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Abstract A three-dimensional drift-flux model for particle move
ments in turbulent airflows in buildings is presented. The interac
tion between the carrier air and the particles has been treated 
as a one-way coupling, assuming the effect of particles on air 
turbulence is negligible due to low solid loadings and compara
tively small particle settling velocities. Turbulence effects are 
modelled with a standard K-E model. Wall functions are applied 
at near-wall grid points. Aerosol measurements carried out under 
turbulent room flow conditions are used to validate the numeri
cal calculations. Several particle size distributions are considered 
in the simulations. The model is then applied to mixed flow con
ditions in a room, as well as to homogeneous air supply con
ditions around a human body. The flow fields and particle distri
butions are analysed. Close to a standing person, the particle dis
tribution pattern from a downstream point source is strongly 
dependent on the ventilation air supply rate. This has been con
firmed by experiments reported in the liternture. 

Key words Numerical simulations; Drift-flux models; Indoor 
aerosols; Particle dispersion; Particle deposition; Ventilation 
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Introduction 
At workplaces, in residential buildings and in other in
door environments, people are continuously exposed 
to different particulate pollutants. Both in the airborne 
form and when deposited on surfaces these pollutants 
can be harmful, and better tools for predicting particle 
dispersion and deposition, as well as more knowledge 
regarding exposure control should be developed. The 
modem work environment and the way of working 
have changed with the technical development in our 
society. A better indoor air quality has been aimed at 
and this is today an important measure of our develop
ment. The environmental requirements are higher to-

day than they were when the traditional industrial 
ventilation concepts were developed. Workplaces have 
become cleaner and more people than before are used 
to working in office environments. The health and 
well-being of people has, however, been improved 
only marginally. Many new chemicals and dangerous 
substances, originating from indoor and outdoor 
sources, are still present in the air. This is evidenced by 
the increasing number of "sick-building"-related dis
eases. It is therefore important for us to be able to pre
dict the contaminant movements in air and to find out 
how to minimize the total exposures. The movements 
of passive contaminants, i.e. gases, are already quite 
well understood from an engineer's point of view and 
is not the topic of this investigation. The focus here is 
on non-passive (indoor) particles that do not exactly 
follow the main airstream movements of the room. The 
modelling aspects considered include particle move
ments, particle dispersion and particle settling on sur
faces. 

Characteristics of Particles in Indoor 
Environments 
To be able to solve the indoor environmental health 
and contamination problems, it is important to identify 
the potential sources of indoor particles. The sizes and 
typical particle concentrations can then be determined. 
Owen et al. (1992) classify particles (aerosols) into the 
following six groups: bioaerosols (plant and animal), 
mineral, combustion, home/personal care and radioac
tive aerosols. Bioaerosols contain particles of living ori
gin. These types of particle present a special hazard as 
allergens. Particles belonging to this group may be 
very small and remain airborne for long periods, or 
quite large and remain in the air only for short periods. 

1Work Org1111isntion nmt Ted111ology, Nntio1111/ lnslit11le for Worki11g Life, 5-171 84 Solna, Sweden, 2Department of Built Environment, Royal 
Institute of Tec/1110/ogiJ (KTH), Box 88, 5-801 02 Giivle, Sweden (from January 1998), 3Advanced Thermo-Fluids Technologies Laboratory, CSIRO, 
Building, Constructio11 and Engineering, Higlsett, Victoria, Australia 
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Fig. 1 Particle deposition (unit density spheres) in the respiratory 
system (Wickham, 1992) 

Mineral aerosols are non-organic and do not present 
the infection potential of the previous group but may 
be carcinogenic or mutagenic. Mineral fibres are used 
extensively in building materials. They are manufac
tured from glass, rocks, ceramics, etc. Most of the com
bustion aerosols are in the respirable range and need 
to be considered when designing an air quality control 
system. Tobacco smoke is a well-known complex prob
lem substance in this group. Also, there is concern that 
small particles from motor vehicles, especially diesel 
exhaust, can contribute to the development of certain 
diseases, e.g. asthma. Chemicals, including sprays, 
used and generated in homes and offices belong to the 
last group. They often present a health hazard by their 
chemical nature and their presence in the circulating 
indoor airstream. Radioactive particles, i.e. radon pro
geny, are unwelcome elements in the indoor environ
ment. They are ultra small and may attach to larger 
particles. An efficient ventilation system can, in many 
cases, be useful in controlling exposure rates. 

