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Summary 
One of the main characteristics of thermal and 11.uidmechanical behavior of buildings ls 
that it is dominated by coupled heat and mass transfer phenomena. In this paper we 
describe the main phenomena infl.uencing the behavior of buildings and propose 3. gen­
eral formulation of these coupled phenomena. 'We then apply this formalism to two 
important problems. The first one deals with the coupling between a multizone t'hermal 
model and ab. a multizone airflow model. The second one presents the coupling between 
the transport of pollutants and air flow calculation in a multizone building. In order to 
illustrate our proposition we give various kind of examples of coupled configuration. 
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1. Introduction 

Improving performance and quality of buildings must.:be ~he first . El,im of any designer. 
Towards this end a large number of numerical models have been developed in recent 
decades. :M'ost of these models were '~t first devcite'<l t6'.part~cula'r_ asp'ects of t'he problem'. 
After the energy crisis, for example, a strong e]fort was made; to predict the thermal 
beh8:vior of building's and to liriiit their energy losses. · 

- ' , 
Strong assumptions were miuafly made in these' models about transfer phenomena such 

., I 

as 'air flow distribution or ·transport of pollutants. Yet in this first perio,d significant 
improvements of the thermal quality of building envelopes were made. Ho'wever/'prob­
lems appeared, before long as people· became more sensitive to comfort and health in 
buildings, and the first generation of models could no longer be sufficient. ' ~ ~' '•, • 

Comfort is a generic word that might, in these circumstances, be defined as. the state of 
a person who does not prefer any other environmental conditions to the actual ones. 

Although "comfort" has this subjective .component, varying in meaning with ev!lrY occu­
pant, "average comfort" can be related to. environmental. conditions [I]. These are 
quantified by a set of physical qua.ntitie~ ;w:hich enab,es us to know whether or nC?t a cer­
tain situation is within the comfort range. These variables are .. mainly air temp,~Fature, 
air humidity, tempera~ure of s~rroun~i11g surfaces, noise level, lighting Jevel, thermal 
radiation level, air velocity, and concentration of pollutants .. 

Any attempt to predict· these variables ·~must, of neceS$ity pass through a theoretical 
modeling process using the physical laws governing their evolution. 

Unfortttiiat-ely; •aside fro!Jl :n,oise and lighting which can usually be treated independently, 
most:of,<the variables cannot be considered separately. 

In this paper we focus on the coupling processes between thermal and fluid mechanical ,; 
problems. 'Ne describe a general formalization of these coupled phenomena ·and give two 
examples of couplings. The first deals with the coupling between COJ.\IIS 'airflow· model 
and a multizone thermal m©del, and-the: second with the coupling between a pOllutant' 
transport model and COMIS. ,·.. r~'.: 

.I '.'. • . ' ,.. . ' ;. · "' 

2. GeneraVDescription ;of' Thermal and Flu:id Mechanical Couplings in Build• ~ 
ings ·' ·<:'. 

2.1 General description ol\itransfer:phenomena.in:b.ulldings~.: .. ·· . '' 

In general terms the detaifo'd sirliufatioii"bf tnerrii~l ~rid 'fluid mecliahic~r beha.Yi~r;''of -
buildings calls for the definition of the transient beha'V'for of the elements cdfilpoSing the 
building - with externaFand foterrli:i.linfH~ences as bouiiidary conditions~ 1· ;." • ·" 

The external influences are: 
l .i • .:· . ~ l '.'7;' ',., ~ 

.\., .. •:,·1 

Solar radiation ~ ,. • , ~ ... ..:; · .. ": -· 1 Gi . .i :·. .' (r1 :~ ., r > 1 : .: L 
Outdoor air temperature··.. . ; .. :' 1 • •• .oc v: .. ; . . , • : . ; <·: 

Other external temperatures : sky, ground and surrounding surfaces 
Wind conditions 
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Outdoor air humidity 
Outdoor concentration of pollutants 

The ~ore 'common internal inputs ~re heai ~airis deHved from lighting' cSccupants and 
miscell~n~ou~ equip merit, arid_ humidity and:~ poll~tants·: 

I 

A building can be described as a complex system made lfrP of solid heterogeneous ~le;, 

men ts (either opaque or semitransparent), liquid elements (water walls, solar ponds" 
water .fi,ims, etc.} and gaseous elem'~nts (mainly polluted and .h';lmid air). There exist a 
large number of heat and mass transfer mechanisms. between these elements: 

Ext~rnal convection (usually forced) between the external surf aces 
and the outdoor air, 

Internal convection (usually natural or mixed) between the internal 
surfaces Ql the envelope components, occupants, lighting fixtures ... 
and the indoor air, 
Shortwav'~ radiation coming from the sun and in some cases from the 
internal heat sources, ' · ; 

ExternaFlong-wave radiation betweeh envelope surfaces and the sky, 
surrounding buildings and ground, - · · 

Internal long-wave radiation be'tween internal S'llrfttces, and between · · · 
these and the internal gains, t.. ·• · i: 

Fluid flow through cracks and openings between the building and th.e:i·· 
outdoor, or between zones of the·b:uilding, '" . ... , ·· 

Most of the detailed building simul.ation programS< {21 [3] [4] [5] [6] (7l have. retained·,some 
basic and well-contrasted hypotheses in order .. to represent this complexity; •. These are.· 
mainly: 

One dimensiqnal conduction through walls (except g1mund-coupled 
struct;ures and thermal bridges). : 

Grey and diffuse radiant behavior of surfaces (short-wave a:o.q long-wave) '· 
Linearized long-wave radiant exchange between interior surf aces. 
Uniform room air temperatures. 

