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VALIDATION OF A MODEL CONCEPT TO MODEL THE 3-D 
DISTRIBUTION OF TEMPERATURE AND HUMIDITY IN AN 

IMPERFECTLY MIXED VENTILATED AIR SPACE 

Abstract 
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K.U.Leuven, K. Mercierlaan 92, 
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(2) National Fund for Scientific Research, Belgium 

In a ventilated test room with a high air exchange rate (8.9 - 33.3 refreshments each hour) a model was 
developed and identified to model the dynamic response of the 3-D distribution of temperature and 
absolute humidity to non-linear variations of the ventilation rate as control input. The model consists of 
two parts The first part is the relationship between the ventilation rate and the 3-D distribution of fresh 
air, heat and moisture in the test room. The second part is the relationship between this 3-D distribution 
of fresh air, heat and moisture and the 3-D distribution of temperature and absolute humidity in the test 
room. 
In this paper it is shown that: 
1. the first model part can be related to the different air flow patterns in the test room. This confirms the 

hypothesis of the model that the air flow pattern is the main carrier of fresh air, heat and moisture to 
the different positions in the test installation. 

2. the dynamic response of the 3-D distribution of temperature and humidity in the test room resulting 
from non-linear variations of the ventilation rate can be predicted with an average accuracy (mseav) of 
0.33 °C and 0.57 gwatcr/kgdryair. 
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1. Introduction 
o'I 

,, . • " (• 1 Ji'' in1.'I 
Tn civirlt·engineering, agriculture and industry the ventilati6n, rate is otten used to controJ .t;lJ.e indoor 

I' ,,I • i r 1 1 

environment (temperature, moisture content 13.ir velocity, gas and".dust concentration ... ) in a ventilated 
I 1 r ~1 n 

air. ,space. An adequate control of the indoor environment 'in a ·y htll~fod space is required to O]tiljlise the 
pr~duction process or to improve welfare and health (Fa'nger P.O., 1970· Monteith J.L. atid' Mpunt L.E., 

t ". If 
1973· Mount L.E., 1979). Up to now, the indoor ehviro'ftrnent-in a ventilated space is mp,stAy ,99nsidered 
to· be unifonn. However, measurementS''lfn various ap~Yrcatio~ ' ateas '(office, trJnsp?rt 

1

s~~te~'-~i4~eum, 
industrial hall, livestock building, greenhouse; 'storage 'place.' .. ) 1thd1cat6'lnafimportru;t ·f.D ~aqients of 
~pvironmental variaoles-;often octilr Which.'are due fo an imper'feH 1nixing> of the 'a:;· in .. ~~ ·~e tilated 
SiP~c~ (Berckmans1D:, .1986).1.Jn th'ese oases'of imperfect nil ing tHd 3 ~1Y gi~die~ts mJ~r~e , ~en into 
account in order to realise a better climate control. · 

• I ! i( \ ~ ! 
•• J. '(; ) I Ill : ,,. " 
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1.1. T~12t installation 
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m me iaooratory a test ms~~uanon was oum m ana1yse tne prm,;ess u1 .1mpt:nt:~t l~~·~~·fp rn/~~me octail 
and under controlled conditions (Berckmans D. et al., 1992). The test mstallation is sHown ui figure 1. 
In the test installation [3x2xl.5 m] with a vo~ume of. 9 m3 .the v~ntil~~i?n ~~t~ can be lvari~~l;>,e.ween 

;· 8~ i~md 30~ m3./h, resulting in rath~r high f~r· exc~ang;; r~te (•: ~t~:9 '-. 3,3.3 · re.~~h~e~ts . ~a1TI lour). 
tir. Difif!erent'au; flow patterns .can be generated l.11 the test mhal1at'i9n u mg the ventilation rate as control 

• , rn1 • /"I 11 • • 11 ' • I , ( 1 l J : • ' • ;1 . . II f ~ • 
~. ~np1:u. 1 nese alf 11uw pailt!:rns l:an · oe v 1sualised · oy smoke expenme11ts and quantifleo by n1age 
' analysis techniques (De Moot M. and Berclcrnans n., 1993). A Wot waf 'r basin ru1d ~'ile'citi~g e1F.Dients 

' at low t.emperature ~r~ positioned at~the bott?m o~ .th.e tes,t "mo~. tpi: f~n~l.at~ . ~he .. ~~:l~~~ ~nd heat 
p~od~ctl~,. of the hvmg orgamsm (m~; a~1mal, ·_ pla~~~ . or pr~~~~t. r~ 10~1";. to

