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Roqr areas ullere air flovrs at very lsw velociÈles (stanctard areas)
clyr¡an1c area such as themal plr¡ns ðre processed separately. A

cdlrutètlon results adcted to a flrsÈ vallalatlon stucly bàsed or¡ a
code, and ttìen on a series of real EcaLe expêll¡Énts, evidences
posslLitlty of using sl¡pllfled nodelllng to represent intèr1or
¡þÈion.
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SUMITIARY

Tl¡e need for l¡creaslngly strarp modelllng of builcling energy behaviour
al.Ioring confort to be evaluated within a heated, ventilated clwellj.ng
roqn lead Electricfte de Fra¡ce ÃDE DepartDent to develop a sj-nul,ation
nodeL of air i¡terl.or notion. thls ls a sjrrpllfled nodelljng whlch lt
could be possi¡le to lntegraÈe lnto a global bulldlng energy sLm¡lation
software prograr!Þ (CLrM2000). The design prlnciple ls tl¡e cllvislon of
t-l¡e air volure of the roqn into areas for ehlch mass and energy bala¡¡ces

are ccEIruÈed.
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NOMENCI-ATURE'ji,' ri.,i¡,
: ;'': Ì,"' .-'l I '.,'"

: Specific heat at constant pressure (t^¡.kg-l.K-1)
: Entrainement coeff icient
: Froude number
: Gravitation constant his2)
: surface exchange coefficient $/H2/c)
: Permea-bil.ity of the border between areas i and J 6/s/Pan)
: Vlldth of the border between areas 1 and j (m)

: Standard point of the borde¡ bet¡¡een areas 1. and j
: FIor., nature characterlstic paraneter
: Air pressure (pa)
: Air pressure at area i,lower level_ (pa)
: Air entrairinent rnass fLow rate in plurne or jet (kg,/:)
: Absolute vaLve of the ¡nass fLow rate of air flowing from area Í

tov¡ard area J (kg/s)
: Absolute valve of tl¡e na{S'f'lov rate qf air flowing from area j

toward area i (kg/s)
: Algebralc mass flow rate of air flowing fron area i tor¡ard area

j (ksls)
: Algebraic nass flow rai.e of air flowhg fron area i Èowarà area

i ixg/st ì

: Sol¡rce ¡náss flow-Èate (tnJected intoiárea'l) (kg,/s)
: Negativè heat souice nass fLor.r rate (taken from area i)' (kg/s)
: Surface of the border betlreen areas i and j (m¿)

: Stanton nunber
: Àir temperature (oc)
: À¡¡blant temperature ("Ç)
: Air temperatu¡e iir area i (oC)
: Éartltion boiaer suifåce temþeraturé ("c)
: l,taxir¡u¡n-velciclty in a þtunre (rirls)
: veloclty at tl¡e point M (n.s-l)
: Standard level of an area (m)
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Oj,i : Hêôt flov¡ frcm area J toward area., l-r'(i{) ..:.- ..:
0p : tdell heat flovr (taken from area i) (t{)
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INTRODUCTION

The nu¡oerical rnodel. beca¡æ j¡l a_ few years ¿u-ì ordinary, widely used tool
1n tl¡e buiJ.ding energy sector"IÍke j¡r runy othàt'fields- ìn. roa"f
cornponenÈs whether for heatlng systems-or for -þufldhg,envelope (walls,
wlndows, tl¡e¡mal br1dges,...) now.fotm the subject of cdr¡plex @ellings.

These ¡nodels which often ale developed to nreet 'sizjng arid energy
operating cost reguirernents, generally represent the ffnáf "ètage in lts
entire tota[ty ie. tlre return of energy to the rodr. Thls neanb tåat the
space or the voh¡ne of air 1n a room { whfc.fr, o1e }ves. ï. r.g"i¿"d ..
belng fully hønogeneous frøl terperaÈufe and cancentratlon vlewpoint
(hr¡¡¡idlty, pollutant, ... ).