In spite of these hypotheses the problem of simulating a building is still complex and all 
the kei;i._t and m~s transfer modes ~r~ co!Jipled. In a first c.lMSifieation: w~ ·can easily iden.4 
tify three levels of coupling: 

•Conduction, convection and .:radiation-:heat .. tra~fers appeating ·· ,,. ·"·. (;-.'·;;; 
togeth~r in ~a~ch e)ement of;the·k-pilding,_~nd be~ng cq:ii:pled .. _to 1< ,, -:: ; ,, .. ,r " :· ;. ,, 

e.a:?h ot4.~r ~the t~piperature field,,p, . ~: ·. · . . ,. . , . _. , ,~ . - •-. 1 : 

• Radiation heat tra:o.sfer 1in any.~n~losur~1.p.roviding ·a: §~cqp.d ~i.nd · , ;~~ . ~1 · · 
of coupling between all the internal surfaces, . _, ... ,,,,,, , ._ . .. ,. . , .. 

•An interzonal coupling taking place via conduction (through · · ~. -· · ·· -- r ' -·. ·.i:. 

walls separating two rooms), via radiation (through semi-transparent i ·)l :. 

media between two spaces) and/or via air flow between rooms,' .' "' <; jL !, 

... 11;,· - . ~· ,, . ~ . ll · ,- . ~:<~ ~1.:~: ··:· 

I • 

. { 
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Differences between the existing detailed . models [3 to . 7] dealing with these coupling 
effects are found partly in the' : modeling ·:, techniques concerri~d with tlie transfer 
pheno~ena through the building eleme.ri.ts and partly in the c9upling' definition and sdlv­
ing procedures. Nevertheless, thermal and fiuid-mechani:Cai couplings :can be described in 
a general formalism . 

2.2 General Formalism of Thermal and Fluid Mechanical Couplings ~n Build­
ings 

In order to describe the general coupling effects in a building simulation problem, it is 
useful to establish the modeling procedure for both thermal and fluid mechanical prob­
lems first. 

Any of the modeling techniques in the thermal problem can lead us to a set of equations 
coupling the indoor surface temperatures and the room air temperatures. 

Each internal surface temperature is defined by the thermodynamic equilibrium of the 
surface submitted to conduction, convection and radiation heat transfers. This balance 
equation relates, non- linearly, all the N internal surface temperatures of the building 
T51 , and all the NZ room air temperatures T 1 connected to ~he surface being cosidered: 

' ' . ' 

... (1) 

Moreover, the thermal state of each zone of a building is represented by_ its convective 
equilibrium , so enabling us to define a representative air. temperature as state variable. 
The writing of an ~nthalpy balance for the zone under-cpnsideration leads us to a first 
order differential equation relating air temper_ature to the surf ace temperatures of this 
zone (convective effect of walls) and to all. the other zori.e air temperatures _(interzone air 
movement). The discretization of the derivatives in these balance equations gives a set of 
algebraic expressions: ... 

FI( Ts~ •.... , Tsr.·· .. , TsN, T1 
, •••• , T1,. ... . ., TNZ) ""' o 

. ' 

'(2) 

Th~. , ~uid ,.~echanic~l modeling procedure used as a rule takes a very similar appro~ch. 
Typicaify 'the dynaµ;iic state of each zone . is : rep~e~ente4 by a refer~nce pr~ssure: FJ?~· ,, 
equat\op.,~ ., ~rBnE:i . t~~ ~i.fferent links ~.xisting iii tµe pres.5ure_ network ~hich .define_s 'the. _ 
bui!ding's 'behavior [3],'[8]. ·~he air m'ass balance in each zone constitutes then a non~ 
linear: systerh 'of equations combining 1these 1pressures: : : .- I '; ; 

' 

0

'c'1 ·:_ ~ , J Ff(P1
, ••• • i< .... '.:e~~)=O ( :·> ··.· .. ·'·,:. (af ' 

: 1. .. 1· · . , . .,..,. . , ' ., 4 

To be rigorous, equation 3 must include the air density of 'each node. These 'de~ities · 
are ;ftihctibris' or absolUte pressure; t&mperature, -humidity and cbncentration~ of any pol- '·; 
lut~n:tf, hi;the z.one. :' Oonsequently;·ia.rid .i:n order te' close ~the problem, it is :necessary' to• ~; ' 
forfii'ulatei th:e '.b'al;anc{ of th~ a<iditimfa.l speeies (watett "V'apor and pollutants), for each 
ZOlle, :, . ,,,~•. ''. : ; ,• ( c ·I . ' • \ ' , >, • ( 
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T • • ' j ~• , • _l; ~ • • ' - • -· 

In - g~neral fo:rm the water vapor balance o( each zone rela~es all the . zone specific humi-
dities (by the. i:n~erzon~l air ~ows) an·d the :tepip~r~tures of surfaces arid air zqne (due· to 
condensation/e~aporat~on phenomena): · j • . · · ··;, · , 

F w[w1 W1 wNz, T T T T 1• .... ·T1 TNZ) - o J , .... , , ..... , Si>""' SJ,. .. ., SN, , ...... , - (4) 

In a general way we can write a similar equation for ·any pollutant k in zone j: 

FK[c1 0 1 cNz, r r r T1······T1 TNZ\ - o J K, .... , K,. .... , K SI•····• ;Sf, .... , SN, , ...... , J - (5) 

where Ck is the concentration of pollutant Kin zone J . 