The size distribution of indoor dust will vary with 
location; there appears, however, to be a pattern. The 
size of dust particles is significant when assessing their 
likely deposition in the airways. Particles greater than 
3 microns (µm) deposit mainly in the upper respiratory 
system while particles that reach the lower parts of the 
lungs are predominantly between 1 and 3 microns (Fig
ure 1). Below 0.4 microns, particles are diffused into 
the body. 

Indoor concentrations of fine particles were deter
mined in 48 homes in Australia (Stratico and Dingle, 
1996). Three monitoring sites were chosen in each 
home, i.e. living room, bedroom and dining room. The 
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combined average of monitoring at all sites gave a� 
hour PM2.5 concentration of 34.4 µg/m3. In the prese 
modelling work, particle sizes (aerodynamic dia1 
eters) from 0.5 to 6 microns have been investigate 
This particle range is assumed to be the cause of ma1 
occupational health and indoor environment problerr 

A significant feature of these particle-laden flo'vl 
and notably the major stumbling block preventii 
their detailed solution and our full physical und{ 
standing of them, is the presence of a very wide spE 
trum of important length and time scales (Elghobasl 
1994). Understanding of the turbulence in particle-fr 
flows is still incomplete. This sets an upper limit tot 
current understanding of the more complex partid 
laden turbulent flows. For low particle concentratio 
there is, however, a negligible effect on turbulence (s 
Figure 2). Here the interaction between particles a1 
turbulence is termed one-way coupling. The partic 
dispersion then depends on the state of air turbulen 
but, due to a low concentration of the particles, t 
momentum transfer from the particles to the turb 
lence has an insignificant effect on the flow. 

Existing Approaches of Particle-Laden 
Flow Modelling 
Two different mathematical treatments of partic 
movements in airstreams are possible. One deals wi 
the fluid phase as a continuum and the particul2 
phase as single particles. This is the Lagrangian a 
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Fig. 2 Regimes of fluid-particle interaction, where cl>P is the V' 
ume fr.iction of particles, 'r is the particle response time, tk is t 
Kolmogorow time scale, and tis the turnover time of large edd 
(Elghobashi, 1994) 
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proach. Particle trajectories are predicted as a result of 
forces acting on the particles. The particle dispersion 
must be incorporated through an empirical diffusion 
velocity or more accurate Monte Carlo methods (Mos
tafa and Mongia, 1987; Crowe, 1982). An alternative 
approach using velocity probability density functions 
to describe particle dispersion in turbulent flows is 
suggested by Lockwood (1989). A Lagrangian compu
tational model for simulating particle dispersion and 
deposition in the human tracheobronchial tree is sug
gested by Li and Ahmadi (1995). In this model, the 
instantaneous turbulence fluctuating velocity is simu
lated as a continuous Gaussian random vector field . 
Large particles, e.g. particles generated from grinding 
wheels, are normally modelled by Lagrangian models 
(Alenius and Johansson, 1996). 

The other approach, the Eulerian approach, treats 
the solid particles as a continuum. The appropriate 
transport (continuum) equations for the bearing fluid 
and the particles are solved respectively. Normally this 
means that the governing equations are similar to the 
N avier-Stokes equations with some extra source I sink 
terms. To be able to use the Eulerian approach for par
ticle dispersion, some kind of continuum criteria must 
be justified. Continuum criteria are discussed by Batch
elor (1974) and Lumley (1978). For this approach to be 
valid, each computational element should- contain a 
number of particles so that statistically averaged prop
erties can be assumed for the particles. Also, the par
ticle size should be significantly smaller than the Kol
mogorow microscale, TJ. 

The parameters governing the micro length scale in
clude the dissipation rate per unit mass, E, and the kin
ematic viscosity, v. For the Kolmogorow length scale, 
11, Etheridge and Sandberg (1996) give: 

11 = ( v:r25 
(1) 

For a ventilated room, the dissipation rate was exper
imentally estimated by Etheridge and Sandberg (1996), 

at a value of about 1 mm for the micro length scale. 
The largest particle diameters used in our examples 
were 0.5 per cent of the micro length scale. 

In Mostafa and Mongia (1987) a lot of research work 
is mentioned where Eulerian approaches have been 
used to predict two-phase flows. 

