprcsents a 
eilsonabk co111p1 P11 1 isc helwl·en s u s l a inahi l i l y  and con1 1'01 I in b u i ldi ngs.  

2.0 ,\houl t h e  Pro.irct 

�==OJ 
EB 

Fig.  2 The project site.  

Twelve peupk occupy '1  su i te  of se\'en roo 1 1 1s used n s  offices i n  the arc h i tecture b u i l d i n g  at Sydney 
J n i versity.  Total area is  2 1 0  1 1 12 . The rooms arc ven t i l ated l h rough wi ndows and doors which can be ad j u s ted as 
·equi rctl hy the occupants. The 1 oon1s  have been equi ppl'd with reve1 se. cycle 1 c frigc 1 a tcd fa ncoi l  u n i ts w h ich nre 
1vailablc for supplementary cooling and heating under di1cct occupant control. Temperature set point, fan speed 
1 1 1d d i r ect ion or air  suprly a r e  i ndependen t ly adjustable in each roorn. 13ackgr ouncl hea l i n g  is a va i l a h l c  Ll uring the 
h r ee w i n ter n1 tlnlhs or J u ne, July and August  frorn the or ig inal  i ns t a l l at ion or  hot water panel  radiators, also under 
l i rccl control of nccupa n l s .  The n r ea under i n vest igal ion is  shown in  Fig.  2. 

I t  wi l l  be ohser  ved that  a l l  spa<.:cs arc localed i n  pcri111cler znncs and arc subject lo d i rect  i n rluencc o f  
1utd"o1 concl i t ions. !\la i n  or ien 1 a 1 in 11 i s  l t l  the v. esl  w i th lesser exposures lo north and easl . Exter n a l  s unshades 
� i \'e Sllrne prnlect ion l ro111  solar heal  gains. C e i l i ngs a l  3 , 500 111111.  ahove the Jloor a l low war m air lo rise above 
he occupied zone.  Heavy weight n rasnnry conslructinn provides the r m a l  i ner t ia to damp outdoor tempera tu r e  
;wi ngs. 

Sensors 011 windows. e.xternal doors, fa ncoil  un i ts  and panel heate r s  and le1 11pcralure senso r s  in each room 
.verc rnnni lorcd cont i n uously t o  1 e<.:0 r d  sl atus l hroughnut a year o l  OJ1l'ral i o11 l'ro111 3 1  July 1 99.5 t i l l  1 August 1 99(>. 
:::nergy consumed by the rc l 1 igc1 .i t ion syslern has hcen recor ded frmn k\Vh mete r s  011 t h e  sup ply at wee k l y  
ntcr v a l s  t h roughout t h e  p e r  i n d .  For C<1111rarisn11 t he  energy that wou ld be  co11su 111ed by a d ucted a i r  comli t i o n i n g  
;ystem for t h e  same suite or 1 00111s was est imated us ing the e n e r g y  simulation pacbgc ESPll ref.(5) .  The model 
>pcrntecl an air cooled pac ka gl·d u n i t  with \'ill iable  volu11 1e air distrihu1 io11 and a n  outdoor a i r  ecunnrni ser <:y<.:le 1H1 

i n  hour by hour ri l e  or Sydney weather data for the les t  r e f'c r e nce year 1 98 1 .  /\s a check a s i m u l a l i < ln  using l he 
;a111c weal her data was 1 un i ndcpende n 1 l y  using lhc /\ 111erica11 s i 1 1 1u l at i o n  package DOE-2. Occ upants wen: asked 
o i ndicale their sat i s foe l i u n  w i t h 1 h e 1 1 1 1al  cornfo r l uvcr l i rne nn four nccasions i n  /\ p r i l  1 994, July 1 994,  August 
1 9\15 and Fe bruar y 1 996 and t h e  r es u l t s  were reported previously by Rowe r e l' .(3) as i l l ustrated i n  Fig. I .  



J.O Rr.s1 1 l h  

!\ k�111 i 1 1d<1nt te 1 1 1 1w 1 a t u 1 c  was 1 11 C1 i n 1 a i 1ll'd Pl l  wrn k i ng d a y s  t h rn1 1gl 1 1 ,u t  t i le  ye.it i n  lhL' 1 a nge 1 !'011 1  20 to  
2'i 11l · l lu 1  i n µ  t h i s  pe l" i (1d < >u ld<H>I" lc'l l l l 'C l al u 1 cs 1 a 1  icd l >l' l 11 cc·11 a l < l w  I l l  1 2''(' i n  wi 11 le >  a n d  a h i g h  ol J7''C: i n  
s 1 1 > 1 1 1 1 1c1 . A sl 1 < > 1 >g tcndcnn w a s  ohse1 ved 11111 a1 < I  scll'c l i 1 111 o l  ind<l<l l" le 1 1 1pcral 11 1 es t hat wc 1 c  h i gher "n war 111 c lays 
:111d lmvn ( ) /) C<lOI days. Tc 1 1 1pc1 : l l U l  l'S in i 1 1d i 1  idua l  l (l < l l l l S  1 cµ 1 1 1 <\ 1  ly  slw11Td \ HI ia 1 i 1 1ns u p  lo 2"(' <ln e i l lwr s ide or 
the 1 11can . '[ he d :i i l y  l cmpc1 : i l u 1 c  l <l l l t'l' al J p111 i s  i l l 1 1s l 1 c ilcd in Fig. J . 
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Us<! or wi nduws a 1 1d  C '; \L' l l l : t l  c l 1 >c1 1 s  al t he  S : 1 1 1 ll' t i 1 1 1c o l d") is i l l 1 1., 1 1 :1 tcd in l ' i !( . 'i. Fi\'C or the \ ( \\lll)S have 
\\'\) opc 1 : thk w i 11dll\l'S \\' i l h  ( l \ \C  i n  each nr  the· l l' l l l :1 i 1 1 i ll,!! l\\'ll I t  i s  noted t h:tl l \ l t l l C than l w l l' o r  l hc ll' i l l( IOllS :I l l' 

1pi:ned tlll only f(1ur Dn..:asi1H1" duri nf! 1 hc yca1 , The rdati<msh ip  bd\H�t·n t111 tdoo1 h.' i l lpl' 1a tun� and nt111thl'f' ' 1 f  npen 
1 i nd1lws is nut as d is 1 i 1 1c l  as 1h:11 ''hsc n·cd w i t h  J'<im.·o i l  un i ts  a l i l l ( lugh 1hc 1 c  i s  a d iscc1 n i bl l' 1 c 11dc1 1cy 1'<11 n 1 1 J Jc  
vi ndows t u  be npcn on t h e  1 1 1 i lde 1  days. '[hcse rot11m a 1e pr t l v i c lL·d w i t h  nd j uslnbl l' � l :iss luu1· 1 cs :thll1 c I l le' main 
.v indow sets  and i 11 l i l l 1 :1 1 io 1 1  i s  su l l i c' ien l  i'or nc lequale 1 'l' 1 1 t i l a1 i r.1 1 1  c" e11 ll'hL' l l  liolh wi nd""'' : 1 1 1d luu v 1 es a 1c  c lnscd. 
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t\ l<' ial  nf 4 1  l '.i  k \\'h oi' c·1 1e1 ,!!) " as c1111su1 1 1c·d hy the  suppk1 11rnla1 y 1 c l i igc 1 a t i < > 1 1 systc· 1 1 1  in !he year, Some 
"r thi� was usc·d d1 1 1  i ng  w i 1 1 1n 1no11 1 hs \\'hc11 the sys lc 1 1 1  was \>11e1 a l ed i 1 1  1 10 -.'l:i sc' cydc 1nudc ' ' '  : 1 1 1g l l ll'lll the 

hcal i l l!( p 1 1 1v itletl hy the l1 1 > i walc1  pa1 1cl  1 atl i :t l < l l S D i 1 ec 1  c1 1 1 1 1 1 1rn isrn1 w i t h  I l ic cst i 1 1 1a t cd  lul : i l  e 1 1 1· 1 .�y crn1su1 1 1 1' 1 i 1 1 1 1  
hy till' :dlcrn:i l i vc pac k:i�rc·d : 1 i 1  c 1 1 1 1d i t i < J 1 1 i 11 g  sys1c1n i s  l ll 'l  pnss ih lc  licc:iuse t he i 1 1 pu l  l o  I l i c  h1 1 l \\ a l c� 1 1 : 1d i :1l rn s  
cnuld IHI\ h e  i sn la lcd. ( 'n r l 1 lh�1'S�l l in 1 1  rui ! h i s  W<1S i n l t Odl lCCC I  b y  ilCl' l l J l l \ l ] ll l i ng 01 1 Jy  coo l i ll!! l'l ll' l g_)' i n  thl' l'.l lCI J;} 
s i 1 1 1 u l a t i 1 1 1 1s. Tl1c s i 1 1 1u l <> i l < ' l l w i t h  l hc· p:ick ci!,!l' E.S l ' l l i 1 1 d i ca1ed :111 e x pected :1 1 1 1 1u :1 I  l' f 1 <1" 1 111pl i < 1 11 l l > I  '·" '" l i ng ol 
l 'i .'i l 11 k W h. l he Dl >F-2 s i 1 1 1 u l al i 1 1 1 1  )' idt lctl a11 c· s t i r n:t l L' o t  1 5 .7(1() k W h  f' ig u 1 e  11 s l 1ows the 1 11u,, 1 l i l y  t l i s1 1 i l > 1 1 t io 1 1  
, , ,  aclual  enl'rJ:!) co1b11 1 1 1p1 in11 and a cn1 1 1pai iso11 wi th  i·sti1na1{·d 1 1 1t 1 1 1 t ld) tnnsurnptiP11 hy I l a:'. p:wbi�cd air  
co11d i t io 1 1 i 1 1i; �'Y' le 1n  as s i 1 1 l l l l : i icd hy t he 1.'S l ' l l  snrtwa 1c  1 1 1odel  
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4.0 Discussion 

Till' l h l' l ! l l tl l  c t 1 m rrn t  ..;;1 ! i � l :l L' l i o 1 1  scn1 c..� 101 l l i i s  ip nup c. d  \nrn m�n r111d L' ighl  \\- l \ 1 1 1�·11. a l t fw u � l i  h i �.d l .  i s  1 1ol  
pcrf'cc l .  Tl 1 i s  i s  1 1 1 < i l iahly due.  <1 ! k:isl i n  pa i l .  lo l lw sh : 1 1 cd "'"'" l ''l l lC) "I  l w1 1  l°(ll'"" I>) l l1 1 cc l 'L'opll' in  '"'ch < 1 1 l l l  
another  hy lwo wilh rc ..; u l 1 �1 1 1 t  l'( l l l l p r o 1 nbc." l l1 a l  ;1 1 e  nul llL'Ct.'!--S:uy when a to(llll ha\ a s1 1lc ncu11'an1 . t\ pcrk .... · t  
sco1 1.· may llC\'�r hl' <1<: h k vcd L' \ L' l l  w i l h o u l  tllL''e c 1 1 J l l 1 l 1 n 1 1 1 i s l'S i'k v c r ! he l e<.;s scn l l'S f 1 Jr lhL· t m�d C'olll fl 1 1 t  i n  l h is 
h u i l d i 11µ arc h i �� l 1er l h a 1 1  those 1·"u11d in c i gh l co1 1 1 •: n 1 io1 1 ;i l l y  a i 1· co11d i t i o1wd a 1 1d tw11  r1·ec 1 u 1111 i n g  natura l l y  
\ c 1 1 l i la 1cd h u i l d i 1 1gs.  

Th�� 1 c s u l l s  arc t h e  mn1 e e \c i 1 i 1 1 µ  i n  t hL' l i !! h l  u!' the \ t'l'j' I P \V ct insu1 1 1p 1 i 1 1 11 ('r c nc 1 �y in Cl ' l l l l '<u ison wi th  whal 
ll n u l d  be expected 1·1 <rn 1  a Cllnvc 1 1 t i 1 1 1 1 : i l  a i r  c 1 1 1 1 1 l i 1 i ,1 1 1 i 1 1g  sys i c· 1 1 1 . N11 d1 1uli l  lhis n»u l l  i s  1 1 1  sn 1 1 1'' cxtcnl  due 1 1 1  I l le 
pass i 1 c  desi ,e11 n r  l hc h u i l d i 1 1g ll' i lh  CXil' l l l : l l  shad i l l)l . h i µh Cl'i l i 1 1gs a1 1d l l l'.:ll' )'IH i g l 1 1  l' l l l lS lru c l i 11 1 1 .  H c 1 1, c 1 c r  Jll( ISt 
h11 i l d i n gs would p 1 nvide occupa111s 11· i 1 h opport1 1 1 1 i l )' J or  passive 1hc1 1 11al c1111 1 n 1 I  lor  jHl l l  o l  the :u111 u a l  we:1t lw1  
c y c l e  The1 c is  a lso l i J J k  c loubl  thal  h igh co11 1 1·( 1 ,. I SCUil's 11'(111 l d  '"' '  l ie 1 L'c1 1 1 ,kd ll' i l l 1 1 1 1 1 l  I l ic: n v :1 i l a l 1 i l i t y  "r 
St 1pplc n1ell i '1 l )' IJ1Cci1'1 n i c:d Cl l l l i l' l l l  l' ie l l l l' l l l S  ro1 l l > C  \Vhe l l  i h l' llCL'd is pc1 cci 1 ed .  

The 1 cs u lts rcpo! lt'd al)(l\'l' :ICC<Hd 11 c l l  11 i 1 h  ! Ill' ri11dinµs or Blll1bss. B 1 0 1 1 1 icy and Leaman \ C l . t h )  that 
h u i l < i i l lt,' uec u p n n l,; :u c bc11e1· :;at i s l icd ll' i l h  I lic i 1 1d ll11r cn v i 1 < 1 1 1 l l 1L'11 l ,  a11d use l e "  e11L'. 1gy I l l  : 1 c l 1 i ,:1·c: t i l l: d'" i 1 L'<i 
r L'stl l l .  whc11 ac.kqui1lc c o n trol o p l i o n s  n 1 c  a vai l n hlc. lo them <l l ld l l ll'Y t:r1 11 take acl i u 1 1 lu 1 �q i i d ly L·Pt l l'Ct  : 1  L�o n d i t i o n  
t lwl i s  l'l' l lTi vcd as u 11sa t i s l"ael( I J  y .  

5 . 0  Condusio11s 

The need l o  use Cl!L'rµy i n  a 1 1u1 1 e s u '\t ai 1 1ahk' '-\ ' 1\' a nd t o  1 cd 111.:c 'f l CC:lllWll Sl' ��as Cl l l i 'i� inns  i "'  l w i l l t' 
r ecPgll i .c.cd w i d e l y  a1·uund the wnrld as i i  hL'l'nrncc, l l lnn .. ' CL' J 1 a i 1 1  t h a t  g lnhal  w<11 1 1 1 i 1 1 µ  i) a 1 c a l i 1 y  C 'n 1 1c 1_ 1 1 1 c 1 1 1 l :' 
111:1 1 1 )' pcqpk :1 1 c  1 1·: 1 l i s i l lt! i h al lhL' a1' l i l i<. i n l  l' l i nrn l c:; l'""'ided by : 1 i 1  co11d i l i l < n i n g  in 1 1 1 1 1dc!"l1 cn11 1 11 1e1 L· i a l  h u i ld i 1 1i;s 
;u e kss lha11 co1 1 1plclcly sal i ,li1c11.11 y. 

'] h i s  S[Ud)' o f" a l l l i X 1:d l l lC d i a  r d l i L'L' L' l l l " i l r l !Hlll' l i l  h ; i c, slJJl\1 11 l l J : J l  ihC UL'CU J'a l l l S  L' :t l l  ( IL'hiew. h i g h  il'. vc l :; 1 1 f  
1 hc1 1 1 1 : i l  com i'(l l l  h y  1 1w1 1 i p 1 1 i ;-1 l iP 1 1  1 1 1 p;1 ..; .; i v1• 1 · 1 rn l 1 P I r · l 1 • 1 1 1 1 · 1 1 h  l\ ' i t ! i 1 1 1 1:1�· h n 1 1 i  .... · a l  �: u p 11 lcme1 1 l : t ! i o11 when nct'l�� . .  'irtr'}". 
l 1 1du11 1  ll' l l l jll' I O\ l t 1 1 e s  \\ C I C  mai 1 1 l < 1 i 11cd \\ i th i 1 1  t ilt• 1 a ngc l 1 rnn Jl J  iu 2()PC. \l. hik outdo\W IL'ntpera\ l l 1e'\ 1 a1tg.l'J 
an nu:\ 1 1 �  h:: L WL.'.\�ll 1 2  a 1 1d  1 7nc 'J l i i s  \\ rlS ; i1. L 1 1m 1 1 l i ;-; l i l'd h� PpL· 1 1 i 11 ,1!. '"' i ndo\\"..., �111d dn( 1 1 s  wlw1 1  n1nd i t i l1 1 1 s  \\'L' l l' 
j u d g L'd l" he l :1 1·01 1 r;1 b l c :  "' hy the w;e 1 1 1  1 ci'1 ige1 a1cd co11 l i 11g ;111d 1 c vci sc L)'L IL' l 1L':1 l i 1 1 g  ll' i ll:l l  l l 1t') w e1 e  
c11 1 1sidl'. 1 L' d  1ien'ss;1 t y .  Tl1e 1 csu l t  was ach i e 1 ed ll' i l l J  :1 1 1  <l l 1 1 1ua l  e.11c1 gy cnnsu111p 1 i o 11 c � 1 i 1 11<1tcd t o  h e  al>oul a qua1 1e1  
or " hal would h a ve hce11 11scd by a ll'c l l  dcsig1 1cc l  C l l l l l'L' l l l iu1 1a l  a i r  coml i 1 i n11 i ni; sys lL' l l l .  

A l l 1 1\lugh l lH� sca l e  or lhis  c.s pe1 i rnc11 1  is  sn1al l  ;1 11d t i le h11 i l d i 111'. L'<J11 s l 1 1 1e l i l ln  ravo 1 1 1 s pass i v e  c l i 1 1 1a te  c1 1 11 t 1 u l  
t i l e  res u l t s  sug)'.cs l  l lrnl a wider appl ica t i u n  Cll ° m i xed 11ll' d i a  I LT l 1 1 1o l ogy i s  l i k l' l y  I l l  i ' '  "dlln' a 1 1 1''' c ."1t i s 1 <1clc> 1 )  
lhennal t' l l V i l lH\ l l lCll l  for t he l 'Xpe111J i l U l'e l l l  a rrnc t i ol\ nf" t h e  Cl\CI g y  llSl'd f n 1  f"1 1 \ I  scale a i l  l'Oth. l i t i l • l l i l lf! . < I {  IL'a:\l i n  
i h e  1 1 1 : 1 1 1y s 1 1 1 a l l  sr:ak h11 i ld i 11p l lHll 1 1 1akc 1 1p a la 1 g" p :i 1 1 nl' 1 h L' l1 1 l ia 1 1  L'l ' l l l l l l< ' 1 L' i i i l  l • 11 i l d i 1 1!! ' ' ' "· k c1 1 1 < i  '.1 h i c· h  l c 1 1 L i  
I l l  lw i he 1 1 1 " s l  """lc l.ul 1 l l  c11.,1 gy ; 1 1 1d  the IL'asl cnrnl ortabk. 

I t  is even possible In sugi;col ihat Ilic 1cch11iqu� 1 1 1 it'.hl be appl ied 1 1 1 1;11! b11 i l d i 1 1gs i i  those' conce1 11cd n1uld l 'e 
pc·rsumlcd lo take n d i l'l crrnl approach to design.  Mc11t io11  or t he idea i hal  Oc<.'11 [ 1Ul l lS  o l- i hcs<.'. s l 1 11 c t U l l" '  1 1 1 i i;l 1 1  ill.' 
a l l uwed lo n11e11 ll'i ndows c11 1 1 1 1 1 i rrnly d1 aws negative r esponses. Yet e :1 1 l y  t a l l  b u i ld i n_l!s :ii t h e  end " '' ihc  
1 1 i 1wtec11th c e n t u ry were 11a111r n l l y  1•t•11 1 i la1cd. Ami i n  the l a s t  few yca 1 s  a 11u111ber or frnmc1 1a l l  <11Tict' b u i ldings i 1 1  
Sydney have hLT ll cr1 11 1·c 1 l c'd 1 1 1  1 e• s i d C 1 1 1 i ;i l  use· <111d, g11ess wha1 ' t hey nnw have 1 1 1>e1 a l> lc  ll' i 1 1d""" : i n d  d"''" 01 1 1 1 1  
halc1 1 11 ics because. o n e  s u s pL'C i l .  l iuycrs would  1 c jccl a sca led en velPJ>L'. 