11 
t~ea~.pre , t~e. 3-D 

d1str1buti,0.n of temperatuire · and hutnid1ry m the test room; · 24· positions are pro,~tdf!CI with a 
.. temperature:and)a humidit)' sensor as ~shoW!l in '.fi@.re 2. Froin"16 e}{µerim'erl s {twas fo~d .t.hat the 3-

D distributi~n of temperature and humidity can be related 'to th~ 'afr 'flow· p~tte'fll in)h~'. t~st ~gom (De 
l\(loor:Mr.; and Betckmans D:-;;1993).' :· (), ·~:i ; " · .. ,, r ' · " ' ·' ') r:>' '' .\ · · " •i.ri '" 

' ~ l ' I \ ; ' ' I l : ' ! ' \ I ' ' • 1" ' ; I . • ) : ! -' I ' ,-

1.2. 'Grey box model' 

Although the air in the test installation is not perfectly mixed, it is always possible to defi~~p a ;~eil 
mixed zone' around a certain sensor, in which there is a better mixing which results in an acceptaqle 
gradient of temperature and humidity. In the laboratory a model has' been1'de elop~a td mo"liel ; th~ 
dynamic:,respons~ Qf1 ~e.mperattire :Ti [~CJ 'and · absolute numidicy 1Xi 1 '[kgwu1~r/kg'c1ry airJ in ''t:l1e deflned 
'well mixed zone' to inon~lineanvariiations ohhe ventilation rate V [m3/h] a 1contfol input (Berckmans 

r·. D., tJ:~~6).; In the mqde.1 ,two; h}'iPothese's ardaken into account ·· " ' ,., ' 1 
' • ,,r 

1 

1.. ~~yce th,e air exchaugei rate: in the test instaWation is rather high; the air flow pattern is considered to 
be the main carrier of fresh air (from the air inlet), heat (from the 5 heating elements and the walls) 
an4m~i§~qre_ ~from>th~rhotwater basin) .t(lwar'ds the Clefirted 'well mixed zone'.': · 

2. These am<?up.ts11 pf.. fre>SnJair, hea'.t:•and moisture ·entering'the1 'we111 mixed z~ile' dgtermine the 
resulting temperature and absolute humidity in the 'well mixed zone'. 

The model (concept block diagram) is represented in figure 3 and explained in more detail in 
,1 J?fm5if<P?1PJ-f9l~951Ji<ms ~~erclgnans· 1 .f'. ·986; . Ber;ckrnans~P. 1tWal.; .'i992): Th'eimo<f~l iaarr be considered 

as a 'grey box model' consisting of two p~' . P h~ L~'· • ~ i': o i ;.; tff -~Ii: \ · \ i "Ii:. : .l •· · 'l 

1. The first part consists of the relationships between on the one hand the ventilation rate V [m3/h] 

11 !
1 

. 1(~9H§,q 1t!l~::~~ ! ~-91 Md-Qq.j]l~ QtJJ)~r ih;\IJI~, ~: v.e1umetnic call\centrati:tlns. . 'f freth ·a· r flow r~te v c;' 
I "j' J~.36~.·~,1~·,1 0 J1s~~ flRrt. .qc; ~t!. P}31~nq 9.t~~~~e :fl?w 0(:1 i[~g',virt.1ds_.m?~. ent r~itg·'.111~ ·, de.~ti d ·~ell ~ 
:t I • .r.n~~fl~;JrP~~·, iI ~ f?, i¥cN~1iHe'i¥- iap,drP(llY. ~elationsh1psJ fonrthe d¢ft~ed 1We11 mixed· zone' are

1 i;i~t' 
J ;:; 

1
': Vr~~-r:rt:\te,d 1.Pig~~1 tfl.~ . r 1f~µµ . of RPY~i~~i Jaw~! . lmt ·1estirhated · usirrg · a 1' mathemat~car id~nti'flda~i6h 

I • p~~~e?i~ I (J:?fi M,P.~lj_ ¥· ~nci ~er~l9.nap.si L) ·) 1&94i Del MoorM. an:d 1Bttckmaf1~'.]) :~' !1996). The' filrst 
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model part can therefore be considered as the 'black box part' of the 'grey box model'. According to 
the first hypothesis of the model, the estimated vcN-, qcN- and ccN-relationships can be 
expected to be a measure for the air flow pattern in the test room. ) 

2. The second part of the 'grey box model' consists of the physical relationship between on the one 
hand the temperature Ti [0 C] :wd the absolute hllµlidity Xi [kgwaterlkgc1ry air] in the defined 'well 

" .;· 
1 rriix~'d '£8:ile1 a~~i"ori' " 'tfie oth~~ h~d the, voluivetric concentrations of fresh air flow rate vc 