Model Used for the Present Work 
Low-particle volume fractions with relatively small 
particle diameters are arguments for treating the par
ticles as a continuum. A drift-flux multi-phase model 
has been chosen rather than a fully coupled multi-fluid 
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model. In previous investigations, drift-flux models 
have been successfully used to study settling tanks and 
clarifiers (Celik and Rodi, 1989; Adams and Rodi, 1990; 

Zhou and McCorquodale, 1992). Li and Rudman (1997) 

used a drift-flux model for particle separation in a bot
tom-feed separation vessel. A fully two-phase model 
was compared to the drift-flux model and for a free
settling problem with low solid loadings almost ident
ical results were obtained. Murakami et al. (1992) ap
plied the drift-flux model in a clean room. 

A main advantage of the drift-flux model used here 
is that a number of different particle sizes can be in
cluded in the model. This would have been compu
tationally prohibitive with a fully multi-phase treat
ment. 

Governing Equations 

The governing equations are given in vector form: 

\l. (pV) = 0 (2) 

a(�; +\l · (pV®V) = \l · (µeffVV)-\lP+f (3) 

a(p<I>)+v · (pV<I>) = V · (_&[v<I>)+s<t> 
at cr<I> 

a(pC;) + \l. ( (V+ v )C.) = v. (_&[ vc.) +S . -"t p S I I C1 
" crc; 

(4) 

(5) 

where V, P and V5 are the velocity vector, pressure and 
settling velocity vector respectively. C; is the volume 
concentration of particle class i. The effective viscosity 

µeff is the sum of molecular and turbulent viscosity, 
and the density is p. The body force f due to particle/ 
fluid density differences is modelled by using a Boussi
nesq approximation. Turbulence is modelled using a 
standard K-E model with wall functions applied at near 
wall surfaces. So <I> in Equation (4) can be K or E and 
the non-dimensional numbers cr<I> (1.0) and crc; (1.0), in 
Equations 4 and 5, represent the turbulent diffusivity 
of <I> and C;, respectively. The effect of particles on tur
bulence has not been considered in the current study 
as it is believed that the low solids loadings and com
paratively small particle settling velocities have only a 
very small effect when compared to the high inflow 
turbulence levels. It is also assumed that the particle 
size distribution will not be altered by coagulation due 
to low solids loadings in this study. The possible influ
ence of the body force f on K and E is not considered. 

All variables are defined at the supply inlet. A zero
gradient condition is applied at the outlets and the air
flow rates are distributed with a predetermined ratio 
through the outlets. A finite volume technique based 
on the SIMPLEC algorithm was used to solve the time
averaged multi-phase Navier-Stokes equations. The 
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convection terms in the momentum equations are 
discretized using a second-order finite volume scheme 
(QUICK) for non-uniform grids (Li and Baldacchino, 
1995). A first-order upwind scheme is used for solid
fraction equations and the governing equations for tur
bulence kinetic energy and its dissipation rate. 

Discretization of the Solid Particle Equation 

There are several ways to incorporate Equation (5) into 
the SIMPLEC algorithm. One way is to rearrange 
Equation (5) as: 

a(pC;) (µeff ) �+v · (pVC;) = v · � vC; +Sc;-v · (pV5C;) 
l 

(6) 

The last term on the right-hand side represents a set
tling effect and is treated as a source term in the discre
tized equation. 

The approach used here is to discretize Equation (5) 

directly and include the settling velocity in the convec
tion term. Note that the velocity field (V+ V5) is not 
divergence-free, so a continuity equation cannot be 
used in the discretization of the convection/ diffusion 
equation, as is normally done, e.g. Patankar (1980). 

In Patankar's SIMPLE approach, the following 
discretization equation is obtained for particle concen
trations: 

N 
apCp = L anbCnb+co 

nb=l 
(7) 

where P represents the cell centre and nb the neigh
bouring points. The number of neighbouring points N, 
the coefficients ap, anb and the source term c0 of the 
discretization equation depend on the discretization 
schemes used. When the flow field is required to 
satisfy the continuity equation, the descretized conti
nuity equation can be used to ensure the following de
sirable property in the discretization equation: 

N 
ap = L anb 

nb=l 
(8) 

With the governing equations for particle concen
trations in the drift-flux model, the particle flow field 
does not satisfy the continuity equation, and the above 
property will not need to be ensured. 

