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Abstract

The behavior of the interaction among odour, airborne dust, and dust-borne odour in a ventilated enclosure was

studied from a dynamic point of view. Various parameters are of interest including the odour emission from stored

manure, the role of ventilation as a removal mechanism, and the behavior of the ambient airborne dust present in the

animal housing. Gas-phase (odour), airborne dust-phase, and adsorbed-phase (dust-borne odour) were included in the

model to re¯ect the dynamic and time-dependent scheme such as odour degradation, adsorption of odour to the ex-

isting airborne dust, ventilation, and surface deposition. The derived dynamic equations are su�ciently general to take

into account the simultaneous removal e�ects of turbulent di�usive deposition, gravitational sedimentation, and air¯ow

within a ventilated enclosure. A sensitivity analysis for evaluating the parameters such as ventilation rate, dust particle

size, and ambient aerosol pro®le is also presented. The model can be used in the future to evaluate the dust-borne odour

exposure as a function of environmental and other parameters such as aerosol pro®le, ventilation rate, and enclosure

dimension. Ó 2000 Elsevier Science Inc. All rights reserved.
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1. Introduction

Odour from livestock manure is a complex mix of organic and inorganic compounds. To
evaluate the signi®cance of this contribution to the overall odour risk, it is necessary to deal with
this issue in a dynamic manner. It is however di�cult, expensive and not of particularly great
value to try to quantify a wide range of these compounds.

The source term for odour is inherently time dependent. Odour enters the ventilated airspace
from manure pit, and a substantial fraction of it is adsorbed to the existing aerosol to yield a size
distribution of the dust-borne odour. Removal of dust-borne odour takes place by ventilation and
by deposition (including turbulent di�usive deposition and gravitational sedimentation) onto
walls and other surfaces. This is a competition between these factors that keep dust-borne odour
airborne and those that remove dust-borne odour, and the relative e�ectiveness of the competing
terms is functions of particle size and residence time. The model must keep track of this com-
petition in each size range and update the dust-borne odour size distribution at each time step.
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Phenomena such as turbulent coagulation, di�usiophoresis and thermophoresis can also in-
¯uence the dust-borne odour concentration [1,2]. The contributions from these e�ects, however,
can be estimated to be small and are neglected in this model.

Generally, turbulent coagulation becomes very important for particles larger than 10 lm [3]
and the majority of dust particles found in animal housing have diameter ranged between 0.5 and
5 lm [4,5]. There is some evidence of particles larger than 10 lm found in swine nursery [6] but in
a relative comparison with deposition and ventilation it re¯ects a insigni®cant contribution due to
turbulent coagulation [1], and it is computationally expedient to neglect coagulation that leads to
higher order contribution.

The concentration gradients are not expected to be large enough to make di�usiophoresis
signi®cant. The circulation of air in the model is considered as an isothermal condition, tem-
perature gradients thus will not established in the ventilation ¯ow ®eld and therefore that ther-
mophoresis is not likely to be present. Additionally, there could be hygroscopic growth in the high
humidity environment of the animal housing. Hygroscopic growth, however, is so rapid [3] that
can be considered as a transient that occurs before odour adsorbs to the existing aerosol.

In this paper, the dynamic model is developed by using well-de®ned physical models for the
underlying physical phenomena. Adsorption of the odour to the existing aerosol is relatively well
understood and modeled using the formulas derived by Liao and Singh [7]. An adsorption rate
concept thus could be re®ned from an adsorption model based on the homogeneous surface
di�usion theory. Deposition is more complex. Even though di�usiophoresis and thermophoresis
can be neglected, Brownian and turbulent di�usion, sedimentation and laminar as well as con-
vective ¯ow exist to varying degrees and lead to particle deposition onto walls and other surfaces.

Depending on the ¯ow regime, di�erent models have been proposed for particle deposition in a
ventilated airspace. The turbulent ¯ow scheme appears to be best applicable to a ventilated air-
space in which turbulent ¯ow is a typical feature of the air¯ow. A mathematical model derived by
Crump and Seinfeld [8] for the rate of aerosol deposition on the walls of a turbulent mixing
enclosure of arbitrary shape under the assumption of homogeneous turbulence near the walls was
therefore adopted in the present work.

