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Abstract

In this study the COMIS with sub-zones (COwZ) model was modified to allow predictions of personal exposure to contaminant
sources in industrial buildings. A sub-zonal model of a person has been developed. Personal exposure resulting from various
contaminant sources is simulated, taking both local variation in concentration and local influence of the occupant into account. The
sub-zonal approach permits resolution of airflows, temperatures and pollutant concentrations within a room and throughout
a whole building. COwZ incorporates zonal (sub-zonal) modelling within a conventional multizone model, offering advantages over
multizone models but avoiding the greater difficulties associated with CFD modelling.

Numerical simulations made within a large. empty ventilated room using COwZ have been compared with published
experimental measurements and results from CFD modelling studies. Comparisons have also been made with the results of CED
studies made when the room was occupied. The simulations show that the local impact of a person is significant in some cases and

should be considered for the assessment of personal exposure.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The work described here is the initial stage of a pro-
ject at the Queen’s University’s QUESTOR Centre' to
develop a new occupational exposure model to predict
employee exposure to air pollutants while they are at
their place of work. The new program can also be used
for other buildings. This paper concentrates on two
significant aspects of the project: simulation of local
air flow and pollutant dispersion; and, simulation of
personal exposure.

We began by reviewing the development of models
for indoor exposure which have been described by
several authors (see, e.g., USEPA, 1992; Lioy. 1990;
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Brohus, 1997; Georgopoulos et al., 1997; IEH. 1999;
Stewart, 2001).

Exposure models usually treat indoor microenviron-
ments as well-mixed compartments where the concen-
tration of a certain component is found by a simple mass
balance (Maroni et al., 1995). When the air in a room is
assumed to be fully mixed, the room-average concen-
tration rather than a local value is used to predict ex-
posure dose. This well-mixed assumption is usually
inappropriate for large industrial buildings. Recently
developed examples of this type of model are CPIEM
(Koontzet al., 1998) and HAPEM4 (Rosenbaum, 2002).

Other indoor exposure models do not account for
air flow fields within rooms, and users are required to
supply air flow rates between rooms (see, e.g., RISK
(Sparks, 1996), IAQX (Guo. 2000)). Some other models
(such as EASE (HSE, 2000)) are knowledge-based
systems derived from extensive data sets and make
predictions based on matching release scenarios.

Rodes et al. (1991) summarised various measure-
ments from the literature and stated that there may be
considerable deviations between measurements using
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personal exposure monitors (PEM) and microenviron-
mental monitors (MEM). They found that typical ratios
of PEM/MEM were from 1.58 to 13.40.

In practice, concentration gradients will occur, es-
pecially in large buildings. They may be expected to
occur in the vicinity of contaminant sources and also
when using displacement ventilation, where contami-
nant stratification with considerable gradients is utilised
to improve ventilation effectiveness (Brohus and Niel-
sen, 1996).

CFD models are capable of predicting the air flow
patterns and the distributions of pollutants arising from
point or area sources at all positions over a finely-spaced
grid filling the total volume of a room. CFD models
have been used to predict general room airflow, inlet/
outlet arrangements, occupant effects, displacement
ventilation, and contaminant transport (Ren, 2002).
But their application requires much specialised knowl-
edge and sound engineering judgement. Some significant
difficulties with CFD, especially when it is necessary to
use three-dimensional analysis, include: that setting up
the model, and identifying and specifying appropriate
boundary conditions is difficult and time consuming;
that the calculations are time consuming (especially for
industrial buildings); that large amounts of computer
memory are required (because of the restrictions on
grid size) to enable adequate treatment of turbulence;
and that they sometimes fail to converge to a solution.
Furthermore, the large volume of the output requires
considerable effort in post-processing and visualisation
in order to understand the results.

The COMIS with Sub-zones (COwZ) model, recently
developed by Ren and Stewart (Ren and Stewart, 2003;
Stewart and Ren, 2003), is the culmination of a three
year project at the Queen’s University’s QUESTOR
Centre to develop a practical computer model which
includes predictions of source emission rates, local con-
centrations and transport of pollutants inside large
industrial buildings. It nests a zonal model within
a multizone model (COMIS). This combines the ability
to predict variations within rooms with the general
whole-building modelling of a multizone model. COwZ
offers advantages over multizone models but avoids
many of the difficulties associated with CFD modelling.

Recently published work by Mora et al. (2003a,b) on
the use of coarse grid CFD models demonstrates how
these provide superior predictions of local air flows to
those of zonal models. In their classification of zonal
models, COWZ would be classed as a power law model
with specific driven flows (PL-SDF). They show how
PL-SDF models may be satisfactory for the SDF part of
the flow regime, but tend to seriously underpredict
flows in other regions where predictions rely mainly on
the power law model. Their published results appear
very promising and it will be interesting to see the
extent to which they can succeed with more complex,
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three-dimensional room geometries and air flows, pollu-
tion sources, room occupants and in nesting their model
within a multizone building model. Some of the advan-
tages of coarse grid CFD would be lost if it becomes
necessary to use a much finer grid to cope with more
complex situations.

