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336



CIB sTH INTERNATIONAL SYMPOSIUM
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PIe eolotion' tttt contani
i¿tione are highest at the

erY difficult'

uLLTTPLF ROOU. STNGLE zoNE UoDEL

Prediction of the time-varying concentration of a cotrtåminant

building begine'*fi¡1 mase b"i"i"" on the airflows into and out

"t."i"¿ 
-qtt.i-"t""dy coudit ions :

in each room of a

of tbe rooo uoder

IF1 + F. =fFo * F"
(1)

(2)
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= air flor¡ rates into room n (kg/s) 

'
F^ - air handling sygËeû ""nntl "ii 
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a11on6 a lotrger tine etep betweeu function evaluatione ie using valuee of C- whichhave been updated less recently than if a short tinestep were used. rne aËcuia"ytta6 evaluated by considering etep changes in the coûtaminant generaÈio¡ rate or intbe supply air flos rate while other parameters were held coDBtant. The6ecooditione lead to einple exponentiar increasea or decreaaee in the coEt.aminartcoDceEtration to Eorne Dee leve1. The ner¡ level aud the exponeutial rateB can bedeternined analytically. Tine 6teps considerably ehorter rerequired to moder rapidly cbanging cooditions. rine step' vecoBcentratione accuraÈe to sithin 0.1 percent of the analytic edabout 40 percent of the Èotal sinulation tirne. Five minute lyabout l0 percent of the simuration tim: with an accuracy of hetransient aolutío¡. The long tineetep giveB e6Be¡tiafry the aame reault aa tbeehort tiuestep 8t tbe end of one hour. ih"""fore, prograltrs nhich are prinarilyconceroed with houly variatione for conpuÈing long tern average conceDtratione canuse timeateps of about five minutee

SAUPLE CALCI'LATION

The following sample calculation rùas made to Èest aod demonstrate the multirooucoDtaminant calculation combined ¡rith the airflor¡ and heat balance calculations inTARP. A typical ranch etyle h-cuee by Hastiuga (7) nas chosen for the study.Figure I showe the floor plan of the houae which coueisred of eix;";;;;;J-."attic. The six roons are the diuing rooú, iiving room and hallnay (n/ll, ti"kitchen (x), the batþ (P), the naster bed.oår (u¡)i tt" 
"""o"j bedro;n-(Brj: ;;dthe third bedroom (83). Doorways between roomB nere sinulated by pairè ofopenings r¡hich allow nixing of air betneeE the rooms. The dining/ri.,ri'og-,ão, i"heated Eo 728. The oÈher rooms are heated only by natural ionvection thlough thedoorwaya. This was done because TARP doe6 not yet have an ai¡ haudler model which¡rould dietribute air through ductB when the furnace ie ou. If the rooma r¡ere aIlcoûtrolled to the eame temperature, there ¡rould be no nixing between the roorns.The nodel ie therefore conservaÈive in conparieoD to an actual forced air 6ystemwith a ceDtrer return ia the ha11¡ray be".Lr" the forced air sy6tem nould havehigher flow ratee and more even teDperature and coDtamiuant diairibution thráughthe houee. Three different combinatíona of openings iD the envelope of the houãewere ainulated to represent leaky, averager-ana iigtrt coûstructio" l"r;"" ir-t,and 3, re6pectívely).

lwo ¡reather patterris r¡ere used. 0ne consísted of values measured on February 22,1982 at Gaithereburg, Ìld. The ayerage outdoor air temperature wa8 37.3F, the ¡rindspeed 5.2 nph, and the ¡vind directiòn r¿aa from the northne6t. The othàr patterûuaed cotrotant values (the above averagea) of ternperature, wind speed, .od,ioddirection in order to give nearly consiant infiltratioo. The infiltration causesa drift of air througb the hou¡e from the northweet to the southeast. Thie driftie conbined rrith the ioterroorn rtrixing by the maas balauce algorithn.
ro the sample calculation a contaminant is released into the kitcben Èhree timeaper d¡ry 8t hours 6, 12, and 18. Infiltratiori ia tbe only contaminant removalmechaniem. Figure 2 showo the relative bourly coûtarninant concentratione in tbekitchen for the three eovelope leakag" ..ã.r. The house *it;-lrr" 

-rrir¡""a
infiltratiou has the loveet avetage conianinant conceutratiou and více veraa asexpected. The unite of coDtaminant coûceDtration require some erplanation.concentration ie computed in (kg _contaminant/kg air) for åirnple inplemeïtation inequation (2) and ea6y conversion to Englis-h unite. Iu the eimulation tbecontaminant ig releaeed at a rate of one tound pér hour for oue hour. tr"grirr,units etere used iu the TARP input becaur" th" sampre houee is deecribed (î) inEnglieh unite). Therefore, an average concentratióo of 0.001 in figur e 2 tealIy¡leans a co¡¡centration of thet value tinee the contami¡anÈ generation rate,whateve¡ ite value.