After the formalization of the different phenomena and the definition of state variables 
representing the behavior of each controlled volume or zone the closure of the complete 
problem must be checked. 

State variables: 
Surface temperatures (T:s1) ---> 
Zone air temperatures ( T1 ) ----> 
Zone reference pressures (P1) ---- >": · 
Zone specific humidities ( W1 ) ---;--> 
Zone concentration of pollutant ( Cfc') ------ > 

Balance equations: ·-.\ · .; " 
Thermodynami·cal surface equili b'ri'uin 1 ____ ;,,;_ > 
Zone enthalpy balance ------ > -, 

; :' Zone air· mass balance __ ...;.:..:.> 
Zone water vapour balance · .;. ___ > 

::: Zone pollutants balance ___ .:;,.::_ > 

I'~ 

NS 
NZ 
NZ 
NZ 
NZ 

,; "{" 

NS 
NZ 
NZ:· .. , 

NZ 
NZ 

These equations are not independent since the mass balance of air defining the p.ress~res 
depep.ds on all the other state . variables. The other balance. equations require the 
definition of the interzonal airflows resulting in the pressure network resolution. 

In sufurl:fary, we obtain a set ''br1simulfaneous ·and non-line.ar equations which/ 6n_ce
0 

• 

". . "" ·.·· - : ... - ' . ' ;' 
solved, will give us the complete field· of state "variables, .. temperatures of zones and · 

· -: .... -. · ·:~ ?~- •·· . • · ~ ~·· ;.- ' ... 'r • .r· " 4 

indoor surfaces}, reference pres5tires·; specific humidities a,nd pollutants conceli,tratfon5. · 1 

, ~ ... .:•: r· _- . ·' i j I~ ~, • , \ • , · L ·;. • • ' - • , • ~ i" • • • ; ~ 1 ..,. \ { : 

Though this complex methodology has bee~. f<;>rmµlated ,in a .~;_milar -~a.Y: before . [9J.,~ it)s 
not usually solved in this form. Modelers usually look for simpler formulations and solv­
ing· techniques and therefore have tcf niake additionnal assumptions in order to render 

both fg~µiyla~.i,o~n ancl 1 feso~,uti91l:~a,si~_r . . , i.:. ·~ ci . _ .. , ,.'., . ~ :o!l 

The most. C,OII).m-On sj:mplificat,i011!5. ' are rthe~clecoupJing; of. coup\ed P.~~no~_en~,~(~lving.-. 
thermal :a~d fl.-ui_<l mecJianieal Pli()blems. separately rOYri~~ra~iv~ PrRce.,d1Jre.a[1h[BJ; liµ~af~~ 
ing :systems (long-wave radiant·1~1(chall,ge be~ween !z_qne !surffi.c~~ ill'-· tij.e,,~;l,urnm~J prgb!e.'!Il ;~ 
[7]; or Jacobian system to solve the pressure network system in the fluid mechanic.aj-:-,, 
problem (8)). 
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These simplifications .are justifieq in most cas~s in tha~. ;not all couplings existing in a 
building are equally strong. This allows us to solve the· strongest couplings by using 

. ·1··' ., ,.. ''" 
values of former iterations in the values of the weakest couplings' variables. 

To describe more acurately these different coupling effects, we describe two general cases· 
found in building physics. The first deals with the coupling of a multizone air flow model 
with a thermal one, the second concerns the coupling between a multizone airflow model 
and a pollutant transport model. 

3. Coupling Thermal- Fluid Mechanical Problems in S3P AS 

3.1. Fundamentals of S3P AS code 

S3P AS [10) , [11) is a thermal building simulation code on a hourly basis. This program 
has been used as a host structure to couple COWS airflow model with. a multizone ther­
mal model. It distinguishes the three levels of coupling in a building already mentioned 
and solves them in a hierarchical way from the weaker ~o the stronger [12]. 

S3P AS deals with the first coupling by defining the surface temperatures of each internal 
wall. This is done by resolving the heat transfer problem in the most appropriate way 
for each building element. 

The heat transfer by conduction in each element enclosing a space is expressed in a com­
mon f6rmula wha'tevet the method used to model the ·heat transfer through the selected 
element. 

This equation is: ,, . ,· 

(5) 

where: 
Equilibrium air temperature in zone i 
Conduction heat flow from the internal surf ace of element i 
at time t. 

T,..(t): Surface temperature--Of the internal ~lement i at time t 
B1 and B2 : Constants which depend on properties of element i 

.. in former time st~.ps , ... , 
, ' I ). ', .:.._ ,_ ·"" ,,., • '.' ' ~.: ' ('> I 

This formulation allows for the modeling of the second level of coupling based on the 
thermal equilibrium of the internal s.urfa~~~ of a zone .. 

'" For surf ace Si we have: 

(6) 

; .. . · 
' 
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In eq~ation 6'. ;h ( T,..(t) - .Ti(t)) represents the . convective flow density exchanged between 

the surface Si and the zone te:µiperature Ti, 
i•N 
EK;; T,;( t) represents the net long-wave .radiation fl.ow density at the surf ace Si, 
;-1 

and cf>c(t) represents a short wave radiation flow density absorbed by surface si. 

The conjunction of the N surface equations forms the following system in matrix n9ta­
tion: 

[ K ] { T, }- T; { he, }= { B } .(7) 

From this matrix equation, ' surface temperatures can be expressed as a function of the 
zone temperature: 

(8) 

In order to close the problem it is necessary to express the effect of the.-enclosing surfaces 
of a zone on the air enthalpy balance of that zone. 