For occupational exposure modelling the approach
we have taken is to modify COWZ to predict personal
exposure to contaminant sources within buildings. A
sub-zonal model of a person has been developed and
implemented in COWZ to create a tool for assessing
personal exposure. It is possible to simulate the cha-
racteristic flow phenomena observed close to a person
and to simulate respiration and heat transfer between
a room occupant and the environment. Personal
exposure is estimated, taking both local concentration
gradients and local influence of the person into account.

2. Sub-zonal exposure model
2.1. Description of COwZ

The transport and fate of environmental contami-
nants from their sources or points of formation in
buildings will be highly dependent on effective modelling
of contaminant emission and dispersion within and
between the rooms. In such cases the critical room is
sub-divided, using a Cartesian grid, into a relatively
small number of discrete control volumes or cells (which
we have called sub-zones). Within a sub-zone, temper-
ature and concentration are assumed to be uniform. All
other well-mixed rooms are treated as single zones.

The approach to the division of rooms into sub-zones
employed here follows the techniques used in standalone
zonal models (see, e.g., Inard ct al., 1996; Musy et al.,
1999). In the sub-divided rooms, two types of sub-zones
are used: standard sub-zones and flow element (or
mixed) sub-zones.

2.1.1. Standard sub-zones

Standard sub-zones are assumed to have a represen-
tative air temperature which does not differ markedly
from their immediate neighbouring sub-zones. The
important characteristic of these sub-zones is that flow
velocities (and momentums) between them are small and
primarily driven by pressure differences. Mass flows
between adjacent sub-zones are calculated in different
ways for horizontal and vertical interfaces.

For air flow across vertical interfaces,

my; = CapAlp; — pil" <|ﬁ—’:—llj'l> (1)
J i

For air flow across horizontal interfaces,
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where m;;2> 0 is the air mass flow rate leaving sub-zone j
to sub-zone i, kg s Cq is discharge coefficient, m s~
Pa™; A is a surface area of the common face between
two sub-zones, m>; p is air density, kg m~>; p is sub-zone
pressure, Pa; g is the acceleration due to gravity, m s~
and /i is the height of the sub-zone, m.

2.1.2. Flow element sub-zones

Flow element sub-zones are used where local air flows
are driven by ventilation inlets, fans, heaters or warm or
cold room surfaces. In these cases the air flow velocities
are better obtained using specific models to describe the
driven flows (see Ren (2002) for many examples). We
present here the equations for a two-dimensional ceiling
jet used in the case studies presented later in the paper.

The jet height, A(x), the maximum velocity, uy(x),
the airflow rate, ¢(x), and penetration length, /.. are
(Rajaratnam, 1976; Heiselberg et al., 1998):

h(x) = 0.16x (3)
i (X) = 3.suoﬁ (4)
() = 0.25q0, /3= (5)
le=4.1H (6)

where x is distance along the axis of the jet, m; ¢ is air
flow rate at the inlet, kg s™': by is the diffuser height, m;
uy is the air flow velocity at the inlet, m s™'; H is the
height of a room, m.

Fig. 1 illustrates a ceiling jet occupying part of a flow
element sub-zone. The air in the upper part of the flow
element sub-zone is driven by the jet flow, while that in
the lower part is not. Air flows in the lower part are
calculated using the same methods as for standard sub-
zones.

One area which still presents difficulties is the treat-
ment required when two or more driven flows are ex-
pected to interact when their trajectories overlap. The
outcome of such interactions presents a difficult problem
for any modelling approach. It may be possible, in some
cases, to repeat model runs with various arrangements
of flow element sub-zone numbers and sizes to ‘tune’ the
model to match measurements—but this approach has
little practical value. In such circumstances we recom-
mend reverting to the use of standard sub-zones beyond
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Fig. 1. Tllustration of the volume occupied by the air flow generated by
an inlet jet and contained within a flow element sub-zone.

the region of interaction, accepting that this will tend to
underestimate (or misrepresent) the magnitude and
velocities of the air flows. If the interaction occurs in
a region where velocities are relatively high it may be
better to use a flow element sub-zone for the immediate
area of the interaction.

2.1.3. Dividing a space into sub-zones

Usually, sub-zones are rectangular parallelepipeds set
side by side. This simplifies the subdivision of rooms and
the treatment of interfaces between sub-zones. But for
non-rectangular rooms, the sub-zones near walls or
corners may have other shapes.

[t is necessary, at the outset, to decide on the appro-
priate number, size and shape of the sub-zones to be
used. This requires prior consideration of the significant
characteristics of the room and the resulting air flows
which will be generated. The first task is to identify the
flow drivers and their trajectories. As an example, for
the ceiling jet, the penetration length is 4.1 times the
room height and the depth of the jet, moving along
the centre line in the direction of flow, is 0.16 times the
distance from the inlet. These simple equations can be
used to decide how many flow element sub-zones are
needed along the path of the jet and how deep they
should be to include all of the air flow associated with
the jet.