..... ' 1 ; 1 [\n~1s.m3], of heat fl~~ .. CJ;c°.~Ji.~.n13] and,ofmoisture flo.~ Cc [kgwater/s.m3] entering this 'well mixed 
.,_' lztlhe'. Since this second ·n.\o~el part is based on the physical laws of energy and mass consentation, 
,. ·· "ltfon-H~ the 'white box Pat:t of the/grey ;t>.~x model'. • ·· 
· ·' : A's ·descdbed in previous publ'ications

1 
(Ber,e·tr.v.ans D., 1986;. De Moor M. and Berckmans D., 1994) a 

•• •"l < l 11 T 1 l?fr' - i 

'gl·ey box.'inbdei' has bef~4eY~lot:mc~ for two :i;easons: . ,, i~ . . .,. • , i'.i•J;~ • 

; · ~. , }.'.~1,~·~~.·usew:r~~ .. ~ ~~:~~i 1~~.~~:Jq;'predictive control:·Pf ,tempera~re imd~l;lb.sol-Ute humidity in a _'well 
('.~n·i ::.,11\1xe~. 1z9~e1 11-~Wg t~IS\ ~r!\t1l~!10)1 r~fF as contro~ mput. For t]J:ts pi.n:pose a .'blacki~box:·model' · 001.lld 

itMo be aevelopea. • -! _,, ,,; ~~~d . ... , .. ·:·· 
2. To provide a better physical insight in the process of fresh air, heat and moisture transport in an 

imperfectly mixed ventilated air space with a rather high air exchange rate. This is the main reason 
why a 'grey box model' has been preferred above a 'black box model'. 

' .I l1.31:''$I.tvio rl Odel 
. ,. r ~ . 

' .d j • " • 

• • , . . . .• . • , ·, • • •• • I "' 
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· ~$ls~CI'.:Ori 50 stel?. up experin:ients cpe MooT ,!YI· and ~erckmans D., 1994) a 'grey box model'·has been 
;,,. ide1tl'fi'.crqfor the ~~ >_~e~sor p.~~itiq~s . jqJhe ~~st instal~ation._ 1;he~e 24 'grey box models!··have t1\e same 

· 11 ~ 'wh~~.e 6_0
1 
.. part'1• ~t~~ d1f£:yrent v~/V-, .f10N- and Cc~-:relat1onships a~. 'black box part' (De Moot M., 

~ 1996). The ~4 'grey box models' together form the Smgle Input Multi ;Output or SIMO model for the 
. :

1 
tes~1 fo _ ~.';Th~ block ~\~~~m,pfith~ Sl¥.9 r_noqel (1 input, 48 outputs) is rep~esented in figure 4. Just 

·as its f~ . qon~_ponen,~s, tpe ~Il¥.19, model con~1s~s. of a 'bl a.ck bpx part' and a 'wlute box paFI:' : 
_, 1. ·.~: '~fiicK; box p~~~~A~. P!e r~l~tionshjp b.etwe.?n tlw ~entil_ation rate and ~he 3~D distribution of fresh 

~ir. l}~t a.11~ m_Q1~tpr~ m .t1Q_~, t115~ room. Thi~ .p:;irt c.ons1sts of the 24 identified vcN-·· qcN- and 
.Sc/Y-Je.fa~19nsh1q. _;yhich,we all ~f'.fere-9;t. · ··.' ,, . 11., ,1 , :.11. 1,• , 

2. The 1wiute box part' is the relationship between the 3-D distribµtlon of fresh air, htiat arid moisture 
and the resulting 3-D distribution of temperature and absolute humidity in the test room. 

2 Ob. t• J~"'. \ ' . . 1ec 1ves .. 1 , " •• _, 
·.~~: ' " ' 3fl '! ~I • '}'l :<_.:_, 

:+~~; d1~Yn - ~bje~t~v<1~,ort~!~~~J~ra~~= . .. )' .. . ~· .:J: .° ·,;. , .'. , r'lf:: 1

· ·-.:·,. ,., . 1· 

i · . ,r~ tf~ whether t~y:24_ .identifj~dtY cN- · <tcf)I~ and cc/V-relationships 'Contained iri the 'black box part' 
of the SIMQ model p,a,q.:.be related,•to th~ 1differen air flow .patterns in the test1installation. In that case 
the air flow pattern can be considered as. the t1¥lin c.arrier of fresh air (from the air inlet), heat: (from 
the 5 ,heating ele~ents and th~ r walls) and moistute;\(from the hot water bas1in) towards tlie;1different 
po,sitions in the t~.sJ, room. '.., . . ' · 1!r-i , • 1 1:' 

