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It can be further showna that if the matrix [V]rI,[QJ has
" distinct eigenvalues À, then the solution reduces to:.

(3).lc(r)l : [A] feÑl

where I but is independent of time
t. It ca iraôh,element of tc(t)l is a
linear ntidl functions 'with no
polynomial contributions.

In this Section, a two-cell model is considered in order to
obtain a feel for the problem. Following this, the study is
extended bo an Ncell model where the N eigenvalues are
numerically computed.,

2.1 Túo cell model
Let Vr and V f two interconnecþa ceils, 1
and 2 and let fçom ceil i (: O î, Z) to ceil
j (: 0,.1, 2) w r is considered às cell 0. The
two eigenvalues are then given (Appendix) by,

lb) there may be a combination 
.of 

internâI mixing, equ4l
local infiltration rates and locally balanced infiltrat-ion ànd
exfiltration., . rri ,

3 Case study : " '

to be-made to numerical coi.nputationì. .:: ' .

Equation 3 for an N-c.e[ model can berr-ew¡içtglr,"g.F,

N

i

i, ¡!-ì¡-iíìjt.r ri;r',1 ¿Ìí¡,': rrr;-ji;jll, u.'l .1,t..

(e)

by
r ' ,1, r ,r - r l

,tl i r.

where m¡ : Qii/V¡ for j : 1, 2 ^.,... ' 't :r | ìi lr .-.

Taking-the negative square ;root term!, thd'rnlRimum
eigenvalue is obtained. The square root term in the
resulting equation consists of an infiltrabion term,

X : (QorAy'r)- (QozA/r)

t.): .! ., 
1

and mixing térms. If tþe infiltratioh iätes in each cell are
app her, or.if ther.nixing"terms
are then the sqqale roob term
can series in X fgr*sr4gll X.

Therefdre by expr'essing Equation (4) ',ir ,". 'a of 
"polynomial in X for small X, and then by,.,.,,,,.. : ). , ,

(a) colleðting like terrhs; and j

(b)replacing r"l l1g.ol.idering the airflows inteßell t,
Equation (4) can be simplified to, I

intQor:+-f
Yz

and i+'each wiag, offices are locaJed.algng either side (noith
apd.south) of.a central corridor. .j'ii, ¡, .' i:;-- , t.i t;

;.1;': {!rr ng, and following
' - eafiter v¡ork,. the building

was üa own in Table 1.

Table 1. Détails of building.

I

- Qòr *'mrv

mrVr

-+
Qro-Qor*mrVr

(5)

;t Vz
Zone t

No.
Vol.
ratio

0.109

86 0.016

-\ ,rmln

Vi¿ui Vr. -,,
¡ ;r"r.\ tlr ,.it;,r,,,¡-¡;,1 .tr: i..t ,., .. ,

If the following hold;trudl, ,,

i.e. m large, or,
cell,

:,

-\,.' J(do,+ Qoril{v,ìi vrl . .- -.-'. .-lt1''j . (6)

_D

!t

where R is the,ioial infiltrabion rate.

It;might Ée ðääctudäditiiät tne cônäitions, required for
the dbminant eiþenvalue À.¡n to tend. towards the

;.,r{' .r' (¿i)\tüblnflùëàce irf any one ceü Ís r€duéed.since there are
manyUêlÌå¡Ctind',.'¡.',. r.' .),ì , iir. r lii.

Vol. 6 No. 2 1985r ,,' '" , -'1. ì . ':. . t'

Zone 2tt '.

7

0.005
0.033
0.83?

airflows
system ln

29
770

j,:)

b.'l î".

¡

I tt

"i .. ri: li

Theøvqlump ratios were calculated by
volur¡pn wiqh,the,$qlal

or
sct' one

3 : Z¡tr[¡o d ellitpg ; t lùq. ¿t"irftow a ]'1;],;

operation. le t il
The mechanical ventilatTórttbystem is swiüchèd öff during

the summer.'rnonths. In t^hisrmode, anil with ail éxternal

;83



CORRIDOR 114+ß3Or

B9'

1 63 + ß¡Or

510: . ,',.. i; .' ì

' lr',r..

, r'','l

BUI.DING i'

I ì¡

240 + ßror

216
138+ß! Or

Fig.',l: Aiütdùè (m]/h) in build.ing-(buildíng drawn not to
scale).

doorsiand windows closed, preliminary meastiremeáts weré
made to determine the interzonal airflows and infiltration

4 pesults and Discussion. :; :

Tablé 3 contains details and results obtained from some of
the computer 'runs' which support the discussion that
follows. In all of these, only Zone L (i.e. rooms) was seeded
with a tracer. In all cases, airflows (Fig. 1) were normalised
by the'total fresh air flbw inbo' the builãing, Qt, and volume
ratios were'used.