In an empty room it is usually satisfactory to begin
with sub-zones of 1—2.5m in length and width, and
0.25—1.0 m high. Alternatively, use about 4—10 sub-
zones in the vertical and 6—15 in the horizontal. The
number, sizes and orientation are then modified to suit
the features of the space being modelled. Where possible
sub-zones are arranged to align with room features such
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as doors, windows, flow obstructions, shapes and loca-
tions of flow drivers or any pollutant sources present.
Setting up and running the model is simplified where
a single sub-zone (or a small number) covers the feature.
In regions where temperature or concentration gradients
are high (near sources), and where it is desirable to
resolve the distributions, more and smaller sub-zones
may be used. For regions covered by standard sub-
zones, accuracy does not increase markedly with the use
of more and smaller sub-zones (see Ren, 2002; Ren and
Stewart, 2003).

For thermal flow element sub-zones, where the tem-
perature gradients are expected to be larger (e.g., a ther-
mal plume or a thermal boundary near a hot wall
surface), small sub-zones are needed; but large enough
to contain the flow element. For a thermal boundary
flow element sub-zone, we typically use between 0.1 and
0.5 m depth (from the warm surface). Such flow element
sub-zones will, as noted in Section 2.1.2, require sepa-
rate calculation of flow element air (the thermal boun-
dary layer) and non-flow clement air (that adjacent to
the boundary layer flow). A combination of the flows
arising in the boundary layer and outside the layer
predict the total vertical flow for the sub-zone. A further
paper describing the methodology in detail has been
submitted for publication. For a thermal plume, the
width of the sub-zone is determined by the width of the
thermal plume (usually, 0.1—1.0 m). For a jet, the size of
the sub-zones is determined by the local height/thickness
of the jet flow (usually, 0.1—1.5 m).

For standard sub-zones, the temperature and con-
centration gradients are usually smaller (except where
the sub-zones contain a pollutant source), the size is
between 0.25 and 2.5m. If a point pollutant source is
present, smaller sub-zones may be appropriate.

2.1.4. Source emission modelling

When the network of a building with nodes (standard
sub-zones, flow element sub-zones, undivided rooms,
and the outside) and associated flow links has been
entered, the solution of the non-linear system of equa-
tions for air mass and thermal energy balances (also
included in COWZ) for each zone (or sub-zone) provides
the pressure and temperature fields and air flow rates.
When source emission rate is provided or source
emission modelling has been included, pollutant con-
centration can also be calculated. Three types of source
emission model (emission from liquid pools, wet paints,
and gas and liquid release jets) have been implemented
in COwZ (Ren. 2002).

2.1.5. Numerical methods

Full details of the numerical methods used in the
program have been given in Ren (2002) and Stewart and
Ren (2003). In summary, the Newton—Raphson method,
and its modifications in appropriate cases, is used for
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the solution of the mass balance equations for the air
flows. For the non-linear systems of equations for the
thermal balances, we use Gaussian elimination with back
substitution. Steady state pollutant transport equations
are also solved using Gaussian elimination with back
substitution, but for unsteady state cases a Gauss—
Seidel iterative method is used.

2.2. Computer simulated person exposure model

The key task of exposure modelling is to predict the
appropriate concentrations. In this new exposure model,
exposure concentrations are addressed by combining
COwZ and a computer simulated person exposure
model. This section focuses on the development of such
a model.

Brohus (1997) provides an extensive review of dif-
ferent models of people which have been developed for
determination of personal exposure. The models may be
divided into four different categories: heated cylinders;
unheated, anatomically correct, small-scale models;
heated, anatomically correct, full-scale models with res-
piration; and, the computer simulated person. The first
three categories have been used in measurement research
and the fourth is used in CFD studies.

The purpose of the models proposed in the following
sections is to create a tool for assessing personal ex-
posure when using a sub-zonal model. Our aim is to
propose models which are both able to re-create the
characteristic flow phenomena observed close to a per-
son, and at the same time, have a minimised level of
complexity that allows their use in practical engi-
neering studies. The models must also simulate respira-
tion and heat transfer between a human being and their
environment.

2.2.1. Geometry and boundary conditions of models

In his CFD study, Brohus (1997) presented three
models (shown in Fig. 2) to simulate air flow close to
a person. These models did not include respiration. Our
new models adopt this simplified rectangular geometry
with the addition of heat transfer and respiration. The
models are called Simplified Computer Simulated
Persons, abbreviated to SCSP.