M uell  is s a i d  thew da\'s ah<n i l  " i h c  i 1 1 te l l ige11 l b u i l d i n g "  l11 1 h i '  na111p ll" snphist ic11cd i n l l' l l i ge 11u· i 1 1  t he 
1'd1 i gera 1 i11 11 c q u i 1, 1 1 1 e 1 1 1 pe 1 1n i l s 11 1w 1 a 1 i n1 1  ove1  a w i de 1<111g·� 11 /" ln: 1 1 ls. 'l h us i 1 1di 1 · idu i i l s  c<1 11  use ! h e i r  i 1 1 1 c l l i ),!1: 11ce 
lo es tabl ish Coll(l i 1 i r 1 n s  lo t l 1 e i 1  l i k i 1 1g 1 1· p,•1 s1111;i l l i k i n g  is  rn1· a ge 1 1 1 k  h 1 LT/c 1h1 011 ,l! h  :u1 O[lCll ll' i 1 1dm1· ihL·11 so 
nlllch the bcl l lT 1·or p.: 1  s 1 1 1 1 :1 l  1 1 1 1 11 l rn  I : 1 1 1 1 1  i l u: �1 ir1r.I Pi  1hc •: 1 1 1  i 1  c 1 1unc 1 1 t .  

6.0  A rk11owlrdgcmcnts 

This 11 r1rk was suppo1 lcJ by l 1 1 1Hl i 1 1g l 1 on 1  ihe t\ustra l ian l kp:1 1 t lllL' l l l o/ E 1 1 1 p l1 1 y mc 11 I .  f'd11c;i t i n 1 1 ,  T1 a i 1 i i 1 1 g  

a n d  Y o u t h  A l fo i rs i 1 1 1 0 1 1gh the A t1sl 1 <1 l ia 11 J<c·sea! l·h  Cn11 1 1 ,_· i l  l la i k i 11 A u q i : d i a  l ' t y. l . 1 < 1 .  d ' 1 1 1 : 1 1cu v: 1 1 i :d 1k 
1 e l01 i g e 1 <l l l i  l' l l lU J l le L'q ll i (1 1 1 1 L'l l l  rnl i l ll' .Sl l jlj l lc l l \l' l l i : l l  )' ( n o l i 1 1 g  : l l ld  he:1 l i 1 1 g  S) 'Sll' l l l ;  and i l l1 1 \L')' ll'L' I J  J .td . rhrna lclf I l le 
Jl l(111 i to1 i 11g equ i p 1 1 1enl  Col lcnguc.s pai l ir i patcd l':: l ic 11 t ly and wi lh  good w i l l  in the c .s pc 1 i 1 1 1e11 l ;  :llld Phi l C:1a11ger 
cl l ld  Ric M nss can ied oul lhe i 1 1 .s 1 :i l la l i o1 1  a 1 1 10l lf' l he i l" lllilll) olhc1 l :i s k '  
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A C o m p a rison B c t \n•en t h e  Ln l l o rn t o ry a n d  O n - S i t e  Tes t i n g 
o i l  t h e  N e w  V e n t i l a t i o n  f�y s t c m  P ro posed t o  he U sed 

1 11 t h e  S h i p  I l u l l  of :rn V LCC D u r i n g  t h e  H c p a i ri n i� P ro cc.ss 

ABSTll ACT 

1 1  �; u n ,  l� < 1 1 1g  1 1 < · ,  Xu W<). f �  oh C N  
S i n i,::!p< 1 1T l ' r od 1 rcti 1 · i 1 y  & Sia 1 1d:uds Huard  

I Sr: i c r 1cc ! 'ark 1 )1 ivc.  S i r 1g;ip1 1 1 c 1 1 � :? ) 1  

1\ 1 1cw vc11 1 i l :1 t i c 1u  ::ys lc 1 1 1  w;1:; p1 nr)(l''c'.d t o  1 c1 m1 1·c the  :; 1 1 1 u k c, l ic : 1 I  : 1 1 1d  har m fu l  ga::c;; gc1wralccl 

d u 1 i 11 g l hc 1 c p<1 i r i u g  p r m:ns rd l l w  s h i p  hu l l  o f  a very l : t r"[!C CJU1 IL- c:rr r i er ( \ ' U.T J l l  b:rs i ca l l y  

l r a 11 , k1 :' f'r esh < 1 i 1  f'r o 1 1 1  t h e ckck ( t n p )  l o  t he l 1 1 1 i !P 1 r1 o f  the sh ip·hu l l  v i a  :1 1 1  a i r  d 1 1c t  :ind then 

spread lo t i re c:1 r : i 1 e  sh i p l i 1 1 l l hy  � r 1  : r i 1  d i :; l r  i l J 1 r lu 1 l 1 1; l.u r 1; l 1•. : i r 1F :, ud .. cJ 1 1 u l  lu1,;dl 1c:1 w i t l r  t i n:: 

:;rnukc and d r is l  v i :1 t he suc· l in1 1  :it t h e  drd:.  l .aho1 :rtn 1 y  c ;:pn i n 1 c n l s  1\·c 1 c  pcr li m ncd u s i 11µ  a 
scaled down model  "r :1 s l r i p· h r i l l .  I l i e  1Tn l i l a l i u 1 1  c1Tic icnc1  r 1 f  I. l i e  new 5\ stem 11 .1s d c:tc1 rn i 1 1cd 

: r s  c 1 1 1 1 1 11an:c l  l l '  I l ic L:x i !; l i 1 1 g  . .,y :. lrnr .  0 1 1 .s i t r; lc�l i 1 1g u s i 1 1g l ll\: 111 otot\ 'pc ;r i r  d i s l 1 i bu lor  Wfrs �1 l so 

pcrlo 1 1 ncd I n  1 1 1 cn:; u r c  t he ; 1dunl  \'C l t l i l a t i o 1 1  c rri c i c ncy and lo curn parc w i t h  the  l a boratory 

expel i 1 11c 1 1 1 s .  I I i i: 1 1 1 a i 11 ad \'<1 l l t <1ge ol t h i s  new :'ys1c11 1  is that it is easy to as:,crnblc :rnd d i :; 1 11anlle 

rn a k i n �·· i t  s u i t a h i c  \\ h<:n l aq!C :;«:1 l c .  t e 1 1 1 p 01 :1 1 1 vcn 1 i l a \ i 1 1 n  i �  1 ,:q 1 1 i 1 cd 

I .  I N T R O D UCTION 

1 .abornlt ll')' c x pc r i 1 1 1 rn l s  \\TIT J 'C t  l 'ormcd : r s i n g  a :;cakd -t l u 1\'!l \ ·" I .  I :' )  1 1 1(1ck l 1 1 f  : r  •; J r i r : 
1 1 1 1 1 1 .  I he ·, c1 1 l. i l : 1 l i i 1 11 c rfi , · i c: l \C)  1 1 1  I l i c  n e w  sy:;lC'. : 1 1  \WIS rk l r: r rn i 11c< I ;1s r · :rn1 p:1 1 ,�J l t l  th: <.' \ i s t i ll)' 

syslrn1 . /\ 1 1  (111 - s i t c. l r : ": l i n g  ol t i r e  1 1 c w  syslc1 1 1  in :1 11 :1 c lu :i l s n i 1 1  ! i u l !  '".' . \ ."'. 11cr l i > 1 ! t1cd lI' look i 1 1 lc 

l I rc t: I kc:l i v c 1 1c.s> u f I h e  l i e".\ S) > ic' l l \  

2 .  B H I E. F  D li:S('IU l 'T ION O F  Tl J E  T W O  V T N T I LATl O N  SYST l� l\ l S  

2 . 1 ' I  l ie  llC W  S\' S l C l l l  has i c a l l y s u r p l i c s  fresh n i r  l 1y fans i n stal l ed ( ) I] t i le deck o f '  I lic  V I ,( ' (  
a11J d e l i ver  t h i s  f r r ·s l i  a ir  l o  the ai 1 d i stri hutoi s a t  the  holtorn o l. ihc s h i p  ! iu i l  1• i a  l lcx ihk p l : r s t i •. 
d ucts. I he a i r  d i s t 1 i h u l or wi l l  then d i :;tr i liu tc the  l 'rc�sh air  t h r t'uglwul I l i c  c n l irc h u l l .  li.m n i n g  :w 
upwa r d ll cl w i n g .  gcnc 1 al d is p l acc rncnl t y pe o l' vcnt i l : i l i o 11 . 1 : i 11< r l l v .  I l ic a i r  suction fo1 1 s ,  i 1 1 s l a1 \ c( 

ovc1 \ il r ious d e ck 01,cn i ngs, w i ! I  suck l i re :1 i 1  01 1 1 u l  l l rc l r u l l  and vent  i n l o  the a l ll 1 1'spl ic 1 c. 

2..2 I he o l d  syslc1 11  com prises o n l y  of a i r  s 1 1 p p l y  w i t h  :11lachcd llex i blc  p l astic duel i ng I t  

dc l i vn fre s h  ;1 i r  to t h e  wnrk /.O l l C S .  ·1 here \Ve r e  neither prnpcr :1 i r  d i stri but ing ar1'arnlm al Lhc  

l erm i 1 1 1 1s o l  the  d u·�I nr > I" any ;i i r  <;L1c ! i n11 r:ins l l lO t l l l lcd ' ' l l  I. he deck,  I he ll o w  p< r l tC J l lS  i n  l he sh i J  

hul l  are therefore random and the dusl and s moke gcJ 1c1 < 1 icd a1 c c i rc 1 i l<1led w i t h i n  the h u l l . 

3 .  EXP E R I M ENTAL S ET U I '  

1 I l hc d i r 1 1 t·w: inns o ! "  lhc sc:dl'd·dmv11  sh i p  h u l l  \\'L'. J c . 4 1 7 r 1 1 ( I J x ::  l ll r 1 1 ( w )  .\ 2 . '1 0 1 1 1 ( 1 1 )  

g i v i ng a V t l l u rnc ul '  22rn 1 .  r 1 1c CX J'Ct i 1 11c 1 1 1 a l  se l  u p  fur l l r i s  SL' : 1 k d ·c luwn n rn d c l  i s  shown i t  



: ig.( 1 )  w i t h  lwo a i r di slri lrn lnrs and th ree suct ions  al the lop ( 1-c f. ( l )) . · 1  he o l d  sysle1 11 w;is 
i rnula ted us ing a s l l la l l er suct ion fl ow i n te. 

• . 2  The d i mensions of the s h ip h u l l  (central tnnk)  used for tbe 011-s i te  testing were 5 5 .7 1 1 1 ( 1 )  x 
'.0 .8m(w) x 2(J .9m(h) giving a vo l ume of  3 I I 65m

J The experimental setup f'or t he new system 
iad four sets of air supply faus on the  deck connected to the four air d istri butors at the bottom of 

he hull  v ia  flexible ducts (sec Fi g.(2)). S i x  air suct ion fans were i nstal led at the deck for exh aust 
nd to balance the air flow rate. The setup for t h e  o ld  system was s imi lar  to that of the new 
ystem setup. The only  d i !Terence was thnt the air  d i stri butors wt�rc removed. 

/ 

F igure 1 :  Exper imental setup ll1r  
s e a  led· down model  
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Figu1c 2 :  Ex pc1 i 1nrntal  set u p  for 

on-s i te test i 1 1g 

L f�XPEJUMENTAL R ES U LTS AN D D!SClJSSIONS 

i .  I Ak.Jlvw rlilll Air-c�l.!angurr..t� 

The Lola! air supp l y and suct ion rates i n  the sc;i l cd -down exper iment were 8 8 m3!h giving 

n air-exchange rate of 8 8122 = 4 t imes/hr. i\s for  the rea l -s i ze on-s i te  testi ng,  the lota l  ! low rate 

vas approximately  46,000m
3 
/h g iv ing an � i r  exchange 1 ale of 4 0000/3 1 1 65 = 1 . 5 ti mcsfhr. 

I .  2 Yflv.tiJ.)'..lll_diffor_cJ1J .. d i.s.t;u_u;_c_fr.91JU! i Ld .i�.11.ilJ.u IJn 

1.2 . 1 The j et s  for both the scaled-down mode l and actual 
lesig11cd lo be ci rcular  j ets governed by Eq. (  1 ) . (sec re r.(2)) 

protc, type a ir  distributors were 

\ ' 0.4 8 ' ......'. "' . . . . . . . . . . . . . . . . . . . . Equat ion ( l )  
ax \ ',) + 0.1 45 
d 

where cl i s the d i a 1 1 1 c tcr of the 1 107.zlc 

x is  t he d i s tance from the nozzle 
v., i s  the ve loc i ty al  t he nozzle 

v ,  is the ve l oc i ty al a d i s l<rncc x rro111 the 1 \ ( 1/J.l c  



From Table ( 1 ) , i t  was observed that the turbulence coefficient, a1""'"'Yrc· for the prototype was 
about twi ce that or the model . The hi gher the coe fficient,  a, impl ied that the d istance reached by 
the jct was shorter because it had a wider angle of spread. 

Table 1 :  Velocity al  d ifferent d i stances from the air d istributo r  
Prototype air  d i stributor Scaled-down air di str i butor ( 1 1 1 0) 

Distance from air- Velocity Turbulence D istance from air-
d i stributor (m) ( 111/s) coeffi cient, a d istributor (m) 

0 30.0 - 0.0 

I 1 l .O 0. 1 047 0 .5  

2 6.0 0 . 1 0 1 5 1 .0 

3 4.5  (J.09 1 7  J .5 

4 J . 5  0.0893 0.0 

5 2 . 6  0. 097 1 0 . 5  

6 2 . 5  0.0842 1 .0 

7 I . X  U . J U I U  l . 5 
8 1 . 5 0 . 1 064 0 .0  

9 1 . 5 0 .0946 0 .5  
- - - 1 .0 
- . - 1 .5 Average, a - 0.0967 -

4.3 Conw.a riso•!.J!.llL'i.!1.1n....!!.o.!.'..�.n.trat i 9Jl:.Dc_c_,u· Method 

Veloc i !y 
(mis) 
1 2 . 8  

2. 1 

1 .0 

0 . 7  

20.0 

3 .5 

1 .6 
I .  I 

1 'i 8 
2 . 5  

1 . 3  

0 . 9  

. 

4. 3. J Scaled-do11•11 Laboratory EYperi111e111 (tckr lo ref.( I )  for more detai ls)  

Turbulence 
coeffici ent, a 

-
0.0445 

0.0480 

0.0460 
-

0.04 1 6  

0 .0468 

0.04 5 8  

-
0.0462 

0.04 5 5  

0 .0442 

0.0454 

Tracer-gas tec l 1 11 iquc and concentrati on-decay method were used lo determi ne the 
venti lat ion cf'licicncy.  J'he mon i tori ng point  for tracer gas (C02) conce11 t rat io 1 1 ,  in the comll l'on 
p ipe at M (sec Fig ( I )) where comple!e m i x in g  was nssumcd, would measure the average room 
concentration or C02. C02 was emitted al a constant ralc unt i l  steady stale concentration was 
reached before i t  was shut off and the <lecay monitored. This was Jone to ensure un i form mixing 
o r  the C02 in  the sca led-down test ing chamber wh i le not affecting the ::i i r  f lo\', pattern. 

From Table (2), it was observed that the efficiency o f  the new system "vas double tha! o l  
t h e  o l d  system (ref.( ! ) ) .  l t  shoul d  b e  noted t l w t  t h e  simulated old  system sti l l  h a d  flow rnle w h i l e  
t h e  actual o l d  system had n o  suction a l  a l l .  Therefore, the i mprovement over the exist ing ok 
system should be reasonably more than double.  

Table 2 :  Resul ts o n  measurement o f  venti lat ion crJieiency i n  scaled-down chamber 
Room Average Vent i lation E ffi ciency, Tlct 

Flow rates at suct ion hoods (E I ,  E2, E3) mJ /h 2 air  distributors at ( 44, 0, 44) mJ /h 
3 suction hoods al ( I  0, I 0, I 0) m"/h 0. 294 

3 suction hoods at (29 .3 ,  29.3, 29 .3)  ndh 0 575  

I 



U.2 011-site Testing (Real-size) 

The dust monitor was set up al a location about ! O m  above the hu l l  bottom, and near to 
he wal l to simulate a typical worki ng zone. Dust was released usi ng smoke machines p laced at 
he hull  boltom and supplied through the flexible ducts t i l l  sui table amount of smoke was emitted 
>efore switching them o ff and Lhe dusl concentration was monitored. The decay of the dusl 
:oneentration was the main concern and the uni ls of measurement was number of particles-per
i tre (p/l) for particles sizes >O. 7�1111 and > UJ�1m, aveiaged over t ime intervals of one ( I )  m inute. 

The nonnal atmospheric concentration of dust particle of size >0.7µm was 20,000 p/l and 
or size > l .Oµm was 7,000 p/l . These figures were taken on un average of about 20 m i nutes 
vhen no work was being carried out. 
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; i gure 3 :  Dust conccnlration decay versus 
t i me for new (96111 to I 0 I '1 mins and 
1 1 2'11 to 1 1  ih mins) and old ( 1 58111 lo 
1 70111 mins) systems 
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F i gure 4 : Linearisation of smoke concentration 
decay (of the old system for 1 62"d lo 
1 70111 m i ns) by natural logarithmic 
method for extrapolation p urposes. 

Table 3: '[ hree (3) m inutes smoke concentration decay comparison 
l'm t iclc size >0. 7�un Particle si ze > I .Oµm 

Par1icle C2/C 1  N o .  of t irnes Particle C2/C 1 No. of t i mes 
count (%) above alm . cone. count (%) above a1 rn .  cone. 

(p/I) (20,000p/I )  (p/I) (7,000p/I )  

C 1  new 1 ,523,8 1 6  1 00.00 76.2 727,749 1 00.00 1 04 .0 
C2 new 40,54 5 2.66 2 .03 I 3,065 1 . 80 1 . 8 7  

C 1  old 1 ,3 72 ,8 1 1  1 00 .00 68 .6 4 1 2,567 1 00.00 58 .9 
C2 ord 7902 1 2  5 7. 56  39 . 5  1 64 , 1 44 39 .79 23 .4 

1. Comparison of smoke concentration degi.�1 fixed lime of three (3) m i nutes 

From Table (3), it was therefore evident that the new system could remove the smoke at 
m aston ish i ng rapid rate comparati vely with the simulated old system. A percentage decay o f  
� .66% (new syslcm) against 5 7.56% (old system) for riarlicle s ize >0.7�1111 and 1 . 8% (new 
;ystem) agai nst 39 . 79% (old system) for particle size > 1 .0pm were observed. I t  would thus be 
nferred that  the new system could remove about twenty (20) times as much of the dust 

:onccntration as compared to the old system i n  a time span of 3 mi nutes. 



1\ l '.:c.i. w i th i n th i s  3 -m i mi te span,  !he  new system c o u l d  bri n g  !he dusl cn ncenl rn l io n leve l  

lo o n l y  a l )() u l twn 1 i 1 1 1�s () 0 1  and l }P for par t ic le  s izcs --· 0 71un and > l .Opm rcspcc l i vcly)  Lha! 

or lite 1 1urn rnl a!mospltcri c COllCL'. ll l l  ali n 1 1  (sec Ta b k  (J ) ). /\s fo r lhe old S) slc111. the dusl  

concenlrn l i on was st i l l  al  a h i g l t  3 9 . 5  and :n 4 t i mes, /(11 dust  part ic le s i zes >0. 7 1 1 1 1 1  a1 1d  > l .Opm 
1 espeet ive ly .  !hat o f' t ! tc 11on11al � t 111nsphcric eonlTl t lralio i i .  

b. LiilllP.iJI.GSlD_u.fJilll<L(t�I Hir�W_!:.Q.ll�ll 
rnD.IT!ll.UlliWl 

. l I )  ( fn1 N -
l ' � r l ic lc  s i1.c >0. "I J Lnt 

------
L i me ( 11 1 i n )  concent rn 1 i n11  % or i n i t i a l  

(par l ic le/l i l rc) co1 1cc11IJ' a l ion 

1 1 2 I 'i2 J 8 1 6 I 00.00 

i I.I St� 342 i ""I c / I'  .J .J . l l \ J  
1 14 1 83 8 6 8  1 207 

-- · - - · 
1 1 5 4 ! 1 �4 .'i  2.6G 

1 1 6 2 4 X 4  I I .<iJ  -----
1 1 7 1 80 8 4  1 . 2 5  

s ( i I J
'11 I l /11 

IVI 01,,111\/L'�tl�ric:.. 

1'<1r l i c l c  s ize > l .Opm 
· - -· 

eOl tCC\ l l ra t i (>rl % of ' initinl  
( p�rl ic lc/I i t 1  c)  co1 1cenlral ion 

72 77119 1 00.00 
1 � t1 '")"7 1  
I / ""t ,t_ / I  23.95 
64 297 8 . 84 -

1 . 80 I .'l OCi 'i 
7 1 6 7 0.98 
5 8 1 2  0 . 8 0  

h orn · 1  a l 1 le  (11 ) ,  i t  [ ( lok  o n l y  5 m i nu lc�; l or  the new S)'Sle111 lo  bri ng lhc concenl 1 a l i o 1 1  lo  

l� l i  heluw 2 0 , 0 0 0  p i l  <1 1 1d a ppro x i 1 1 1akly 4 .2 1 1 1 i 1 1 u tcs for the eo1 1crntral i 1 1 11 lo fal l  be:<JIV 7,000 p/I 
IC.ir part i c l e  s i 7.es >0.7 1 1 1 1 1  and > I .(J1un respccl ivL: ly .  