2. To ,show that the SIMO model <;:ap,_ b~·l!J>e<;i:;to predict the dynamic respon:se:of thel 3-'D diruibution of 
remperaturie ai;i,d humidity t{i) non:Jµiear var~tions of the 'ventilation rate' as control irtput" ' '; 
. . . , :~ {) ~ I: , _i i ~ I; - .. 1!f ll • :! ! 1fl .l _, 1 . , , 

qi " ' ' ''! .... !. ,;· ' ! .... ·:: ).'} ,;~ i)f JJ' '._ i'""F" <• " ' •·: ·' .. F ' I,. ' ·,' " ·, ·.11· I 

~· T~~ 24 iden:y~e.d,. v cfrY.'",1,qcf.Y- :~nd ctW.u-relationships o!:tbe · SIMO·'.~o~el' in ·relatio;~1. to 
the different air flow patterns in the test installatiti)n '·' ·: 1 

'·. • :c: '. ;. · 1 
" " '" • • .. 

. • j' · · '. r • [ · ' [I i 'j I '. L· I " ' ; '!' ' ,-
_; !"i.J .· :i 't~::r·t •)ri1 tJ,11·~( }i:"J ~(·1 f;_' ,r1

. , _ •
11

: .. ..;· :~.q· · 1;d. Jl. 1 • · - . · · t 

According to :tQ.e .. fu$t hypothesiscpfthe niooei,,,.the-r0tnttfileifvcW_,.qcN- a!i:d 'ccN;relatlonsh1ps for the 
z~)·~.el}J.OTiPJ?,Siti·@~ in.~ 1teat.ins,ta~atji~n carilbe 1eifep~ted hfbeiar1niealsu'r~· for

0 

t'b:~ ' ai:r ' tlo..'v paft~;~· To 
tf1St this hypoJJ}esi%r the l;lir ~W ·}llattem1irl the :ventilatad· te'st rl!>\!)'i'l1 was !firsf visual isM and' qu~ti~~d for 
dif.~ereµt ya~ue~ 'o( ~he V~Jltilation •tate ~De 'Moor M! and iSe~'kin'att§ D., 1993 ). -~ figOt}!. s' tHe' ceiiiteline 
o(,tb.e, ,~1'r flow patt;em,:i$r5V'i~uafrscd .f0hventilatioii 'i-ates·,6f ·12'2·; '158 i 249· arid '298 m3Yli. "In ·geiieral 3 
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categories of air flow patterns can be distinguished i'1 the test i~~tallation: a horq:o~tal air flow pattern 
(V>260 ·m3/h), an unstable air flow patte:r;n (240 m3/h<V<260 m3/h) and a fall hg' hl¥ tltiw "~atternrl 1 ·rr 
(V<240,rtt3/h). ,,,; . . .

1 
/ ;, • . ,. ; ' 11 ·, r ••; I · J ., 

It can now be shown that th~ identified vcN-, qcN-rand ccN:r.elationships for the '24· s&n~et positions.·. 1', 

can be telated to these 3 difforenticategorie~ of air flow P(ft.t~ms,.'. ;,..~ a/:_ exarrtple the estih'latetl , cN-,..1 
qcN- and cc/V-relationships for sensor position [421],~re1 present~Ci 111,'the. figurC:!s 6.1/ 6.2 and 6,3 and ·n·i 

related to the 3 different categories of air flow patterns as shown in the pdragiapruf 3'.11', 3.2 ahti 3t3. As 
explained in previous publications (De Moor M. and Berckmans D., 1994; De Moor M. and Berckmans 
D., 1996) these relationships were identified based on 50 step up experiments. The position off.sensor 
[ 421] can be found in the figures 1, 2 and 5. The exact position of the sensor is at a horizotital distance 
of 155 cm from the air inlet and at a vertical height of 160 cm. r. 1 

'.) ~ r . 

3.1. YcN-relationship for sensor position [421] (1faun:; 6.1) 
.. ' 

In the vc/V-relationship for sensor position [421], three different areas can be distinguished: ; :,, 1 i l·.ir• ,
11 

1. V<240 m3/h: since there is a falling air flow pattern, not much of the incoming fresh air is passing 
through 1:4e 'well mixed zone' around sensor [42:1], ,This resu.\t~ in ;sm~ll.;yc-V~~~e~ . . , 

2. V>260 ni~/h: 'since the air ~flow pattern is hori?:ont_al, most of the incoming #esll"~:;f is pas'..,i'ng ' l 

through the ·~ell m,ixed zone;1around the sensOli. Thisxes.1,1lts in l
1

arger vc-valu.es. : ·· 1 
• , 

I . • .,., t 4 I J • 

3. 240 m_3/},1~<260rp~~~: since the air flo_w pattern is UJ;\Stab1e! 1 µ,:i~\ and, larg~fi amount~1 .~f fresri air ·~· 
can pass through the' considered 'well,rn1xed zone~., _.. ,

1 
.. 1 i:.p· 

111
, • 

11 
' 1 i r i" ·" '. 