Table 1, adapted from Brohus (1997), summarises the
geometry of a 1.7m tall average-sized person. The
aspect ratio of the width and the depth for the model are
kept approximately constant and equal to two (Dunnett,
1994). The surface area is 1.62 m?. Usually, the body
surface area, Ap,, may be described as a function of
weight (1) and height (H) (DuBois and DuBois, 1916),

Apy = 0.20236 - W45 . g0 )

The heat transfer boundary condition is chosen as
a convective heat flux of 25 W m™>, which corresponds
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Fig. 2. Outline of the three Simple Computer Simulated Persons
(SCSP) made in a rectangular geometry.

to the activity level of a person standing relaxed. The use
of a heat flux boundary condition rather than a surface
temperature avoids the more difficult task of modelling
heat transfer by convection, radiation and conduction
and the complications associated with sweating, diffu-
sion through skin, respiratory moisture and carbon
dioxide.

2.2.2. Respiration

For the assessment of personal exposure through
inhalation, the exposure concentration and inhalation
rate must be determined, which is affected by respira-
tion.

The pulmonary ventilation rate is defined as the
volume of air which is exhaled per minute. By definition,
the pulmonary ventilation equals the frequency of
respiration multiplied by the mean expired volume
(Astrand and Rodahl, 1986):

Vres :_f;'cs s VT (8)

Table 2, adapted from Asmussen and Nilsen (1989),
shows examples of typical levels of the three parameters
for different activity levels.

Any inhaled contaminants obviously come from con-
taminated air in the breathing zone close to the mouth

Table 1
Geometry of the three Simple Computer Simulated Persons (adapted
from Brohus. 1997)

Part  SCSP model | SCSP model 2 SCSP model 3

Torso 1.7X0.3X0.16216 0.9X0.3X0.13803  0.67X0.3X0.14429
Leg -— 0.8X0.105X0.13803 0.8X0.105x0.14429
Head - = 0.23X0.130.18

Length X width X depth (m). Convective heat flux: 25 W m 2. Surface
area: 1.62 m”. The surface area is the ‘exposed area’. i.c.. the part of the
surface in contact with the surrounding air (this implies that the area in
contact with the floor is not included).
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Table 2

Examples of expired volume, frequency of respiration and pulmonary
ventilation for different activity levels (adapted from Asmussen and
Nielsen, 1989)

Activity level Expired

volume V' (1)

Frequency
Jres (min~")

Pulmonary
ventilation
Vies (I min~")

Rest 0.5 12 6
Moderate work ~2.5 12 30
Maximal work ~3.0 30—40 90—120

and nose. To examine from what distance or volume the
air is inhaled, Brohus (1997) presented a simplified ap-
proach, which is used where the nose (or mouth) is
treated as an exhaust opening with a total area of
1.3 cm? corresponding to the two nostrils of a person
(see Fig. 3). We use this method to calculate the mini-
mum size for a sub-zone containing the person’s mouth.

The velocity, u,, at a distance r from the opening may
be found by assuming inhalation from a hemispherical
surface (Brohus, 1997),

m,
Ap+2mr?

i, 9)
where Agy is the opening area (nostril area) and m, is the
volumetric flow rate.

From Table 2 the pulmonary ventilation for a person
at moderate work is 301 min~'. The inhalation, how-
ever, does not take place continuously but intermittently
at approximately 12 times per minute. If the inhalation
takes place half the time, m, = 60 1 min~". Brohus chose
a capture velocity, u, = 0.25 m s~ and a nostril area,
Apx = 1.3 cm? which yields a radius, r = 2.5 cm. This
corresponds to a hemispheric volume of approximately
30 cm®. Eq. (9) links capture velocity to a capture radius
and capture volume. The air within the capture volume
will be inhaled.

For a person at rest, r = 1 cm, and the hemispheric
volume is approximately 2 cm?, i.e., in both cases re-
latively small volumes and small distances from the
nose/mouth are obtained.

This analysis suggests that the personal exposure for
the SCSP may be simulated as the mean concentration
of a volume between 2 cm® and 30 cm® adjacent to the
surface at the breathing zone height, i.e., 1.5 m above
the floor for a standing average sized person. This
volume depends on the choice of capture velocity; here
Brohus has chosen 0.25m s™'.

2.2.3. Subdivision of zones near a person

We have described how sub-zone sizes are chosen for
standard and flow element sub-zones and have sum-
marised Brohus’ analysis of the air volume captured
during inhalation. Now we consider the implications for
setting up sub-zones near a room occupant. Heat
transfer between a person and their surroundings and
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u=0.25m/s

u, = 0.25 m/s
/ r
m, (z
B il
777

Fig. 3. Simplified model of inhalation to estimate from what volume the air is drawn. The area of the ‘exhaust opening’ is 1.3 cm? and the necessary

capture velocity is assumed to be 0.25m s~' (adapted from Brohus, 1997).

via respiration will have significant influence on local
airflows and subsequent personal exposure. The choice
of location and size of sub-zones near a person should
enable this influence to be modelled.