The goal of this work is to develop a conceptual framework for theoretical analysis to assess
the relative importance of the variables that in¯uence dynamic behavior of odour, airborne dust
and dust-borne odour distributions and thus to extrapolate from limited experimental data to a
range of possible distribution conditions. The input parameters to the model were varied to
correspond to these factors and the model was applied to evaluate the range of possible condi-
tions. A sensitivity analysis for evaluating the important parameters such as ventilation rate,
airborne dust size and ambient aerosol pro®le in the ventilated airspace is also presented.

2. Model development

2.1. Dynamic equations

A ventilated airspace where the system boundary is taken as the walls, ¯oor and ceiling of the
enclosure is shown in Fig. 1. Fig. 1 illustrates the schematic diagram of the transport mechanisms
and the components of the airborne dust-phase, gas-phase and adsorbed-phase. The dust gen-
erated from the ¯oor and the odour emitted from the manure pit into the ventilated airspace are
assumed to be instantaneously dispersed uniformly throughout the enclosure.

Before deriving the system dynamic equations to describe the concentration changes of air-
borne dust, odour and dust-borne odour over time within a ventilated airspace, the following
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assumptions are made: (1) the ventilation air¯ow system is assumed to be a complete mixing
system, (2) all odour ingredients are treated as one gas (i.e., bulk odour concentration), (3) a
dust particle is treated as an aerodynamic equivalent sphere and is electrically neutral, (4) no
gas-to-particle conversion occurs within the system, (5) mass transfer resistance from bulk odour
to outer surface of dust particles and turbulent coagulation of dust- and adsorbed-phase are
negligible, (6) bulk odour concentration is in equilibrium with the adsorbed phase concentration
at the surface, and (7) odour is assumed to be adsorbed on the outer surface ®rst, then enter the
dust particle through surface di�usion, and eventually occupy adsorption sites in the inner
surface.

From a micro-mixing point of view, the population-balance model is the basic model for a
system describing the time- and size-dependent change in properties among airborne dust, odour
and dust-borne odour undergoing adsorption between odour and airborne dust, turbulent dif-
fusive deposition, gravitational sedimentation and ventilation air¯ow.

Gain and loss rates of the interaction among ambient aerosol, odour and dust-borne odour in a
ventilated airspace based on the population-balance model is listed in Table 1. Mathematically,
Table 1 can be written by the following dynamic equations in varying with particle size range k
and time t,

C0�t�
dt
� V ÿ1S�t� ÿ kv

 
�
XNÿ1

k�1

ka�k�
!

C0�t�; �1�

C�k; t�
dt

� ka�k�C0�t� ÿ �kv � kd�k��C�k; t�; k � 1; 2; . . . ;N ÿ 1; �2�

Fig. 1. Schematic diagram of the components of airborne dust, odour and dust-borne odour and their transport

mechanisms in a ventilated airspace.
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n�k; t�
dt
� ÿkd�k�n�k; t� � kv�ns�k; t� ÿ n�k; t�� ÿ cC�k; t�; k � 1; 2; . . . ;N ÿ 1; �3�

where C0(t) is the time-dependent odour concentration (kg mÿ3); S(t) the odour source strength
(g sÿ1); V the air volume (m3); kv the air exchange rate (sÿ1) in which kv�Q/V, Q the ventilation
rate (m3 sÿ1); C�k; t� the time-dependent dust-borne odour concentration in the kth size range (kg
mÿ3); ka(k) the rate of adsorption of odour to aerosol surface in the kth size range (sÿ1); kd(k) the
deposition rate of dust-borne odour or aerosol due to turbulent di�usive and gravitational sed-
imentation in the kth size range (sÿ1); n�k; t� the time-dependent aerosol concentration in the kth
size range (kg mÿ3); ns�k; t� the source concentration of dust in the kth size range (kg mÿ3); c the
loss rate of aerosol being transformed to dust-borne odour (sÿ1); k the size range number; and N is
assigned to be the end point number for a kth size range, dk and dk�1.