It can be concluded from the figure that the vcN-relationship for sensor position (421] can be reldted11 
to the 3 categori~s of air flow:-patf~!ps iµ: the test installat

1
ion.-Thi~.confirm.sJhe. ~ypo_thesis that the air 

flow pattern is the 'main Carrier· Of fresh air from the arr ihiet t9Wards the ·00J;1Sidered 'well mixed·:t I 

Z.U!lt:'. ' .. . . \. ii:; I I::·· 
t i', { " 

\.J. Ii 
3.2. QcN-relationship for sensor positio11 [421~ 11 • 

'I . : ,., 
-· 
I ,· ,, 

The qc/V-reJationship for sensor positionjA2J can also be. iel~ted to the '.)-~tforent categones ot.a1r 
flow patterns in the test installation. This confirms the "f1ypotne·s'i that the air'.·flow pattern.is the main 
carrier of heat from the 5 heating elements and the wall~ , t<;>?f~rds t.l;ie 'well mixed zone' around the 

I j ' '. , ) } r~ \: I r. '• sensor. · · 1 
• · · .. -. .1 

3.3. ~cN-relationship for sensor position [421] (figure 6.3) 
.L ,, 

' ·The c~N-re~ationship fori 1s·ensor'position [ 4:2 ~] , can al~o, ?e linked tQ the 3 categories of air flow 
patterns in the test ro6in. This confirms the hypothesi~ tl)at the air flow patterrl' is the main carrier of 
' ·' t . • ) i • ' ... • 

., . . moisture .from .~e hot water basin to the :c.01;1 i'lexed, \y,~!l .mi_xeq z~ne'. '1 , •• 

.I. • ' • ' • , , , • • r: '' . , , ', . , ' , , o r 
• I I I ). ,-, ,, • ·11 ·~ • I ; 

It can also be liemqnstrated"tba . thei.vicN-, %N-.-.a~d 1pcN-rel.lltio~s_htps for the other sensor positions 
)1~1? b~ ,r.eJ~t~?i t~ ~e tii_f-t~~etllt air flow p~tterns in_ th~ 1~e~t /~stalla,\ign_:(.De ~~or :M;_., ~ 19~6). This cxmfinns 
the hypothesis tbat ihe ·arrJflow pattern 1s the man1 Gru:t .~r ~.{lq~_s,l;! a,u , (from the 1atr mlet), heat. ~:from the 
5 heating elemendh1.riu th~ wMls~ and m.oistui:~. (~rorp the .hot ~~te! oasin) towards the different sensor 

, po~itions in the test room. This is also the reason ~hy the 3-D ~1~·b·1bttion cir tempel-Aturei arid humidity 
l, 7a~:~~ r~~a . .'f~d.%:the,a1t flowp·atfem in ithe1tesbn&taUation D.1 f}-1,oor,x1._ ·an4 Berc~atis D., 1993). • 

- . , :; ' ': . . I \ ' ,· ..• , .. , , . J..•t . I , ,, II ' 
· '"· · ~ I '.·• ·1·;1_1; · ·;·;I! -1, I / ._ , ' '' ·' ,I 

' • - . . I, I . ,. I 
r, ., ~ . · - f:,.;1 . ~p ; j( · ,r .. •. .• • .. , , ·' •• "q 1" · •• 1.r ... 

. 1.' i1 ·. > .. . r·· ···i·· r .,. . ... . . . . . . 'I l , ( 111 )•.>r ,r; .. ,, ;> 11 '.Jt !Jt 'i'! I 
, )4. Yal~dahon ()ftllers1M:urmodei yi;;• ; .; ·,rur:·1i 'u , •. 