The first element of this balance is given by the total convective heat flux exchanged 
along all the surf aces of the enclosure. This flux named Qc,) 1111111, is defined as .follows: 

in matrix form: 

,, 

lt-N .. 

Qc,}111aU1 = E ht•lr S1r ( Tu - T:oru } •-1 

and by substituting the expression of { T,} given by ~~uation ~ we obtain: 

(10) 

=·:'~\ , ~; :- .. _.: . ~~,:-. . I.' -~ f .:J • ..,.:_ "· ~r.:··:." 
.. 

t•' .. 

.-. ') (rty 

Where: 
-~ ;. 

' ' 

-9-



The interzonal conductive and radiant couplings are i111-plicitl.y included .Jn ~he vector 
{B} of the enclosure equations. They P.ave beei;i include<;f. in that way because . their,:cou­
pling effect are much weaker than the effef:Jtpf -,inte~zonal. air movement. 

Finally, the strongest coupling between zones is due to the multizone air·. flows resolving 
the air balances together with the air flow problem. 

These balances are expressed by means of the following differential equations written for 
each zone or controlled volume, defined in the building description. 

Where: 

dprTr J-NZ J-NZ 
Vr Cpl -d- = Qcv),,,aJli + Qcv)g4;11, + E m'1r Gp, Tr E mi1 Cpr Tr 

Vr : 

Cp1 : 

Qcv)111aJl1 : 

Qcv)gai111 : 

t J-<i J-<J 

Control volume of zone i 
Specific heat of air in zone i 
Convective heat flow from all the internal surf aces 
of zone i , 
Convective heat flows from· internal sources or sinks 
in zon.e_i 

m i1 : ; . Alr m~ fio"'. rate f rorri zone .i to zone j 
Tr: . . Convective .equilibrium air t~mperature in Zone i · 

The main hypotheses assumed in eq_uation 12 ar;e: ·. 

Uniform temperature in each zone 
Time-derivative of the specific heat of air iri' each zone is 

neglected. 1
' 

No thermal effect of other pollutants. 

(12) 

According to the dynamic treatment the mass air balance in each . zone is expressed in 
unsteady state: · · ' 

(13) 

Left side of:equation · 12 is then written as follows: 

· dprT1 . 'dT1 · dpr . - ( ) 
Vr Cp1 -d- = Vj Cp1 Pr_d_ + Vj Cpr Tr-d 1 . 14 t t . .. . t . 
: : .: . . . . ; . j I' . . 'i :.' I:; : ? . . l 

By sub~tituting ,equation 14 in equation 12 ~mg _usiJ;lg the mass qal~nc~ . equation 13, we 
obtain: /. . ' ! • · : ... ' .. · · 

;;~ \ 

.. ~ ~ ' .~. //v; ?~l·~·~:ir = Qcvi~~;'.=:~ Qc.v.;'°'., i:~im·;,t(c~, r; _:;Op~; Tr) (15) 

The conjunction of equatiO'n 15 ~·app.lied . to" a:m th·e zones fo'rms a~ system 0r first order 
differential equations with the air temperatar-es' of e-achczone·aS· uri1m0wns. 

.: a ) 
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In relation lo -its internal s'truct-u-re S3P AS is a, ·modular code with a steering controller. r: 
and different modules. These mbdules either~ · simulate the thermal behavior of certain :;' 
elements of the building or sol've the different couplings between them. Other modules do 
not correspond exactly with real elements and simply calculate aspects such as sola,:r: 
position, shading effect and boundary conditions. 

The various modules are the following: 

Meteorological: Calculates the solar position and the direct normal 
radiation 

Shadows I: Determines the solar obstruction of remote obstacles 
Shadows II: Determines the effect in the solar gains through each 

building opening due to shading devices 
TSA: Calculates the total external boundary condition of an element 

in terms of the Sol-air temperature · 
Envelope Wall: Simulates the thermal behavior of an opaque 

multilayer wall of the exterior envelope of the building 
Interzone Wall: Sirriul~tes the thermal behavior of an opaque ' 

multilayer wall connecting two simulated zbnes of the building 
Envelope Glazing: Simulates the behavior of an 'envelope 

formed by semitransparent walls · · -
Interzone Glazing: Simulates ·a: semitranspa'rent wall. that connects · 

two simulated zones 
Floor: Simulates groµnd-co.\!p•led structµres 
Trombe Wall: Simulates a Trombe wall 

; , 

Collect- Rock Bed: Simulates the systei:n formed ~y an air solar 
collector and a rock-bed .storage system . 

Zone: Supports the coupling between the different elements of a 
zone 

Building: Couples all the simulated zo~es 9f the building by 
calculating the air flows and delivering the thermal balances 

At each time step the steering program calls the different mo<;lules in th~, following oi:-qer: . _ 

The modules related to bound~ry conditions (Meteorological, 
Shadows I y:'II and TSA) . 

The simulation of the building itself begins in the element 
. modulb's -Which send a; '.pair br'values (Bl and B2) to the'next modJie ')(zC:m~t 
A module "Zone" for each zone to perform :•,, ' 

the long-wave radiant cqupling between the surfaces of e:;i.ch zone. A new 
pair of (val~e~ (PIND ~n:.d. COEFF) is seht to next --!iiodule (Building) 

The mo,dule ''.Bqild.ing'1';to c.qup~e a!l tP,~2.?fteS in t.er,n;i~ . f:'Ol · ~. ( ~ ·-.. : . . · i·, r·. :. · 
of air, fl.g'\\;s, ;and;;a.ir.·.tli:ermaL bal~nces,: _ ~0 .l: : ' -~::i. ::: ~, . , : -. 