Settling and Deposition - Boundary Conditions 

The settling velocity of a particle is derived by equal
ling the fluid drag force on the particle (given by 
Stokes equation) with the gravitational force on the 
particle. It is a velocity relative to air under steady
state conditions. It equals the product of the acceler-
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ation due to gravity and the relaxation time of the 
tide. 

Important parameters in particle deposition 
mation include particle-size-dependent diffusivity 
surface-to-air temperature differences. Equatiom 
Nazaroff and Cass (1989), suitable for indoor air 
lutants, do not include particle inertia because of 
air velocities in indoor airflows. 

When particles are dispersed in air, the ranc 
movement will always result in a net transport 
wards areas of lower concentration, and the drift 
ocity is proportional to the gradient of the pollu 
concentration (Lange, 1995). Deposition to solid 
faces can thus, in a simplified approach, be contrc 
by giving different boundary conditions for the par 
concentration at the wall Cw. A turbulent diffus 
controlled deposition is established by assuming: 

• Cw=O; maximum deposition to the wall 
• aC/ an=O; no deposition to the wall; zero nm 
gradient. 

In the present paper we assume for deposition by 
fusion: 

Cnw is the first normal grid point concentration. Th 
an empirical approach where appropriate a-values 
be found from measured deposition values. Unfc 
nately, the value of a is grid-dependent. It is propc 
here to demonstrate the particle deposition effect, 
an effective deposition boundary condition needs t 
developed. 

It is expected (Eaton, 1994) that single-phase tu 
lence models will overestimate turbulence level 
particle-laden flows. For the indoor pollutants stuc 
here, the mass loading ratio is very small and tl 
effects are assumed negligible. The turbulence ath 
ation is apparently affected by several parameters 
eluding the particle Stokes number, the Reynolds n 
ber, and possibly the ratio of the particle diamete1 
a length scale of the turbulence. Also, there are di 
ences in the turbulence attenuation between v 

bounded and homogeneous turbulent flows. 

Evaluation and Applications 
An Aerosol Chamber Simulation 

Results from measurements with turbulent flow 1 

ditions and a sensitive aerosol detection techni1 
Byrne et al. (1995), have been used for validating 
numerical calculations of particle movements in 
investigation. An aluminium cube test chamber , 
m3, where turbulent flow conditions were gener• 
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Fig. 3 The velocity field at the centerline and di?gonal planes in 
the aerosol chamber 

with a rotating fan, was used for the measurements. 
Air velocities, turbulence levels and average aerosol 
deposition velocities on all surfaces were measured for 
particles of different mono-disperse particle sizes. 
Aerodynamic diameter is used to represent the particle 
sizes in this paper. The numerical simulations were de
signed to follow the experimental work fully, while a 
model of a fully equipped chamber was set up in three 
dimensions. Figures 3-5 show the geometry and the 
general air and particle flow patterns in the test 
chamber generated by the ceiling fan. The velocity pro
file generated by the ceiling fan at the fan exit was 
measured and is used here as the boundary condition 
for the simulation. The figures are based on transient 
calculations showing the results 15 minutes after the 
settling process was started. The flow pattern agrees 
well with the measured flow pattern presented in 
Byrne et al. (1995). 

The non-uniform grid used is 20X20X20. A finer 
grid of 40X40X40 produced similar velocity fields. No 
grid-independent test was done for the particle depo
sition, as the deposition boundary condition used here 
is itself grid-dependent. 

The simplified deposition model presented earlier 
was demonstrated in the numerical simulations. Two 
particle sizes were considered: 2.5 µm with an initial 
concentration of 31.7 mg/ m3 and 4.5 µm with an initial 
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concentration of 55.3 mg/m3. The particles were trans
ported through boundaries, and deposition velocities 
were compared to experiments in the test chamber 

Zero gradient, 2.5 micron, after 15 min 

Fig. 4 The velocity field and streamlines at the centerline plane 
in the aerosol chamber under equivalent conditions as in Figure 
3 