11
. w

11
.,. l i· . • 

11
' ·.1 •• " • •• :• •: .,. 

it \ , .• .J;..:fll, .'j,;·1 :.i'.) ,.1f'.. 'Jf· • •11 • f/ {' '"ljj. 't , . . ' • &J • I J ' -( J{I t~ ~''"It.,, 
• I. ·' · ~ /,· ' ' , I· '" )~)II' ' )'1' "'{ . . · '' I t 

• . . ,., -1- 1,;:) ilf ·J,·:11 1//) '1' IJ'f .. 
' 'w . ' '~ ' t) 1 , f~f''• ' , n ·1 • 

To check whether the identified SIMO model consisting of the 24 'f!r~~. ~~~ ~o~els' car( be,.·used to 
predict the dynamic response of the 3-D distribution of temperature and liuinidity'"to non-·l\near 
variations of the ventilation rate as control input, four validation experiments were performed in the test 
room. In these experiments the ventilation rate V [m3/h] was varied randomly between 80 and 300 
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l'J l1 J 1,' -.J .• f t· 1~ • :01)\1 ~ / • 

m3/lu The.;ternp,eraµ1re J;'~ [~¢] a~_d the absolute humidity Xi [kgwaicr/kgrlr.r air] were flleaslll"ed each second 
I . . I • • 1 ' • 

at the 24 sensor positions and compared to "the predicted values. The average, ,-mean \andard error 
(mseav) baa. \Jeen .4seal'.t? .val~date .f!1e ,Ti , a~d Xi predictions of the SIMO model. The average 111<;~n 
standard err9r, {rn:~~av) . is ~e~np,_? in the equations (l~ and (2), in which Yprcd(ij) and Ymcas(ij) are the 
predicted a:ncilrmeasi~~d .oum!-ltiyaria~}e , (~i or Xi) at sensor position i and at ti.mq,step j , and in whi9h n 
is the<totallnumber of!~\m ... e~st!'!Ps -i.~-~ne·valiifati:on' experirrlent. :<i . , ~· ( :?. 

~ i tf: . ' .J: \.. i' • I I ·' • °l' ' f (" 
.! 1 1 ' d . ' J, .... 

/. / , ,( I <' ' 
• • i . ~ 

I;> 
,. . .: 'I :r-. 

•"I ··· ' r• 

f .J(Ypred(ij) - YmeasCiJ))2 

in which mse(i~...,,, J._·=_l""'. 'c:...' _,,. ;,.,.__ _____ 
1 

(2) 
•!:Ii f! ·· 1 ; ' j' . : ., D 

. : ~. . 
•i: 

. ·~ 
I . ' I ' J · .. . 1. 1• 

~TI~ ·Of. .~~e ;}'t\~ .d~~P-? _6~p.erim.~nts 1~~ sfaown in· the fig-ure·~ : ;?-J : · tf .. 2 and f,3. !n table:} an,;ove; view is 
given of the four validahon experiments and the· oakulated average f!Ccuracy (ms~a¥) of the SI.MO 
moclel . for tbe, pr~diptjon of ~emp1erature ,a;td-humidi1!y. From this taqle, it can be conc~uded that the 
dynamic response of the' 3-D disttibutiorirM·temperature_, and humid~ty to non-ligear varia~ons of the 
ve.nblation rate .can be pr~9,icted with an average accuracy (mseav) of Q.33 ~C and, Q:57 gwa.te0cg&ry ;1ir. 

t '\ I (. , j r t ! 'J " 1' > I ~j t•' , ·I • • • I r I ,. 

' I ' . . ·.• · ·•· • . I I it. ' 1 
.. , , i 

' 
temp. file '-JillSe (0 C] :} hum.file mseav [g~~tcr/kgdry nir] av - !. ., ' 

me0709ta 0.31 me0709va 0.71 
me0709tb 0.30 me0709vb 0.53 
me0709tc 0.37 me070~vc 1 I 0.40 
me0709td 0.36 me0709vd 0.65 

mean 0.33 I (_.:_~ : ' 'I~ 
' 1m6an ., . . ' '' 0.57 ,. 

" 
, , 

, .. .- , ' 
f: ; '' ' ,, I ~ . , I ' I· : ~ '· J:-' . · '! 

Table 1: The aV'erag~- acc~;acy (Afse~~) ofthelSIMO·model., ·' 

5. Conclusions 
f,1 '· I 

' .:..· .1 

~ .':.. . 

I , 
fl;_' 

' "' . " 

. ' 
. 

I J.! 
., I 

• i J ' I ~ r · • • J 

.. Jf :• , . ., . 

In a test inst~.ll~tion with a hi$~ air exth'ange rate (8'.9 1- 33.3.refreshm~nts each.hour) a .SIM.O model 
was developed and identified to model th~ dyrtamic resp'onse of the 3-D distripµ,tion of temperature and 
absolute humidity to non-linear variation~ of the ventilation rate as control i-1,1put: The mode.I ~~msist~ of 
a 1black-1box part' arf:i a,.lfil1ite box part'. The 'black box part' is the re1ationship between the ventilation 
'tate and the 3-D'. distribution of ~'(es'ti: 'air;· heat ·~md :·rnoisture in the test rO<lJP.: T.bi\5. p.art cQnsi{)ts of the 
v'dfV-, qc/V. 7 ai;id1pc/V.-relatlonstiipf ~o~ the 24 ·sensor positions in the test. ;r:o~111.:1 j~~ ·~~t~ b:oi part'. _js 
the relationship between on the orie liarid the 3,:T> distribution of fresh air, I1eat.and m.oisture"and on"the 

\other hand the,3-P aistributipn qft:b'mbe1:afure and"<1b'so1ute humidity in ·th~ test i:,oom. : 
1

' . '· ' · ' 
I L1 1 t • o!'j • I' I ') I , , (! 