3.3 Coupling problems and strategies. 
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The main problem found in the resolution of the system of differential equations 
represented by equation 15 is the n·eed for discretization of the time-derivatives of zone 
temperatures. Those derivatives are usually 'replace'CI. by backw~rd differences of the tem-
peratures divided by the time step: ' ·.: 

dT· T"' ·-:T11- 1• 

--f# ·~ t .. (16) 

The discretization of equation 15 gives 

The key question is which ~t should be chosen. One might think that the only require­
ment for ~t is accuracy of the derivative (the discretization error is proportional to ~t). 
However the error in the zone temperature may be lower due to a small value of the 
discretized derivative. In addition, the solving process is an iterative procedure between 
the air flow model (which calculates m~;) and the thermal model until zone temperatures .• 
converge. 

We :shou!d therefore be ,careful iu choosing a .time step so as to reach an acceptably accu­
rate· solution in as few iterations as possible; 

Th~ metllod used ·to S:et"the time ~ep is the following: ' · • 

1 With an initial vector {r1r-1 }th~ air flow model calculates the 
matrix [ m ~;] 

2 For each zone an Effective Ventilation Temperature is calculated 
as f ollowSi , " .. 

EVT,·= 

i•NZ 
E m 'ii ( Op; Tit: ;-C.,..) T"; ,...., 
~---------- + T'=-1,. 

i•NZ 
Em';; C,, ,.., 

{18) 

:. ~I 

This tempe'ratute is an index of the average effect of multizone airflows on the zone tem .. , . 
perature . . , ! . ·•: .·1 

;, 3 Tiie user can establish the'maximuni :increase (or · 1~ 
r d~rease) allowed in the zone temperature for each zone. 

Some examples are: 

' ' ·· In t~rms of the ~~lculatea 'EV'r: 'J 
:: i ' · 1 

. 
\ ' I ~ I ••• 

. EVT-- T" · Tit: r:1t:-\ < I . • 

,.- ! .. '- ' I ) 10 . 
.-·\,, 

· ~, . , i n .J (~9) ~,. 

' · · ; ' '()r ·'user denned':' (.• i •; I 
.\ 'T..( 

"' ~ I 

· · ~' I ·.. ' .!: : °..'. .. :, . ' ~ I £~ C ::· • :.f j .i.')'. ... I, • ' . l . ~(; 

., .. . 
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.. 
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·'4 Once that increase or decrefl.S.~ is set, applying equation 16 to 
each zone (with Tk-1 instea~ of Tk in the right side), we obtain a time 
step for each one and choose the minimum. 

5 The system of equations formed by all equations 10 is solved, 
obtaining the vector {Tk}. 

6 Successive iterations between air fl.ow model and thermal balance 
can be performed until zone temperatures converge, but 
few iterations are likely to. be needed after an 
optimized time step has been used. 

,7 Return to stage 2 until the sum of former time steps is 
one hour. 

This procedure is repeated on each time. It is worth noting that the formulation given 
by S3PAS to deal with the convective effect of walls on the zone air temperature is very 
flexible to be coupled in the zone balances, because it :a.voids further iterations over the 
conductive model. 

The development of the complete set of equations describing the thermal and fluid . 
mechanical behavior of a building shows how strong are- the- couplings between these two 
transfer phenomena. However, in other cases, one t.ransf.er phenomep.a. is, domina.nt and 
the coupling becomes weaker. To illustrate this point we present . now 'th~ coupling of .a 
pollutant transport model with an: air flow model. ' : ' : 

4. Coupling COMIS with a Multizone Pollutant Transport Model 

As described in section 2 the transport of concentrations in a multizone building leads to 
the definition of mass balance equations for each pqllu~ant considered, in each controlled 
volume and at each time step of the period studied. These mass balance equations can be 
define in a general manner as described by equations 4 and 5. 

Even·:ii.f the airflow model appears clearly as.ihe leading phenomena in most .of .t.he cases, J. 

the influence of high pollutant concentrations can change significantly the stack effect, it , 
is no more possible then to con~icier. ·each _phenomenon ·separa;tely., al).d coupled analysis 
are necessary [13] , [14] to describe accura..~~ly the combined ~~~cts of t~~ various tran­
sport processes. 

In this part we focus only on the coupling proce~e.s between air flow model and pollu­
tant transport, and we describe a ge_n,~ral .formalization of these coupled phenomena . 

. ... . l ' 

4.1. Fundamentals of C01\1IS pollutant:·model\' ·-

In parallel with the development of the multizone air flow mo.del, ,..)Ve .developed in 
COMIS a multizone transport model defining basically the ID:a.sS '·bala~ce ot' each pollu­
tant in each zone of a building. 

--
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The mass variation in time of a specific conce~tration of a pollutant p in zqne i is _due 
to the divergence of pollutant mass flows thr9ugh the boundaries of this control volume 
increased by internal sources. 

The main assumption here is that the concentration is well mixed in a zone and is tran-
sported from zone to zone by the flow of air. · ·, 

As far as we assume the concentrations beeing transported by the air flows, the ifirst 
level of coupling between the two phemomena is given directly by the mass balance 
equation of each pollutant. 