Fnr r he n l d  sy.� l e 1 1 1 ,  due lo  l i te long dtn al ion t l i a t  \\'as requi red fo 1 a Cul l  decay, a l i 1 1car 

cx lrapo lat inn nf lhc nal ur;il IO)!<t t i lhm ur l i te CllllCCl\ l l a l i o 1 1  decay ll'HS c111ploycd using lhe l as t  
fow rcad i 1 1gs o b l a i 1 1ed ( Fig. (T) & (4J)  I h i s  \\'as ex l rnpo l a lcd to  p1 l'll ict  l i te  t i m e  r e q u i red ror !he 

conce11 l 1 at io 1 1  to fo l l  hnck lo the norl l \ a l  al1n o'.;phe1 iL:  condi t ion. I t  w a s  p1 cdic1cd to t cq u i rc 11m1 e  

lhan S <i 1 n i 11 1 1 tes and more than J l)  m in utes , for pur l ic le  s izes : 0_7 p 1 1 1 a i 1d > 1 . 0 1 1 1 11 t espcc l ivcl y .  
Tl11 1s,  by co1 1 1 pa r i 1 1g l i t e  time durn l i l.ln for l h c  dust concenlrn l 1 011 level  l o  J ; i l l  ha<.:k t o  t h e  1 1orn1n l  

atmospheric l e v e l .  i t  co u l d be seen thal  the l i me req u i red was ge 1 1cra l l y on the average of about 

ten ( I OJ t i m es fastrr using !he new syslrn1 ns cnm parcd wilh the o ld system. 

4.3.J Some co11111ie11fs 

There were some cJ j ff (�rcnccs i 1 1  the scalcd-duw1 1  expc1 i 1 11 l:: 1 1l and the < 1 1 1-s i tc testing: 

a. Tlic scalcd-du11<1 1  L'xpc·1 i mi:nt measured the gl obal vcn 1 i l at i o 1 1  c f'li ci c11cy wh i l e  the actu:i l 

si1.e lesl 1 1 1eas u 1 eJ ! l ie luL·a\ v rn 1 i l a l i o 1 1  c f'Jic iency. !\ ! though I Dcal 1T1 1 t i l nt io1 1  e ffi c icnc; '.vuu lcl 

be <l i ffc i e n l  for d i ffere n t  Jpca l i n n ,  a lypical  wo1 k zone was chose n, A l so,  gloh;i l vcn t i b 1 i u 1 1  

efli ciency (as in the scal ed-down e x p e 1  i 1ncnl ) wou l d  ge nera l l y be  ln 1 1cr  t i tan a wel l  vcnt i ia!cd 

local area ( 011-si le testi ng) .  

b .  There were 4 ai r d i slri butors, 4 supp ly  and 6 <;11ct irn1  ra ns rnr the  on-si te Jes t i ng while 

on l y 2 air  d i stri b u lors and J suct ion hoods were 1 1 sed ro 1· t he sca led -down cxpc r i 1 1 1cnl .  A l though 



icrc were th is  propu1 l i n 1wlc d i fTn cncc:> i n  the number of air  d istributors,  su pr l y and suc l i nn 

ms, the Dow ra les J1 1 r  the two h u l l  s izes we r e  in accordance with the  d imen s i o n l ess a n�dy s i s ,  i . e .  

l /  ( � = /1 2 c ror length) 

c, � c?� = 0 002 ( for f low rate) 

The turbul ence cocflic ienl ,  a,  fi.H the scal ed-do wn ai r d i stri butor was ha l f t lrnt of lhc real 
i ze  prototype a i r  disti ihuto r. T h i s  wuu ! d  m ean th at , g i ven everyth ing e l se constant, t h e  d i stance 

ial the jct of the scaled-down air d i s l r i hu l or cou l d  1cach wou l d  be doubled.  This would a l so 
1ean that  although fewer air d i s lr i b u lors \Vere used in the scal ed-down ex per i men t, the j c t  would  

ti l l  b e  able t o  reach the wal l a s  i n  t h e  0 1 1 -s i te test ing .  

CONCLUSIONS 

. I The construct ion of the scalcd--cl o\Vr t  and rea l -s ize a i r  d i stributor us i ng d i mens iona l  

n a l ysis was general l y  usefi.rl .  Il ic  only  di fliculty wns the constru c t i o n  OJ t h e  nozzl e which 
1ould a(Tcct the turbulence coe rlicicnt,  a, which i n  Lum affect the d i stance reach by the j c t _  

.2 A l though two d i fferent m e thod s , g l o b a l  and local vc1 1 l i lat i l111 c rfi c i cncy, were used for  the  

�alcd-down <Jnd on-s i te test i ng 1 cspcct i \'c !y ,  both the resu l ts sti l l  dcmunslrnted the effcctivrnc�;s 

f the  l lC\\/ sysl C ll l . J 'h i s  i m plllVCll lC l l l  W<lS based Oil the respect ive s i m uhi tcd old S)1S1l'lll . 

I� l�( � ()l\l i\:l l�N I> ;\ ' l ' I  < ) N S  

_ l Fur ther o n - s i te tests and 1 1 1 P 1 1 i t o 1  i 1 1 g  shou l d  he Gll 1 icd o u t  w i t h  the new system . 

. 2 Scaled-down cxpcr i n 1 c r 1 ls � d 1 1 1 u l d  he ca1-ricd 01 1 l  lo rncasurc the l oca l vcn l i l a t i o r 1  

f fi c icncy al  t h e  s i m i l a r locat ion  ; 1 s  i n  the 011 -s i lc  tes t i n g  for a hctln r es u l t  cornp:1r· i su 1 1. 
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ABSTRACT M CA is a partner in a research group which is being funded by the European 

Commissions JOULE p rogra m  to expl ore the  appl i cation of passi ve downdraught 

evaporati v e  cool i n g  (PDEC) i n  non-domestic bui ldi n gs ( J ) .  As part of MCA's task to 
design a full scal e experimental building, special components were desi gned to catch the 

wind and distribute through the bui lding spaces. To determine the most efficient form for 
these components, a seri es of wind t u nnel tests wns underlnken at the University of An conn, 

Italy. The fol lowing abst ract describes the obj ectives methods and results of these tests. 

1.  Introduction 

T h e  effi c i e n t  fun c t i o n i n g  of pass i v e  

cool i ng systems i n  bui ldings depends largely 

on our abi l i ty to control i nternal air flows. 
The rli rnr:t ion, �pel':rl m1rl t1 1 rh1 1 l enr:e of the 

w i nd c h a ng e s  constan t l y  t h u s  crea t i n g  

unwanted fluctuations in the air-flow. I t  i s  

possible l o  overcome this difficulty by careful 

desi gn of the building components. 

�-
.J/ 

n) 

...v . r "://, l � lb-) 
Fig l (a) uniform air flow (h) l t1 1 b111l'1 1l n ir  flow 

A f u l l  scal e e x p e ri m e n ta l  b ui l d i n g ,  

designed by MCA , has been constructed i n  
Catania i n  Sici ly. The b u i l ding consists of a 

tower and two test cells in which we can ob
servf': the funr:tion i n g of the POF.\. system ;mrl 
t he i nduced air movement. A uniform stream 
of a i r  of l o w  t u rb u l en c e  i s  best  for th e 

evaporative cool ing system. For this reason 

components were designed, a wind catcher 

�mu a w i n d  strni ghte11 e 1 ,  Lu uµlimise the 
control of the air flow i n  the tower . 

Quanl i tativ e  tests on scale models of !he 

Experi mental Building were carried out to 

assess t h e  p e rform ance of the d i ffere n t  
c o m p o n e n t s  b o t h  i n d i v i d u a l l y  a n d  i n  

combi n ation . These v i su a l i s a l i o n  s tudies  

seeked to  inform the design of a system that 



can be adapted to different si tuations, cl imates 
and b u i l d i n g  t y p o l o g i e s .  A n  i m p o r t a n t  
consideration in doing these experi ments was 

to explore practical instruments and methods 
for desi gners to inform thei r desi gns at an 
early stage of the project within acceptable 
costs and with val id results. 
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Fig.2 Tile Experimental Building Sketch design 

2. The Wind Tunnel 
The wind tunnel that was used is located 

in the laboratory of the Faculty of Mechanical 
Engineering in the University of A ncona in 
Italy. It was created to test aeroplane w i n g  
sections a n d  spoi lers, b u t  i ts  di mensions and 
capacity allow us to use it with architectural 

scale model s.  In the wind tunnel we can 

measure local w ind speed and direction (mean 
velocity), turbulence intensity and do visua
l isation studies. 

f'ig.3 The wind tunnel in Ancona Uni rcrsity 

..- n ,  

The differen t  measuring tools arc: 
m e u n  velocity: an a x i a l  f l o w  v a n e  
anemometer, a Pitot tube 
/urh u lence intensity- :  a rapi d  s a m p l i n g  
anemometer 
visua /isarions: s moke: h e l i u m  b u b b l e s ,  
paral'in and talcum powder 

The v isuali sati on studies undertaken at 
Ancona involved l etting wisps of vapourised 
oil i nto the tunnel which shows clearly the 
air flow patterns. This gives informatiot1 about 
the capacily of the prototype to reduce turbu
lences and to optimise the air flow 

3. Models for testing 
To retain similarity of flow patterns at a 

reduced scale it is neccessary to increase the 
velocity. The key parameter is the Reynold s  
number: 

LxY kngtluuclili:i.ty 
V Kinetic viscosi ty 

Ideally thi s should be the same at model 
scale as at ful l scale i .e. if the scale i s  reduced 
the wind speed is i ncreased. The models used 
in the wind tunnel m ust therefore be solid 
enough to resist very h i gh w i nd speeds. We 
prepared 1 :20 scale plexi glass prototyp e  
models of t h e  experimental building.  The 
models consisted of one tower onto w hich 

different components could be fixed. Thi s  
gave u s  the flexibi l i ty  to easi ly  test different 
confi gurations. As the plexiglass models w e  
built are a t  scale \ :  20, u sing t h e  Reynold 's 
number, we could simulate an air speed of 4/ 
5 m/sec running the machine at a real speed 
up to 200 Km/h. 

4. Building Components 
The components to be tested were wind 

catchers, air straighteners and louvres. 



4. 1 Wind Catchers 
The functi on of the w i n d  catcher is, as i ts  

name s u gg e s t s ,  to bri n g  a s  much a i r  as 
neccessary into the bu i l di ng . An ideal wind 

catcher should function w e l l  even w hen there 

is very l ittle w i nd . The choice of which type 

of wi1 1d catcher to use in the bui ld ing depends 

on:  

Effici ency 

- Sui t>ib i l i ty for the s i t e ( i .e if t here is a strong 

pre v a i l i n g  w i o d )  
- Cost and materia ls  

� 

h g -t \ [;dqaf (dt"H drnu�li l  ... ur1J in� l�H\ l! l )  t.k:,;ignl'd 
by I lasson 1 -n lh)  (S<1111cc 1 1  hithy) 

We ex a mi ncd three di fferen t shapes for I he 

w ind catche1 lo tesl i n  \he w i m\ tunnel: 

- Mono di rectiorrn l  
These c a n  catch w i n d  o n l y  from one d i rec

t ion bu!  give quite a uniform flow. 
- Two di rectional 

The w i n d  i s  caug h t  from two d irect ions b u t  

causes an uneven llow. 
- M u l t i  d i recl i on al 

The wind i s  ca1 1ght  frorn a l l d i recti ons h111 1 h c  
llow i s  much l ess un ifo1 m .  
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The disadvantage of the mono directional 

calchers i s  that i t  catches the w i n d  from one 

di rection only. It would be costly and involve 
ad d i t ional machi nes lo develop a rotat i n g  
w i n d  calcher. T h e  advantage of t h e  multi 

d i rect i onal catcher i s  that  i t  h a s  a large 
openin g area and i s  tolerant of all wind di rec

tions but i t  causes an une ven airflow within 

the lower. It is therefore our objective to make 
the mu lti directional catchers work. To do thi s  
we need a straightening device 

4.2 Straighteners 
The simplest devices for straightening the 

nir fl ow are a gri d or honeycomb. These nrc 
quite cff cctive for reducing turbulem:e lrnl a1 c 
not effective for making the flow even. They 
w ou l d  work we l l w i t h  the mono directio1rn l  

catchers bUl  would b e  less snccessl u l  w i t h  the 

m u l ti d i rectional c<i tchers. A not her WRY nf 
strai ghtenin g  \he air is to h<ive a constriction 

followed by gentle dilat ion.  This is a classi rn l 

technique for producin g a uniform low tur
bulence flow w h i c h  gives the shape to the 
wind l unnel .  We fel t  t h <i t  t li i s  was the ri ght  

technique lo smoot h the  f lnw fro111 the  m u l t i  
d i recti onal w 1 11d cntchers. 

The parameters for !h is  device <ire: 

I .  the constric tion rat i o ,  w hich is the ratio o f  

the th ro<lt nrca t o  t l 1 c area of th e tower plm1.  

\ a/h see fig.6) 
2. The d i l ation a n g l e .  Thi� angic shou l d  be as 

sha l l o w  as possi ble (a ro und ! 0° wou l d  be 
best ). 
:l. A s m oothly shaped i n le t .  

a 

I .! L  
Fig () I h e  a i 1  �t1 uigl1tt:11e1 

t; ll ?  



S. Experimental Protocol 

Before commencin g l he w i n d  tunnel tests 

we establ ished an experimental protocol .  l l  

was decided to eva l uate the efficiency of each 

c o m pon e n t  i n d i v i d u a l l y a n d  t h e n  i n  

combinations of catchers and straighteners. 

6. Wind Tunnel Test Visualisations 

.lune 1 996 
Different  w i nd catchers were tested first: 

Wind catche1· N° l: asy mmetric al mono 
di  rcct ional .  

Wind catcher N° 2: symmetrical w h i c h  cat

ches the w ind from two directions. 
Wind catcher N° 3: a q uarter sphere which 
simulates a rotating device. 

The second series of tests i nvol ved testi n g the 

differen t wind catchers in  conj un ct ion w i t h  

the  di fferent straighteners. Tw o types of 
straightener were tested: 

Straightener N° 1 :  Na rTOW constri ction 
Straightener N° 2: Wi de constri c tion 

7. Results of the ''isualisatiou tests 

The resul ts of the tests i n volving the differen t  

w i nd catchers a n d  w i n d  strai ghteners are 
out l i ned here. 
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7. 1 \Vind catcher n° 1- asymmetrical mono 
directional 

Thi s is an asymmetrical catcher that has beeu 
designed for prevai l i n g  w i nd condit ions. The 
test indicates a smal l a rea of turbulence below 
th e w in d w ard open i n g. T h i s  turbu lence  

gradual ly di sappears a n d  the a i r  flow seems 

to be sli gh tly asymetrical at the  uottom of  the 

tower. (See fig.8) 

Fig 8 Visunlisalinn of wind catcher 11° l 
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7 . 2  W i n d  c a t c h er 11 ° 2 - SJ llll ll e t ri c a l  

bi-directional 

Thi s  catcher is bi-symmetrical anu a l lows t h e  
wind in from t w o  opposi te d i rection s . A n  even 
air now is concen trated towarus the m i dd l e  
of the tower's sect ion.  

7.3 Wind catcher n° 3 - quarter sphere 

T h i s  catcher ai ms lo s imulate a rev o l v i n g  
system that can fol l ow the w i nd com i n g  from 

a n y  d i recti o n .  The model  s i m p l i fi e s  t h i s  
system b y  us ing a Ci xed q uarter o f  a sphere 
Oil Olle side o r  the tower. The v isual isat ion 
shows how this  pm l i c u l a r  geometry lends lo 
create a rota t ion of the  flow around l he vert i
cal ax i s .  w i t h  fl spi  rat - l i ke shape.  A m�jor fl re a 

of t u r b u l ence appears under the w i udw ard 

open i n g  nnd a minor one on the opposi te  face. 
The o u t l r l  ilow i s  l e s s  u n i Co r rn  t hnn i n  
case I .  ( S ec fig.9) 

7.4 Wind cakhcr n° I with S traighh•nc1· 

n° 1 
The strai ghtener i s  a Ven turi t u be w hi t h  n 
constric t ion rnt io or 50%. 

I ts effec t  is q u i t e e v i d e n t ,  e s p ec i n l l y i f  
c o m pared w i l ll the effi c i e n c y  u r  t i re  head 
a l one. The fl ow is very d iffused ;.ind u n i form 
i ns i d e  the lower. 

Fig 9 Vismlisalion nf \\ i nd catcher n°2 wilh  s l rn ighlcncr 11° I 

A s m a l l  z o n e  o f  t u r b u l e n c e a p pears 
i m mediate ly  after the s trn ighte11er, 0 1 1  the 
wi ndward face. The outlet  fl ow i s  u n i form. 

7.5 Wind catcher n° 2 with Straightener 

11° 1 
This  configuration seemed lo be the most 
successfu l .  The rl ow is  q u i t e  centra l and 

u n i  form. 

7.6 Wind catcher 11° 3 + Straightener n °  1 
The eff eel of the stra i ghtener seems to be very 
s i m i lar lo the ease 11° 4. 
A n y  d i l"Jcrence i n  lhe out let flow has not bee11 
v i sua l  isrd.  

7.7 Wind catcher n °  1 + Straightener 11°  2 
Th e s t ra i gh t ener i s  n Ve n t u ri l ube w i t h  a 
constriction rnt i o  of 80% .  
T h e  st r a ightening effect i s  s i m i lar l o  t h a t  o f  
c a se 4 ,  giv i ng q u i te a uniform flow. 

7.8 Wind catcher 11° 3 + Straightener n° 2 
H erc again t h e  air flow i s  more uniform u si n g  

t h e  g l rn i g h t c-n c r  w h i c h  h a s  a n  80% 

conslric l ion 

Fig 10 Vistui l isalin11 ol' wi11d calchc r n".1 



8. Conclusions 

The v i s ua l i sat ion tests showed qu i te 

c learly the effecti veness of each component. 
The heads alone, although efficient at catching 
the wind, give quite a turbulent air flow. The 
air strai ghteners have proved to work well at 
reduc.ing this turbulence. 

For the Experimental Bui lding in Catania, 
given that the prevail ing wind is east-west, i t  
appears tha t  the most efficient combination 
is the symmetrical head as with a straightener 
with a narrow constriction. The components 
have been constructed and installed in the 
Experimental building and their pertornrnncc 
will be tested and moonitored thi s  s ummer. 
The design of this type wi l l  be developed in 
more detail as part of a full scale bui lding 
design project. 

The next step is to revise the experimental 
protocol and measure pressure differences i n  
a second series o f  tests. 

er.: -; 
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HFAT TRANSFli'.R T l l lHl lJ G l l  A HOLLOW 
TI LE 'V lTl l  TWO CELLS 

A. A hdcllrn ki, Z. Zr ikcm 

I .MFE, Depart ment of Physics, Fac1 i l ty of Sciences Sem lalie, 
BP S - 1 5, Man akcsh, MOROCCO. 

A lJSTRACT The aim o f  this study i�  to cal c u l a te numerieal ly !he heal tr nn.o.[er 

1 hrough n hollow t i le wi t h  two n i r  eel ls in th e di 1 cctio11 or heat flow The toµ a n d  
tltc botlom sides of 1 h e  block a 1 c  a diilhn t ic whi le  the ver t ical ones a 1 e  isothermal 
h1uatio11s of l'(1 11scrvat i on governing the cnn \'ectivc fl ow i n  i nternal cavi t ies :rnd 

the co11J ucl i'.·c hent l1 rrmfer i n  t lw �1mo1.1 1 1di 1 1g wn l h  nrc so lved u 3 ing the S I M PLE 
a l gor i 1 ! 1 1n Radi:.i t ion heat cxclrnn gc.<: bc t \\ c1.·.n surfaces o f tlic i n ternal cavities are 
also accou11 l cd for. Parameters l h"1 d1 t;r"dcrizc t he fl u id J l ow io  the cavi ties :111d 
ihe heat ,transfer t hrough the b lorl-. :i re eval uated for l< aylc igh mm1bers hcl wee11 I <r 
a wl '.i. 10 '. 

I .  ln trod ucl ion 
Hol low concrete bl ocks 01  clay i i l e'..: :1 1 e  oflen u,ed i n  the comtrucli o11 of the bui ld ing 

wal l s  1111d rooL� I lmvcvcr, lhc1 c arc !'cw stud ie:_; l f ia l  have procc>sccl n u merical ly t he 
problem o f' he<tt t c a nsfrc t h rough t he��� s1 rnct 1 1 1es. f\1usl methods used a 1 e  b:i�cd on 
" impf i ficd models t hat suppose l h<11 t he hc11 t lt f\ll[;fcr is l i near alld can be predicted by 

using ovc1 a l l  con<lt1ctances whose values are determ ined experi 1 1 1ental ly [ 1 .2 1  Thi s 
r. pp1 oxi mr:i t ion is not a l ways va l id csp·:�ci n f l:i-· i n  th<: cnsc of high d i ffc1 cnces between the 
011tsidc and the i ns ide tempe i a t ures · r  \• contribute to the resol u t i(1n of t h i s  problem. a 
111.1mcrical study hns bct'fl µresented by coupl ing between the conductive and the 
conl'cctive ther mal h ansfers in  a hol low t i le wilh one cell deep 1 3) .  The calc:ulat ion 

p1 ogrnm has been tested by comparing i ts  rcsul ls  with those obt ained by De Vnhl Davis in 

the case of a differentially heated square cavity using the 13cnch M a c k  sol ution [4] .  The 
integration of lhe radiative heat exchanges between the inner CAVi ty SUI faces in  the 
simulat ion µrogrnm of heat transfer through the block has been the subject of a recent 
study [ 5 ] .  However, hol low t i les used in practice are bn�:cd on two or several a i r  cel l s  in 
the d i 1 cc l ion of heat flo w. In the rrcsent work we ext end the precedine study l �] to the 
case of a hollow t i le  with two cells deep. Stream l i nes in the i nternal cavi ties, isotherms 

i 1 1  the bl ock, average Nusselt number and heat fl ux are predicted for a range of Rayle.igh 
numbers. Effect of the t cpmeratures of the block vertical sides on the heat transfer is also 

discussed. 