I 'l j

4.1 Eígenualues
Hernandez and Ring6 have pointed ou.t that, if there is no
connection between cells, then each of the eigenvalues
obdined in a multicell solution could, in theory, be
identified with one of the cells. This was seen earlier in the
two.cell model and it occurs because, with zero intercell
mixing, tracer gases will decay at a distinct rate,
indepþndenl of the other cells. This 'association' of each
eigenvalue with a cell is not sbrictly possible when the çells
are well-connected. ' ' ì' :" \: ,

However, using resulfs frorn Run 4 (Table 3), bhe
eigenvalues (relevant'to those flow conditjons) can be
tentativel¡identified with a particular zone. This was done
by,seeding one zone, i, at a tirne and nobing.the À¡ associated
with the dominant coefficient a¡i: ' i

The ei$envalues were then compared with bobh
air' infiltration rate and the 'total' air change
bhese zones. The botal air change rate is evaluated by
summing all the airflows, including the fresh air, flowing

. ,,ittto that zone. Resulbs are as shown in Table 4.

ned from lheqq. ¡neasurements were
de rep.ese.rÙativê;nqg rabes for use in

. i - . t .J :

\4/hen méasuremênbs to determine infiltration rates are
carried out, it is þrobable

.with to

Uo

aenes may be over- or

the 'fresh
rate into

so

rd values. ' '

.tr ,1,. ,

effeci of:

oveiiventilabed',zonu

0.0, 0.1'' 
r' ;' shgriarrt òr-'d'eadt'3fáce

,0.2;:Sl4 "' enharltÞ'd internÀl

'.: .:i',Ji-'i,': 'i r' ,j,

Table 3. Details of computer'runs' used in case study.
.,'lì.ir.t' ..;,. .1{,

Table 4. Results.

Fìigenvalue Air clange
tlrte

Zone

: l-Èooms "' 3,28
2-ðorrldoi' 'r4l:3
3-¡roof void,, L2.2
4-stairwell L9.7)

5-rest of 0.839
' btritding

Infiltration
rate

.' 4.98,,
i ;i ì.3i1.9 I r,

20.q,
.19.8, 

'-, :11il.0,;,

shows , that,.,the eigenvalues do not
e either to thè fçesh air infiltration or to
gg.r?!e of a zone..

4.2 Effect of partially seeding a build.íng

Fíg. 2 shows concerrtration profiles in Zone 1 for the
seeding patterns shown in Table,;5:.r F.- ,! .,

l-1

l

Notes:

(?tr \9 js the dorninant.6igenvalue.
(9;) Whole building- ir¡filürdbion rate,. R, is 1". . ,

8ri

Table 5.
,i

Paütern of, seeding

p'oiitòå:

Zone t 11

ZonesL,2&4 16

All five zones lrllr'' ' ¡¡' - 
" 

j' lrrij':' 169'':' ' ''; ' '

,:.: ,,. ,.-'. :,-,'1 , , if .Lj: lr.,: rll.,:-.;, :..1 .. ,,. ,-..,,

,- , i,¡, r , .,: . rr,' lì.::Lll ,; ,,.,,1. .,1i.

' 

. 
' 
FiB.: 3 ' shows oo";;SSlrgtjsn plotüëd':ou,.U jîîod

, m) 'to' l;-þaft, for.an
{èvèl öf, 100 range

(100-1 ppm) can, with a suitable iracer' bq üreatured using
.oonventionql,ir¡frared, gas analyse¡s2,'f 4n$. fþ, lgruer range
(100-1 ppb) measured using gas chror¡afiogq4p-hylr, ,
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Perçentage seeded

' ¡i.

Superimposed
'r flows

Ll1f Ì
Eigenvalues

Ru¡ iß, I B, r, i l;,À¡ l. \n \¡ Comment

,:; ril

0.840ò;
0.859

2i09

15

15.2 3.37

23.0 4106

72.2

3.80
'1 

¿

0.840

6
I¡.

1

I

o

4

6

0.0
0.0

0.0

0,0

0.0
0.0

0.0

0.1

0.0

0.0
'dz

0.4

0.0
,0.o'

¡: , '

"db'i 'r'
258

72.8

31.6
sL.0

41.3
'zl.s:

0.0

'0.0

0.0

Tø,7
I

"0.0

Standa¡d
Enhanced
mixing
E¡ihanced
mixing'
Void usagè
Stai¡welI
over-
ventilabed
Stairwell
over-.
ventilabed
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Fig. 4. Effect of enhanced, mircing on Zitne 1 con'óentratíoi'profiles.