Equation 21 describes this mass balance. 

d(p . v. ... C.· ) •I . I · . Ip 

vVhere 

P.; 

C;, 
m 'a;jl, 

m'a;;11 

Tl ji' 

k;, 

S;p( t) 
i=O 
NZ 

dt 

Volume of zone i 
Density of dry air in zone i 
Specific concentration of pollutant p in zone i 
Mass flow of dry air between zones i and j through link k 
Mass flow of dry air between zones j and i through link k 
Filter efficiency between zorie 'j and i through link k 
Reactivity of pollutant p in zone i 
Source or sink term of pollutant p in zonei 
Outside conditions. 
Number of zones 

NK Number of links between two zones 
J. •r l •• 

m3 

kg I ms 

kg / kgdryair 

kg/ a 

kg/ a 

0 sf'/ ;;5: 1 

kg/ a 

kg/a 

In equation 21, '1 ;;11 represents the filter effect ~'Of link 'k, between zones j and i on the 
incoming concentration. This effect affects the transported concentration and can 
represent a solid absorbtion along the path or any kind of reaction ( chemical reaction, 
phase ch~nge, .... ) due to the contact of the pollutf}.nt with a solid material when fl.owing 
fropi one . iqn~ to the other. ' · . · .· · . · ' 

;...... • j . : 

k;, that we call reactivity, is a general term to take into account chemical react!m,1~ .. 
adsorption or de~orption effect in solid materials, phase change or .nuclear reactivity of a 
radi~~ct.i-ve .:pollutant in the considered zone .its~li. : : ' ' ,' .. _;:· . 

.. . . . . 
'1 ;;1r and k;, can be defined either as constant~ yalues; or .as f~nctionl?.: of ot.he~ . st~te I:vari­
ab!es~ than t~e concentr.ations. f. l 

S;,ft):repr.esents a source1Qf indoor poll.utant p in zone i. ·. j ',j . -· ' . · .. 
One of the main probl~ms ·in predictirlg thei pollutaiit dispersioi:fin a multizone building 
is the definition of thejn'door".:o~ .. outdoor soun:es a~d 1the· two teri;ns we call reactivity '. 
and filter effect. Good compilation of data has been made by Traynor et al. [15) , [16] 
and Tichenor et al. [17] , but much more is needed in this field to reach a precise charac­
terization of the main indoor and outdoor sources. 

-14-



The first term of equation 21 can·;be developed in 

d (P.1• Vi Gip) d (Pai Vi) . dC1·p 
dt = Gip dt + p di V; ~ (22) 

H · · ?? d (Poi Vi) ' . t d fi ' h b l f d . . . owever m equation ..... , dt is JUS e nmg t e mass a ance o ry air m zone i. 

This mass balance is also writen a.s equation ·23 

d (p . V-) j-NZ lf-NK ;-NZ ll•NK 
01 

' = E E m 1a;1·,,(t)- E E m'ai;lf(t) 
dt j..IJ ,,_, j..IJ ,,_, 

(23)· 

If we introduce the definition given by equation 23 in equation 21 , we obtain a general 
definition of the concentration of pollutant p in zone i involving only the incoming flows. 

dC.· j•NZ lf•NK j•NZ ll•NK ( ) 
Poi vi _dip = E E m'a;;,,(t) (1 - T/;;) C;p(t)- E E m'ajilf(t) +kip C;p(t) + S;p(t) (24) 

t i..IJ ,,_, . j-0 •-1 
To integrate equation 24 in time, we use a purely implicit finite difference scheme. This. 
method leads to the definition of a linear system of equations defining the field of con-· 
centrations at each time step. Under matrix notation we obtain:. 

t'A] { c,• "' }~ { B} . {25) 

With 
lf•NK 

A(i,j) = E-m'a;r1/+At ( 1- T/i•'fl) i "F 'j 
•-1 

p .t V.· NZ fl•NK . . · 
A(ii) = Ill ' + E Em iat.tAt + k· t+At 

I Ji t Jiii Ip 

j-0 •-1 ·, 

p .I V.. Jc-NK 
B(i) = a1 i Q. t + S· t+At + Em iattAt ( 1 - T/ . ) C t+At .6.t IJI • tp 01if ! 0111 . Op 

1c-1 

In the source ter~ B(i), the subscript b represents '·outside characteristics, the~ ter·ms . 
are introduced here a.s boundary conditions of the pollutant transport mod~f at each··. 
time step. . ' ' 

In some c~~s 
0

like humidity transport, tp:e' variation of concehtration may modify the ' 
density of air ~n various zones, influe~c·~ . :the stack . effe'ct, and then may change 
signific'antlf'the ·multi zone mass flow distribution.' r- . , 

We so define the second level of the coupling process between the · twb 1tra'Ilsier ·t 

phenomena by taking into account-'the -effe:ct 0f' rconcentra:tiori 'on· the ~\definition: of the 
density field .which is one of: the ~riying forces for tl_le ,air :.flow distr~~1Jtioi;i. '. . " : i -- : 

The air density of moist' air with.J NP.· polluta:nts is given ·by equatian:.26. · "' ,,,>::i<·,, · ... ~ , 
< 

!. L J f'. I ~ ~ -

~. . . . I. I .... . ' 
• I . 

). '· 
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vVhere 

p [ 1 + XH + if ~i l ... ..:,. 

p = ---------,....---.....-----~-----'--.. 

