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TRANSIENT HMODELLING OF INDOOR AIR QUALITY

G.D. McIntosh, G.M, Bragg, and D.L. Sfurna
Department of Mechanical Engineering
University of Waterloo

Waterloo, Ontario

Abstract

L]
A simple model of the dynamic behaviour of air Flows in buildings is
proposed and its effect upon the relationship between transient infiltra-
tion and the concentration of contaminants inside the building envelope is
determined. The model suggests that the time scale of the building dynamic
behaviour is an order of magnitude smaller than the tlme scales of infil-
tration due to wind and mechanical ventilation effects, enabling the bulld-
ing alr flow dynamice to be decoupled from the inflltration and ventilation
effects.

Introduction

Traditlonal descriptions of indoor alr quality have frequently been
based upon attempts to use steady-state models to describe time averaged
quantitles. Recently, however, Sandberg (1981, 1983), Skaret and Mathlgen
(1983) and others have attempted to provide broader definitlons of hoth
ventilation effectiveness and concentration parameters which provide useful
statistical descriptions of indoor alr quaiity. This work has In the maln
been adapted from models based on continuous flow analysis of chemical sys-
tems. With the ald of this vocabulary, it {s possible to begin to develop
models of indoor air behaviour which describe the time varylng propertles
found in practice. 1In addition to the above models, the {ndustrial envi-
ronment provides extensive data on the time variabllity of contaminants

297



quality 1s not yel avallabie 1ln the reslidentlal environment.

Two of the most important parameters in the prediction of indoor
concentrations of pollutants are the rates of infiltration and mechanical
ventilation. If a time varying model of concentration is necessary, then
the time varying properties of Infiltration and mechanical ventiletion are
important. Furthermore, the elastic properties of the building can
conceivably become important in both the analysis of infiltratfon and
indoor concentration. It 1s the object of this paper to attempt to model
responge characteristics of a structure and enclosed air mass in a prelimi-
nary way to determine their i{nfluence on infiltration and ventilation and
hence upon indoor concentration of contaminants. The results are Intended
for use in the construction of a stochastic model of infiltration which is
presently under development. The procedure will be to first consider the
effect on the dynamic response of the alr mass inside the building of
building elasticity and to determine typical pressure wave travel times
fnside bufldings. A model of the dynamic behaviour of the interior air
maes {8 then developed, and the resulting time varylng concentration is
predicted.

The problem of unsteady modelling of ventilation has been considered
by several authors. Katayama (1983) has recently developed a probabilistic
model relating ventilation rates and indoor concentrations but has not
considered instantaneous dynamic models in detail. Hill and Kusuda (1975)
considered experimentally the relationship between fiuctuvating wind speeds
and pressure differences on building envelopes and the resulting infiltra-
tion rates, They did not consider the dynamic properties of the enclosure
directly but did conclude that the major discrepancies between actual fiow
rates and those determined by steady state analysis were due to simultane-
ous forward and reverse flow through windows. 1In addition Hill and Kusuda
obtained power spectra for wind velocity components (Fig. 1) and pressure
differentials (Fig. 2) across windows for a typlical application. In this
case, they found the highest energy containing frequencies were of the
order of 0.1 Hz or less.

In the case of mechanical ventilation, the transient aspects are
dominated by the startup and shutdown processes since the normal operation
of ventilation systems does not provide for varying flow rates. The excep-
tions to this are mainly in the residential building area. In most cases,
industrlal fans have gtarting and stopping times of the order of 1-5
seconds or 0.2-1 Hz,

The Time Scale of Building Air Maes Response

In order to concentrate upon the effect of the building properties
upon the alr mass dynamlics, we shall assume eimple models of both Infiltra-
tion and internal mixing. Inflltration can occur due to a steady inflow—
outflow comblnaticn and by time-varying pulsations. Inside the building,
mixing will occur and for simplicity we have assumed total mixing ot
uniform concentration. Thie cortesponds to the single zone model of
Sandberg. Such a simplification is not realistic in the present context
but, as will be seen, It will act to accentuate any effects due to bullding
elasticity.

The fluild capacitance, inertance and wave travel time are determined
for a rigid bullding as
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Inertance IE x
Wave travel time t' = /IE + Cp= L/a (3)

where: L 18 a chatacteristic building length (in this case in direction of
! imposed pressure difference and flow);
A 1s the building cross section normal to L;
p 18 fluld density;
and a {s the acoustic velocity.