Fig. 4 illustrates a very simple geometry, but one
which is suitable for the case studies described in this
paper. The sub-zone surfaces adjacent to the occupant
are ‘non flow’, which takes care of the obstruction effect
on room air flows. Otherwise, these are simple standard
sub-zones. The heat input from the occupant’s body is
relatively small and no special treatment of flow ele-
ment/non-flow element air has been used. All the sub-
zones are assigned a heat input in proportion to their
area of contact with the body. The heat transferred is
assumed to change the temperature of all the air in the
adjacent sub-zone. In this simple model, except for the
region near the head, there is no advantage to be gained
from the use of a larger number of smaller sub-zones
close to the occupant. Near the head of the occupant we
have used smaller sub-zones to improve the resolution of
the human exposure concentration (by inhalation).

w
e

u h O O
S
S H | (¢] (©]
S
il (@] o]
S
e
-
= R

Fig. 4. The sub-zone layout around the most basic upright SCSP.
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As described in the previous sub-section, the radius of
the breathing hemisphere (r) is 1—2.5cm, and the
dimension of the head is 0.23X0.13X0.18 (m) (see
Table 1). Here we have set the height of the breathing
sub-zone to 0.23 m, the width to 0.1 m, and the depth to
0.18 m. The sub-zone volume is just over 41, sub-
stantially more than the hemispheric volume calculated
in the previous section which we have interpreted as
a minimum. The tidal volume of the lungs varies from
0.5 to 31 (Table 2). For other sub-zones, where heat
from the body causes a rising flow, the height of the sub-
zones can be larger, for example, 0.5 m.

Although the allocation of sub-zones is rather basic,
even this simple approach will accommodate variation
in heat transfer rates from different parts of the body
and heat exchange associated with respiration—though
neither of these are required for the case studies des-
cribed below.

3. Exposure analysis and assessment
3.1. Introduction

The transport and fate of environmental contami-
nants from their sources or points of formation in the
environment to the point of their biological effect can be
represented in terms of a continuous exposure sequence
(Lioy, 1990). In general, contaminants may be taken up
by the human body via one or more of the three common
routes of inhalation, dermal absorption, and ingestion.

Depending on the purpose for which an exposure
assessment will be used, the numerical output of an
exposure assessment may be an estimate of either ex-
posure or dose. If exposure assessments are carried out
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as part of a risk assessment that uses a dose—response
relationship, the output usually includes an estimate of
dose (NRC (National Research Council), 1983). Other
risk assessments, for example many of those done as
part of epidemiological studies, use exposure—response
relationships, and may characterise risk without the
intermediate step of estimating dose. Our new model
includes estimations of exposure and dose, which are
described below.

3.2. Exposure

The potential for exposure arises when some chemical
contaminant comes into contact with the outer surface
of a person. Most of the time, the chemical is contained
in air, water, soil, a product or a transport or carrier
medium; the chemical concentration at the point of con-
tact is the exposure concentration. Exposure over a period
of time can be represented by a time-dependent profile
of the exposure concentration, which is expressed as,

15

B / C(1)dt (10)

Juy

where E is the magnitude of exposure, C(¢) is the ex-

posure concentration as a function of time, and ¢ is time.
Eq. (10) can also be expressed in discrete form as a

summation of exposure received during various events i:

E=)_CiED; (11)
where ED is the exposure duration, #;4+ — ;.

3.3. Dose

The dose is defined as the quantity of some chemical
entering the body over a period of time. The process of
a chemical entering the body can be described in two
steps: firstly contact (exposure), and secondly actual
entry (crossing the boundary). A chemical crossing the
boundary from outside to inside the body undergoes
two major processes: intake and uptake. Dose for the
two processes is described below.

3.3.1. Applied dose and potential dose

Applied dose is the amount of a chemical at the
absorption barrier (skin, lung, gastrointestinal tract)
available for absorption. A relationship between applied
dose and internal dose is useful. However, it is very
difficult to measure the applied dose directly, as many of
the absorption barriers are internal to the body and are
not localised in such a way as to make measurement
easy. The concept of potential dose is used as an
approximation of applied dose (Lioy. 1990; NRC
(National Research Council), 1990).
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Potential dose is simply the amount of the chemical
ingested, inhaled, or in material applied to the skin. The
general equation for potential dose for intake processes,
e.g., inhalation and ingestion, is simply the integration
of the chemical intake rate:

Dpot = /l2 C(1)IR(t)dt (12)

Jy

where Do is the potential dose and IR(z) is the
inhalation or ingestion rate.

Eq. (12) can also be expressed in discrete form as a
summation of the doses received during various events i:

Dyt = Ci-IR; - ED; (13)

3.3.2. Internal dose (especially via respiratory
and oral routes)

Chemicals in air, food, or drinking water normally
enter the body through intake processes, then are sub-
sequently absorbed through internal uptake processes in
the lung or gastrointestinal tract. Sometimes it is
necessary to estimate resulting internal dose, D, after
intake. Assuming potential dose and applied dose are
approximately equal, the internal dose after intake can
be estimated by Eq. (14):

Dy = szpp ’ AF’:—DPOI - AF
=Y "C,-IR-ED;- AF (14)

where AF is the absorption fraction in units of mass
absorbed/mass applied (dimensionless).