( ) 
. ' ; 28.9645 i•NP 28.9645 

287.055. T + 273.15 . 1 + XH. . + E (Ji . ---
: , 18.01534 ;.1 • MMi 

p 

T 
XH 

0 

MM 

NP 
287.0551/kg.K 

28.9645g 

18.01534g 

Reference pressure 
Air temperature 
Specific humidity 
Specific concentration 
Molar ma.ss 
Number of pollutants in the mixture 
Constant of dry air 
Molar mass of air 
Molar mass of water vapor 

Pa 
. c ,. 
kgwater / kgdryair 

kg/kgdryair . ;, 

fl 

(26) 

As pointed out in the preceding section, an important problem when coupling ~ifferent 
transfer phenomep.a, is the ~e.finitlon of a reasonable choice for the time stey of. }~e 
sim ulati6n. · 1 

· - '' 
. .. {' 1 " ~ .. ~ . •.. : 

4.2 Selectio~of the time step.1 , 
A ••• • • .) 

I ·;, 

As a first a.pproximiation, we assume that tlie leading: phenomena in equation 24 ·is the 
transport of concentrations by the interzonal airflows. We neglect the filter effects, the · 
reactivity .and the presenc~ of sourqes in order to get a rough estimate of the conceJ1tra­
tion in zone i. With all these assumpti()~, equation 24 has an, analytical solution ~(ld a 
good estimate of the concentration of P?llutant p in zone i is. given by an expone!ltial 
law ,. ~-· i · . " · ' { • ' 

, .. 
~ 

.. 
qP =A EXP 

. ' . 

i•NZ 
E m'a;; 
; -o . 

-Pai Vi .. 

•I 

(27}1.' -. 

·' 

where m 'a ;i represents the total dry air flow coming frnm zpne j to zone i and A is a con"". . 
stant defined by the boundary conditions of the problem. · 

The tifue' con~tant of this pirticular pro bl~~ i~ tJie.n given by 
'. "'! ? ·.1 ' ' } \ ... • i • L (, , ' 

v i, Piu· ~ · 1 •• 
Ti= j•NZ 

E m'a;i 
·-o . ) 

: c.'"' •• 

n ·,. ;.(28) ~ l 
,. . .. 

., , ! : (f, ~ - .. , 1 '\ j ~ ;. 'r ( • ~ i . ' •I -- l 
-.. ··-

As first. s,p,proxiroation, .the condition to fulfill for ,the .time step can: then be taken,as: - . ' . . ..). ~ ;,. .. , - :. . . '-. } ~... ... . . ' . . '• . . . ~ . . . ,. ... 

-:-,. , .... .. . 
• • \ ,I 1. 

" . , . ' ;·.", , • I ·-~ l 

II .• 
' I 

... ... , . 
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5. Illustrative examples 

In this section we .. present two .kind of ex.amples. related with the coupling of thermal and 
airflow models, and pollutant~·transp.dtt_and air- flow distribution. , .... 
5.1. Coupled effect of air flow distribution and thermal behavior of a single 
cell. 

Figure 1 shows a single-zoned cell. North and south facades are exposed to outdoor tem­
perature and each has a large opening. The other walls are connected to a controlle~ 
environment at 20 ·c. 
5.1.l Influence of the thermal characteristics of the walls. 

Different types of wall composition are considered: 

1 Adiabatic walls 
2 Multilayered heavy wall (see description in table 1) 
3 Conductive Wall 

... _; _ . 

The curves in Figure 2 are plotted to show the evolution of .indoor temperature for the 
three types of cell construction. . · · 

We ~an observe how close to the outdoor temperature is the indoor one in the adiabatic , 
cell. This is due to the major role of the air movement compared with the mea~illgless 

"'"'i ~1 1 . • 

wall conductive heat flow. As the wall construction becomes more conductive, the 
indoor temperature swing is more influenced by the constant boundary cQnditio:tl of 
20 °C by means of the co.nductive flow through0 the ·walls. , . 

This simple example shows 'the great ·differences existing in 'the global behavior of 'the · 
cells when dealing with different wall properties iri: an. apparently air flow driven ca5e.· 

5.1.2 Influence of the permeability characteristics of the cell 

In this example we fix the wall construction of the cell (the m ultilayered heavy wall of 
case 2) and distinguish three cases by changing the size and position of the large open­
ings in north and south facades to make the cell successively more air fl.ow driven. 

Figure 3 shows these facades for the three cases te~ted. 
The indoor temperature swing of the three cells exposed to the same meteorologica:l con- . 

. • . ~ f' · • . .~ ' . • ' -:. • ' ~ .. "i .- \· "!- . ' ~! •. . . 

ditions as in Example 1, are represented in Figure 4. . ·· · · · · · - · 
- . ·, : · :.' · . ~ ~ j l '·.:.·. ~ . ·:. J ~ 

The main conclusion of this example_ is t~at desf!~~e its a ci;i-se '";'hi ch is syongly .drive~ ,by , .. , 
the air flow phenomenon the condu'etive· effect ·'of the envelope 'is lalways refevant' 'and ·· 
avoids the indoor temperature becoming eq~al_ to .. th,e outdoor conditions. . ~ 

5.1.3~ Selection of the time step 

In this example the effect of calculating an optimized time step in the temperature evolu­
tion of a -test case is checked. The choice «)fan optimize'd time['.step for the al~-' fl.ow: prob~' : · 
lem ~s related to the relative effect of air mov.ement in.indoor test cell conditions. 