The acoustic velocity in a non-rigid building may be estimated (Streeter
and Wylie, 1975) by
P 4)
Kb

where: a is the acoustic velocity in a rigid contalner;
K i1s the bulk modulus of elasticity of air;
D is a representative diameter of the building normal to the net
flow in the structure;
E fs the Young's modulus of the building envelope;
and h is a representative thicknees of the building envelope.

Fo; a typlcal industrl;I structure we may set a = 350 m/e, K = 100 KPa, E =
10’ kPa, D= 30 m, h = 0.1 m, L = 30 m and hefght of 10 m.

= 0.997a %
= 0.0306 =’ /N

= 0,246 N 82/n’
0.086 seconds

Then

-rn n

P Y0

As 18 clear from these values, the acoustic velocity is unlikely to be
dramatically altered by a normally compliant building and only special
cases such as inflatable structures are likely to have time constants
sufficlently large to be important.

These calculations show that the time constants and alr mass natural
frequencies of relatively large structurees are such that responses are very
fast compared to the time scales of pressure and wind variation reported by
Hill and Kusuda.

The possibility of infiltration being affected through a sudden
imposition of a uaiform externally applied increase or decrease of pressure
is algo small, A uniformly applied increase in pressure of 10 Pa related
to a wind pressure from a 4 w/s wind would increase the internal air mase
by less than 0.01%7. We conclude that even with a reasonably compliant
structure, the time for the air mass of a structure to respond ie
significantly lese than the time scales typical of external wind forces.

The effect of air inertia on unsteady flows and concentratlons
requires a more detailed analysis. In particular, it 1s necessary to
develop the unsteady flow equations and apply the resultant model as an
input to the unsteady coucentration equation.
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- b:hje::::::gyb;IEEISS'a[r in f buliding accounting for fnertial effects
8 equation of mpt{
reslstance form (Streeter and Wylie, 197S§. o e uetemdry rurbutent

1 ap az v 2
3?E«Lg,ﬁ+v,"gwtg.%./-rﬂg_-0 (5)
where: P = pressure

g = acceleration due to gravity

V = velocity

t = time

K = loss coefficlent

D = diameter

z = elevation

8 = elemental length -

L = total Llength of the structure in the directlon of the applied

preesure diffecence

The loss term {s ex
pressed in terms of a loss coefficl
bullding length and the Internal velocity. The tela:l:::h;:!:;eihzo .

::::%:: ze: h:ur. That {3, an assumption for steady state air changes
o be evaluated. Integrating equation (5) over the entire length

dv . Kk 5 AP
— + 2~ V2 = 21
aatxaV pL (6)

::::eiodzoisishe pressure differential across the buflding. The simplest

= directls :r is that of a sudden Imposition of a pressure differgnce in

e ve:gc‘t;c::sie::e ::ildlng. lUslrfrg the condition that the inttial
. expression for velocity as

is obtalned by Integrating equation (6) with respectyto t:m:u"c;é:: S

v - e -1
0y " "G00 S L N

where, C, = K/2L
cz = AP/plL

J::csfgzdz;state velocity is equal to /C27C + Equation (7) will be used t
ingibe eT;ranslent alr flow due to infi tration as a result of a sudd .
B x e model assumes a constant value for wind pressure. Equatl::

(6) determines that th =
the oner e steady-state velocity-pressure relationship is of

V a ApD

vhere n = 1/2. H{l1 and Kusuda (
. 1975) and others have { dicat
experimental value for the exponent n may actually vary :et::e:dl;;a:n;hi

However, the general char
oweve 5.5. acteristice of the flow may be determined with n
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Contaminant Concentration Model

Several models have been developed which describe the concentcatlon of
a contaminant in a building. For the purpose of this paper a slmple, one
zone model which assumes complete mixing 1s presented (Sandberg, 1981).
The concentration 18 considered to be the same at every point and is
described by

dc »
VTEE—-—QC-Fm (8)

where, C = concentration
Q = volume flow rate of alr
V1 = total volume of bullding

m = contaminant generation rate

Tﬁe effect of transient Flow on contaminant concentration may be obtalned
by substitution of (7) into (8) so that:
2/T,C, t_l

dC__%_/c—T—‘z o3 e
T

oo g . C¥a ’ 9
de ez/c,cz t

In order to solve the concentration model, equation (9), it was necessary
to use a numerical solution procedure. Since the equation 1s a first order
ordlnary differential equation, It can be solved accurately using a fourth

order Runge-Kutta ptocedgre (Hornbeck, 1975).