Zero gradient, 2.5 micron, after 15 min 

Particle: 2.8E-8 3.0E-8 3.1 E-8 3.2E-8 
Fig. 5 Distribution of volume fractions at the centerline plane in 
the test chamber. The model includes wall settling but no depo
sition on the walls or ceiling . No mass transport is allowed 
through th bound11ries 
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Fig. 6 Comparison of predicted and measured relative deposited 
particle mass at floor, ceiling and vertical wall with 2.5 µm (aero
dynamic diameter) particles 
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Fig. 7 Comparison of predieted and measured relative deposited 
particle mass at floor, ceiling and vertical wall with 4.5 µm (aero
dynamic diameter) partides 

where real deposition occurred. Thus, no resuspension 
of deposited particles was possible. The results are 
shown in Figures 6 and 7. The agreement is generally 
good. However, it should be mentioned that the results 
shown in the two figures were obtained by tuning the 
values of a for different surfaces for the grid used in 
the simulation. The final tuned a values are 0.95, 0.995 

and 0.67 for walls, floor and ceiling respectively for the 
2.5 µm particle case. The final tuned a values are 0.9, 

0.99 and 0.65 for walls, floor and ceiling respectively 
for the 4.5 µm particle case. The comparison can only 
be considered as representative. A better and phys
ically sensible deposition boundary condition is 
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needed. In a ventilated room, the particle trans 
process is generally controlled by particle <lisper 
due to convection. Examples are given below. 

Particle Dispersion in a Ventilated Room 

In this example, a high-velocity mixing ventilation 
was tested. This particular example could be a c: 
room or other room where many air changes an 
quired. A 10 ppm particle concentration was supi: 
with the incoming air. The geometry of the room 
the airflow condition are shown in Figure 8. The 
area under the ceiling is l.SX0.5 m2 and the outlet 
from the floor level is l.5Xl m2• A 32X22X22 grid 
used for the isothermal calculations. The particle d 
sition through boundaries was not considered in 
example. 

These calculations were carried out with diffE 
mono-disperse particle sizes in a realistic ventilc 
application. A 10 ppm particle concentration was 
plied to the room with the incoming ventilation 
flow. The calculations show a strong dependeno 
particle diameter. Particles tested in our investig< 
ranged from 5 µm to 0.5 µm. It can be seen in Fig1 
that smaller particles tend to be uniformly distrib 
in this almost fully mixed room, while larger part 
tend to settle in the lower (low velocity) part OJ 
room. 

Particle Flow near a Person 

Brohus and Nielsen (1996) presented different 
models of a person and evaluated them by compa1 
with full-scale measurements. For this purpose a 
mal manikin, standing in a wind channel, was us1 
laboratory experiments. The spread of locally g1 

cpartlcle,ln = 10 ppm 

Fig. 8 Geometry of the room and the flow condition for p 
dispersion in a ventilated room 
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Fig. 9 Particle concentrations 
at the centerline plane for dif
ferent particle sizes. The area 
under the black line shows in
creased room concentrations, 
i.e. the boundary for room con
centrations greater than 10.l 
ppm. With a small particle size 
this area is negligible 
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10.1 mbounda�--
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4µm 

3µm 

ated passive contaminants in the near field of the 
· manikin was compared to numerical experiments. One 
aim of the experiments was to find out whether the 
turbulent flow conditions generated downstream of 
the manikin would be able to bring the locally gener
ated contaminants up into the breathing zone. In the 
present work, a similar investigation based on numeri
cal calculations was made using non-passive contami
nants which therefore were expected to behave dif
ferently from the passive contaminants used by Brohus 
and Nielsen. In the centre plane, 1 m from the floor 
level and 0.45 m from the manikin, a particle cloud 
with a mono-disperse aerodynamic diameter distri
bution of 5.0 µm was locally generated in the particle 
source (Figure 10). The volumetric source strength was 
5.8X10 -6 m3 /s. A non-uniform grid of 42X22X41 was 
used. 

The thermal manikin comprised three different body 
segments. Each of them could easily be equipped with 
unique thermal data. For this case, however, we used 
a constant convective heat flux of 25 WI m2 for all seg
ments. The total surface area of the manikin was 1.65 

m2. The convective heat plume generated by the 
manikin, streamlines of incoming air and velocity vec
tors around the thermal manikin are shown in Figure 
11. With experience from the work by Brohus and Niel
sen (1996), one can expect that the thermal plume 
around the manikin, in combination with recirculating 
turbulent air, would be able to bring contaminants into 
the breathing zone. The airflow between the manikin 

2µm 

1 µm 

0.5 µm 

legs is important for the spread of the particles from 
the local source. The temperature of the incoming air 
was 21°C. 