In the present analysis, the particle is divided by geometrically equal size bin in the size range of
interest. The dust-borne odour or aerosol concentration is assumed to be a constant diameter
within a bin. The end points, dk and dk�1, of the kth size bin are considered to be equal to the
logarithmic mean of the end points of the bin as,

ln dk � ln dmin � � ln dmax ÿ ln dmin��k ÿ 1�
N ÿ 1

; k � 1; 2; . . . ;N ; �4�

where particles smaller than dmin are considered to be the ®nest, and dmax is the largest particle size
of interest.

2.2. Odour source strength

The scenario of the stored manure pit can be described as follows: (1) the contaminated source
is uniformly distributed in a thickness W of the contaminated layer, (2) odour in the contami-
nation zone di�uses up through a clean layer of thickness L of manure slurry, (3) the chemicals
move in one dimension through the pig slurry in accordance with the principle of mass balance,
and (4) pig slurry is assumed to be isotropic and homogeneous.

The volatilization odour ¯ux from stored manure pit of chemical located initially between L
and L�W can then be described by the following equation [9],

Js�t� � Cse
ÿlt DE

pt

� �1=2

exp
ÿL2

4DEt

� �"
ÿ exp

ÿ�L� W �2
4DEt

 !#
; t > 0; �5�

Table 1

The gain and loss rates for the rate of change for odour, dust-borne odour and airborne dust in a ventilated airspace

Rate of change Gain rate Loss rate

Odour concentration at time t Odour source strength

emitted from manure pit

1. Air exchange rate

2. Adsorption rate of odour to aerosol surface for all size

ranges

Dust-borne odour with size

range k and at time t

Adsorption rate of odour

to aerosol surface

1. Air exchange rate

2. Deposition rate of turbulent di�usive deposition and

gravitational settling at size range k

Airborne dust concentration

with size range k and at time t

Dust source strength

generated from ¯oor due to

air exchange rate

1. Deposition rate of turbulent di�usive deposition and

gravitational settling at size range k

2. Air exchange rate

3. Loss rate of aerosol being transformed to dust-borne

odour
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where Js�t� is the time-dependent odour ¯ux from manure pit (g mÿ2 sÿ1), Cs the initial odour
concentration in slurry column (g mÿ3), l the ®rst-order degradation rate constant of chemical
(dÿ1), L the clean layer thickness of slurry (m), W the contaminated layer thickness of slurry (m)
and DE is the e�ective di�usion coe�cient of odour in the slurry (m2 sÿ1).

The time-dependent odour source strength therefore have the following form as,

S�t� � Js�t�A; �6�
where A is the manure pit area (m2).

Eq. (5) has been used to evaluate indoor inhalation exposure dynamics of odour causing
volatile organic compounds volatilization from stored pig slurry [10]. The key parameter in
Eq. (5) is the e�ective di�usion coe�cient. According to the model developed by Jury et al.
[9], the e�ective di�usion coe�cient de®nes the rate of mass transfer between the liquid and
gas phases. Thus DE depends on the combined mass transfer through liquid and gas boundary
layers.

2.3. Adsorption rate

In a paper addressing the adsorption of odour to the surface of existing airborne dust in swine
housing based on age and size distributions of dust particle [7], a homogeneous surface di�usion
theory is used to evaluate the dust-borne odour dynamics in a ventilated enclosure. Based on the
formulas derived by Liao and Singh (referred to as L±S model) [7], the concept of adsorption
coe�cient which has a unit as air¯ow rate in m3 sÿ1 can be obtained. The L±S model, however,
must be applied with caution because they were based only on a theoretical analysis but little
empirical justi®cation.

When applying an overall steady-state mass balance equation on the bulk odour and adsorbed
dust-borne odour phases yields the following equation [7]:

b�dp�C0;e � weg�U�dp��q; �7�
where b(dp) is the adsorption coe�cient of odour to the surface of an airborne dust with di-
ameter dp (m3 sÿ1), C0;e the steady-state odour concentration (kg mÿ3), we the amount adsorbed
in equilibrium with bulk odour concentration (kg kgÿ1), q the airborne dust exchange rate (kg
sÿ1) and g�U�dp�� is the size-dependent e�ectiveness factor (dimensionless) in which U(dp) is a
size-dependent di�usion length modulus (dimensionless), and could be expressed respectively as
[7],

g�U�dp�� � 3

U2�dp�
U�dp� coth�U�dp�
ÿ �ÿ 1�; �8�

U�dp� � dp�������
Ds�s
p ; �9�

where Ds is the surface e�ective di�usivity of odour in the air (m2 sÿ1),
�������
Dss
p

can be seen as a
di�usion length of odour (cm) and s is the mean residence time of ventilation air (s � V =Q) (h).