2. J\1 n lhcm11tir11I model 
/\ <;chcnialic diagram o f  t he studied c:onligural ion is  shown in Fi g. l .  I I  represents a 

ho l l ow t i l e  of wicl l l i  L and hei ght l l  with two rectangular cel l s  surrounded by co11duct ing 



wnl l s  whose th ik nesses are i ndicated in F ig  1 The hrn iznntal s ides of the b l ock m e  

adiabati c whi le  the vert ical  o nes aie  isothermal hut a t  c.li ifcrenl  temperatures T1i and Tc. ln 

ror m u l a t i 1 1g gcwemi 1 1g c11\lii t io11s 1 1 i s  assumc,J t l o:tt the n1 1 id nnd f lu.: wn l ls proper t ies ore 
indcpr.mlc111 of te1 1 1 pria1urc except for the dcnsit .v in l hc huoyn11cy 1e1 1 1 1 .  T he fluid Is 
Ncwtoni::in. i 11compre�s1hlc 1111d the How:si11csq :t pprox i m a t im1 is vnl id  Viscous htl:it 
dissipation in t he l1 11id is 1lssumcd 10 he negl igible. The 0 11id 11101io11 n1 1u the h<."nL lrnnsfor 
:ue c·ons1dcred lo be lwo-di 111e11siumtl nnd lmni wrr. I he f luid i 1 1�i(lc the 1•avi1 1cs i �  
assumed to b e  nonpai t ic i pating nnd t he c e l l s  sm l�1ccs n re consi dered l o  bL· gr�v. diff11sc 
ernitkr� and diffuse rcllector .� D i 111ensio11les� equat ions governing the conse1va l ion of 
mass, n 1011 1c111 u 111 and cnet gy i n  the i n l em a l  c:wil ics arc given by: 

au nu . au 
---· � 1 J --·-- t ..; --- = 
ot ax av 

()L J [l V 
···--- I- ·- - -·-- '� l l 
ax a Y  

ell ' , 02 IJ , _ 01 I J - - --- t l r - -- --·  t I 1 · --· - -· 

(),'>< r'X i  c Y 2  

cl\/ (I V  DV DP , o2 V _ , . r/ v , , ) - -- -1 l f ·-· ··- 1- V · ----- "' - - -- I f 1 - -·· c- 1 1 1 -- t- l r h nL 1 G! ax DY ilY DX l i)Y 2 

OO r C'O r c!O r iJ20 r iJ J El r  -- - -- + l J ------ I V --- �' --.. -·-- I- ---· - -

()i; 8X DY DX 2 cW 2 

( I )  

(2 ) 

( J ) 

("I ) 

where U, Y, I' and Or are the dimension less variables associated reopcclively wi lh  the 
velocity compnncnts, the pressure, and the n uid tcmpc 1 atu1 c, P r  i s  the l' r nndl l numhc1 , Ra 

is  the Rayleigh number Prgf)Cf1i-Tc)L J/v2, and \ '  is  the fl u id k inematic viscosity. The 
d i mcnsion le% eqution o (  he31 conduction in the wal l s  is :  

�·'.I (�1-
u ,  ot 

) ' a -- o "  o " O s  
________ :2_ , -·- --·- --=---· 

cJX·2 i'JY l. 
( 5 )  

v. here l.lf and <Xs ore re:-pcct i vcly t h e  f luid and the solid t herlllal d i  ff1 1s ivit ies ' l  l tc  
bound<ny condit ions of the problem n r e :  

"" U= V0-- 0 o n  !he wa l l s  or CftVi ties 

"' Os(O,Y)� I and 0,( 1 , Yyc O (O�Y ��[ 1/1 ,) 
*fJOgloY= 0 for Y= 0 and Y� H/L ( 0'.SX �L). 

The conti nuity of lem perntu 1 es and hcllt 1lu:o-;es 111 the fl u i d-·wR l l  intcd!lcc give�: 

0'0-2. =  - N .  �- �  N , 0 ,  -
c)r1 aq (6 )  

whct c i1 rcprescnts the di 1 1 1cnsionless Cli-tH dinate 1 1onna l  t o  t h e  wal l ,  Nk  is Hie t hermal 
conducl ivi ty ra l io kr'kw. N, i s  1he dimensionless rad i at ion  to conduction parnmcter 



crTh1LlkwCf1i-Tc), er is the Stefan-Bol1zman constant and Q, is the dimensionl ess radiative 

heat flux which can be expressed al any surface i as: 

I 1 ·1 
Qr; ( r; ) = i: ; ( l - -)4 (O;  ( ri )  + --) 4  - r. ;  I J J i (rJ )dl\111i--d/\J 

y y - 1  .H 
(7) 

where r.i is lhe emissivity of the sur face i, y is the tem pet alu 1 e  1 alio Thffc, Jj(1j) is the 

dimensionless radiosity at the position ri on surface j and dFdAi-dAj is the configuration 

factor between the finite surfaces df\.; and d/\j located at Ti and rj respectively. By dividing 
the walls of the internal cav it ies into finite isothermal surfaces equation (7) leads to a set 

of algebr ic equations whe1 e the unknowns are the dimensionless radiosities 1j(rj)-
The average Nusselt number and heat flux at the hot surface of the block are given 

lt;Spt:L:tiveJy by : 

H 
Nu = _!::. (1: �o Y)dY 

!I Ji aY . 
I I  

-::-- k s (Th - Tc )  re �(O, Y)dY Q =  H .\J aY 

(8) 

(9) 

Equations ( l )  lo (9) a re solved by lhe SIMPLE algorithm using 5 8xJ2 nonunifonn 

grid with 23x23 grid in each cavity. It has been found that the use of76x42 grid leads to a 
relative difference in the Nusse lt number about 0.025 percent for Ra= 10; and 0.4 
percent for Ra= 5. 1 06. The time step used in the simulation is 10-4 . Convergence is 
obtained when the relative difference on all  variables calculated in two successive 
iterations becomes lower than 10-3 _ 

3. Results 
Results presented in this study are carried out for a ho l low ciay t i le characterized by: 

L= l Oc111 , H= 4,5cn1, ex 1 ' ex.2� ex.r l ci l l ,  ey r- ey2 � 0. 5cm, f- i = 0. 8, kw= l W/mK and 
Pr= 0.7 1 .  The simulation is conducted by varying Ra, y, Nr and Tc but their variation 

should be restricted within the ranges of practical values corresponding to the processed 
situation. 

Fig. 2 shows the contours of the stream l ines and isotherms obtained for Ra�S. l 06. It 
can be noted that the flow structures i n  the cavities a.re similar to those in a hollow ti le 
with one cell deep [3] .  Near the adiabatic horizontal sides the temperature decreases 
almost linearly from the hot vertical side to the cold one. The distortion of isothenns i n  

the central region ( ey 1< y < H-ey2) shows the two-dimensional nature o f  heat transfer 
which is due to the convection in the cavities. 

To account for the radiative heat exchanges between surfaces of the internal cavities 
for a given Rayleigh number, it is necessary to specify one of the two temperatures of the 

block vertical sides. So, for different values of Tc, figures 3 and 4 show the variations of 

the average Nusselt number Nu and heat flux Q as functions of the Rayleigh number Ra 

and the temperature difference t\T= (T1i-Tc) respectively. It can be seen that the heat 

.... �"' , ' 



transfer through the block increases with the Ra number ( i .e. wi th .1H) as expected. The 

increase of Nu and Q with Tc is due to the radiative heat exchanges between the 

surfaces of the internal cavities. However, one can note that the variation of Tc has no 

signi ficant effect on the heat transfer for the range of practical temperatures (Os� Ts40°C 

and 283sT0s323K). The use of a reference temperalure T0 of 300K in the simulation 
constitute a good approximation. In fact, the maximum relative difference in the average 
heat flux predicted using other reference temperature between 283K and 323 K is less than 

5 percent. It can also be noted from Fig. 4 that the variation of the heat flux as a function 
of the temperature difference is almost l inear. 

Fig . 5 gives the variation of the average heat flux as a function of the radiation to 

conduction number N,. One can observe that for lower values of Nr, the heat transfer i s  

important and decreases rapid ly a s  N r  increases . For N, >4, the heat flux is weak and 
decreases slowly to become negligible for N, >20. The variation of heat flux against the 

temperature ratio y given in Fig. 6 is almost linear. This is due to the linear relationship 

between y and �T (y= l +  L'lTffc). 

4. Conclusion 
Heat transfer across a hollow clay ti le with two cells has been predicted for various 

parameters of physical interest. Simulation results have shown that the heat transfer is not 
only a function of the temperature difference between the vertical surfaces of tlte block 
but it depends also upon the temperature of these surfaces. However, !he effects of these 
temperatures is not significant enough in the range of practical values. · 1  herefo1e, the use 
of a col d surface temperature of 300K in the simulation of heat transfer through the 
hollow block constitutes a good approximation. The heat transfer through the block 
increases almost l inearly as the temperature difTerencc between the external surfaces 
i ncreases . Then, based on the establi shed results, i t  i s  possible to generate, by 
identification, the transfer function coefficients that pe1111it to predict easi ly  the transient 
heat transfer through the considered hollow block. 
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T H E  TWO-DIMENSIONAL MU LTI-LAYER TRANSFER FUNCTION 

FOR AN EARTH-SHELTERED B U ILDING 

S.  Amjad� A. Ahdelbaki , Z. Zrikem 

L.M . F . E. ,  Faculty of Science Semlalia, Ca<li Ayyad U nivcrsiLy, B .P. S- 15,  

.Marrakesh, Morocco 

ABSTRACT This paper describes the use of the bidimensional multi-layer trans

fer funct ill.HS met hod for predicting t.he lime-varying heat transfer from an earth

sheltered build ing to t he ground. This met.hod is based on the decomposition of the 
sLuJi�J sp;lem i ul.u Jilfow1 1 l  mJ.augu la r  regions in  I.he (x, y) directions . Each region 
is character ized hy i l.s i n p u t s  and ontpu t.s  and by its appropriate t r ansfer function 

coefficients. This t.cclmiq1H0 per rni t.s a significant. reduction i n  t.he computation t.ime 
required to generate the h a1 1sfer fund.ion coefficients of the building coupled t.o t he 
soil . The procedure is tested by r:mnpa.ri11 g i l:i res111l.s with those o[ Lhe ADI method 
for various slt. uations . 

1 .  Introduction 

Transfer rnnct.ion met.hods are general ly used to preclid t rnnsi ent heat. conduction 
th rough opaque wallR of the buildi ng envelopr. However ,  t.he a.pplical.i on of this procedure 

i 11 solving the grouud coupling problcmR is rat.her lirnit.cd. Bilsed upon tl1c Seem's rnulti
cli rnensional a lgori thm [JJ transfer function coefficients have been derived recently for two 

u nderground st.rnctmes: a shal low-basement. [2] and a.11 Par t.h-sheltered building [3]. It. ha� 
been found I.hat I.he t rnusfer fu nctions met.hod resu lts agree well with those of the JTPE 
and t.hc ADI mct. l i ods. To reduce siguifican l ly  the computa ti cmal effort to generate t. raus
fer funclion coeffrcie11l.s for buildings coupled to t.he soil, an efficient. t,r'.·�.: . .1.ique called the 

nmlti-layer transfer functions met. hod has heen developed [4]. ThiR procedure ii; ha.sec! on 

the decomposit.io11 of the system formed by the b11 il<l ing a,nd the soi l into s uperpri.sed layers 

fol lowin?, the .ll d i rec tion. 

ln this s ludy, the rnult. i-layer transfe r  fum: tions rnelhocl is applied to predict the two
<limensioual heat. tr<1usfer be t.ween an eart. h-shel t.erccl building and the soil by decomposi11g 
the system into d ifferent reel.angu lar regions in t he (x ,  y) di rect.ions. This  t.ech nique permits 
an important. redudion of t.lw cll lrnl ation ti me requi red i n  t.he general.ion of the t.ran.sfer 

function coefficients. Comparison of 1 hc resu lts obtained using this procedure with those 

of the A DI method is made i n  two typical cl i 1mtcG for a range of paramet.ers of physical 

int.erest. 



L Mathematical motlel 

The studied two-dimensional configuration is shown in fignre l .  11 represcu t s  an eart.h
he!Lered building of width 2a having a roof of th ickness c1 situated at a depth b below 

he soil surface. The vertical wall height and thicknrss are respectively Hu- <tml e., .. The 
lab-below-grade floor thick11es11 and depth are respcdivdy e 1 and r' .  A water table at  the 
emperature Tw is assumed t.o be at. a depth d below-grade. The soil surface and the interior 
i.ir temperatures are respectively T1(t) and 1in 1 ( t ) .  The calculation domain is limited by 

: = -L and + L. Taking int.o account t.he symmetry o[ t.ht> proble1 1 1 ,  only one lrnlf of t.he 
:alcufation domain is considered. 

The equation governing the transient. heat conduc tion in l i te soil, the building wall s ,  th e 
oof and the floOT is expressed as :  

a211 . 1J2Ti 1 ar;, �(x, y, t) t -;-1 2 (x , y ,  t) = --- -; -- ( x , y , I. ) 
ux G 'fl o � oi (1 ) 

vhere O'k is t.he thermal diffusivity of t.l 1e c:onsitlercd medium.  The boundary conditions oI 
he problem are given by: 

art I . , . . ,  >., a(x, y, l )  = h, ( 1 , ( 1 , b + Cr , /. ) ·- Lnr) 
Y y=bte, 

BT.,. ( · 1 , ,  , 
,\w -0:-- x, y, /.) = h .,, (I ,, . (-a ,  y, I )  - 7 ; ,,,) 

:r :r:::.--1A 

OT I . ,\1 -8 1 (;r , y, l )  = h .r(Tf ( x , .�, t ) - 7ind 
. Y y=c 

r,(x , O, t ) ::: 7� and Ts(x , d, ! J  = Tw I - L < :r < O 

(JI's ark -[). - (x ,  y, 1 )., ,, ._ 1, = 0 ,  0 � y <:: d rwd - 0  -(:r: , y, i )Fo = 0 
x :r 

1: ( .r ,  h , I ) == Ts(x ,  h, l )  ond Tj ( :r ,  c + e 1 ,  t )  = 'l\· ( :r, c + e. .1 ,  t )  

1:,. ( - ( a + l'w), y , i )  = T.d - - (a  + e.,, ) , y , 1 )  

'77� . IJTs \ - --· -- ( X )/ I )  -h :-c: ,\ r - - - ( J: l/ ( ) -lj • r Dy .  · . ' Y - · J fJ.r . . , . ,  Y -·· 



m:" . . m�" 
,\ ,.. -'l- ( :r, y, I J ,�-·(o-t , ,,, ) = \,,. -7-·-{r '  y, I )<=-(•+<u• )  U X  . l X  

ar1 ar, AJ --;1-( x, y, f )u=c+<i  = ,\s -�(:r, y,  i )y=c+e1 
( y . oy 

where h ... . h1 and h, are the heat transfer coefli<:ien i.s al !.he vertical wall, the floor and the 
roof surfaces respectively. ,\"" ,\ r and ,\, are respectively the thermal conducti vity of the 
wall, the floor and th e roof. 

As shown in figure 1 ,  lhe system formed by the ea rlh-shel t.ercd building and the soi.I 

is decomposed in t.o rectangular blocks obi aincd by decomposing the sys tem into Ny l ayers 

i n  the y direct.ion and N x layers in the x rlhec\ion. Each block n is characterized by its in pnt.s [U]" and m i f.ptds [1�J" and hy its ctpp1 npri ;i.i r l .rn.ns frr fo rn:l.inn copfhcirnl.s wi t.ch ;irp 

generated separately using t.he Seem's nrn\t.idi mensional algorithm [ J ] .  We note that for each 

block, f.he inputs and ou[.p u t.s are respectively the t.ernperat.tUCS ;in d the hrat n 1 1xeH at nodes 

located. on t.he external sides of the block. 
It is know n that the transfer fnncLion relates current outp 1 1 l.s io current. in puts and aJso 

to previous outputs and inpu ts . Then, we obt.ain: 

Nn m n  
· n ( f )  - \' \' 5·J,n U " ( 1  . '1 ) 'Pk . - L_, L_, k ,i r < } Ll  

j=O i=l  

Hn. 
\' c"r11"(t L, J rk 
j= l 

jil ) (2 ) 

where £.. is the time s tep used to sample inpu ts which are a.�sumed to be continuous and 
l inear bet.ween time t and t + 6.. S[':• is I.he t ra.nsf P r  func t ion coefficient. corresponding lo 
the n1h block, the eh output ,  the jlh 'inpu t and the time t - j6. ej is the  t.raJlAfer fu nction 

coefficient. corresponding to the block n ;wd l,[H' time t - j�. 
The cont inui ty of the temperat ure and I he heat flux  at the node k located al the interface 

bet.ween 11Yo adjacent. blocks p and q gives: 

[TP - [r1 k - . k 

rp� = 1PZ 
If the node k i s  loc ated a(, the i nterior surface of ll1e hnilcling then: 

fk = h(Uk - 'lint ) 
where h is equal to ei lher h, , hw or h.1 . 

( 3 )  
(4) 

(S) 

Subst i tuting equation (2) into equations (3) to (5) leads to a system of equat.ions whe1e 
the u nkJ1owni- are the t.l:'mpernt.n res al the R urfaces separating t.wo adjacent blocks and those 



if the nodes lor.ated at the roof, the wall and the floor surfaces. Tl1is system is solved by 
he Gauss-Seidel iterative met.hod. 

I. ResuUs 

The results present.eel here are obtained in two t.ypical climates : a hot. climat.e wit.h 
f'1 (t ) ::: 20 + 7 cos wt l"C) where w is the angular frequency of the annual cycle, lit· ::: 20 °C 
md d = 13 m and a cold clirnn.t.e with T1 (t)  = 8 + 7 r.o s  w t  ( °C) ,  1\v = 10 • u  and d = 6 m .  

'i . .  1 ::: 20 •c, a ::: :J m, b = O.G m, c = 4 m ,  H w = 3 m ,  e, = e ... = CJ = OA m ,  L = 9 rn, 
\k= 1 H'/m K aud o·k = 6.45 10-7 m2 / s. h is taken as 8 .3  lY/m2 K if t.he bui lding is 
minsulated aud 0 .41  IV/m2 J( if it is st rongly insulated. The time st.ep used is � =  864000 s 
'or the transfer fund.ions method and 6 = 86400 s for the ADI one.  The grid spacing used 
n the Bimulation ranges from 0.025 m t.o I m for t.he t.11'0 met.hods. 

For an uninsulated building envelope , figure 2 shows the temperature distributions as 
l function of the x distance at. the dept.h y = 1 m and y = 4 m while figure 3 gives the 
�emperat.ure distributions as a function of the y clistance at x = -3.4 m. These temperature 

profiles are obtained for two representative days : January 1 5  when lhe soil surface t.ernper
:i.ture 1'1 (t)  is minimum and J uly 1 5  when Ti ( t )  is maximum. It can be seen t hat there is a 
my good agreement bet.ween the ADJ and t.l1e multi-layer transfer function results (TF ) .  ln 
[act., the maximum relative difference on the temperatures predict.eel by the two methods is 

less than 1 percent. The temperature profiles show th at , in both climates, the heat transfer 

1s important near t.he building and has a two-dimensional nat ure but. i t. decreases as the x 
and/or the y distances increase. 

Figure 4 gi \'es the ;i.nnual variations of the monthly heat. flux through t.he envelope of an 

nu.insulated bu ilding (h = 8.3 ll'/m2K) and a strongly insulated one (h = 0.41 W/m2 K) .  
[t can be obserre<l that there is a very good agreement between the  predictions of  the 
two methods and that the heat exchanged between the building and the soil is reduced 

significantly when t.hc building envelope is st.rongly insulat.ed. Other resul t.s ( not presented 
here) show that m�y the insu lation of t he earth-sheltered building roof phys an important 

role in the hot climate .  