4. Estimation of personal exposure using COwZ

This section presents simulations of personal expo-
sure to contaminant sources located in a mixing ven-
tilated room where the entire flow field in the room is
modelled.

4.1. Geometry and boundary conditions

We have chosen to perform the simulations on a well-
documented test case in order to facilitate comparisons
between the new program simulations and measure-
ments and CFD simulation found in the literature. The
test case is described by Nielsen (1990), and it has been
used as part of the International Energy Agency, Annex
20 work.

The mixing ventilated room is shown in Fig. 5 where
the co-ordinate system is defined and the dimensions are
given.

Three different cases are examined: Case 1, an empty
room; Case 2, SCSP model 1 located at (x,z) = (3,0);

Page 30 of 41



630 Z. Ren, J. Stewart | Environmental Modelling & Software 20 (2005) 623—638

}o48m

Fig. 5. Geometry of the ventilated room used in the case studies. The
air is supplied at the inlet (1) located close to the ceiling, and is
exhausted at the return opening (2) located close to the floor at the
opposite end. The SCSP model 1 (3) is located in the symmetry plane.
z =0 m (adapted from Brohus, 1997).

and Case 3, SCSP model 1 located at (x,z) = (6,0). For
Case 1 the empty room is symmetric and simulated in
two dimensions (1 sub-zone in the z direction). Cases 2
and 3 have been modelled in three dimensions as the
rising warm air flow from the occupant, located at the
room mid-plane, is expected to interact with the hori-
zontal jet flow from the inlet. The flows are expected to
be symmetric about the mid-plane so only one half of
the room need be modelled. Three sub-zones are used in
the z direction.

The inlet conditions for the test case are as described
by Nielsen (1990). The inlet velocity is 0.455m s~ ',
which corresponds to an air change rate of 10 h™'. The
supply air temperature is 21 °C. In Case 1 the flow is
isothermal, and in Case 2 and Case 3 the only heat
source is the SCSP with a surface heat flux of 25 W m 2.
The walls are adiabatic. The air inlet jet is a room-wide
opening at x = 0, at the top of the wall. The outlet is
a room-wide opening at x =9 and the bottom of the
wall.

4.2. Simulation of the flow field

Fig. 6 shows the flow field in the room for the three
different cases. The CFD simulations by Brohus (1997)
are shown in Fig. 7.

For the empty room, the important driving flow is the
inlet jet. The air flow pattern is expected to be uniform
in the z direction and the room is modelled in two
dimensions. We have used six evenly sized sub-zones of
1.5m in the horizontal (x) direction. The depths of the
flow element sub-zones for the jet are determined from
Eq. (3) (0.24, 0.48, 0.72, 0.96 and 1.2 m) and the jet
penetrates to the far wall of the room. The heights of the
remaining sub-zones are set to 0.4 m or 0.5m (lowest
sub-zone layer to incorporate the exit vent).
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The other two cases are modelled in three dimen-
sions. The room is 3 m wide and, in these simple cases,
the flow regime will be symmetrical about the centre-
plane. Thus, effort can be saved by modelling one half of
the room. The space was divided into three sub-zone
columns 0.5 m wide in the z direction. We can anticipate
that upward warm air flow from the occupant will
interact with the jet flow across the ceiling. Without
prior knowledge of the resulting flow pattern we simply
assume the flow beyond the interaction region can no
longer be described by Egs. (3)—(6) and therefore use
standard rather than flow element sub-zones for this
region. For this reason, beyond the occupant location,
the heights of the upper layer of sub-zones no longer
‘step down’ as they do when Eq. (3) is used.

Broadly speaking, COwZ provides results that com-
pare reasonably well with the CFD computed results
described by Brohus (1997), which were reported to
agree with the measurements of Nielsen (1990) very well,
although, for Cases 2 and 3, the CFD model captures
the dead flow field at the right part of the room more
markedly than COwZ.

In the empty room (Case 1), a typical recirculating flow
field is found. There is a relatively high velocity flow in the
x direction near ceiling, the flow field expands vertically
with distance from the inlet. There is a substantial down-
wards flow at the far end wall which the CFD shows
dividing near the exit to form a weaker recirculating flow
along the floor. There is a low-flow zone near the centre of
the room. The flow pattern is dominated by the inlet jet.
These features are all observed in the output from COwZ
as illustrated in Fig. 8. Note that, as mentioned in the
introduction, air velocities are modelled quite accurately
in the jet region but are underestimated in the recircula-
tion region in lower half of the room.

When a person, represented by a SCSP, is located in
the room (Case 2 and Case 3) the flow field is signi-
ficantly affected both near to the person and throughout
the whole room. The SCSP generates a strong upward-
moving thermal plume which then interacts with the
inlet jet near the ceiling. A low-flow recirculation is
generated downwind of the interaction zone. The inlet
jet is partly diverted in the z direction to either side of
the rising warm air flow. The COwZ model results
(bearing in mind Case 1 has one cell in the z direction
while Cases 2 and 3 have 3 cells to simulate one half of
the room) also capture these modified flow regimes
except that the low-flow recirculation where the thermal
plume interacts with the inlet jet is not so well resolved.