If the adsorption reaction of the equilibrium odour concentration at the outer surface of a dust
particle is described by means of a Freundlich isotherm, the ®nal expression of the adsorption
coe�cient b(dp) could be obtained from Eq. (7) as,
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b�dp� � weg�U�dp��q
C0;e

� KCm
0;eg�U�dp��q

C0;e

� KCmÿ1
0;e

3

U2�dp�
U�dp� coth�U�dp��
ÿ 

ÿ 1
�!

Qqp;

�10�

where qp is the density of dust particle (kg mÿ3), and K ((m3 kgÿ1)m) as well as m (m > 0) are
constants of the Freundlich isotherm and could be determined empirically from independent
equilibrium experiments.

Airborne dust particles in animal housing are usually not homogeneous in size [1,2]. Sieve
analysis is often performed to determine a particle size distribution in terms of various size
fractions [4]. The rate of adsorption of odour to an airborne dust surface, ka(k) (sÿ1) therefore
could be expressed as

ka�k� � Z
Z dk�1

dk

b�dp�f �dp�d�dp�; �11�

where f �dp� is the airborne dust size distribution function and Z is the total airborne dust con-
centration (particles cmÿ3). The total adsorption rate is obtained by summing the contribution
from all the size bins.

The lognormal distribution is the most common used distribution for characterizing aerosol
particle size [3,6]. The mathematical form of a particle size distribution thus can be obtained using
a lognormal distribution model [6],

f �dp�d�dp� � 1������
2p
p

ln rg

exp

 
ÿ � ln dp ÿ ln dg�2

2� ln rg�2
!

d� ln dp� �12�

with a geometric mean diameter dg and a geometric standard deviation rg. These parameters are
varied to correspond to the typical aerosol pro®les found in the animal housing. Experimentally
measured particle size distributions could also be used as input for the computation of the ad-
sorption rate.

2.4. Deposition rate

A well-established general model for the rate of aerosol deposition due to turbulent di�usion,
Brownian di�usion and gravitational sedimentation in a turbulently mixed, enclosed enclosure of
arbitrary shape is derived by Crump and Seinfeld [8], and is referred to as the C±S model.

Application of the C±S model to a rectangular enclosure yields expression for the deposition
rate, kd�dp�, of a particle of diameter, dp,

kd�dp� � 1

lwh
�2wh

8><>: � 2hl� sin
p
n

� �
keD�dp�nÿ1
� �1=n

� �

� wlvs�dp� coth
pvs�dp�

2 n sin p
n

ÿ �
keD�dp�nÿ1
� �1=n

0B@
1CA
9>=>;; �13�

where D�dp� and vs�dp� are the Brownian di�usion coe�cient (m2 sÿ1) and the settling velocity
(m sÿ1) of a particle of diameter dp, respectively; n and ke are used to calculate the eddy di�usion
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coe�cient; and l; w, as well as h are the length, width and height of the enclosure. The deposition
rate is assumed to be species independent.

The Brownian di�usion coe�cient of a particle of diameter, dp, is

D�dp� � kBTCslip

3pgadp

; �14�

where kB is the Boltzmann constant (1.380 ´ 10ÿ16 erg Kÿ1), T the ambient absolute temperature
(K), ga the dynamic viscosity of air (p) and Cslip is the slip correlation factor (dimensionless) [11],