4. Conclusion 
A 11umcrica] predict.ion of heat. transfer from an ea1tl1-sheHered building t.o the ground 

ha� been carried out by applying t.he multi-layer transfer functions technique following the x 
a.nd y direct.ions. The comparison of f.he f.emperature and tl1e heat flux distributions obtained 
by the transfer func tions and the ADI methods shows a very good agreement between the 

predict.ions of t.he two met.hods in the different processed cases . This procedme has reduced 
considerably the calculation time required to generate the transfer function coeffici ents in  
comparison with the  multi-layer transfer fund.ions following only the y direction . 

. • '  � ., 
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INFLUENCE OF WATER DROPLET S IZE ON THE CHEMICAL REACTIVITY IN J\ 
S U PERSATURATED M OI ST AIR. 

Abstract 

J\ .  S a 1 1feld H ,+ a1 1cl P. earl ie r "  

H L. I . S . J\ . ,  Paris 7 U n i vers i ty ,  2 ,  pl ace J uss ieu . 
7 525 1 Paris Cedex 05 

+L.M. M .T.,  J\ ix - M arsei l le I l l  Un iversi ty, Sa in t-J erome Facul ty ,  
Bel, Escadri l le  Normandie-Niemcn, 

1 3397 Marse i l le Cedcx 20 

A new thermodynamic ap proach i s  presented giving rel a tions between water droplet size 
in a su persatura ted air and chemicnl 1 e�ictivi ty. Different  real is tic examples show an i ncrease or a 
decrease of the chemical affinity with the size of the droplet. Supersaturation versus radi u s  
curves s h o w  stable.and u nstable domai ns.  F i n a l l y ,  a genera l ized su persatur ation formula  i s  
given for charged droplets. 

1. I n t ro d u c t i on 

The p u rpose of our work i s  to show the rel ations between the curvature of droplets and 
the chemical affi n ites o f  reactions taking place in vapour and aqueous phases and then to analyse 
the consequences on the physical chem istry of the atmosphere. In th is  first theoretical approach, 
we consider no surface-acti ve compounds.  

The atmospher e i s  a very complex system covering i njection, transport, chemical 
reactions, phase transfer and deposition of m i nor species. A l l  these processes induce a rich and 
fascinating chemistry involving numerous components generally at extremely weak 
concentrations.  In the beginn ing of the studies on tropospheric physico-chemistry, scientists 
were only i n terested i n  homogeneous gas-phase reactions. Moreover, mass transfers from air  or 
sol i d  ·phase to hydrometeors also lead to a complex chemistry i n  the aqueous p hase. There is 
now a tendency to develop mul i iphasic mechanisms taking simultaneously i n to account chemical 
wm sfonnations i n  in lerstiL inl  air,  matter transfer across the gas waler in terface and chemical 
reactions in  the aqueous p h ase, ref. ( 1 .5) . Except for nucleation phenomena, none of these 
studies a l low for capi l l ary effects. Using an a priori approach, our goal was to d i scover whether 
th i s  gap could lead to uncertainty i n  the res u l ts on the tropospheric mech anism. Therefore we 
use the thennocly namic approach in  order to find the relations between the concentration of the 
reactive species, the s ize or the droplets and the chemical affi nites, ref. (6). 

This new n pproach i s  based on the lher111odyna111ic capi l larity o f  macroscopic systems, 
ref. (7 .8) .  The sys tern considered i s  composed of a mist of aqueous droplets (phase /3) 
comprising a solvent and one or several solu tes. The supersaturated vapour (phase a) also 
contains several species. Transfer of matter and chemical reactions take place i n  both p h ases . 
Three processes s tudied us ing s impl ified examples are proposed i nvolving chemical reactions in 
the vapour and aqueous p hases, respectively. Moreover a s  a general rule, at equilibrium, the 

pmtial vapour pressures, P'.'. , of the solvent w (in o u r  case w ater) i s  hu-ger tha n  the vapour 

pressure, p�" , correspond ing Lo a phrne in terface. We define the supersa tura tion as the quant i ty 

l n (p: I p�" ) ,  and we assume here that t he  dropl et lws to accommodate i tsel f i n  order to main tai n 
constant the p art ia l  pressure or the sol ve n t .  



2. B asic e q u a t ions.  

For uncharged components i n  an equil ibrium p:.utltlon between the o: and f3 bulk 

phases, we can wri te the variation of the chemical affi n i ty A,; ( = -11c; ) ,  of a reaction p in each 

phase qi( (p = o:, /3) in tenns of the variations of the chemical potentials 

dA� - " � d  � r -- - L., v1P /Lr r 

where v� is the stoichiometric coefficient and µ; is the chemical potential of component y _ 

Considering the vapour phase (a) as an infini te reservoi r at constant T, the G ibbs-Duhem 
equation reduces, as a first approximation, to 

,� '\' ,, L., c," d/L," + L., e; d11 = 0 
r•w 

where the concentration of the inen componen t i varies during the reactions in order to 
maintain a constant pressure in the <Jtrnosphere. • 

Consideri n g  the atmos phere as perfect ,gus; we get from Eqs. ( l  ) , and (2) 

dA" 
_ _  P_ 
RT 

l[ v; V� ] " ) a de;" " -- --'- + - de + v " --L,; .. cz .ri r Op L.,; ,a 
r'"'J.1" Lr lo ; ls 

w here 8 refer to one particular component ( 8 ;e w, y }. 
From the classical Lap l<Jce equation, we obtain 

dpfJ = d(2aK ) 

w here 8 is the surface tension and K the curvature of the droplet. 

Using now the Gibbs-Du hem equation' for the liquid droplet phase and assuming very 
low solubility of the inert components, Eq . (4) reads 

d(2crK") = I c�dµ� = I c� dµ� + I c:d1t? 
1 r J. r•J. 

where among all the species y ,  we consider the component A in thermodynamic equ il ibrium 
between a and f3 and 

d/L� .._, RT de� 
c" ). 

From Eq. ( 1 )  the variation of the chemical affinity in the liquid phase (/3) reads l[ vf! c/J l l v P 
dA P = " - v /J  + � '1f!1 P _ _!_1E._d(2aK") p L., ;p . fJ ' ' J  . 1J r �t1.w LH ....J ( fl  

where (8) i s  one component i n  the :iqueous phase (/3) . 

( l )  

(2) 

(3 ) 

(4) 

(5) 

(6) 

(7 ) 



where (&)  is one com ponent i n  the aq ueous phase (fJ ) .  

For ideal sol u tions o C  no11 surfactants (s) t h e  supersaturation i s  given b y  the relation , 
ref. (8 . 1 0) ,  

1 {J: 2aK 
---;;- In -- = -- - '\""' , .P  
v: p:" RT -:- v , 

w here v� is the partial molar volume of the solvent. 

3. A p p l i cations to sem i - real ist ic  models for a tmos p h e re 

111e three simplified models are . 

(8) 

(a)  quasi- insolu ble chemical species precursor in vapour p hase of an ionizable soluble 
species : 

(b)  solu ble chemical species precu rsor i n  vapour and I or in aqueous phases of [UJ 
ionizable sol u ble species ; 

(c) oxidation of a solu ble product leading to a less solu ble product. 
The mech anism (a) ,  (b) and (b ' )  can be schernatized respectively by 
(a) air water 

vP P" + Vs S " = v5 S /J = vs (vc C ' + vA " A - ) 
Reda 

(b) and (b ' )  
air 

vpP" = 

Or + Red" (b)0xtJ i-
v5S" = vss/J 

(c) water 

vP (v + c +  + v _ A - ) = v p P fJ = vpP" c ,\ 

water 
vPP/J 

Red/J (b' ) 

= v5 (vc c+ + v" _ A - )  
air 

Ox " t V5S" 
Red" 

For the three cases, components Ox and Red are assumed to be i n  a steady state. 
Funhennore one assumes that C' and A- are only ionic componen ts existing in the sol ution. It 
means amon g others that we neglect the self-ionization of the solven t. 

i\ltl'lough very simplified, these three schemes represen t  reasonably well Gctual 
atmosph eric cases. The hypothesis that the Ox and Red species are in steady state is general ly 
well  veri fied. I nd eed. one often has a system as fol lows : Ox = 0 11 + 02 and Red = 1102 • 
In such cases. a steady state is maintained by the recyc l i n g  of 1102 i n to OH by NO . One can 
then give sorne examples fo l lowing more or less these schemes. 



For (a) : 

CO + OH � C01 + H01 

N01 + OH � HN03 

For ( b) : 

CH3CHO + OH � CH1 + C02 H + H02 (only in liquid phase) 

502 + OH +o, + u,o H2S04 + /-101 ( In  both phases) 

For (c), i t  seems that i t  is much harder to find actual cases corresponding to the last 
mechanism. Indeed. the atmospheric oxidations products are mostly more pol;ir and thus more 
soluble than their precursors. Nevertheless an example is the oxidation of fom1ic acid (very 
soluble) into carbon dioxide (less soluble). 

HC02H + OH �  C02 + !!01 + Hp 

.t. Analy�is  u r  t h e  1 1 1ed1a 1 1 is 1 1 1s 

4. l .  Mec hanism ( a) 

By usi ng the previous equations (2) - (8), we obtain an integration from a const�ult 
curvature K* corres ponding to the concentration c; to K 

A '" - A " 
a fJ I 

2aK + aRT 
= V � V  n . , RT 2rr K + nRT 

(9) 

The chemical affinity in the vapour decreases with increasing curvature of the droplet. 
It is in teresting to note that the variation of A in the vapour phase is not only a function of the 
curvature, but also of the nature of the two phases through the physical quantities a and vf3 . 

For the case a "'  O(i .e. p: "' p:a ). v.� = I , vf3 = 3  and 2f'K' :::; c! . Eq. (9) then reads 

-- ,,, 3 111 -
!':,,G a - 1':,,G 'a /( (  c: ) 

RT K. c: + 2f'K 

At 25°C for 
K .  = 10 5  cm-1 , K  = 2 x l 0 6 cm -1 , 2 f' = 1 . 8 x 109 rnol cm -2 , c: = 5 .55 x 1 0 9  rnol cm -i . we 
obtain 

O.G " - o.c·· = 22kf inol 1 

4.2. Mechanism (b) 

For the mechanism (b) all the other components (;e P, S ,  Ox. Red) are supposed to be in 
partition equilibrium (for example w) between the two phases. Moreover the vapour phase 
contains inert components i slightly soluble in the droplets (mainly N, anti 02) .  

'The chemical affinity in the droplet becomes then 

(i) strong electrolytes 



where 

A -· A I 2 a6 K  ( • a  ) -1 1 v  • JJ  r1 r J --- = v , v lnl l + -- K 5 c 5  
RT B vRT 

(ii) we:i.k elecrrolytes 

A ·µ _ A P  [ 2 CJ6 K  . ,, -1 ]  
--- = v , lo l + --. .  -(K f c , ) 

RT 
' 

R I  [ ( )] l / v v ,. 
l \I .. c c. c , -

B = - K -�- . K - C+ ,1-
v d \I ' ,; - --./J-

C '  ,1- C 5  

c/3 
v = v c + v ; K 5 = �� � ' c�'l 

( l ()) 

( l  l )  

for both cases the chemical :1Cfi n i t y  i n  the drople t  i ncreases w i th i t s  rad ius .  I t  a l so 
depends on the surface tension.  on the concentrat ion .  r:/'" , of the gaseous phase and on the 
chemistry in the aqueous phase ( K , ) .  

Let u s  give two examples : 

(i) so, � 11,so, � 2w + so; 
For 
2CJ = 144 erg cm-1 , 6 K = 2 x ! O � cm · 1 ,  v = 3.  v, = 1 . K 1. = 1 0 ! , K J  = I rnol

2
c m  .,, , T  = 300°K. 

c;" = 1 0 -1 2 mo! cm- 3 

we obtain 

L',G� - t.G ' !I 
----- = 6 RT 
or 

t,G8 - t,G '8 = 15 kJ mo1·1 

(ii) Cll,C/10 � CIJ,C0,11  

(For very large d il u ti o n ,  we neglect the surface acl!vt ly of the sol u te) .  For 
2CJ = 1 44 erg c m -2 , 6 K = 2 x [ ()6 cm·' . 11 ,  = l , K 1 "' 10 2 ,T = 300°K , c_;" = 1 0- ;o mol cm 3 ,  

one has 
L'iG /l - 6G *µ ----- = 1 4  llf 

RT 
11G /J  - 1'!,G *µ = 35 kJ mol 1 

The analysis of the first two models, (a) and (b) shows that the larger the dropl e t  size the 
larger the chemical affi n ity. This result depends on the sol u bility of the reaction products. 

4.3 .  Mechanism (c) 

For the mechanism l c )  the oxid ation of a so lub le prod uc t lc :1ds Lo a less soluble product  
<Lnd 



,...\ rr _ ,i\ .. ,, 

RT 

c; II ? , 
= v "  ln -r_ = v "  ;1 I 

- CYK + aR T 
r . . (, r V n • . 

� r  l <J  K + aRT 
( 1 2) 

For th is  c�1se. a decrea se in the uroplet  s ize i nd uces an increase in the chem ical affini ty . 

5. S u p e rsa t u r a t i o n  Fo r c h a rged d ro p lets 

Charged droplets induce in the vapour phase (a )  a diffuse layer so that the prev i ous 
relations must be replaced by expressions taki ng into account  the local dectric fie ld . Instead of  
t h e  chemical potentials.  and the chemical affini ty we have to  use  the  electrochemical potenti als 
and the electrochemical  affi.n ity. Recent ly A. S anfe ld .  ref. ( 1 1  ), has shown that the i n fluence of 
curvn ture on the saturation pressure of a ch arged uroplet reads 

1 r< / OK ..,� p 1 ( rfF ']" (  . z )" 
--- 111 --- = -- -- ' c + --- -- !:, 
-1;1 "" RT L.. s lvJJ RT () ' 
( w p,.,. -� \'If c..., 

( 1 .3 )  

where Jc I ,:;cw i:. the dc1ivative of the diclccuic constant wi th the concentrJtion o f  the solve n t  
and £, is t h e  radial componem of t h e  clccuic field.  The last term, called polarization effect. ref. 
( 1 2), is taken at the surface or the droplet. Therefore 

E
"). - Q2K4 
r - --

1 6Jr 1 E }  ( 1 4) 

with Q the charge of the droplet. 

Final ly,  for a si 1 nple dis,nc i a t i un reac t ion in  the droplet, we fi nd the relation 1\P (K, Q) .  
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+ Research Inst itu te for Innova tive Technology for the Earth (RITE) 
9-2 kizukawadai, k izu-cho, Smaku-gun, Kyoto 61 9-02, Japan 
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Abstracl : Methanol synl hesis from co'.! and H2 li;1s hr.f'n invr.stie;itr.rl for r.sf ; ih l ish ing H glnh; i l  
system fot  the convers ion and transportation of hyd rogen energy produced from natural ene1 gy 
�ur:h ns �olar energy, hydropower and so o n ,  FirEt ,  the aut hors c l ucid::itcd the rn le of metal oxidef; 
contained in Cu/7.nO-hascd ternary c;1talysts prepared by a coprccipitalion method ;md tleveloped 
Cu/ZnO-hascd multicomponent cata lysts co11tai n iog twu n1 th1cc 1 1 1da l uxidc�. Then .  Lhc operat ion 
conditions for preparing a Cu/ZnO-hased mult icom pfJnent cata lyst were opt im ized . In the 
fo l lowing step,  a lnng-tenn (> 2000 h) stabili ty of the catalyst devdoped w;1s exam ined io a 
con ti nu ous mctlrnnnl synt hesis test at 523 K with " tota l pressure of 5 Ml'a usi ng a fixed bed Onw 
reactor. Furthermore. the methano l synt hesis over the m u l licompnnent c<1ta lyst was i nvestigated 
using a 1 c cycle reactor serv i 111:, ;1s ;i mrn lrl  rc:1ctnr r11r a p1 :.1r·. t irnl nwthannl synthesis p1 occss.  

1 .  l N TRO DlJ CT I O N  
The greenhouse effect of carbon dioxide h as been recognized to be one o f  the l ll f JSt sci io 1 1s  

problems in the worlu,  and a number of cou n lermeasurcs have been p roposed so far. Cataly tic 
hyd r ogenat ion of C02 to prod uce various k i nds of chem ica l s  and fu els has received m uch 
attention as one of the most prom ising m i t igation opt ions. 1 1 1  par tirnlm, methanol sy nt hesis hy 
C02 hydrogenation has been consiucrcd lo play an i mptn  tant role in the conversion uml 
transportation of hydrogen cnr.igy p1 oduccd from 1wl l 1 ral energy such as solm c11C'rgy, 
h ydropuwer and so o n ,  as shown in Fig. ( 1 ) (rcf. (l )J .  Arcording tn some est im ations ( rr f.( J)), i f  
Hz is produced hy electrolysis of w;ilcr u.�ing 1111 electric power o r  [ (JOO MWh a n d  ! hen mcll mnol 
synthesized from C02 and Hz is trn11sported lo Japan thrnugh the system shown in Fi g . ( I ) ,  an 
electric power of 300 MWh could he obtained from a methanol fired power plan t in Japan . 

A practical methano l sy n thesis process grear ly reyu i1 es a h igh perforrna11c1: catalyst, which 
must be highly active and selective for methanlll f;yn thcf;i;, and uho stublc for u long period in a 
continuous operation . N I  RE and RITE have been jointly impl icated in the deve lopmen t of high 
performance methanol synthesis catalysts since 1 990.  The authors elucidated the rule of metal 
oxides con tained in Cu/ZnO-based ternary catalysis p1cparcd by a cnprecipitation method , and 
l hcn clcvclnpcd Cu/ZnO-based m u lticomponcnl c;u,ilysts cont<1 ini 1 1g two 0 1  t l 1 1 cc 1 1 1clal 1 1>. ide� 
( re f.(3)). Alter t he development o r  the cata lyst, Lhc opcrnt ion condi t ions for preparing a Cu/ZnO

b1L�cd mult icomprmcnl cllta l yst were optimized by invcslig<l l ing the effects of varillus preparation 
cnmli t ions on the acl iv ily of the cata lyst . I n  the fol lowi ng step, lhc change i n  the act ivity was 
examined for the m ulticomponent catalyst prcprnT.d u nder the opl imum preparation cDnditions 
du ring a long-term (> 2000 h )  methanol syn thes is test ;it :'i23 K with a total pressure of 5 MPa 
using a convent ional fixed bed flow reactor. Fu rthermore, we invcstig;ited the methano l sy n thesis 
over the mul ticomponent catal yst usi ng a recycle re ; icto r serv i ng as a model 1 eaclor for a prnctical 
methanol synthesis process. 

• T" whu11 1  c11rrespDml e ncc shou ld  be addressed. 
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F i g .  1 G lobal energy netw ork combined with catalytic hydrogenation nf CCh. 
EXP E R I M ENTAL 

All Cufl.n0-h<1scd catalysts were prernred by a coprccipi t 11tio11 method . A m ixed aqu e1JL 1s 
olution nf metal nitrates and an aqueous solut ion of' Na2 COJ were added drnpwise lo disti l led 
1atcr. Subscq11cnl ly,  I l le precipitate was fi ltered out ,  washed with distilled water, dried in air al 
83 K overn ight, a11d ca lcined i n  air al 023 K for 2 h .  The operat ion condi t ions for preparing the 
alalyst such as the temperature during ccprecip i talion, the concentration of ai1 aqueous solut ion of 
1 ixed metal nitrate, the time of ;1ging precipitate, the extent of washing precipit<ite with d istil l ed 
1atcr and so on were varied . 

Compressor 

-� �-L�] 
� Gw '"''m"°'"'" 

-

! i CoolP.r 
!�I Fixed bed 

[ i 

Sand bath 
sepa1 ator 

M thanol · Crude e <r-

F i g .  2 Schemat ic diagram of a recycle reactor with a catalyst volume of 50 m l .  

A conventional fixed bed flow rcaclor w<is used both for shorl-lc1 111 and long-lenn methanol 
01thesis tests. A con1111crcial catal yst (Cu/ZnO/J\1 203) for methanol synthesis from syngas was 



usecJ for com parison . Furthermore, a recycle reactor equipped with a COfllprcssor for recycling 
unreacted gases was useu (or investignting practical melhimol synthesis operat ions, as slmwn in 
Fig.  (2 ) .  The cata lyst rixed in a reuctor was reduced in a gas mixture of H2 ( HJ%) and l ie (90%) at 
5 73 K with a total pressure S M Pa. The hydrngem1tion of C02 was then carried out at 52J K with 
a lolal pressure of 5 M Pa in a fixed hecJ flow reactor by feeding a gas m ixture of H2 and C02 with 
a mole ratio of H2/C0z= 3 .  The reaction produ cts were Hnalyzed by me.ins of gns chrnmalOgrnphs 
directly connected to lhe r eactor. The main products of C02 hydmge11<1l io11 over 01/Z110-hascd 
cata lysts were methanol ,  CO and wuter. Methane . d imethyl elhe r  and 1m:lhyl ti 11 mate were also 
detected in the reaction products, hut the sel ectiv it ies for the by-products were less 1 hm1 0. 1 %. · 1 11e 
catalyst activity was measu red 2h after supplying lhc feed gas lt> the rcnctor e,�ccpl fnr n long- tenn 
test anu for a test usi ng the recycle rc<Jclor. 