Thernal cor¡fort requlrements vla (vertlcal o¡ horlzontal)1':ter¡xirrature
gradtents or the quaüty of alr relatlvè to þouutant arstir¡útión wil.l
certalnly not be satlsfield with q sirnglg 1ir,¡rode to typifyi the whole

ro@ volune. si-nllarly, ,ê €l¡arp.9vêIuation,of er,ççg.fr lo.,.sqgs,tìro-ggh the
roør nalls nakes 1t necessary to, tâ¡re¡t¡e. çr¿fferegceq 1n tgÍDeratures and

exclnnge coefflclents l¡to accor¡¡¡t¿,, rr

ftrls paper presents a noaelltng which.providés respónse:'datar'upon the
aeraullc belnvlour of roqn ãnv'ironinent lhile restri&üig the cóþrexlty
of our software whlch should remaln a núrfatlg "f".fre¡.f;:] ,.-gd-q.tEì.anp1es
of cú¡putatlon wltl¡ tl¡eir f lrst experr[çntal ,validatlon i"t a rocnt

equlpped wltl¡ an electrlc convector, nade ,us tf¡j¡k tl¡at Ülg teq)erature
sÈratiflcatlon can be evaluated witl¡ tl¡e ard of a sirpllfied modelllng.
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A SIMPLIFIED MODEL: ¡SAIUIRA '

The atr motion lnslcle a dwelillg roon is governed by the local eguations
for ¡nass conservation, Iinear nomentun, and energy. Integrating these
equaÈlons after they have been. rendered finely discrete, into a globaÌ
science-of-heat softvrare system.lròuld enÈaiL an unacceptable conputation
tjÍes. This is rrhy we had opted for a slmplified nodelling allowing the
air motion insj.de a room anà the temperature distribution to be

undersÈood without using field npdels.

Ttrough dlfferent types of si¡plltled tnodels ex1st, tley a1l rest upon a

dlvisj.on of the reference roon lnto areas and they dlffer in the node of
computation used for lnter-area mass and heat exchanges [ref. BoUIA].

The exchange laws may be deduced fron serial experjJ¡eDts or from a

degradj¡g of fluld necl¡anics equations as is tìe case for our SAMIRÀ

model.

irodel hypothesos

In a dwelllnÇ roo|Irr heated and ventilated, the tenperature and pressure
vary frøn a place to anotìer. These variatlons ¡r¡ay be high between ðn

area set near to a heat source or an alr suppller, and tl¡e ¡nÍddle of the
room. The dj.vision SÀ¡tlRÀ,-rrlgdel.uFes consists in properly subdlvidhg the
rodr lnto parall.glepipedJ..c..areas r¡lth vertical"-or',1 irori.zontal generating
Ilnes. Thfs dfvls.lon ls--based on visual gualitativ-e, obqervatlon by laser
tdþgraphy lref . ÀREFI]. The layout of 

" f¡e€ting and ;Ventilatlon systens,
and of the op€nlngs govern the cholcé b.T heëhing to tãke j¡to account the
naÈure of areas (Flgure 1). .: i

SÀMIRÀ ls a tridlrpnslonal rpdel shlch enables an evaluation of
tenperature distrlbution a¡¡d of tìe flor¡s exchanged for the nhole volume.

-':
t

Sltrulatlon AérauU.que des tlouvements d'air Intrazones en RégiJne Ànlso-
tìeræ.. -
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Air intake

Plume

:t Ìi:-:.i .-

Fj.g. 1. Dlvision'of, .tl.re.roqn lnto areas

There are two types of areas (rigrure 2):

- areas vrhlch belong to a plune every tjrne a source of heat exlsÈs: Pfune
afeas, : '. i, t.r\':

- the other areas'will. be,cal,led: standard areaa.

Heat source
Plume area

Stq¡da-fd Df€a

9rcr

FLg. 2. lypes of areas witl¡ associated flørs.

'' 
r'i:ii ' i ; :^

Thls nodel is based on Èhe drawing up of Í¡ass and energy

eguations for each a!ea, nakl¡g tl¡e foll@rlng hypotìeses:

I

balar¡ce

Each standard area ls supposed to be stlll at te¡[perature T høþgeneous

given a hydrostatlc pressure proflle P.
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The borders between these areas are assuned to behave as ficÈit'ious and

fully penneab).e partÍtions.

The volune flow rates between two standard areas (i) and (J) conply witlt
a power behaviour l-aw resultj.ng f rom BR.NOULLI relation. they are
function of pressures (POI,

di¡nensions. "Oi 
) , temperatures (rr, tj ) ar-Id area

The flow conveyed fron, a standard area toward a plune area cørplies r.¡ltÌt
an erpirical entrainment rate law.