Figure 3 ahowe tbe coEtaDinant concetrtration in more detail for caae 3 for two
-h?".!. The highest coûceDtratione occur in the kitcheu -- the Bource room. Thekitchen air mixes prínarily ¡¡ith the dining/tiving roon air because of thearrangemeDt of the doorrrays. The other roorã then uir with the dining/Iiviigroom. They alI have véry si¡rilar concentratione. The conceDtrationo etart outoesrly identical and the conÈaninant is releaeed during the hour betreee¡ l8 aod19. Ag coûÈaDinant geDeration begine, the concentration in tbe kitchen increaseevery raPidly. The D/L concentration increaees alowIy. The ÌlB concentraÈíooincreaseg even ltrore s1owly as the contaminant DuÊÈ ¡rix fron the kitchen throughthe dining/living roolr before nixing a,ith the bed¡oom. llhe¡ coDtsminantgeueration stoPs at hour 19, the kitchen concentration decrea6eB very rapidly as
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the house. After a few minutee all zones are at
ol- "o""entration. 

Thie coBcentratioo decays
lowly clears tbe air in all rooms' The rapid
difference of about 5F between the diniog/ living

0n a mild day, wheo ttre roono and outside air are all
e and heating ot "ooii"g 

is oot aeeded' there w-ould be

roorDs causing coûtaEinant conceBtrations to be much

itcheo.

ions are 8uúr¡¡arized i¡ lab1e 1' As the iofiltration
decreasee, but the average

ase 3 the iufiltration dec
oûtaminaut coÁcett!at:
produce lees reductio'

"oo""atrat 
ioD. Tbe

fiilt"tioo. The differeoces between the constant
ather are Dot sigoifi"""1. A fourth case ie presenied

tchen iluring th" 
-;;;ts when the coûtaminant is

oroduced. Thie fan t itot the kilchen at a rate of four kitchen volumes

ier bour (64 cfn)' ti"-tt"'e ie idenii""r to cese 3' The heating load

ï, reduced l8Z rela e 2 while the """1"g"- 
cootaninant ""t"""?ti""l::i l:

iocreased oo Ly 37f. contaminaat
remove the coûtaainant te fully mires
coûcentration ie a very c tice the fao
with the kitchen air befo
ehould be located treal the throughout the room'
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Caae 2Coû8tanÈ
T=3 7 .3F

weather
ll-5 .2nPh

Case 3 Caee 3+fan
Case 1

Infiltration

Avetage load

Daily Average
C oD t aDiûan t
ConceoÈraÈ iooe
x1000

Variable weather

(h-1)

(kBtu/h)

.57 2

26.3

3 .47

3.05

3.02

2.90

2.83

3.05

.305

18.4

6. 16

5.56

5.61

5 .48

5 .4L

ó.ó5

. tó0

L4.4

11.51

10.92

10.86

10.73

10.65

¡0.92

. 184

15.1

8 .46

7 .92

7 ,87

7,76

7.72

7.92

K

DIL

B3

B2

MB

B

Infiltrat ion

Average load

Daily Average
C oot amioant
Conceotrat ions

x1000

(b-1 )

(kBtu/h)

.609

26.0

3.30

2.87

2.84

2.7 3

2.65

2.87

.3r4

l8.t
6.04

5.52

5 .49

5.36

5 .27

5 .52

.1ó0

L4.2

11.52

10.92

10.88

10.73

10.64

10.92

.l8l

14.9

8 í45

7 .92

7.88

7.76

7.70

7.92

K

DIL

B3

B2

MB

B
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TT{O ZONE INTRA-ROOU UODEL

The diecuseion on the use of an exhauet fan indicatee that the fully mixed roomnodel is too siupre for evaluating ventilation performance. However, a detailedmodel of the motion of air r¡ithin a room r"qLir.B numerical golution of theher r¡it,h the eDergy and mase dif f ue iou

much more effective nben outdoor air iasnd removed near the ceiling. Thie vthe- room and ventilation air are ueffecÈive tban eituatioqg in which the veto exhauet leaving
have coufirned that
mixed zorea, upper
and a nixing coeff
appropriate niring values.