4.3. Simulation of personal exposure
This section will present simulation of personal expo-
sure to a planar source in the shape of the floor as well

as point sources at different locations in the room. The
simulations were performed for the empty room and
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Fig. 6. Air flow rate (kg h™") for Cases I, 2 and 3 using COwZ in the plane z = 0 m (vertical symmetry plane).
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Fig. 9. Comparison of dimensionless concentration from COwZ,
measurement and numerical calculation (adapted from Nielsen, 1981)
at a height 0.25H through the occupied zone of the room. Cy is the
concentration in the return opening.

If the room air was perfectly mixed, the dimensionless
contaminant concentration (Cp) as well as the personal
exposure (Ce) would equal 1 in all cases shown in Figs.
10 and 11. However, the simulations clearly show the
significant concentration gradients generated close to
the contaminant source (the floor, particularly at the left
corner) and also close to the SCSP in Case 2 (Case 2 and
Case 3 reported by Brohus).

The concentration gradients result in a dimensionless
exposure ranging from 1.0 to 1.9, dependent on SCSP
location. Changing the orientation of the SCSP (to face
right or left in the diagrams) changes the exposure from
1.3 to 1.9 in Case 2. Brohus (1997) reports correspond-
ing values of 1.2 and 2.0.

4.3.2. Passive point concentration source

A passive point contaminant source is defined as a
pollutant source without any significant initial momen-
tum or buoyancy, i.e., the pollution is supplied with
a very low velocity at room air temperature and at room
air density. An example would be emissions from build-
ing materials and other ‘cold’ sources. A neutral density
mixture of nitrous oxide (N,O) and helium (He) was
used for this study.

For these tests a passive point source was positioned
I m from the floor and on the room mid-plane. For Case
2, where the SCSP is at x = 3 m, the source is at x = 2
and then x =4 m. For Case 3, where the SCSP is at
x = 6 m, the source is at x = 5 and then x = 7 m.

Figs. 12 and 13 show the relevant isoconcentration
plots. These situations were also modelled by Brohus
(1997) using a three-dimensional CFD simulation. For
Case 2 both models predict dimensionless concentrations
ranging from 1.0 to 6.0, but for Case 3 itis 1.0 to 5.0 from
COwZ and 1.0 to 6.0 from CFD (Brohus, 1997).

The distribution of pollutants results in a dimension-
less exposure ranging from 1.0 to 3.0 (1.1—4.9 reported
by Brohus), highly dependent on source location and
SCSP location and orientation. With the SCSP at x = 3
m and with the point source at x =4 m, the predicted
exposures are 1.7 when facing left and 3.0 when facing
right. Brohus reported values of 1.6 and 4.9 for these
cases. This obviously demonstrates the importance of
including the local influence of a person and their
orientation when exposure is modelled.
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Fig. 10. Comparison of computed dimensionless concentration in the vertical symmetry plane (z = 0 m) for Case 1 using COWZ (upper figure) and
measurements reported by Nielsen (1990) (lower figure). The floor is a planar source. The dimensionless concentration, Cp* = C/Cy.
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Fig. 11. Dimensionless contaminant concentration distribution in the vertical symmetry plane (z = 0 m) for Cases 2 and 3 using COwWZ. The floor is

a planar source. The dimensionless exposure concentration, Ce* = C/Cg.

4.4. Analysis and assessment of inhaled dose

This section presents an assessment of the inhaled
dose when a person occupies the room with a planar
source in the shape of the floor as well as point sources
at different locations. The assessment was performed for
two different locations of the SCSP (Case 2 and Case 3).
In all cases the contaminant source, a neutral density
mixture of nitrous oxide (N,O) and helium (He), was
a continuously injected gas at 0.135 mg s

For the planar source in the shape of the floor, the
inhaled dose over 8 h is shown in Fig. 14 for an
occupant doing moderate work (breathing rate at 301
m~', see Table 2) at the locations, (x,z) = (3,0), Case 2,
and (x,z) = (6,0), Case 3. See Table 3 for key. For
different locations of point sources, the results are
shown in Figs. 15 and 16 for Case 2 and Case 3,
respectively.

Fig. 14 shows that, over an 8-h moderate work
period, the occupant located at (x,z) = (3,0) and facing
left (D21, in Fig. 14) inhaled nearly twice the gaseous
pollutants than if he worked at (x,z) = (6,0) and faced
right (D32, in Fig. 14). Over 8h at location
(x,z) = (3,0), the inhaled dose was 22.5 or 32.8 mg
depending on the direction faced. At location
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(x,z) = (6,0) the inhaled dose was 17.3 or 20.7 mg
depending on direction faced.