The balance equat¡ons

Àn area nay exchange both n,nss and heat with iÈs environment through
slx borders: 4 vertical and 2 horizontal. The r¡ass and energy balances
under steady-state operatj¡g condltlons t¡us write as follows for each

area (i):
6

f Fl,J Fsi + Fpi = o
J=t

,6,
:

J=r
li,J-0s1+0pi=0.

The Í¡ass balances are expressed in a atifferent way depending on whether
the tra¡¡sfer takes place beÈween two still areas or a plume area and tìe
areas nearby (rigure,2).

Mass and energy exchang€s between standard areas

" (BERNOULLI's law)

A fluid hydroståtlcally balanced cølplies wit-l¡ tìe law:

:

aP ='-p.9.dz
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In cases r¡here the tetuperature is steady, and variations 1¡ pressure'',.

low, we have:

., ,. .. ph) :.po_p.g._z

consequentlt', tl¡e pressure dlfferentlat between r two points of
tno adjacent standard areas (i) and (j) ls:

nr(zr) - nrÍzrl = POi - POJ - (pi.S.zL- p).q-zì''

There are two different cases:

- The border is vertlcalt
.i ( :

In this case assu¡nlng tlrat the lower Level is the same ln a1l the areas,

the pressure differentlal reads as folloþrs at level z; = zA = z.rJ

by lntroducilg the level zn of the neutral axis deflned bY AP(zrr) = 0

(see rlgure 3-b):

The dlfferentlal pressure on each slde of the bracket dz su¡rou¡dhg tìe
pol¡t M at level z Is represented by a flow with a veLoclty V" ln point M

rrhere prevalls tt¡e pressure PM få¡(en èguåI to the pressure P"(z) by

analogy wttl¡ tl¡e flor.ts through a submerged openlng [ref. 2]. BER.Ìi¡CULLT's

relation enables one towrlte (tf Pr(z) > PJ(z)) (see Flgrure 3-a):
'r i . ,.: ,.: r ri- I ';..

or

tlat ls:

.j:r 
I 

. l , 
- 

.

Pr(z) = 
"n 

*, pt.un2 = Yrkl * ; er"vn2

', i. .i 
,, i . .'.+l +¡

ÂP(z) = r¡('z) - Pr(z) e
1
L-

2
Êt'vu2
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Fig. 3-a)
FIow through a subrnerged openü¡g

Fig. 3-b) : l

Flow exchange through a verLical
border

The theoreticali ele¡nentary ¡nass fIor., rate flowj.ng t-hrough dz then'.Is:

P1.vM.LU.(Þ

but in reallty this flor¡ is:

d4o1,r(z) = CO.(pr.vn.Lr,.dz)

where Cd is tl¡e flow coefflclent (Cd > or = 1) r.rhich glves the pressure
drop. As a general rule, thls flov, rate is expressed as [ref. 8]:

do1,r(z) = KU.LiJ.pr.Âr(z)n.dz

Vfhere KtJ 1s the pe¡rieablllty of tìe border between areas (1) and (J),
and n a paraneter characterlzlng t¡e nature of the flow (n € f0.5¡11).

According to tl¡e posltlon of t¡e neutral axis Zn ar¡d the values of Pi and

Pr, the exclürnged flow raÈe Qn1,, enterl¡g the area (j) ar¡d a fLow rête
@1 ,i enterlng the area (1) (see Flgrure 3-b), t¡at, is, afÈer trnFegratlon:

Ft,J=(F1, I-9n1,i
il

where,, .- f or the case representeal , ln f lgtrre' 3-b ) :

ftn-zolt*1
@1, J = Kr1.Lr,.e1. t (er-pr).9. In.

n+1

zone j

É.'ie---
zone I

,;ï''
M

Po¡

zone,

T
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ø1,r = Kil'"rJ:PJ'f (Pr-Pr)'e'l! [*j
Transfers between plume and standard areas

To study tìe plume, a serles of tesÈs has been carrled out (jolnt1y w1tì
CETIÀT) ón electric convectors havj¡g dlfferent conflgurations and

pourers. The Íieasurernent of veloclties and temperaÈures at different
Levels of z !¡t tlre pJ,une enabled the mass flow rate q(z) and the heat
flow conveyed x(z) to be. calculated and a correlation to be ¡¡ade between

tÌ¡ese two varlables:

r:q(zl = P -u-<ly

tD(z)'=
[' 