In this paper it has been shown that: - - . I • · i ,. :. . '• r ! o( ., ·~ ' . , ., • • • • 

· ,, ri. . ·· r • ~~ · ' ' • " 
1. the 'black box part' of the SIMO inode1 can 'b'e' related ito. ·ther difJ<;f.€pJ . air fl?w . Pt}rtern~r iri ~~~ test 

room. This confinns the hypothesis that the air flow pattern is the main carrier of fresh afr, liea.t and 
moisture towards the different sensor positions in the test installation. 

2. the dynamic response of the 3-D distribution of temperature anJi .hu:iv.ift11¥ ,in 1 fherte~t J 991P,resulting 
frqm nqftlinq~ variatiQns of the ventilation rate can be predicted with an average accirracy"(nfse3~J of 

' . -.1 i' , .. ri I i< I V." " ' P' ., . I . ' . 
; 1111Cq3 1 ~G1and. 0.~7 21va1er/Kgi!iYair. ·- · ' ' .') !~ 1 1 . ? 1 .no~ !.,.,_,11: ! ; i-.11-". 11.)• ' •i r"•I• . 

..I • I •uJ 1 in. 0: :1; · r · II I I " " . . .,., , , . .J.j l ' .. • .)" •I .. .. . ~ fl 
, ~ , • · ' • ' i , .1J I~• 110 111 ··r j •n I : · · ' """ '-· .. 

• I r·-·r .. 1()J , . ' I r :':1V 1 .;.• , .. · ·1 "1·- ' .., I I . • .. .. . ·r . . Ill ,. , _.,:1 1( .. _::,:..1 'JI , / • 
r r} I , • •' v ., .,. 1 t (J1.if~ •• t.L'' ' ti.: ~), 1 J ... 1Pl l' 'fl n • •• • • 
' '-- ·~ · "'· '• 1·: • ;, J~,~ . ; , · f .. J., :. .. . • "1 ' , t1 ..) '· : ; ,, . - '"' i . • • • '1 ··,1,· "{I(' ~ . 

. • • tl ~ ., . ..r.,. .' , - if r ' : i ' r. t . J I " ... J, , I • •. l ~" ! ' J ~ ' • ; • ,. • ' '" ' 'i .. , ~ r · . ::: ',, . . 

·· ... . , 

" 
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. Minicomputer (monitor, floppy disc, to store and visualise the measured data). 2. Parall~l-intetface > for <:lig!tal 1artd' ~ndlogue 
signa~s. 3 : . ~q~n~._ ?d megs.l!ri~i:nt unit 4. rv:tinicomputeT'(to;.Cbn,tr'cil a

0

nd ~eas,~rp fhe prodvc.ed ·air1flo<v;date). ~· St~~rhotor to 
control the pos1t1on of the cone, used as diaphragm. 6. Cone, used as drnphragm, to produce the demed air flow rate. 7. 
Cenlrifugal fan, to generate a ventilating rate. 8. Coolin·g installation to control the inlet temperature. 9. Dif!,{:rential pressure 

' \ . . 
transducer to measure pressure difference byt"Y._~en !he test ch.F1p1QIJ:r. and the envelbpe. I 0. Control ~ and measurement uni t of the 
cooling i1.111tf\lJatiun. 11.'1. (Control- and 1t'ne~Ltren1ent unit of the ,hfNing elemen~ .. 12. Air inlet (sldt inlet). t3'! Heatink element 

, . (not ~.s.ef\l~ 1~ . . T~ree dimensional ··grid of: tefu'peraturc and llti~nidity sensors. 15. Aluminium semi conductor heat ·s inks to 
'' pro1\iid~· internal heat production. 16. Undeep water reservoir with a streamer containing hot water to generate the internal 

moisture production. 17. Unit to control and measure the amount of water supplied to tJ:\e. unde,~:p wat~ 1r~s~ryoir. 18. Water 
pump. 19. Water supply res~~o~~; ,~9,: :rp~er ~ypplif~ fo~ inteTIJaiJ; )leat pn~Ciumion:~ 21. · l>rdsut~' ~if~erence mea~ur~ment u,sed to 