Equation (2) can be used with the trroTbe eubscripÈe nhich referred to room6iu each room. The flowg betr¡een zoD.greater than the f lows bet¡yeeD rooms.

rgence, and it gave correct reeults for
roo'. low miring between the trro zones of one

ehould aleo be uodified to compute thenerhod of sinplified stretilication

the eurface and mix only with the air innarD objecte io the room may behaveg heat (and contaminaote) predonioautly
nough infornation on tt 

" coefficiente
tify the major nodificatione that wouldûto TARP.

SYSTEU INTERACTIONS

The oper
influence y6 ten ¡¡i I 1 norma I ly be the priuary
thåt the a. Th-e following two Btudiee iudicate
overall b .r:.ti: 

have a significant iupact on the

rot perform the detailed mase balance Èocorrelatione involving ÈeEperaÈureB audand â,chenbach (ll). Eow should forcedaturally occurring infiltraÈiou? Theand in the ¡vhole building rnust be ueedBaeed o¡r a 6t.udy of conbuition ey6temg
chaprer 22 ot. rbe ASHRAE Handboók (f2)
from increased inf iltration ¡rith theû. Anotber etudy by LevitrB (13), whichothee dryers vented to the outs ide,recommeuded the following correlation.

Iv = In + Fv e(rn/rv)

Iv = the
In = the
Fv = the

infiltrat ion rate
infiltration rate
forced vent ilat ion

r¡ith forced ventilation,
¡¡ith no forced ventilaÈion,
rate.

where
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lheratherlowregre6sioncoef.ficient(0.65)forthiscorrelationaodthegreat
difference from;;:-iit.È correr"tio' raise tr'e q"ettion of the appropriatenese of

either. The ¿et.l1 e¿-nass bar"o-""-i'""ir"ìqo".rio*" a theoretical/ounerical study

of the effect ot iorceJ ventir"tiJo-*-t'ot'"" infiltration as Preseoted below'

Ageinconeidertheernpiricalequationforflowthroughaemallopening:

Fi - Ki{rr-rn)*i 
(4)

'n"t"r, - the flow rate (ncu3/e) through oP:"i:9 i
' (poEitive = into house;-o"g"[ive o out of houae) '

wind and atack effects at the

e of the opeoing--the houee Pressuret
I , usualIY near 0 ' 65 for

o oPeDings, the first oo tbe upvioil side
e dor¡nwiod s ide t
Fl - Kl (Pl -Ph) '.
t;" i:.=,iili;"itl";,,
for ease of alalYtical solutiou '

Amaesbalanceoothehouge,vhichistreatedaeasingle!ooû,requiresthstthe
inward flos through the firra äp""iog-"qo"-r the outwa-rd flow through Èhe second

rrheo rhere i. oì-iãi""¿ veotil;i;;' 
-rr'"t"fore' the houee Pressr¡re is given by

ro - (Pt + P2)12

Next conaider a forced exhauot vettilation rate' Fv'

nes houee Presr,rt-"-ã"ii"g ventilation' Pg' giveo by

P* = (P1

r¡hich reduces

PH=?h

+ P2 - Fv lK) 12

A mass balance le¿de to a

(6)

(7)

(8)

(e)

(10)

to

- Fv/ (2K)

The natural infiltration rate ie

rn ' K(Pt - Pfr)

the tot8l infiltration with ventilation is

Iv - K(P1

Therefore, the

Iv-Ino

- Pu)

increase in infiltration ie given by

Êvl2

rate.

341



CIB sTH INTERNATIONAL SYMPOSIUM

rrhere Iv - In = lvl2. For x=.65 and .5, the relative increaBe in infiltration
sti I I approaches 0.5 at large In/Fv. These exponents are more characterietic of
actual openings, but an exact soluÈion ie difficult. Levins'correlation (13) is
shown for comparieon.