The total copper su rface area of the catalyst a fter the react ion (Cu1n1a 1) was determined by the 
technique of N1 0 reactive frontal dHomatogu1phy ( R FC) after re-reducing the post-reaction 
cat<Jl yst with 1-b at .523 K (ref.( 4 )) . X-ray diffract ion mc<isuremcnts were performed for ana lyzing 
the struct ur e of  the c1talyst. 

3. R E S U LTS A N D  D I S C U SS I O N  
J .  l Development o f  C u/Zn O - based m u lt icomponent  c a ta lysts 

l11e methanol synthesis activities of Cu/ZnO-based ternary catalysts (Cu/ZnO/MxOy) 
contain ing various metal oxides were examined. U a2 0.1 , A[z03, Zr02 and Cr20:i exhibited 
promoting effects fur methanol synthesis. Figure (3) shows the methanol synthesis aetivily of 
Cu/ZnO-hased ternary catulysts containing Ga203 , A[z03, Zr02 and Cr203 on vary ing the content 
from 5 to 40 wt% as a function of total Cu surface mr.;1 (Ct 1 10 1a 1) .  For each metal oxide contained 
i n  the Cu/ZnO··hased catalysts, a linear relat ionsh ip between MTY anu Cutot<Jl was obtained, 
indic<Jting that the specific act i vity is identicul for each metal oxide even if the content of a met<Jl 
oxide in a Cu/ZnO-hascd cataly.�t i� v;1rir.r l . Thr. spr.r.ifir. ;ict iv ities for the Cu/ZnO-bascd c<Jtalysts 
containing Gn20.:i a1 1d C1203 wct c greater t han that of a Cu/ZnO catalyst by factor of 40% and 
30%, respect ivcly. On the other ha nd. the specific <ictivity was not altered hy the addition of Al203 
or Zr02, though these met11l ox iues play 11 role in increasing Cu surface area.  This incJirntrs that 
the <Jddition of Al:!O.:i or Zr02 improves the dispersion of Cu particles without changing the 
specific act ivily of 11 Ct1/Z110 cal alyst, while G<1203 and Cr203 arc not effective for improving the 
dispers ion uf C u .  but arc effective for increas ing Lhe specific activity of n Cu(lnO culalysl .  

J n  the fo l lowing step, lwo kinds of Cu/ZnO-hased 111111 l ic1m1ponenl CHl<ilysts mm1cd MCA 
(Cu/ZnO/Zr02/J\lz03) and MCB (Cu/ZnO/Zr02/AhO�/Gn203) were prepared by selecting metal 
oxides on the basis of the ro le of meta l oxide clescr i hcd above. figure (4) shows the act ivities nr 
the m u lticomponent c1tal ysts, Cu(50)/Zn0(45)/Al20:i(5) and Cu(S!l)/7.110(50) as a func1 inn of the 
temperatu re of pretreatment in 1 1 2  ranging from 523 K to 723 K. The act ivi t ies of <11 1 lhc catalysts 
decreased with increasing pretreatment tem perature ma in ly due lo the decrc<Jse in Cu surface area 
by the sintering of Cu par! ides. However, the activities of MCB and MCA decreased only 1 0% 
anu 15% even in pretreatment at 723 K ,  respect ively. whi le the activities of the ternary catalyst and 
the binary catalyst decreased 30% and 85 %, respectively. This suggests that the si n tering of Cu 
part icles can be suppressed hy the aduition of severnl metal oxiucs lo Cu/ZnO .  

J .  2 O p timization u f Opera tion C o n d i t i o n s  fo r Preparing the C a t a l y s t  
The various operation cond i tions for prepari ng the precipi tate except !he temperature during 

coprccipitation had nil �ignifir:1nt rffrr·f rm l hr. :ir.l iv i ly of l i te mul ticomponent catalyst .  This 
fimli J Jg i:-; vc1 y favuwl>h: J'u1 µ1 q.m1 iog H µ1 act ical catalyst. 

No significant uifferencc among the activities of the ·catalysts prepared at temperatures 
between L /3 K. and 3 1 3 K has been observed, whereas the activity of lhc calalysl p1cµa 1 cd al 333 
K was slightly (only 7%) lower. XRD measurements showed that the crystal l i te size of the 
precipitate prepared at 333 K Wl!S sl ightly larger than those nf  the prccipitQtes prepared at 
temperatures ranging from 273 K to 3 13 K.  This finding suggests !hat the activity of the catalyst 
depends 1Jn U1c cryst;.i l l ile size of the precipitate. 

In the next step, the effect of extent nf washing the precipitate with disti l led water to remove 
Na coming from Na2C03 on the 111clhannl synthesis activ ity of the catalysl was investigated. The 
amount of Nu rcmuining in the cutulyst decreased with an increase in the number of washing fhc 



precipitate. ·n1e activity of the catalyst and the Cu surface area of the catalyst greatly incrc<1scd with 
a decrease in the amount of Na in the catalyst. The precipitates after different number of washings 
gave almost the same XRD puttcms, whereas the XRD puttem for the catalyst calcined ut 623 K 
became sharper with an increase in the amount of Na in the catalyst. This finding clearly indirntes 
that the Na remaining in the catalyst crystallizes the components of the catalyst, and thus uecreases 
the surface area, the Cu surface area and the activity of the catalyst. 
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F i g .  3 Methanol synthesis activity (MTY) as a function of Cu surface area. The contents (wt%) 
of metal oxides in the catalysts are indicated in the figure. Cu content of the catalysts was 
50 wt%. Reaction conditions : weight of catalyst = 1 g, feed gas = C02(25)/Hz(75), feed 
gas rn tc = 300 ml/min, tempernture =523 K, total pressure = S M P a .  D :Cu/ZnO/Ga20:i , 
O :Cu/ZnO/Cr201, 6 :Cu/ZnO/Al201, •:Cu/ZnO/Zr02, e :Cu/ZnO (50/50). 
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F i g .  4 Activit ies of various Cu/ZnO-hascd a1ta lysts as n function of te mperature on treatment 
in a Slrc<im of l l ! · Reaction conditions were the same <1S shown in Fig. 3 .  
o :  MCB (C\1/ZnO/Zr02/A l20.1/Ga20.1) , D: MCA (CuflnO/Zr02/Al20:1), 
.& :Cu(50)/Zn0(45)/J\li0:1(5 ), e :  Cu(50)fln0(."IJ) 



3 . 3  Long-term S t a b i l i ty o f  the Ca talyst  
A methanol synthesis catalyst for  a practical process is highly required to have a stahlc activity 

frn a ln1 1g pt.:J iou i11 a cont inuous oper ation. !\ long-term methanol synthesis tesl was performed at 
523 K with a total pressure of 5 MPa by using a gas mixture of C02, CO and H2 ,  because 
unreacted gases and CO must be recycled to the reactor in a prnctical process. Figure 5 shows lhe 
change in the activity with time on stream of the m ulticomponent catalyst compared with a 
commercial catalyst used for methanol synthesis from syngas. ll1e activity of the multicomponent 
catalyst decreased only hy 1 7% in to()() h during the test, hut unchanged from lUlJlJ h lo 34()() h .  
On the other hand, the activity o f  the commercial catalyst decreased hy 20% i n  1000 h ,  and sti l l  
decreased to 75% of lhe initial activity in  2100 h .  'The Cu particle size of the mu lticomponent 
catalyst i ncreased hy 50% after the methanol synthesis for 3400 h, whereas that of the commercial 
catalyst increased by 75% in 2100 h .  Therefore, one explanation for the deact ivation could be 
related to the decrease in  the Cu surface area of the catalyst. These findings described above 
clearly indicate Lhat the multicomponent catalyst developed in the joint reseaich is very stable for a 
long period in a cont inuous methanol synlhrsis operation. 
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F i g .  5 Change in the activities o f  the multicomponent cat;ilyst (Cu/ZnO/Zr02//\l203/Ga203, • )  
and a commercial catalyst used for methanol synthesis from syngas(Cu/ZnO/Al203 , •) 
dui i ng a long term methanol synthesis. Reaction conditions: tempernlure =523 K, 
total pressure = 5 MPa, SY = 10,000, feed gas composition = C02 (22)/C0(3)/H2 (75). 

3 . 4  M e thanol  S y n t h e s i s  u s i n g  a Recy c l e  Reactor 
Practical methanol synthesis must be performed by using a reactor with rr;cycl ing r.quipmr:nts 

for unreacted gases, because the conversion of C02 to methanol at reaction equ i l ibrium is very 
low under ordinary rraction conditions, for example, 17% at 523 K and .5 MPa.  Therefore, 
mr:thmml synt lwsis 1 1sing :1 wcydc rr.;wtnr w:1� : i lsn i11vr�l i �;1tr, r l  Thr. prnrl 1 1 c:ts of C02 
hydrogcnatioJ 1 al 473 K lu 548 K w ill i  a lutal p 1 css u 1 t.:  tlf 5 MPa in the r ecycle reactor were 
methanol, CO, water, methane, ethane, dimethyl ether, methyl formate, ethanol, propanol and 
butanol ,  hut the yields of the products olher than methanol , CO and waler were very small. ll1e 
selectivity for methanol in the p roducts excrpl CO and waler was more than 99.8 % .  The reaction 
products were cooled to 270 K in a gas-l iquid separator connected to lhe reaclor. Liquid products 
collected in the gas-l iquid separator were taken out of the reactor, and unreacted gases as wel l as 
gaseous products such as CO, methane, ethane and dimethyl ether were recycled back to the 
reactor. 111e concentrntions of metlrnne. ethane and dimethyl ether in a recycled gas mixture 
remained constant after some initial period in C02 hydrogenation without purging unreacted 
gases. Table 1 shows the composition of liquid products except fhO laken out of the recycle 



·eactor. The purity of the crnde methanol produced in the present work was 99.96 wt% , and 
iigher than that of the crude metlrnnol produced in a commercial methanol synthesis from syngas. 
Ilic CO concentration of the feed gas to the reactor in the methanol synthesis from C02 and Ih is 
nuch lower than that in the methanol synthesis from syngas. It is well known that CO is much 
narc reactive with 1-12 to produce higher alcohols and higher hydrocarbons than C02. Therefore, 
his fine.l ing suggests that the lower CO concentration in the feed gas to the reactor should result in 
:he lower yield of by-products and thus the higher methanol purity. 

Ta hie 1 'l11c composi tion of l i4uid products (cxcepl water) frnm a recycle 
reactor in  this work"I, comparctl with that from a commercial plant 
for methanol synthesis from syngasb) 

Compound 
Composition 

Methanol C H 3 0 H  

Methyl fomiate HCOOCH3 

Higher alcohols (C2-C4) ROH 

Hydrocarbons (C6-C1 0) C0Hm 

Dimethyl ether (CH3)zO 

This work 

9 9 . 9 6  wt% 

330 ppm 

30 ppm 

A commercial plant 

9 9 . 5 9  wt % 

700 ppm 

530 ppm 

SO ppm 

230 ppm 

a) Reaction conditions : catalyst=Cu/Zn0/Zr02/Al203/Ga203, ternperature=5 1 7K, 
total pressure=5 M Pa, fl:/C02 ratio in the make-up gas=3 . 

b) citetl from a booklet on !Cl methHnol synthesis catalyst. 

In conclusion, the presented resul ts dearly indicate that the Cu/ZnO-basec multicomponent 
catalysts developed in the joint research arc highly effective for a practical methanol synthesis from 
C02 and H2 . 
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Abstract : Catalytic hydrogenation of C02 into methanol , considered as a serious opl ion for lhe 
conversion and transportat ion of hydrogen energy produced from natural energy such as s(ilur 
energy, hydropower and so on, has been investiguled with Raney Cu based catalysts. Raney Cu 
cata lysts have been prepared by leaching of various metallic a l loys in NaOf-1 or N;.iOHiSoc.J ium 
zincute aqueous sol u tions. 'The catalysts leached in  NaOH/zinrnlf'. ;irprr.ous solu t ions and tested in 
C02 hydrogenation al 523 K and 5 MPa, showed high activities and selectivities for methanol 
synthesis . The deposi ti on of Zn on the surface of Cu part icles increased the surface area and the 
speci fic activity of Uaney Cu-M exam ined . Raney Cu- Zr deve loped were 3ign ifican t ly more <ictive 
than a commerci<rl  cata lyst . 

l .  I n troduction 
The incre11se of carbon dioxide in the atlllospherc over the past 50 years has been the most 

drnmatic in the history of the earth .  Indcrstanding !he ecologica l implications of this increase and 
find ing the effective ways of mitigating "greenhouse" gas emissions is of lhe most promi nent 
concern. Catalytic hydrogenation of carbone dioxklc is one of the crucial issues and processes to 
present n serious op t ion for t he global wam1i11g contro l . Jn particular, methanol synthesis has been 
considered lCl play Hll i m pmtunl role in the l rrn1sportalion of hydrogen energy derived from natural 
energy such tts solar energy, hydropower m1d so on .  

Reccnl'ly, RITE started a joint research progrn111 on methanol synlhcsis vi;i 1hc catalytic 
hydrogenation of c<irbone dioxide. I t  has been wi<lely rcportec.J that Cu!lnO baseu c:1tulySL'i arc 
among the interesting systems for thi s  reaction (ref. ( 'I )-rcf.(7)). Sim:c t h i� rrn.i<ict has bcg;rn our 
laboratory has developed Cu/ZnO-based multicompnnenl cat:ilysls containing rrom two lo five 
metal oxides on the busis of the role of metal oxides (rcf.(8), ref.(9)) . In our previous siuuies we 
have reported that mct;ils oxides such as Gu203, Ai?.0.1 , Zr02 untf Cr20J conwined in Cu/7.nO
based tcmury catalysts fo1 methanol synthc�is fmm rf)i ;rnd H;, have been classified into two 
categories (re f.(10)) : to improve the Cu dispersion 1111J lo i11�r c<1sc ihc specific activity . l11c 
addit ion uf Ali03 anu Zr02 to Cu/ZnO imprnves !he surface area of Cu, i .e , the di spersion of Cu 
particles 01 1 IJ1e sw-Cut:c wh i le the <1ssocimiun of Ga203 aud Cl"2U:i to U1e bicomponent catalyst 
Cu!lnO enhances the spccifo: <1divity by opt imising the mtio cu+/Cu on the surface of Cu 
particles. 
The association of the promoting metal oxides with Copper has an important role to imprnve 
simultaneously the activity and the selectivity for methanol synthesis . In order to develop a new 
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1pe of catalyst with high per formance for methanol synthesis, the authors started to i nves t igate 
!a11ey Cu -based catn lysl.� . 

So fur, Raney Copper e<1ta lys111 lmve mi! been widely reported in the literature as practical 
ulalysts for methanol sy nthesis. However. 20 years ugo Wa inwright i111d co-workers have hcen 
1e firsl to report  the potent icl use of Raney Cu imd Raney Cu-Zn as ca li.l lys ls lo produce mctha11ol 
rom syngas to use as synthelic l iquitl fuel (ref.( l J )) . Recent ly  Wainghright cl al. publ ished an 
(CCllcnl review ;iboul their reslllts in the last deQ!de ;md rcl;.ited studies in the li terature on Raney 
:u catalysts as cat;ilysts for methanol synthesis and WGS re11ctions from syngas ( r cf.( 1 2 )) .  Th(� 
tudy showed that tile alk;t l inc leach ing of Copper/Zinc/Aluminium a l loy to produce Zinc-
1mmnted Ra ney Cu leads lll an cxccllenl mixing of the components and consequently allows a 
iigh ac!ivity fnr methanol !;y nt hc.�is by i mproving the surface area and the porosity of the catalyst . 
n this work also, it has been dcmonslraled that the prmJuc!ion of McOI I is promoted by Copper 
nd the major role of Zinc ox ide. 'Ilic resu lt ing catalysts hnvc been fi>und lo he al least as active cis 
·ommercial co-precipitated catalyst.'> for methanol synthes is from syngas. This work showed also 
hat U1e carbou diox ide is the major reactant funning me.thanol under lhc industrial cond it ions. 
itarting from t hese works iL is comp let ly legit imate lo envisage the methanol �y nthcsis d irccl ly 
mm C02 and H 2  over an ;1dcqual Raney Cu catalyst . In this  conference, we report an 
mprccendented high catalytic perfonnance for methanol synthesis from C02 and 1-12 over new 
nctal-promoted Raney Cu catalysts developed on the basis of the nature of the precursor alloy. 

:. Experimental  
Various kinds of Raney Cu-M catalysLo; (M=Metal added t o  Cu/Al alloy;  Ti, V, Cr, Zn , G a, 

�r, Nb, Mo, Pd , La, Cc) for methanol synt hesis reaction were prepared by leach ing of the metal 
1 l loys in moderately sfrrri ng a NaO H uqueous solut ion and/or a sodium zincate 
Na2Zn(OH).1)/NuOH solution wh ich W<JS prepurecl by adding ZnO to a NaOH aqueous solution .  
Ille conccntrnt ions of NaOH were respect ive ly 250 (g-NaOH in 1 kg-H20) for NaOH le<Jching 
;olut ion and 300 {g-NaOH In I kg-H20) for NaOH-Zincate leaching solution. The Raney-Cu 
;atalysts prepared after lecrching were washed with distilled water until the complete remov ing of 
he NaOH excess and then stored in distilled waler. The storage in disti l led waler hers been the best 
Nay to avoid the re-oxidation of the metal lic particles in Raney -Cu catalysts . 11ie total specific 
;urface area of the catalysts after reaction w<1s dclenn ined by BET techni4ue. 111e total copper 
;urface area of each catalyst after reaction was dctcnn inetl hy the technique of NzO reactive frontal 
:hromatography (R FC) after re-reducing the post-react ion cata l yst wi th  hydrogen at 523 K 
:ref.( 1 3)) . The catalytic measurements were conducted as fol lows : the catalyst fixed in a flow 
.·eactor was reduced in a gas mixture of pure H2 at 523 K and 573 K during 2 hrs with a total 
Jressure 5 MPa. After reduction the catalyst was exposed to a feeding mixture of C02 and I-12 wi th 
1 molar ratio of C02 /H2 = 1/3 (re f.( 1 1  ) , ref. ( 1 4  )) . The analysis of reactions products was realized 
JY ade4trnte gas chromatographs connected on line of the reactor. 

3 .  Resul ts and discuss ion  
When a mixture o f  C02/H2 passes over Raney-Cu-M catalysts at t h e  operating conditions 

Jescribed above (vide supra) two major reactions occur. 1be format ion of methanol and water 
from carbone dioxide and hydrogen. the second reaction is giving carbone monoxide with water. 
These equilidriums are the main competitive reactions on the surface of Raney Cu-M catal ysts.  
There is a lso a presence of by reactions producing dimethyl ether, methane and methyl formate but 
the selectivities of the by-products were less than 0.1 %. 

Raney Cu-M (latomic % ) catalysts leached in a Na OH or a NaOH/Zincate a4ueous solution 
have been tested for methanol synthesis under the same reaction conditions (Fig .(l )) .  

Raney Cu-Zr have exhibiLed the best activity among the catalysts tested .  For every catalyst 
tested, the presence of zincate in the leach ing solut ion leads to the deposit ion of Zn on the surface 
of Cu particles and had a strung effect to improve the activity and the Cu surface area (respectively 
by 95% and 50% for Raney Cu-Zr). The h ighest act ivity due to the presence of zincale seems to 
be part ia l ly related to the increase of Cu sur face area. 

lt has also been observed that U1e zincalc doping leads to better specific activity (Fig. (2)). As 
it was reported in ot hers works (rcf.( 1 5)), the increase in Copper surface area could be related to 



the fonnatinn of smaller copper particles on the surface of raney copper due lo the slower rate of 
leaching when the zinc:atc is present. 
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However, in order to have more informations about the role of zincatc, we have examined the 
chemical composi t ion of the rnncy copper catalysts after rc<1ction by analysing the samples at the 
atomic level. Table (1) shows the atomic composition of Raney-Cu and Raney Cu-Zr 1 % leached 
in NaOl-I and NaOH-Zincate solut ions and after react ion . For both catalysts the presence of zincatc 
leads lo a sign i ficant deposition of metal l ic  Zinc . The amounts of metal l ic Zinc deposited on the 
surface were 1 . 1  % for Raney-Cu and 1 .9% for Raney Cu-Zr ( l atomic%). 