; ~ . . . . ·-· 
This is an unreal case because all the cell walls are exposed externally to a fixed­
temperature environment of 10 °C. Initially the indoor temperature is kept at 20 °C. At 
t=O the window is instantly opened and the indoor temperature of the cell is allowed to 
vary freely. 
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After a certain period of. tiJJie the cell. reaches a steady, state in which both indoor .air 
• I )c.,, • j. _..,1, -•, 

and walls are cooled to 10 °C. 
' ' ·' '.f 

"' 

Initially there exists a gradient of 10 °C between indoor and outdoor so the air mov:e-" 
ment is very efficient through the large opening. This fact provokes a rapid change in 

• . • , ' I • ' 

the air temperature of the cell. Figure 5 shows the difference obtained between ,choosing 
a At = 3600 s and an optimized time step in the simulation of this case. 

The:maximum gap appears in the first time step (only three tenths of a degree Celsius) 
andcthe model with a At= 3600s presents a faster response. There is no difference in the 
time in which steady state is reached. 

5.2 Coupled effect between a multizone airflow model and a pollutant tran- :!l 
sport one 

s.2.1:-weak coupling configuration 

In the following example, we consider a simple configuration with two rooms as 
described in Figure 6. 

Room 1 has a volume of 468 ma' and room 2, 54 ma. The initial concentrations in both 
room are 1000.10-G g/kg dry air; and the outside concentration is 100.10-e g/kg dry air. 
The mass fl.ow rates describe on Figure 6 correspond to a one air change per hour 
configuration. 

Figure 7 shows the evolution of the indoor concentration in both rooms during one hour 
when varying the air exchange rate. AB the concentrations are directly transported by 
the air flow, the results obtained show a direct dependency of the concentration level 
with the air change rate. In this first example, the effects of concentration on the density 
field are to small to perturb the flow distribution. 

5.2.1 Complete coupling configuration 

In order to illustrate the coupling between concentration transport and air flow distribu­
tion, we consider the effect of humidity content on the air flow through a large opening 
separating to zones. The doorway is 2. m high and .Sm wide and its discharge coefficient 
is set to .65. At first we consider a temperature difference varying between the two 
rooms. In the second case the two zones are isothermal ( 20 °C), and we vary only the 
water vapor content on one side of the opening. Figure 8 shows the results obtained in 
comparing these two configurations. A strong driving effect of the humidity content 
appears here. At 20 ° C air may content untill 15 grams of water vapor per kilo of dry 
air, we show here that a difference of concentration of 5g/Kg dry air has roughly the 
same effect than 1 ° C difference. 

2.4.5 Conclusion 

In this paper we described in a general way the main coupling effects found in building 
physics when dealing with thermal behavior, air flow distribution or pollutant transport. 
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We define at first a: general formalism to describe- in· a global way 'all these coupled heat 
and mass transfer phenomena and we developped to configurations fre'quently found in 
buildings. " ,_ .· 

The first corresponds ·to the coupling of a thermal model and a multizone air flow one. 
In this case, the coupling between the heat and mass transfer phenomena appears very 
clearly and is very strong. The temperature field modifying the density distribution is~ 

one of the important phenomena. driving the air flows and the air flow distribution is one. 
of the most important effect defining the enthalpy balance of 'a zone. In this case these 
two transfer phenomena can no longer be solved separately. l 

In the second case, when coupling a pollutant model with an air flow model, On.e may 
think that the coupling due to the density variation is too weak and can be neglected. In 
fact there are mainly situations in buildings where this assumption is wrong when deal­
ing with. important concentrations. 

The examples we present are only illustrative,, and much more work is needed to see the 
sensibility of models to the assumptions taken into accoun.t in the coupling modeling. 
Howe,Ver, they enables us to show the abso~ute necessity of coupled solutions. 

. · 

i -

. . 
1 , •• 

... 

. _.., - . -:: 
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'Fig.· 1: Geometrical definition of the single cell. 

Description of heavy walls ( S.I. Units ) 
-

Layer Thickness Thermal Density Specific 

- - -. -Conductivity -- - Heat 
.1 

Brickwork 
I 

.• 10 . 84 l_700. ' 800 • 
Air layer :as .. - --- . -· -- - -
Foam ins. . 05 .04 10 . 1400. 

Concrete Block 1:10 -" ·- · · :s1· - ' - ::-:~ 1400;...::.:· -·1000. 
Plaster :.02' ' . 26 800. 1000 . 

! . 
' . 

Table !:.:Description of·the·multila,yered walls. 

-20-
I " 

-

l5 

Thermal 
Resistance 

-
.18 
-
-
-



··. ·.: .-;. 

• J. ; 

~-
35 

Legend 

~ • Tout 

~ 'I ' D Tint_!__ 

\ • !rnL2 __ 

§ 30 \ 
Q) ... 
:I -as ... 
Q) 
a. 
E 
~ 25 

" 

10 20 30 40 50 
Time (hJ 

Fig. 2: Evolutio:r;i. of the indoor tempei:_atures o£ the thr,~e'. cells. 
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Fig. 3: Geome,trfoal definition of teste:d.facade5.r; ~ 
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Fig. 4: Evolution of indoor air t~mpe~atures. 
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Fig. 5:' Evolutioh of in:door air temperatures with time. 
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0.10 Kg/s 0.045 Kg/s 

V1=468m3 
0.03 Kg/s 

0.13 Kg/s 0.015 Kg/s 

Fig. 6: Schematic description of the test case . ' •, 
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Fig. 7 Evolution of con,c;.e,ntratiO'n ~~-.b~th r~131s wit~(vario.us a.if cha¥ge rates 
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