,."n.u.(r-ra) dv

tl¡at ls:

L/3q(z) = n.{ (zl.k-zo) -:

where :

A

zo
ls a constant öf about'0:01 ;

ls a flcÈftloul origln êorrcspondlng to the
tl¡eoretlcal. source proaluclng an egulvalent plune

ld

level ,.of a -Il,near

In other respects, assu¡o1ng tle veloclty and te4rerature of gradlents are

eguival.ent for a naII plure (ref. L:IBIJRDY ÀlÐ !.EAI+I), tf¡ree adjÍensional
nu¡obers fulLy CleterDl¡e the,pluæ.

P'cp ut3
The FRCI,DE nr¡¡¡ber (Fr) :

w2
e.p Q(zt
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The SfAli¡Iol{ number (St):
Ccp,

St=
p.Cn.ur(z). (Tr(z) - rn(z) )

And t-he entral¡¡nent coefficient (Eo) defined by:

d q(z)

d" = P'Eo'Ur(z) '

The neasurenents n.nde in tlre pLumes of electric convectors, in fact, shou¡

tl¡at the siJnilttude is not perfect but these paraneters hourever do not
vary nuch fro¡n the given heighÈ above the convector. !.,e have taken tlese
average values to calcuLate the ènergy and t-tre entrained dlfflor" in tìe
plune areas

THE FIRST VALIDATION RESULTS

TÌ¡e valldation of a numerical model is always a very criticalttask nore
especially as the nodel j-s based on largely sùnpl1fled physicali Laws.

To valldate our nodel, we selected two worki¡g meü¡ods not egually
ccrDplex but highly coÍ¡plenentary:

- A flne validètlori baébd on'the -anal.ysis öf elementary phenomena ¡net
trith the cdnblned convectlon. Thls work rested on the use of a detailed
fieLd ¡¡odel taklng i¡¡to accounL the Èurbulence eff,.e@ts. "

Thls flrst phase has been carried out in.two stages: first a val,idatj.on
of the field ¡rpdel using a flne, reduced-scale exp€rhent and, tlen,
vaLidatlon of our SÀMIRA ¡¡odel. relative to the code.

- Lastly to confinn and complete this validatÍon wei have carried out a
serles of experj$ents ln our Laboratory ce1ls.
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Valiclation relative to a field model

This work urhlch alÍs to reproduce ¡nedium and extreme gonditions for tl¡e
utillzation of a roo¡rì from a heating and ventj-lation vj.ewpoint is
currently in progress and we present only tJre first results, which are
promising, 1n this document.

We have nade a first serles of 2D compari-sons usÍng a roon r¡1th
di¡nenslons egulvalent to tl¡ose of our laboratory cell (g:wn*)

these conparlsons are based on laser tonrographtc displays to deflne the
grid of the SA¡,!IRiA r¡odel ( see F1gure 4 ) .

o.2

m

t- i:t

F19. 4. Slze a¡rd sLEptlfled grfd. of t¡e ceLJ.

Àmong the h]æotheses ¡¡ade for tlle slÍpufied nodel, rre flnd the
teu¡¡erature honogenelty per area andl tt¡e teuperatures cøn¡tuted with the
a1d of SÀl.lIRÀ are ttrerefore taken 1¡ tl¡e niddle of üre ¿rreas.

Tl¡e first cør¡nrisons presented concern tl¡e aj.r temperature gradlent l¡
tlre mlddle of tl¡e roør and tlre average teElreratures per ares (Figure 5) .

t
EINÀ : fÌ¡e¡mal test cells ln natu¡al or artificial cl1¡¡ate
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In that case, the sfmulation condÍÈ,i-ons are

- Enlter power : 500 tJ

- Surface ten¡rerature : 18sC

- Air inlet, speed : 2,5 m/s

flow : 90 n3/n/n
temperature : ooC.