"l\1hle 1 Composit ions mid n<:l ivitics nf Rmwy Cu Gll n l ysts lr:icl1cd \Vilh riqucous so lut ions of NriO J I  aml Zi11e;llc 

Cntnlyst ( ..cachiug ( 'omposilin11 of cntalrs1 lcrichcd Cu surface mea /\c1ivitv Specific nc1ivity 
(:i l lny) so lut ion (nlnrnic %) (m2/ml) (g-Cl130J ll1

°
·rnt •h) (mg-Cl t30i i/rn2 -Cu •h) 

Nnfl l l  Cu//\ 1=98.r;/l.4 6.0 239 39.8 
CLV'/\I (1/2) 

Zinc<1lc Cu/ i\ l/Zn=9R.4/0.S/J . I  7 . 4  S41l 71.() 

NaOl l Cu/ i\l/Zr=i{!) .S/7.6/2. 9 1 2.7 4 1 .'i 32.7 
Cu//\l i Zr(I :it 'if )  Zirn:ah .. · C'u//\l/Zr//,n=R'l.9/5.0/2.9/1 .9 18.2 8 14  44.7 
n) Leaching m11diti11ns : .l l l K i11 N 1  

h )  Re:iclion cond i t i ons : .'i2.l K,  S Ml':i. S V = l 8, 0!JO. 112/C :02=3 

Table (2) displays the influence of ZnO concentration in the leaching solut ion on the 
:omposition of Raney Cu-Z1 ( 1 <ttornic %) and i ts  activity ha�; been examined by varying the 
:oncentration of ZnO from 0 g to 9 1  g in l kg-l hO (which corresponds to maxinw111 conccntrnl io11 
if ZnO). It is clearly shown in this lablc Llmt the content of zinc metal in the catalysl after rc[tction 
increased with ZnO concentration. On the other hand, the Cu surface area and the activity of Raney 
Cu-Zr ( I  atomic %) arc significantly improved by increas ing the ZnO concentrat ion. Therefore, the 
:hemical composi tion and the texture of Raney copper tested changed by the addition of zincatc 
md increasing the content of metallic zinc deposed on the surface of Cu particles had an important 
role to improve both the activity and the Cu surface area of Raney Cu catalyst. 

Ta hie 2. FJfc:cl of the 7.J1D concentrntion on lhe composition ;'lnll the 1tclivity of Rnncy Cuflr ( I )  leached with an �qucous 

.o:;oh1linn of NaOl I and Zi11calc 

IZnOl in a leach ing Cnmpo!'ilion of the GJlalyst Slll face area (l) Cu-Surface area (3\ Methanol activity (4J Specific Aclivity (5) ·"nlulion ( l ) afll'r the rcadion 
(g·7.110/kg-f l20) (Cu//\V7 rf7J1 atomic %) (m2/111I cat) (m2/ml-cat) (g ClhOl l/1-c:al•h) (mg-Cll101 l/m2-Cu • h) 

9 J (•) 94 6/l 5/1 8/2. l 26.1 1 8.8 931(•) 842(h) 44.7 
84(h\ 92 5/3 2/2 3/2.0 29. 2 1 9 .  I 936 838 43.7 

67(c) 93.4/2 5/2.2/1 ,9 28. 1 1 9.5  Q39 836 43.6 

51 c.n 9J 3/2 7/2.J/ 1 .5 3 1 . 4  20.9 923 809 38.7 
34(c) 23,5 16 .5  881  798 48.4 
27<D 94.3/2.G/2.l/1.2 1 2.6 9.4 721 738 78.6 

( I )  7,r content in CuAl2 alloy was I atomic % 
(2) Comlilions of prcparalion : l .1..·:iching in an .iqncnus solution of NaOl l!Z110 in lhe stream of Ni at 323K for lhr hernrc fixing 

the temperature at 333 K. lhe concenlralion' of NaOfl were (a} 3 4 1 ,  (h) 333, (c) 3 1 6, (d) 300, (e} 283, (I} 276 g in lkg-1120-(3) �urfn.cc arcJ and Cu ,imrfacc rirc:i wae measurcll after I.he rcm .. i.ion al 523 K following the reduction al 573 K. 
(4) l.onctilions : reduc1i<m : (a) 52.J K ,  (h) 573 K, 2 hrs in pure l l2 

reaction : 523 K. 5 M l'a, S V = l  8,000, Hz/Cf)z�3 
(5) Speci fic aclivity was cah•lated by dividing the a<1ivity (4-h) hy Cu surface area (3). 

Catalytic perform<1nccs of the best Raney Cu obtained (Raney Cu-Zr 1 % ) were compared with 
lhose of the optimum multicomponent catalyst developed in our laboratory and the commercial 
:atalyst tested in the same conditions for methanol synthesis from C02 and Hz (Table (3)). The 
initial activity (wi th the calyst reduced ut 523K) 1lf Raney Cu was (30%) higher than commercial 
rntalyst and 10% h igher than the mu l t icomponent catalyst. In addition, the Raney Cu-Zr (1 
atomic%) showed a h igher specifiQ. activity which was 57% higher than the commercial catalyst 
and 25% higher than tlrnt of the mu l ticompo11e11t catalyst. These findings clearly indicated that the 
synergclic alloying between Copper and the metallic components is more exerted in the case of 
Raney Cu catalyst than in the case of mixture oxides cata l ysts. 



Tahir 3 Ca laly t ic pcri'i i rlll < l l lCCS nr a l)'l'ie;i\ Ra11l:.y Cu basi:tl rnlalysl C!ll/lf'<lTCd wi l h  lhnsc nr :11 1  opt imal 
Cu/7.nO-hascd c;1lalysl and a m1nmcrci:il c:1lolysl 

Surl'acc mca (�l Cu- �mrfol'e an)a Cl) M<'lhan"I activity (�) S11c1:ilk m·tivily (5) C1talys1 
(m?'/ 1 1 1 1  cal) (1 112/ml-t·al) (mg M d l l l/m l -cal·h) ( in g-Mc< JI l/1112·c:1l•h) 

Rane�· C1 1il'.r ( I )  3 l . 2  20 .6  9,J I M  8.'ilih) 4 l . 4  

t '11/ZnC l(lrl »?.i,\ 120 t lJl l .7  2fi, � 8<\5 8J9 .1 1 .8 

Cn1n 1 11r:rcial  ca1:il yst m 72.5 .1<1 • .5 62(1 'i9 1 1 7 . 1  

( I )  ( ·n n d i l i nn� u r  prcparalinn : l caching o r  an n \ loy < '1 1 Al 1JZr c011 laini 1 1g 1 .5 alo111k r;h of' Zr i n  a11 ;1q11cnus 
s11\11tio11 11r Na011 (14 1  g);Z110 (lit g) iu lkg· l ll < l  in lhc 'hcam 111" Nl. al :n� K . 

(2) Cu/Zn( l//\l?,0.t 
(1) Surl'acc area aud Cu surface area \\'ere mcasnn:d al'icr lhc  rc:1<' l i ! l11 al 52.1 K fnl l!l11· i1 1g the rcd11cli1 1 1 1  al 57.1 K 
(4)  C :1 1 1 1 dil in1 1s : rcd11c l i 1 111 : (a)571 K, (h) 57.1 K.  

rcacl i 1 1n : :i2.1 K .  5 M l'a. S V= l�.lll l l l. l l 7/( l l .'=  l 
(S) Spcci lic· adivi ly  was cak11lalcd by d i v i d i ng the adi' i i )  ( 4 ) - 1 >  hy Cn sur face area (J) .  

1 1 1  summary , this study clearly showed that Raney Cu catalyst prepa red in the oplinrnl 
cond ition1> determ ined wm; highly act ive. li ir  mctlrnruil ! ;ynthcnif; froll l  C(h und f l 2 . Fol' c\'cry 
Remey Cu-M catalyst, lhc presence of zinrntc w i th NaOH in the leach ing aqueous solution leads to 
the deposition of Zn on the su rface of Cu pa 1 t ich.:s. 'lliL' Jcg 1 cc ur Z.i 1 1c dq .1o�i t i 1m w;is i11 1p1 uved 
hy incrcnsing ZnO cnnccntrat inn in the leaching so l ut ion. The pr esence nf Zn 111atal along with Cu 
on the surface of l{ancy Lu catalyst had a strong doub le effect : to increase I l ic surface area and lo 

enhance the specific activity.  Raney Cu -Zr (1 aro 1 1 1 ic %) was the most active ca talyst among Raney 
Cu-M catalysts tested. '1l1c initi<il activity of the p1csc11t catalyst was significantly highci than that 
of a commercial catalyst Lcsted in the sa1J 1 e  rcm:t ion c1> 1 1d i t i ons .  
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D- R S  7<14 Neu herherg. Federal Republ ic of Ge1 manv 

A B STRACT The minernli7.ation rates of 1 1C-labelled xenobiot ic organic co111puu 11ds i n  
soi ls we r e  determined b y  measu r i ng 1 JC07 outpul F or  t h e  chemicals s l udied.  aerobic and 
a naerobic 1 11 i 1 1e1 al izat ion i n  suspended soi l  d id  not d iffer very 111uch The k i net ics or ae1 obic 
1 11 i neral i1.nl ion in  soi l  was 1 cpresen led by a 3/2-01 der funct ion.  a m! t he  dependence of  kinetic 
par an 1et er s on soil  prope1 l ies and environmen t al cond i t ions wcis st 1 1d ied For two herbicides. 
in some soi l s  a posit ive l i near· co1 rela t ion bet ween minera l ized cimou nts a nd 1 1 1 ic 1  nbinl  
biomass wns li.1und F resh c 1 1  ganic 1 1 1 a te1 ia l  added to the soi l  i nnuenced t he 111 i 1 1ern l i1.at ion 
rat es a l so 

I .  l 11 t ro 1 l 11dio1 1  

Organic xenobint ic chemica ls  reach t he soiL either i n tent ional ly by the appl ication of 
pest icides or olher agricul turnl chemicals, 01 unintentiollally by sol id waste, waste water, or 
atmospheric d ry or wet deposi t ion Their 11 1 incral ization, resul t ing in carbon dioxide, water, and 
olher smal l  inorganic molecu les, is the only pat hway for a final elimination of the xenobiotic from 
the environment. 1 herefore, i 1 1fnn11al ion on th is  process is indispenscible for an ecotoxicological 
evaluat ion of organic che111 icals i n  t he envi 1 on 111cnt. The determination ofthe disappearance of the 
xcnobiot ic parent con1puu 11d in sui l  is not an appropri ate way to quantify mineralization in soil 
because this decrease may be caused by va r ious  processes other than mineralization. 

M i ner a l iza t ion is best desc1 i l>ed bv quant i !icnt ion of C02 released by total degrada1 ion This 
is  feasible On ly  aflcr lalJef ing t he .X CIJOb io t iC  Wi th  1 1(. 1\ hich a l i l)WS d iscrimination betWCCll ('()� 
de1 ivcd f'rn111 t he xennbio l i t: and t hat ll-0 111 no1 111nl so i l  1 -espi ra t i on 

2. M et hods  
I n  our labora tory, a closed aer a t ed app;1 1 a tus  has  been developed w mensurc 1 4( '0} evolving 

Cro 111 1 1C-label led chemical s d i 1  ectly 
In en der to d i sc 1 i 1 1 1 i na lc  IJel l.\ cen aer obic and a11ac1 Pbic 1 1 1 i 1 1eral izat io 11, soi l  co 1 1 1a i 11 ing Lhe 

1 1C- l abel led che1 1 1 ical  i s  suspe11ded in  1va te 1  and agi ta ted 101 a n  i ncub�1 tion period betwee1� 5 days 
and seve1 al weeks Either ox�1gen 01 nit r ogen is dr nwn thr ough t he apparatus daily (or every two 
days) for I hr, and t he voln t i le  1 1C is t 1 appcd in a svslcm of absorpt ion tubes I n  order to exclude 
a misinterpretat ion of  vola t i le parent compound or i ts organic metnbo l i l es for 1 1C02, the fi rst tube 
is  fi l led with ethylencglycoln 10110111ethylcther to absorb volat i le o rganic substances; the following 
t ubes are fil led wi t h  sc in t i l l 11 t io 1 1  l iquid cn11 La in i 11g an organic base for the absorpt ion of 1 1t.'02• 
Cumula t i ve 1 1C02 i n  pe1cenli 1ge of 1 •c appl i ed is p lotted as a funct ion of t i me ( I )  

For sludying aerobic minernlizat ion i n  soi l, natur al soil samples Lreated with 1 ·1c-chemicn l  are 
placed in the apparatus mid i ncubated without itgitation. In dai ly interva ls, the smnplcs are flushed 
with a ir, and 1 •co1 is determined as described nbovc (2-3) . 



3. M i nera l iza tio11  in S l lS JH'tHlrd soi l  11 11dcr :1rrobic or 11m1 c 1·o hic  c o n d i t i o 11.� 
The 1 1 1 i 1 1e r al iza l io11 rates o f v;irious 1 1C-lnhel l ecl chemica ls  ;d1er 5 cla\·s ,  i 1 1 ° ;, or 1 'C a p p l i ed ,  

under eit he1  aerobic 0 1  a m1e1 uuic cu1 1di t iuns,  a 1 e  p1 ese1 1 tcd i n  T<1ble I 
The tab l e  reveals t l rn t  the  d ifferences i 11 1 1 1 i ner a l i 1.ation between ae1 obic and anac1 obic 

cond i t ic ins i n  general were s 1 1 1a l l .  The deterge n t  1 1-dodecyl bcnzene-su l p llllllilte (LAS) was 
1 1 1 i ncral  ized better u nder anaer obic  cond i t i o n s. whereas t he plasl ic ize r  d i-(2 ethyl hexyl )phi ha la l c 
( D E i  I I' )  1vaf; m i n c rn l izcd better u 1 1der  aerobic cond i t i ons. ·1 he minera l i zat ion  of orga11ochlo 1 i 1 1e  
cu1 1 1pnu1 1ds such <i s  l i ndn nc. D DT, 2.4-D. 2,6-d ich lornbe11m n itr i le, and  hex;ichl nrnhenzcne \vas 
vc1 y iuw: t he 1 at cs see111ed t o  be sl ight l y  h igher under mrnerobic cond i t ions  T h i s  1 1 1 ight  be due to 
reduct ive clech lor inal ion which o fl. cn rcp 1 esent s  Lhe !1 1 s l step i n  t he deg1 adation o f organnchlor inc 
compounds  a 11CI which  occu r s  p1  c fcrabl:i' under anaerob ic  concl i 1 io 1 1s  

Table I l'vfi nera lizat ion of '  1 ' ( ' - label l ed organic chemicals  in  a soi l-water suspension u nder at'l'ohic 
or a naerobic cond i t i ons ( 1 1 Co1 n!lcr 5 clnys i n % of 1 'C appl ied)  ( I )  

1 'C-Chemical  

U 1 ea 
����������������-

i\ I et  ha no 1 ---
A ni l i n e  

1 ·1cO,!. aerobic 

(j(i 3 
53 4 
1 7  d 

��--�--�--··������������--�����· 

1 1  R �odecylb_enze11e-s�!��1.!_t;_ . . .. . 
[ J i - ( 2 e t hyl l texy l ) ·phtha 1H i _e 

_ . .  

Phenant hrcnc 
4 .Ch lo 1  oan i l i ne 
I . indanc 
DD !' 
Anth1  acene 
2,4-D 

5. 6 
J () 
I 5 
(i 4 
0 1  
0 I 
0 1  

<' () 1 1 1 2,6-Dich loroben1.01 1 i t ri le  · - - . 

I lcxach!nrohcnzcne 
n, m 1101 measured 

4. J\ l i n rrnliza l i o n  in soil u n der arro!Jic cond i l ions  

4 I l\ l i ncra l i za t i o 1 1  k i net ics  

( )  0 1  

1 1CO}, a 1 rncroh ic  

70 I 
1J (J ] 
n n1. 
26. 0 

2 . 9  
4 . 2  

1 1  Ill - · -- -

0.4 
O. J 
0 . 3 
0 . 2  

<' () 0 1  
' 0 O l  

The clrnracteriza t ion o r  minern l i zn t ion o f  xenobiotics i s  oflcn attc111 ptcd by using t h e i r  half
l i ves However, th is  presu 1 1 1es tha t  degrmlat ion  fol lows first-order kinetics In t h i s case, the 
degradation rate i s  propor t ional  to L h e  concent ra t i o n  of residual  substrate. which has been 
reported for the decomposit ion of bro nrnci l .  d1urnn, chi or toluron ( 4 ), and of so111e other 
compou nds in soi l  (5). However, th is  s imple model must not be extrapolated Lo a l l  soi l  s i tuat ions 
first-order ki net i cs req u i re thal nei 1 l io:: 1 g1 u w l l i  1 1u 1  deL: 1 t:'1St: L>f deg1 a d i 1 1g µupu la l iuns occur , t h a l  
substrate concentrations are very low, and t hat the  pesticide i s  the s o l e  sou 1 co:: u f c a 1 bu1 1  of t he 
degrad ing organisms (6) . These condi ti o n s  are rare in normal soi ls  under natural  condi ! ions . l 'h u s. 
normally first-order kinet ics apply only lo part of t h e  degradat ion cu rve. 

In mi neral ization experiments measuri ng 1 �CO:, evolut ion, t i me cu rves ol1en i nd ica te  an 
apparent lag phase at the begi nning fol lowed by an exponent ial  second phase a nd a t hird p hase in 
which mi neral izat ion decreases con l i nuouslv unti l  a co111plete stop i s  1 cached: com plele 



111i 11era l izat ion is not  achieved Thi s sig111oicl curve cou r se of 1 1('01 release from 1 1C-labelled 
o r gan ic  compounds is reported ll·equent ly in t he l i teratu re (7-9) It i s  a charnct erist ic. ol' bi<1 logica l  
systems i nvolving grow t h  <lnd/or adnptat ion i n  soi l  Scow el  al. (8) found t l rnt  t he lag phase 
accounts for an ndaptation or soi l  1 1 1 icrollo1 a lo the foreign co111pound. The t h i 1  d phnsc 111ay 
represent  t h e  stage in which a substrate level is  r eached t lrn l  is too low lo susta in the metabu l i t.i ng 
microbi;i l  fract ion I rreversi b le  binding or substra t e  may also reduce the avai labi l i ty . The t h i rd 
phase m ight also 1·epresent the  m i nera l iza l ion o l' fo1 111erly assi 11 1 i la led c a 1 b o n  from t he xcnobiotic 
either by nornrnl respi rn 1 i o 11 or by decay a lter the den t h  of the 1 11 icroo1 ganis111s This evolu t i o n  or 
carbr>n dioxide also continues at1er the tkg1 adation of t he origi nal xenobint ic  has d isco n t i nued 
( 1 0 ) 

In ou1  h1bor n l o ry. the mincra l i za l ion k i net ics was stud ied wil h 1 ·1c : - r  .AS and 1 �C- D E H P  
1 1CO�-evolut io11  wa; clctcr 1 1 1 i necl in  1 h 1 cc soi l s  disco n l inuously !lushed w i l h  a i r . as described 
above Soi l s  EF n nd BB were sn111plcd fresh i n  two forest sites, wher c<is soil GSF was a r cmlzina 
taken Crom a greenla ncl (2). The time course of mineralizat ion i s  shown i n  Figs. I and 2 
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Fig I T i m e  course of m i nera l iz<i l ion of [ 1 1C ]LAS in three soi l s  (cumulat ive 1 'C.:02 i n  
percentage of 1 1C appl ied; dose, 1 0  mg/kg) I i . Experimental points, soil B B ;  b. ,  experi 111en1 a l  

points, soil EF;  o .  experimental points, so i l  G S F. and - - ti t led curves 
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F i g  2 T i m e  course 01' 1 1 1 i ne1 n l i 1.at iP11 n 1" [ 1 " 1 C j D l ' l  I I' i n  t l u ec �oi l s  fcu 1 1 1 1 i l a t ive 1 1( () ,  i n  

p e 1  cenlage or 1 \' a p pl ied ; dose. I 0 1 11gikg ). , . l ·:xpe1 i n 1c1 1 t a l  pn1 1 1 ts.  soi l  BB � !::!. . cxperi 1 1 1en l a l  

poi nts,  Sl' i l  Ef, o. expe1 i n wn l a l  pni n t 5. sni l  G S F. a 11d fi t t rd rn n  P� 

The curves were mla p led to l/2 -orde1  k inet ics \ \ i l h  l i near a d a 1 1 \ a l io11, desc r ibed b_v t he 
fol lowing equ a t i o n  (2 ). 

P = S0 · x 3 · 1 1 -- e [- x , · t - 0 . 5 · ( x 2 - t }'- ] J 
where 1' is the percentage amount of cm hon d i ox i de for med and the regression cocnicients x 

t he k i net ic 111odcl parameters x 1 ( l it )  describes t he grndicn! n f t h c  expo n en t i a l  part of the  CU l \'C 
x� ( J /t 1 )  characte 1 i zes t h e  lag pl rn sc I t  dete1 mines the sigmoid cr.n 1 1 se of t h e  cmvc by g i v i ng it a 
t urning point and fixes the bL'gi 1 1 11 ing of the exponen t ia l  part of t he curve x . f  di mensionless) 

descri bes t he l ast, asym ptot ic pa rt o r  t he curve So• x ,  =·= /\ is the 1 i 1 1 a l  \·a l 1 1 c  o l' t he asvmptole It 
represents the tota l  clcgrncled ;1 111nu 1 1 1  a nd is gi1·e11 in percentage of dose i n i t i a l ly  8ppl iccl Sn is the 
last data point.  Thus, x3 = =  /\/Sn L.!.ives the  degree o f c.:or i espondemT hct wccn thc asy111pt o l i c  1·a l 1 1 c  



and the last data  point  x, > I means that  the asymptote is no t reached at the end of the 
experiment; x1 < l i n d i cates t hat 1 · 1co2 i s  st i l l  evol v i ng from t he soi l .  