The effect of enhancing the inbernal mixing is seen by
considering Runs 1, 2 and 3 (Table 3). As t-he mixing
increases, three out of the four relevant ,eiigenvalues
increase Lwofold in value. The srrrallesL, autl Lhe.tk¡r¡tinanl,
eigenvalue however increases only by about ,1 per-cenb.
Other simulations carried out show lhat as ühe internal
mixing increases above practical levels, all eigenvalues
except bhe dominanb become infinite.

The dominant eigenvalue, however, is seen to increase
slowly bowards the building infilbrabion rabe of one air
change per hour (using normalised airflows and volumes) as
the mixiug increases. It can be seen thab, wibhout any
additional mixing, this eigenvalue was about 15 per cenü
away from the final value.

for the same flow distribubion (Run 1). Table 1 also shows
that bhe influence of the void on the rJominant eigenvahre
was negligible.

In conclusion, it is suggested that a stagnant zone,
provided ibs volume is relatively small, does not to any
extenl influence the overall dispersion of the bracer nor the
magnitude of the dominant eigenvalue.

4.5 Effect of an ouer-uentilated, space

Office buildings usually iniorporate some space, such as a
foyer area or a stairwell, which is over-ventilated in
comparison with the rest of the building. In such instances
there are.bwo distinct airchange rates, one characterising
the ov.er-ventilated space and the obher the rest of the

There is a physical reason why all eigenvalues other thaq buildinþ. It is rrsually the lalter value which is of use for
the dominant increase to infinity. -In 

".ry 
solution lo " tpurposes of either quality of air (i'e. freshness) or, for energy

Equabion 1, one eigenvalue (which turni out-to be the' j considerations'

dominant) musb represent ühe air movement between bhe

building
external

and the outside which has been set up by the 4
To detç¡mine ùhe effecb of an over-venbilated space, Zone
(stairwéll) was connected directly to the outside with Ér

pressure field. If the mixing is balanced, i.e. there meant that up to 20
is no net flow in any direclion, then there is relativelyillttle '

The dominant

set to 0.2 ($un 5) and 0.4 (Run 6). This
and 40 péi cent of the tobal inflow of

disturbance upon the building envelope.
air into the building

flowed inbo and out through Zone 4.
eigenvalue therefore remains
ctrãiiges ìh intercell airflows.

relative]¡ upi,fqcted, wibh
,s¡he resuliinÊlêìþ'eiiúatues,arò given iti Ìâble d.'In both

ca'ses; thb
0.840 (Rún

and,,0.6

!r

A consequence of better internal mixing is that the
transition period gets shorter and the 'dominant' decay is
established eäthti.. Tliê .üsei'of enhairced irtternal mixing
(elg. by'using. mixi¡rg'-,f ans) r,iF -theref ore j,ustif ied'wheneve4¡ :

whole building infiltration rates are requiredr. .r'. ' t,.,4 
;,'

t:.¡' , 'l i.,
Building Services Engineering Research & Technology86
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initially seeded,. ùhenJhe conservalion of the mass of tracer
gives'

Vr Ör : -(Qro * Qre)Cr f Qzr Cz 
, 1¡.tl

VzCr= Qrz Cr-(Qro*Qzr)Cz (A.21

where ühe independent variable t, has been dropped for
clarily.

The solutions to the above equation are given by,

Cr(t) : al,1eÀlt f, ¿¡2s\zt (A.g)

Cz/tl: aztexft * azzex2r (4.4)

where Àr and \2 are the eigenvalues and the co-riétanùs a¡; (i, j: I or 2) accounb for initial conditions.

The eigenvalues are obtained from the system described
by Equations 4,1 and A.2 by solving the characteristic
equabion,

-2tr: (rr * rz) * (mr * md + V[[(rr t mr) -
(rzlmzll2 * 4mrmzl

where r¡ : Qro|y'l, rz: Q,zolYz,

and mr : Qlz/Vr, mz: Q2tlYz

Equation 4.6 can be refotmulated by considering the
equatiorrs governiag the conservation of mass (negleìting
sr4all changes in density) of air,

rrYr : Qor * mzVz - mrVr (A.Z)

rzYz: Qoz f mrVr -mzYz (A.g)

Substituting these. two equations in Equation A.6, we
obtain the soluüion

:.-2À= t+#]. I l
m2V2 m1V1

Vr Yz

(4.6)

(A.e)X
Qzo * Qzr

Yz

;,1\ ! ì.: .,11j

Qzr Qrz--: u
VrVz

1A.5)..
,';¿..-'j ¡.: , i,;¡r sr.i ,iilt. ir':Ë *'ü

rÍie!¡cr+i"r¡;, 
"riÎürLo, 

gi,,"n-by, 
i

.J[[#-#.#-#] l* 4rh1m2:
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