One may then coneider a house with opeDiDgs on four eides. Theoretical
co¡siderations eiroilar to those above indicate thst the florr tbrougb each opening
in the house will increaae by Fv l4 Lt. the openings are identical and x=I. A teBt
case is considered with ide¡tical openinge ou walls facing norÈh, eaat, eouth, and
nest. A wind is aseumed to blor¡ from the north. A einptified nodel of the rsind
effecte predicte preaaureo of 8.47 Pa on the north side, -3.39 Pa on the eaet and
rr98t sidee, aud -1.69 Pa on the south aide. Figure 5 sho¡rs the relative increase
of infiltretion for three flow expo¡rente. For x=I, the relative increase ie equal
to Fv/4 ¡vhen In/Fv > 1.25, that ie, when there ia an inward flow on orly the oorth
surface. lfben In/fv is less than 0.61, air f lowe i¡ t.hrough all foui aurfacea,
and between 0.61 and 1.25' it flows iu through the north and south wal1s and out
through the eaet and rreat wa11s. For x=0.65, there ie inr¡ard flow through ooly
one wa11 ¡¡hen In/Fv > 2.36, with a relative infiltration increase of about 0.14-.
For r=0.5, in¡¡ard flow through only one r¡al1 ie not achieved until In/Fv > 5(beyond the range of f igure 5) with a relative infiltratiou increa6e of about
0.07.

Norv consider the effects of rviud direction on the sample four-sided building. The
Presaure effects of a wind blowiug from due north and 15, 30, and 45 degrees east
of nortb were simulated nith tbe sinple model and the results are summarized in
figure 6. For the wind at 45 degrees there are tno eurfacee upwind with ide¡tícaI
positive pres6uree and t!ùo 6urfaces downwind with identical uegative presBureB
effectively recreating the tl¡o surface case shor¡n in figure 4. For the due north
wind, the conditione are the Bame aB iu figure 5. The responae for the rrind at 15
degree6 reeenbles the north wiud, and the respoû6e for 30 degree6 resemblee the
nort.heaBt ¡¡ind.

This sinple aûalysie could be conducted for more complex building configuratione,
but the complex nature of the effect of forced ve¡tilatioo on infiltratiou ie
already aPPareDt. It is dependent on the relative areas for inward and outward
airflor¡ and the degree to which forced ventilation reverBes the outward flows.
For sinplified ânalysie, the performance shor¡n in figure 6 nay be approrinately
represented by

for In/Fv < 0.7, Iv - Fv (rla)
for Io/Fv ) Iv=In+0.3Fv (rrb)0.7,

Thie correlation also ie a
reference (13) and could be
the detai led maee ba 1ance.
indicates that the detailed

reaso¡ab 1e repreeentation of the data preaeoted in
used in eDergy analyeis programe nhich caûnot coûpute
Iowever, the great variability iu total iofiltration

mags balance is the preferred simulation approach.

The development of a sinultaneoue aimulation of equipment performance anä room
heat transfer ran into co¡vergence problems which are Btill unreeolved in ÎARP. A
mechanical ventilation model ¡vas developed to move a specified volume of ai¡ froo
one rooû to a¡rother based on reLative te¡Dperatures in the two roons. Ooe of thettroonstt could be the ouÈside. This nodel worked whenever oue of the two control
tenPerstures rÍaa the outside teDperature r¡hich iB coDstaDt during the timeetep.
Tbie allowed eimulation of common arrangementB auch ae an exhaust fan or a whoie
houee fan wbich exhausts from the house into the attic. However, when the fao wae
arranged to mir the air betweeû trro roome (Uy Ulowing betr¡een them and baving a
large opening for a return air flor¡ ae night ùe used r¡ith a suDspace roou), there
nere times when the heat balance iterations would uot coûverge. This problen
aPPear6 to be inheretrt iu the long tinestep (one hour), irnplicit heat balance
rnqthod used in TARP. The method inplemeuts the implicit eolution by iteratiol!(1) couPute the outside surface temperaÈures ueíng a heat balaoce based on the
Dost recenÈ estinate of ineide tenpe!atureE; (2) compute the inside surface
teEPeratures ueing the outside tenperature6 and most rece[t estimate of the roortr
air ternperatures; (3) compuÈe the airflows baeed on room air teuperatures; (4)
comPute net¡ room air tenperatures and heaÈing or cooling loads based on the new
inside surface temperatures and airflows; (5) if successive values of roorn
Èemperature or load have not converged, returD to (I); (6) afÈer convergeûce, u6e
the airflo¡rs to computer con!åminant concentråtions.
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