'!t9lilJroiJhe outlet fan.:';" ' 1. ,,.,.. ... . ' ' J · 

Figure 1: Test installation. 
f't; I , ,' T' ttJ 

I 
I )i 

1" I ~I '• 

I ' 

Figure 2: Sensor configuration: 24 positions are provided with a temperature and a humidity sensor. 
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O..Van 

zone 

~ 
c. 

m 

Ve • 

v 
Ve=:' f(V) dTi 

--=- p vc Ti+ pvcTo+oqc . 
qc=f(V) qc dt 

c_ = f(V) 
" 

ventilation rate 

cc 

local inputs in the 
'well mixed zone' 

• 
. dXj J 

--:--=- a v_ X; 
Clt " 

+av_X_+ , 
" v 

y cc 

temperature, 
humidity 

black box part: 
air flow pattern .·L· ___ w_h-it_e_b_o_x_p_a_r_t_: - -------' _ 'well mixed zone' 

V : total ventilation rate in the test room [ m3/s] 
Qin : heat production of the 5 heating elements. [J/s] 
Qwall : heat exchange with the waiis [J/s] · · 
Cin : moisture production in the hot w.ater basin [kgwater/s] 
Vole : volume of the 'well mixed zone; [m3] 

' . 

V c : part of the total ventilation rate V entering the 'well.mixed zone' [ m3/s] 
Oc : part of the total heat producti(;m Oin+Owalrentering the 'well mixed zone' [J/s] 
Cc : part of the total moisture production Cin entering the '.well mixed zone' [kgwater/s] 
Ye :=V c!Volc: volumetric concentration of' fresh air flow rate in the 'well mixed zone' [m3/s.m3]. 
qc :=Qc/Volc: volumetric cop.centration bf heat flow, in the 'well mixed zone.' [J/s.m3]. 
cc :=Cc/V olc: volumetric concentration qf moisture ftow in the.' ':Well mixed zone'' [kg~ater/s.m3]. 
Ti : temperature in the 'well mi~ed zone' ;[0 C] · 
T 0 : outside temperature [0 C] . , . 
Xi : absolute humidity in the '· 'well mixed zone' [kgwater/kgdry air] 
X0 : outside absolute humidity '[kgwale~Ngdry a'i~j, :; · .; : ·, \ 
t : time [s] 
a,p,y,8 : combination ofphysical 1cbl1Wmts : ' '' 1' : 1:: 1 ., ·1 :·;!f .,11 r• 1 ' / r ,• ~ ! It : I i • ' '* I f • " J f • 

(·t~Jj , rl '/ ' 11 ··1 1 • • c :r1 ' 1 r1 ·,I 

Figure3: Conceptandblockdiagramofthemodel.1·u11!.•f ••u! 1 .. '·.t.' :i .,. ;_,,, :·,. • I ~ I 

I~ . ' 
•/ ' 
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Figure 4: The SIMO model consisting of the 24 identified 'grey;box models'. 
I 
I 

" I ·1 ;,1.. . ! 
I · . •.1 ·r1r 

t l: . '; \i 
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i · • · • t :u .J 
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Figure 5: The centreline of the air flow pattern for differnt ve1't~\atjpn.rates: , . ·' : _'/lii ' 

•, 

' I> 

• ,,, • . / ... I 1.. _1 r . ~ .11 j ri : • , .. {! ir. 

(1) V=l22 m3/h: falling air flow pattern · · "' ·· ·. ' · ' · ; 1 • 

(2) V=l58 m3/h: falling air flow pattemi · b',iJ ·lit L' rn1:·r•: :.;~f, .> . .-,i,,' J··ir ,.,, ., 11 .
1 

. : 

(3) V=249 m3/h: unstable air flow pattern ' '"" · · ' · 11 
'" • 

( 4) V=298 m3/h: horizontal air flow pattern 
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Figure 6.1: v cN-relationship for sensor position [ 421] 

0.36 

0.3 

M' 
E 0.25 
.!!! ...., 
~ 
(.) 0.2 C" 

0,15 

0.1 

0
·
05

100 150 200 250 
V[m3/h] 

Figure 6.2: q0N-relationship for sensor position [ 421] 
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Figure 6!3: cc/V-relationship,:;for sensor po.*i~n\[421] 
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Figure 7.1: Non-linear variations of the ventilation rate during a 
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Figure 7 .2: The predicted temperature compared to the measured temperature at sensor position [ 421] . 
The mse is 0.34 °C. 
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Figure 7.3: The predicted absolute humidity compared to the measured absolute humidity at sensor 
position [ 421]. The mse is 0.63 gwater/kgdry air. 
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