Figutres 3 to 6 are plots of translent flows, based on equation (7).
The data presented are for various bullding geometries, pressure differen-
tials and infiltration rates expressed as alr changes per hour (ACPH).
Qgg is the steady state flow rate achieved at t = =, Cgg is the steady
state concentration at t = = for a source strength m,. Some obvlous trends
are indicated by the data. Those buildings with low infiltration rates,
and hence tighter construction, allow the flow to reach steady state
noticeably faster than those with high infiltratloa rates. Also, the time
to reach steady'state is seen to Increase with decreasing pressure
differentlal.

The most significant difference in the time to reach steady state Is
related to building geomettry. The time to reach steady state for the
bullding with a length of 30 m was | second or less, but with a length of
100 m this time is increased by a Factor of approximately 10. Transient
flows all achieve steady state in less than 10 seconds in the cases consl-

dered.

To best 1llustrate the effect of transfent I{nflltration flow on con-
centration, a situation where the transient nature of the flow is signifi-
cant (see Flg. 5) was s§ud!ed. A building, 100 m f{n length with a cross-
sectlonal area of 100 m“, was considered. In Figure 7 the result of Impos—
Ing an instantaneous pressure differential and contamlnate source (iz =
const for 30, m; = const for t £ 0 where m; is the contamlnant source Flux
before the pressure increment and m; > m; is the source flux after the
pressure increment) on a background concentration is plotted. In Figure 8
the cagse of a sudden increase in external pressure on a decaying concentra-
tion (&z = 0 for t>0) is plotted. The steady flow and transient flow cases
are plotted in both figures. Any differences between the simple model of
concentration bulldup and the model accounting for alr acceleration are
seen to be small before !0 seconds and have no effect over longer periods.
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The data presented are based on an inflltration rate of 10 alr changes
per hour., This value 18 approaching an upper limit in terms of realistic
infiltration rates. Even so, the translent effects due to considering air
mass acceleratlon and bullding elasticity on contaminant concentration are
minlmal.

Conclusions

1. The wave travel time of a pressure pulse in bullding enclosures is very
short compared to both the characteristic time scales of wind fluctua-
tion and mechanlcal ventilation starting and stopping times.

2. The time scale for itnertial effects in alr in typical enclosures 1is so
small that instantaneous behaviour at the time scale of pressure varia-
tion and ventlilation variation may be assumed.

3. It is expected that alterations in the assumptlons of the model wilil
not significantly affect the conclusions. Speclfically, it is not
11kely that the exponent of pressure in the pressure—flow relationship,
incomplete mixing, combinations of ventilation and infiltration, or the
non—additive effects of pressure differentials, will substantially
alter the above conclusions.

4, The time scales of infiltration and mechanical ventilation are one
order of magnitude larger than the t!me scales of the building afr mass
tesponse. Ilence the building will provide an “instantaneous™ response
to unsteady infiltration and ventilation processes.

5. The unsteady response characteristics of the internal building alr maes
are unlikely to be of Importance in normal modelling of the infiltra-
tion-ventilatfon-air contamination system. lowever, studies of venti-
latfon of combustion product or radiation product venting which require
very fast system response may need to consider thls aspect of the
problem. .
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Transient flow behaviour.
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Figure 3.3.b shows computed and experimental thermal effects
of forced convection through continuous insulation in a
corner structure. Pressure difference between air space on
both sides of the wall corner (AP,) and the material proper-
ties of insulating materials for calculation were taken
corresponding to test house conditions and materials.
Agreement between computed and measured results seems to be
satisfactory. Corner structure without vertical wood frame
(in fig 3.3.b) was also computed and according to results
the frame decreases convective heat loss considerably.

Wall corner, horizontal section

——— Apy=27Pa with frame, x measured, Nu=105

— — 4P, =63Pa with frame, © measured, Nu=115

—.— Apg=27Pa without frame Nu=135
-===- apa =63Pa without frame Nu=1,63
—«= Nu=10
» (no convection}
$
= distance
10 4

Jﬁ
S 3-G j

s3 gkt

...

o
B
'

W @1 43 & 05 W UT.

a3

Figure 3.3.b. Computed and experimental distributions of temperature and
heat flow density in a wall corner with mineralwool wind-
break, continuous insulation and forced convection through
it in comer. Temperature are given at depths 145 mm and
50 mm from cold surface of windbreak (total thicnes 50 mm +
190 mm) and heat flow density at inner surface.
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