15.4 (

16.6 (16.7)

1.972

.8. 1.275

Ê.Ð
oÁ

7.11
0

16.5 (16.71

a) zonal tenperature
- Field noalel "SIMEC"

- (zonal model. "SÀMIRÀ)

12 13 t4 15 16 17 18 ìt9 20

TemÞúratúie (oCl

b) TeÍperature profll on tl¡e
central axis

- 

PieL.d ¡pdel (sIMEC)

. .<- Zonalrffiel (SÀMIRÀ)

F19. 5. Cøparlson bétween a fleld ¡pdel "SIMEC" ar¡d'thé zÒnáI rcde
"sÀMrRÂ"

' ¡l 'f_

The:prlftclpail temperature dlfference,ts obsêrved in theii¡pÞêr.2one and.-¡re

assunê::'Èl¡at thls probleæ frdÍ the .absence of Jet nodel for,the alr
lnlet. thls;valld.rtion ls l¡ lrrogr.éss and we.wilÌ,be certainly oblLged to
nodelllse the Jet add enttaûment. : . : :

-í!

For the follorlng global corq)arison, this problem is less lnport¡nt
because tle experLnent and tlle cqputation ate trldlÍenslonal and the
alr-flov ls loner (1 vol/h agalnst 7 vol/h). Furthernore, we thf¡k tlÊt
tt¡e i¡teraqtion of the plune and the lnlet a1r fl,or is less J-uportant JI¡

real rom cørflgruratløìs. Hence Èhis weak-pof¡t of tl¡e SAMIRA nodel ls
not so negaÈive.
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A global validatiqn

Tl¡Is second phase ¡r¡ostly consists of a comparison with a shorter but
real-scale experünent.

The cel-1 (EINÀ) with whlch the tests have been carried out has the sa¡r¡e

dlnenslons as above and each of its s1x faces opens on a seal volu¡r¡e

which has *?l..gtt conditioned at 1O"c" (these are tests"'t¡¡lder'' steady-
state operatlng condltions).

The convector is located on the wall tlrrough which air is introduced and

we had the air change rate vary fromìo, 0.5 and 1.0 volurle F¡er,ihour. The

è1r tenperature probes are positlorieat in the niddte of a¡eas deflned for
SÀÌIIRA nodel-

.r Th:""giiglserecæd"-,jgt PL?. 9_otttp"risor¡ ls a pseudo-trldlr¡enslonal one, as

nuch as tl¡e -FIcIEF-of ¡¡srplune areJ' iê'eqü'füaienË'-'Èö uiät of'' tìe
convectgr and not to the roqr¡ llke for t¡e other areas. Thls grid is
Justlfied by the adequate horlzontal homogenefty of the tenperaÈures

recorded, by experüent

You wl1l ,f lnd belor,r (rlgnrre. 6), cørparisons betr,ree.n:, the neasure¡nent ar¡d

ttre conputatlon w1ü¡ regard to the average teroperatures for area and for
terûperatures neasure on a central axis. The area ternperatures æasured
are average value.s 1¡ .several polnts of , a saÍ¡e plane.wlthln tl¡is a!ea.

Ttrls global ccrq)arlsqr ¡rttlr a set of full-scale experlrenÈs sho¡ tlnt 1¡
this concreÈe case, tlre air tenperature of each zone ls gulte nell
representecl.. Concernü¡gr the centfaL vertlçaì, gradient, tlìF ræasurenents...'-
(very locaf ) are -not perfectly .rep.resenÈed by Èl¡ose. nlxed cøputed,
tenperau¡res, but tJ¡e,differences are qr.rite:,snall, -and.the ,eJolutlon of
tìis gractlent agal¡st the ventllaÈlon rate lsrcorreçt. This -result ,see¡¡s

rcre jrport¡nt for us.
; :l ; . 1.
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Flg. 6. Ccrparlson süpllfled nodel
(ErNA cel])
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CONCLUSIONS

The flrst conputatlon results and thelr vaÌidatlon approach nake 1t
obvious that tl¡e air rþtions on the temperature gradients j¡ roon

envlronment can be represented q¡für,tfre aid of a slmpllfied nodel. Such

noOels are advantageous l¡ tlnt they are easy to lntegrate j¡to a global

softr¡are piògrarnre tõr'ther¡nar conpùtau.oñd"i¡'a buiidj.ng (cf,ru 2000) a¡d

also ena.ble tl¡e alr teEperature dlstrlbutlon 1¡ a roon to be assessed as

a functlon of tìe heatlng Dode.

The noilel valldatton m¡st be consldered Íþre thoroughly and'ne'st111 bave

to modef the bel¡avtour of a rodn equlppea wltlt a hëattng floor or a¡¡ air
condltloner accordlng to such an, approach, ând to valldate lt-
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