For the point source cases, the highest exposure
occurred when the pollutant source was upwind (local
flow direction) and the occupant faced towards it. For
Case 2 this corresponded to the point source at location
(x,y,z) = (4,1,0) and the occupant facing right (see
Fig. 6 for the airflow direction). The inhaled dose was
51.8 mg over 8 h moderate work (D24, in Fig. 15), while
it was 17.3mg when the point source was located
downwind and the person faced away from it (D22, in
Fig. 15). For Case 3, worst case was when the point
source was at (x,y,z) = (7,1,0) and the occupant faced
right. The inhaled dose was 51.8 mg over 8§ h moderate
work (D34, in Fig. 16), while it was only 19.0 mg when
the point source was located downwind of the occupant
who faced away from it (D32, in Fig. 16).

We have shown how personal exposure within the
ventilated room is determined by location and orienta-
tion of both occupant and pollutant source. Inhaled
dose is also affected by the degree of activity (rest,
moderate work or heavy work). Considering the results
generated from these case studies, the minimum inhaled
dose over 8 h, where the occupant is resting, is 17.3 mg
while the maximum inhaled dose, where the occupant
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Fig. 12. Dimensionless isoconcentration plot from the vertical symmetry plane (z = 0 m) for two different locations of the passive point concentration
source in the room, Case 2. Top: source location (x,y,z) = (2,1,0). Bottom: source location (x,y.z) = (4,1,0). The dimensionless exposure
concentration, Ce*, is given for two different orientations of the person in each case.

does heavy work and faces a point source at Im
distance, is 181.4 mg—a difference of more than a factor
of ten.

5. Program details

The COwZ program was developed at the QUES-
TOR Centre and the School of Computer Science at
Queen’s University, Belfast by Zhengen Ren and John
Stewart. It adds substantially to the basic COMIS
multizone modelling program (Fecustel and Rayner-
Hoosen, 1990). Like COMIS, it is written in FOR-
TRAN 77 with some use of FORTRAN 90. It was
developed using Digital Visual Fortran v6 and may be
compiled to execute on PCs or Unix machines. Input
and output are by way of standard ASCII text files.
There is no graphical user interface. We are developing
an ‘intelligent assistant’ program to help with the
creation of input files.

The minimum hardware requirement to execute the
program is a Pentium II processor, Microsoft Windows
NT or Windows 95, 16 MB of RAM and 10 MB of hard
disk space. However, the program will execute much
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more quickly, especially for larger problems, with more
memory and faster processors.

The source and executable code for COWZ is avail-
able, without charge to other researchers, from John
Stewart by e-mail at j.r.stewart@qub.ac.uk or check for
details on our web site at http://www.qub.ac.uk/qc/
webpages/whatwedo/researchgroups/enviromentalmod
elling/ia/.

6. Conclusion

In this study personal exposure to contaminant
sources in a ventilated room is examined using
a modified version of the COwZ model and combining
it with a simple sub-zonal model of a person. The
capability to resolve variations in airflow, temperature
and pollutant concentration within rooms makes it
possible to estimate personal exposure in large build-
ings. The local influence of the person on the flow field is
included both for convective heat transfer and effects as
an obstacle to the flow field. Results from the new
program have been compared with published measure-
ments and CFD models. The comparison indicates that
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this new program is an effective model for predicting air
flow and personal exposure within buildings. For the
assessment of inhaled dose, personal activity level is also
considered.

The results illustrate the important influence of
location and orientation of a person and that the local
impact of the person and their activity should be
considered in the exposure assessment.

Compared to conventional CFD, COwZ can be used
to make approximate, but useful, predictions of air
flows and concentration distributions within buildings at
zonal level requiring less time and computer memory.

35
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Fig. 14. Predicted inhaled dose for an occupant doing moderate work
with a planar source in the shape of the floor.
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The user requires a different expertise from that needed
for CFD work.

COwZ combines the features of zonal and multizonal
modelling. A sub-zonal model has been developed and
combined with COwZ to account for the effects of
occupants on air flows and personal exposure. It
appears that no other currently available zonal model
provides this combination of features (zonal model with
multizonal modelling and sub-zonal modelling of an
occupant).

Table 3
Key for position of occupant, direction facing and location of point
source (Figs. 15 and 16 only) for Figs. 14—16

Key SCSpP Facing left Point source
(x;:2) or right (Figs. 15 and 16)
()
D21 3.0 L 2,10
D22 3.0 R 2.1.0
D23 3.0 L 4.1.0
D24 3.0 R 4,1.0
D31 6.0 L 5.1.0
D32 6.0 R 5.1.0
D33 6,0 I ;150
D34 6.0 R 7.1,0
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Fig. 15. Predicted inhaled dose for an occupant at location
(x,z) = (3,0) (Case 2) and doing moderate work with a point source
at (x,y,z) = (2,1,0) and (x,y,z) = (4,1,0). See Table 3 for key.

0+ . x " ¢ t(h)
0 2 4 6 8 10

Fig. 16. Predicted inhaled dose for an occupant at location
(x,z) = (6,0) (Case 3) and doing moderate work with a point source
at (x,»,z) = (5,1,0) and (x,y,z) = (7,1,0). See Table 3 for key.
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