According to the simulated results, shown in Figure 
12, the particle cloud does not impinge into the convec
tive plume flow surrounding the manikin, and the 

Particle source 

oft 

z 

li_ x 

Fig. 10 Geometry of the test room and the thermal manikin used 
in the numerical simulations. The whole inlet wall was open for 
air supply. The influence of recirculation effects downstream of 
the thermal manikin on the spread of the contaminants from the 
local source was investigated 
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Fig. 11 Central x-z rut showing thermal manikin with surround
ing velocity vectors and streamlines. A uniform free stream sup
ply velocity of 0.3 m/ s from the entire supply wall was used. The 
square in the middle is the particle source 

Fig. 12 Streamlines and particle spreading behind (downstream) 
the thermal manikin. The uniform supply velocity was 0.3 m/s 
and the particle aerodynamic diameter 5 flm 

breathing zone of the manikin remains clean. Brohus 
and Nielsen (1996) had, for a similar case, the opposite 
experience with a passive contaminant source (see Fig
ure 13). The upstream diffusion of the particle cloud 
was here much stronger and the breathing zone was 
highly contaminated by the local point source. 

After decreasing the uniform velocity supply rate 
from 0.3 m/ s to 0.15 m/ s the non-passive particle ex
periment shown in Figures 11 and 12 was repeated. 
This time the particle settling velocity became rather 
dominant and the incoming air front was almost 
stopped by the settling particles (Figures 14 and 15). 
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According to our numerical predictions, the p 
ability of having a contaminated breathing zone 
decreased with the lower air supply flow rate of 
m/ s. The particle size used in this study was 5.0 

A smaller particle size would give a lower settling 
ocity. Ultra small particles are supposed to behave 
proximately as passive contaminants shown in Fii 
13. The airflow behaviour is locally (close to the so 
in Figure 11) influenced by the particle source stren 

-

Fig. 13 With passive contaminants, which fully follow the v 
l<ltion airstream, a high contaminant concentration is predict1 
the breathing zone. umerical simulations by Brohus and • 
sen (1996). Boundary conditions here are similar to those in 
ure 14, with the exception of the non-passive contaminants 1 
there 
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Fig. 14 Central x-z cut showing thermal manikin with surrot 
ing velocity vectors and streamlines. A uniform free stream ! 
ply velocity of 0.15 m/s from the entire supply wall was u 
The velocity field below the local particle source is influence' 
the particle settling 
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Fig. 15 Streamlines and particle spreading behind (downstream) 
the thermal manikin. The uniform supply velocity was 0.15 m/s 
and the particle aerodynamic diameter 5 µm. Particles are forced 
downstream by the airflow and gravity settling. The breathing 
zone is not influenced 

, In such regions, the low particle loacting assumption 
· for turbulence modelling may not always be satisfied. 

·�� : Conclusions and Future Work 
�1- l An Eulerian-based particle simulation model has been 
:g-
ed used to simulate dispersion and deposition of particles 

i 

:i
p· 
d. 

in the air, which are relevant for indoor environments. 
Aerosol chamber measurements have been used to 
check the numerical simulations for two different 
mono-disperse particle distributions. In the present 
work, the focus has been on particle dispersion, while 
particle deposition has only been touched upon to 
satisfy simple wall boundary conditions for mass 
transport at solid boundaries. Example simulations of 
particle-laden flows in realistic indoor environments 
with different types of mechanical ventilation system 
have shown that the simulation model can be useful in 
evaluating designs for reducing particle exposures. It 
can be used to predict exposure levels at workplaces 
and in other indoor environments. An improved 
understanding and better control of indoor pollution 
sources and pollution movements are important in the 
sense that control techniques can be implemented to 
reduce damaging health effects and soiling problems. 

The present investigation shows that the deposition 
on indoor surfaces plays a significant role in the total 
pollutant balance in indoor environments when the 

Modelling of the Indoor Environment - Particle Dispersion and Deposition 

ventilation flow rate is low or when there is no venti
lation. It is therefore of great interest and importance in 
the future to develop deposition boundary conditions 
which are based on accurate physical laws of airflow 
and particle movements in indoor environments. 
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