4.2 Correlat ion of maxi mal degraded amounts a n d  o f  kinet ic parameters o f  HC-LAS and 1 1C

DEHP with soil  properties and environmental  cond i tions 
For 14C-LAS, the maxima! degraded amount A was similar in all  t hree soils and was 

posit ively  rel ated to p H  i n  two soi ls  and to hum idi ty in  one soi l  ( rendzina). The parameter s x1 -x, 
were positive ly influenced by soi l  humidi ty in all t h ree soi l s. The degraded amou n t s  A. exp1 essed 
as percentage of added dose, were i ndependent of in i t ia l  concenl 1  at ion. Both A and the 
parameters x 1 -x., increased w i th increasing temperature Degr adation was n�gl igible belo w 3°C. 

For Dlr:HP, t he mi neral ization was much slower than for LAS and was most rapid and most 
complete in the rendzina soi l .  Relat ive degradation A was lower for higher in i t ia l  application rates. 
Temperature i n llucnced both J\ and t he lag phase. Degradation was not signilicant be low I 0°C 
(2) . 

4. 3 Correlat ion of maximal degraded amounts of 1 · 1C-herbicides wi t h  soil  m icrobial b iomass . 
The m inera lization o f  t he 1 4C-label led herbicides isoproturon and glyphosate was determined 

i n  four soi ls  for 67 or 26 days, respect i vely, and comp ared with tota l  soil micrnbial biomass, as  
estimated bv microcalorimetry (J ,  I I )  The first soil  was sampled from a field wi th  biological 
cropping si nce 1 5  years. i e. , without mi neral fer ti l izer and pest icide application si nce that t ime. 
This soil  had a relatively high microbial biomass. The second soil was taken from a neighbouring 
!ield and had physico-chem ical pl llper t ies similar to t hose of the first soil ,  but a much lower 
biomass The th i rd and fourth soil came fr om a site with  biological cropping for 2 years; t heir 
h istory, h owever, was d i lforent. Soil 4 came fl om a field which i n  the past had been used for hop 
cu l t iva t ion and l rnd a copper content of nearly 200 mg/kg dry soil, originating from previous 
fungicide appl icat ions 

The 1 �CO,,-product ion f'r "lllll bot h 1 1C- lahel lcd he1 bicides was positively correlated with total 
111icrobial  biomass for soi l s  1 - l . Soi l  4 did not lit  t h i s cor r elat ion I t s capacity to degrade these 
her bicides was - in re lat ion to i ts microbial biomass - siµnilican t ly h igher t han that of the other 
soi l s  This might be caused by physiological s t ress of the ni icrollora due to the high copper 
content In addit ion, copper may affect t he com p(1s it io 1 1  of soil microbia l  communities ( 1 2). 

When 1 ·1c- i soproturon and 1 '1C-glyphnsa t e  were a ppl ied to t h e  sa 1 11e soi ls  as residues 
i ncorporated i n  plant cel l-wal l s. 1 1C<.h product ion could not  be co1 related with so i l m icrob ia l 
b iomass 

4 4 l 1 1 f lucnce of fresh 01  gm1ic 111at c1 ial on 1J io111 i ncrn l izat ion  or 1 1 C '- isoproturon 
M i nera l ization experiments wc1 e pert'or111ed wi t h  1 1C-isoprnturo n  in soil wi th  and wit hout  

addi t ion of wheal s l r<rn .  luce1 1 1e, 01  fa 1 1 1 1ynrcl 1 1 1am1 1 e. Among t hese va1 i a 11 ts, wheat sl 1 a w 
e ffected t h e  hi ghest m i nera l izat ion or t he herb ic ide ( 1 3 )  Maize st r aw also st imu l at es the 
mi ne1 a l izat ion ��1 f pest icides ( 1 1C-11 1el l rnhe117I hiazu1 on. I ' I ) The pronwt ion or oxidative metabo l ic  
1 eactions d u ri ng t he degradat ion and hu111 i lica l i u 1 1  n f  s t 1  a w  i s  docu n 1C'1 1 l ed a lso by the increase i n 
oxidized metabo l i t es and in soi l-bound 1 csi du 1 es ( 1 .;- J , I ). 

5. Condusion 
The b io lngica l 1 1 1 i 1 1crn l inl l io11 o f '<cnohiot ic  or11a1 1 ic chem ica l s  in soi l s  depends 011  a large 

nu mber o f physicn-che111 ical  a 11cl biological par n 1 1 1ele1 s. l\fo 1 e 1 esearch is needed to get a better 
ins igh t into t h i s  p 1  occss wh ic h i s  most i m portant for !he toxicological a nd ecotoxicol ngical  
evalua t ion of e11viro11 1ncntnl  chemicals 
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P h o totrn nsformation of aromatic pollutants in aqueous solution 
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A bstract 

Direct and induced photolyses are important ways for el iminat ion of pollutants from surface 
waters. Direct phototransformation of halogenated organic pollutants is highly dependent on 
the position of halogen on the r ing, but the most common reaction is photohydrolysis i.e. 
hydroxylation with the release of halide ion and proton .  
When the pol lutant does not abso 1 b  solar l ight , the phototransformation can be induced i n  
various ways. N itrates, nit1 ites, iron ( J I J) and humic substances are important sources of 
oxidizing species such as 'OH, 1-102'/02'-, 1 02• I ron ( I II) is also able to i nduce oxidations by 
formation of intermolecular complexes, and hum ic subst< rnces can t ransfer ene1gy. With n i trate 
and nitrite ions ni tration or nitrosation were observed in  laboratory conditions. 

I. Direct photolysis 

Direct photolysis occurs if the compound absorbs solar-light i.e. wavelengths longer than c.a. 
290 nm in sum mer and c:. a. 3 00 nm in winter. The kinetics of transformat ion is characterized 

by its quantum yield, ¢, i. e .  the rat io between the number of molecules transformed and the 
number of photons absorbed during the same time. From the quantum yield and the solar 
spectrum in local geograph ic conditions i t  i s  possible to estimate the photochemical half-l ife in 
surface waters. 
A special attention was focussed on chloroaromatic derivatives and halophenols since they 
absorb in  UV range, a re oflen toxic and give typical react ions . 

It was observed with h alophenols that the react ivity is highly dependent on the positio n  of the 
halogen on t he ring, but i t  is not s ignificantly influenced by the nature of the halogen : t he same 
reactions can be observed with chloro-, fluoro- and bro mo derivatives ( 1 ,2). 
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The reaction  most commonly observed with haloarornatic derivatives i s  the heterolytic 
substitution of the  halogen by OH It is  almost specific with 3-halophenols, chloro- and 
polychlorobenzenes, J -chloro<111ili11e, chlorophcnylurcas and chlorophenylcnrbamntes. I t  
i nvolves a molecule of wate1 and the release of halogenated acid . ror this reason i t  was called 
« photohydrolysis » . The specificity of the reaction i s  unconsistent with a radical scission of C
halogen bond, and on the other hand the fact that the quantum yield i s  not significantly 
d i lTerent with Br, Cl and F is consistent with a heterolytic mechanism. The quantum yield is 
generally lower for polyhnlogenated derivatives than wilh mnnohalogenated compounds. 
With 3 ,4-clichlorophenol the main reaction is the metaphotohydrolysis. The same behaviour 
was observed with d iu ron in adiated at A.�3 1 0  nm, but para hydroxylated derivative was the 
main product obtained at longer wavelengths (3). 
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Diuron • X 1 = X2 = Cl ,  K. = CH3 

Linuron (X 1 = X2 = Cl ,  R = OCH,) and chlorbromuron (X 1 = Br, X2 = Cl,  R = OCI-b) have 
a more complex behaviour : photohydrolysis competes with elimination of the methoxy group 
and reduction (el iminat ion of Br). 
Photoco11 ti actio11 of the 1 i 11g leaJi1 1g lu cydupe1 1tadie11e car boxylic acid is a specific reaction of 
the anionic form of 2-halophenols, but i t  was also observed with  n i t rophenols. I t  was proved 
by laser flash photolysis that the reaction involves the in it ial formation of a cetene ( 4). 
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The phototransfonnat ion of 4-halophenols is 11101 e complex. It was elucidated only recently by 
means of laser flash photolysis (5)_ Jt invol ves lhe ini t ia l  formation of a carbene which leads to 
various reactions according to the conditions. 
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These phototransforrnations of haloaroma t ic derivatives are typical reactions of pure aqueous 
solutions. When the solutions contain a few percent of alcohol or surfactant commonly used t o  
increase t h e  solubi l i ty, the major reaction pathway is t h e  substitution o f  t h e  halogen b y  I-I. 
Some herbicides such as d iuron were also irrad iated in t he absence of water, dispersed on silica 

·or clay used as a model of d ry soiL I n  these condi tions reactivity can be completely d ifferent . 

With diuron given as an example, the main phototransformation is the oxidation or the 
elimination of a methyl group 

2.  Indirect photo tra nsformation.  

When a pollutant does not absorb sunlight, the phototransformation can be induced through 
various ways such as photosensitization, photocatalysis, reactions induced by excitation of 
lh02, 03, N 03-, No2·, Fem, humic substances, etc . . .  Photocatalysis, excitation of 03 or H202 
are quite efficient techniques for the elimination of organic pollutants. They play a minor role 
i n environmental cond itions and they are not the purpose of the present work. 

;2., I R�11c;ti()J1S. i11CIL1c;e�l _by .11 i trate .a.nd . .  nitrite. i.0.1�.s. 
Nitrate ions absorb near 300 nm wi t h  a low absorption coefficient (about 7 .2 mol . r 1  . cm- 1) but 
t hey are often p1 esent in  natural waters ( I  0-30 �1mol . r 1  in sea water) and they are a significant 
source of hydroxyl radicals in  surface waters. Actually two processes compete : 

No- --� No- + 0 (3P) .l 2 
NO- --� NO" + o·-3 2 
o·- + I I +  -� "OH 

In sunl ight range the quantum yield of the first process ("" 1 . 1  x 1 0'3) is about one tenth of the 
quantum yield of the second one. Moreover hydroxyl radicals are more eflicient oxidants than 
atomic oxygen and they accounts for induced oxidations. 
Nitrogen d ioxide dispropo11ionates into nitrate and nitrite ions Most often the concentration 
of the latter i s  very low but they absorb a larger proportion of sunlight than nitrate ions and 
thei r excitation leads to the formation of hydroxyl radical with more efllciency. 

NO- � NO' + " OH 2 
Thus n itrate and nitrite ions contribute to the photooxidation of organic substances present in 
water (6,  7) . But i n  some cases the formation of n i trogen oxides can induce nitrations or 
nitrosation. Fortunately these reactions were only observed in laboratory conditions and 
probably they play a mi nor role i n  environmental d i lute condit ions. 

2.2 .  llgaGtiq11s_i 11c!L1cecl .llY. .F
.
e'rnJ_ 

Iron (l l ! )  is present in the aquatic com pa rt ment and in sediments at relatively high 
concentrat ion. Two main react ions involving iron (III) are able to induce the degradation of 
pollutants : 
- a complex between iron (III) and the pollutant i s  formed that causes the onset of an 
absorption u p  to the visible domain. A n  intramolecular photoredox process i s  usually observed 
leading to iron (II) and to a radical arising from the pollutant. 

R-COO Fe(l ll ) � Fe(Il) + RCO O '  I degradation I 
This process is particularly efficient with complexing agents such as ethylene 
diaminetetraacetic acid (EDTA), nitri lotriacetic acid (NT A) or ethylene diaminetetramethylene 
phosphonic acid (EDTMP) (8) . 



- t here is no i nteract ion bet\veen i ron (l ! I )  and the pol lutant Aquocomplexes of iron ( I l l )  

absorb solar l igh t and u ndergo a photoredox process lead ing t o  iron (1 1)  and ·on radicals 
which are known to be very efficient oxicfo"..ing agents 

Fe (OH)H __.!'.:'..__-)- Fe2' + " OJ-I 

'OH initiates the degradation of the pol lutant (9). 

2 3 lte<!�t jq1 1s i 11d pc;ed l:Jy !n1111ic. su[Jstq.nces 
l Jum ic substances (I-IS) are naturnlly-occuring nrncrnmolecules present in soi ls  and in the 
aqua t i c  env i ronment . They abso1 b so l ar- l ight and play a role in t he photochem ical processes 
uccuri ng in surface wal ers The na ture of the reactive species produced upon excitation of HS 
depends on the wavelength or i rrad i a tion 
i\t shor t w;wclengl h (25'1 nm) so lva ted electrons are formed. In  the presence of oxygen they 
a1 e rnnvntcd i nl o I he highly reactive hyd1 oxyl radicals. As a consequence, depending on the 
experimen la l  cond i t ions. r eduction or oxidation f'eactions can be observed . When CH2Ch is 
i1 radi;i t ed at 2 5 ,1 nm in t he presence of HS. Cr is released showing tlr n t  C:H2C'2 is reduced. On 
t h e  other hand oxida t ion  of lenuron i nto hydr oxylated compounds i s  observed i n  oxygenated 
med ium 
Exci t a t ion of humic subst a nces at wavelengt h s  longer t han  3 00 nm yields singlet oxygen, 
oxid a n t t r iplet s t a l es, 1 1 02"/o2• and hyd 1 oxyl radicals in acid ic  med ium. 'J hese species are 
capable of oxidiz ing a gr cat variety of organic pollutants .  When fcnuron is  irrndiatccf at 16 .'i nm 
i n  the presence of I IS. i t s  degr ad a l  ion is  observed again . The photoproducls are not the same 
as I hose produced al  2.'i'I 11 111 . 
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A STll DY O F  ISO l'ROT l l HON P l l CHO Dl�GHA DATION KIN ETICS 

A. B O U D I N A, A. 11/\ALJ O llAl\H: R''. B-Y l\H�KLATI & M. MANSOl lR'' * 

* Lab01 atoi re cl ' /\na lyse 0 1 g� 11 iqu e Fo11ct io 1 1 11el l e. l 1 1s l i l u l  de C hi 11 1 ie. USTJ ! B-C: R;\ P C, BP 248 
Alge• RP. I MJ04 . .'\lgeric 

* * GS F- l nstitut f'C1 r Ok nlogischc C hc 111ic Neuhc1 berg. l 'ostfach I 1 29 D-8 5 7 ) 8  Ober·chleisshci111 ,  
Germany 

The great d ifference between the persis!ence of t he herbicide isoproturon (3-(4-
isopropylphenyl)- l , l -d imet hylurea) under fleld condi t ions in temperate a nd tropica l cli mates 
shows the possib l e  rnle or l ight as a contribut o r y  factor i n  degr adation. 

The a i m  of t h i s  study reports a photodeg1 adat io11 kinet ics of i sop1 oturon i n  water, water + 
humic aci d  and 'vater + soi l  sedi ment, under su n l ight i rradiat ion condi t ion 

UV l ight ( A.>290 nm ). l l igh perforn1;1 11ce l i qu id cl 1 1 0 1 1iatography with d iode an a_v de!ector is  
1 1 sed 

The results showed t ha t  the presence of soi l  sed iment accelerate the  degradat ion speed 
GC/MS and MS/MS were investigated to carnclerize so11 1e photoproducls 

I n troducti o n :  
I soproturon i s  a phenyl u r ea l 1erh ic ide widely used fo r  pre - a n d  post-emergence contr o l  

of annual grasses a n d  b1  oad-leaved weeds i n  wi nter cereals 1 . 
Because of i t s  widesp1 ead use and i!s  propert ies of moderate persistance and relatively low 
adsorpt ion , isopro t u ro n  1 1as beco111e an occasional water contami nant 2 . 
Recog1 1 i t inn of po ssib l e  1 1011 - bi ological, che111 ical or photochemical transformation routes, 
p1 ovid es a bet t er u ndc1 standing of pesticide behaviour and possible way�: uf protecti ng t he 
enviro 11 11 1cnl 3 

The a im or I h i s  work is to compare the photosi abi l i ty  in waler, water + humic acid and water 

� so i l  scd i 1 1 1 c n t  u n d er UV l ight  i rradiat ion ( A.229011111 ) and to identi(y some phol opr oducts . 

l�x pcrim rntal:  
- Reagents : 

l snprol u 1 on (99, 9 % ) was obtained fi 0111 Reidel-de Haen ( Germany) , humic acid Mr 600- l 000 
Ii 0111 Flu k a ,  soil sed i n1cnt  · (probcnstel le-ha 111bu rg) Germany : Acetonitrile , Dichloromethan were 
used as < l lla lyt ica l  grade solvents 

- P hot odegr ad  at iun expe1 i 1 1 1en l s :  
T he i s\)prolu 1 on sol 1 1 t inn l o  be i rradiated was prepared at a concentration of 65 mg. l itre·1 i n  
d is t i l l ed  waler 

l'hntolysc experi ments 11'c1 e conducted with phi l ips lamps ( 1 25w) and pyrex fl lter (A. � 290nm). 
-The concen t rat ion of i soproturon aller : ( 0, 24, 48,  72, 96 and 1 20 hours) of i rradiation 

is  determined hy l l l 'LC ( I l l '  series 1 090)  using a 250nun x 4 . 6  i .d C 1 x  octadecyl column ( S �L ) . 
The mobile p h ase 'vas a mixtu r e  of wa te r· and acelonitri l e  ( 5 0/50 v/v ), and the detection was 
1 ea l i sed at 2il ) n m  1\ i t h  diode a 1Ta)' cl c ! ect or 

-GC llVI S spccl 1  a or i sop 1 o1urnn ext 1 acted with Cl-hC: l i  after 24 & 48 hours of irradiat ion 
\\ Cl e obtained w i t h  a 1 1 1' 'il)CJ2 /\ chromalog r n phc/mass specl 1 '0111eter at  70ev using electron 



impact ionization equipped with D Wi <JOmxO 25 rnrn. GC cond i l i o ns wer e: i n i tial oven temper ntu r e  
� 81l0c, rnte I lrc/ 111 i n , ! i r ia l  temperature { sere/min (20min), cai r ier gas hel ium 

- MS/MS ana l ys is were conducted by /\['! 3 00 LC/MS/MS system i n  conventionel 
pos iti ve i on che 11 1 ical ion izat ion 

ncs11 l t s  and discuss i o n :  
- P hotoslab i l i t y  stu d y  n f  isoprolL l l  o r i :  In  o r der t o  s l udy a ki neti c o f  isoprotur on i n  d is t i l led 

wate1 ( IJ W ), w a l er f h 1 11 1 1 ic  acid ( W l l /\ )  and wa ter j- soil sedi ment (WSD), the photodegradation 
of i sop1 01uro11  lrns been 1 ep o 1 tcd to be fas t er in ( WS D )  and (WH1\) as co mpared to dist i l led  
wa l er. In  figu r e I i t  can b e  ubse1  ved L 1 1al 1 hc half- l i fe value demonstrate that  p hotod egradation of 
i sop1  o l u ron i n  W I  I /\ and WS D (24 I i) i s  about t l 1 1  ee  t i mes faster t han i n  dis I i i  l ed water (72 h)  
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-GC/MS specl r fl d fl ta :  CiC/MS analysis o f  isoprolu r o n  in (OW) af1er 24 and <1 8 hours o f  
i r radiat ion showed two d iffe1 ent base peaks at m/7, 1 3 5 a n d  1 4 8  . corresponding 1 espectively to 
para isopr opyl  phenyl  mea and p a r a isopr opyl,  N,N-dimethylani l ine (fig 2) . 

-M.�/MS a1 rn ly5 is  ul' i soprolL1 1 0 11 in (DW) al1e1 4 8  hours o f  UV l ight  i r rad i at ion 

tft .. ?1.<JU1 1m) showed cl i l k1 ent photoproducts at molecular weight :  l J 5 ,  1 49, 1 63 ,  1 78 (fig 3)  

Afler t h e  resu l t s  obtained by GC/MS & MS/MS, a photodegradatio n  pathway of 
isoproturon i n  d i s 1 i lled wat er 1 1 nc le 1  UV l ight is proposed ( fig ti ) 



Fig.2:  G C/M S spectrn or iso p rn l 1 1 rn 11 i n  d i s l illed waler arter 4 8  h or in:ul i a l io n  
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uptake took p lace i 1 1  acidi<" mediwu (pH=2) and in aJI rnses it was greater tltnn rhal 011lo 
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methylparnthion) i11 halch lypr> (' �pl'ri 1 1 1e11 ls onl o i 1 1orga110-orgm10 c l ay bm1ed complexes r.clwws 
an important mlsorpti a1 1  1 1ptHke o f t.hes<' tox ic 1 1 1 ic1  opol lut:111ls •.'vt' J 1  al low con<'C' 1 1 ! 1  al i ou. 

"Il1e gt\';Mr adsm pl ion 11pl nke as compm t'd w i lh lhnt obtai11e1l with act i valed c m  bo1 1  a1 11l 
the low pri cl' poi11l  l o  the possib le rl'llSl' of' l1 1<?se ll<'\.V hasf.•d adsm he11t s1 1ggE'st tht>ir  npp l i c;1 t im1  
as valuab l e  malE'riul,: for r emoval some organic polluhmt� such the p<.'st ic id,,s  from fl'llleou;i 
plmst:'. 
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