Cslip � 1

�
� k

dp

2:541

�
� 0:8 exp

�
ÿ 0:55

dp

k

���
; �15�

where k is the mean free path of air (cm).
The settling velocity of a particle of diameter, dp, is

vs�dp� �
qpgd2

p

18ga

Cslip 1

 
ÿ qa

qp

!
; �16�

where qa is the density of the air (g cmÿ3), qp the particle density (g cmÿ3) and g is the gravitational
acceleration constant (m sÿ2). The deposition rate for the kth size bin is obtained by integrating
Eq. (13) over the whole bin,

kd�k� � 1

dk�1 ÿ dk

Z dk�1

dk

kd�dp�d�dp�: �17�

The C±S model was developed for reactor vessels where turbulence is produced by stirring. The
turbulence parameter (ke) was estimated by assuming complete turbulent dissipation of the input
energy. In the case of ventilation-induced turbulence, however, it is di�cult to estimate ke. In the
present analysis, the estimates of ke used were obtained from the work by Nazaro� and coworkers
[12,13] in that the range of variations of ke in indoor air was based on air¯ow velocity scheme in
the room. The analysis was also applied to a chamber where mixing fans are present and a semi-
empirical expression derived for ke based on a fan speci®cation [14].

3. Numerical simulation

3.1. Input parameters

A typical pig unit measuring 6 ´ 2.5 ´ 2.4 m3 with a totally slatted ¯oor is chosen for illustrative
purpose of modeling. This unit has one negative pressure ventilation system of one high endwall
exhaust fans with a continuous slot inlet. The body weight of each growing pig was estimated to
be 70 kg.

The system of Eqs. (1)±(3) is a linear, ®rst-order system of coupled di�erential equations.
Integration over time is straightforward in principle but is complicated by the existence of a large
number of widely di�ering time scales. The numerical integration scheme used to solve the system
dynamic Eqs. (1)±(3) is a subroutine DIVPRK [15] based on the Runge±Kutta±Verner 5th-order
and 6th-order method and done in double precision with FORTRAN 77. The algorithm is stable
provided the error and the convergence criterion are carefully monitored.

The parameters used in the model simulation are listed in Table 2. Table 2 shows the ambient
temperature is held ®xed at 25°C. Calculations using the model developed for this work indicate
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that, ignoring thermophoretic forces, a change in temperature from 10°C to 35°C has an negli-
gible e�ect on the adsorption and deposition rates. Due to the goal of this work, to examine the
dynamic behavior of the dust-borne concentration, the initial conditions for the gas-, adsorbed-
and particle-phase concentrations for all the simulations were assumed to be zero.

Two di�erent size ranges were considered accounting for a sampling of airborne dust produced
by particle sources found in animal housing: a 0.5±5 lm and a 0.52±21.3 lm as measured in a
swine growing house [4] and a swine nursery [6], respectively.

In order to ®nd an equivalent geometrical standard deviation (gsd) representing the swine dust
particle size distribution with a known geometrical mean diameter (gmd) of 2 lm based on the
measurements by Gao and Feddes [4], a lognormal distribution model shown in Eq. (9) was used
to ®nd an equivalent size distribution by try and error to match an experimental measurement.
The result is shown in Fig. 2A and the equivalent gsd is 1.65.

Maghirang et al. [6] showed that the lognormal distribution can be used to ®t the daily particle
size distribution in a mechanically ventilated swine nursery during warm weather conditions and a
gsd of 3 was found (Fig. 2B). A gmd in the lognormal size distribution however needs to be
determined. A calculation based on the particle data adopted from Maghirang et al. [6] yields an
equivalent 8 lm gmd. The size-dependent dust source concentrations on the ¯oor shown in Table
3 were calculated based on a dust size distribution illustrated in Fig. 2.

Table 3 summarizes the operating parameters used in the model simulations. The ambient
aerosol pro®le, however, was assumed to be time-independent during each individual simulation.

The Freundlich isotherm is widely used to describe sorption equilibrium in environmental
systems with heterogeneous surfaces. Although, in this paper airborne dust is super®cially as-
sumed as homogeneous materials, signi®cant heterogeneity likely exists. Additionally, over time,
airborne dust surface slowly reacted by means of physicochemical or biological manners, which

Table 2

Input parameters for the model simulation

Parameter Description Representation values

Odour source strengtha

DE E�ective di�usion coe�. of odour 2.25 ´ 10ÿ9 m2 sÿ1

L, W Clean and contaminated layers thickness L� 1 cm, W� 10 cm

A Manure pit area 6 ´ 3.5 m2

l 1st order degradation rate 3.15 ´ 10ÿ2 dÿ1

Cs Initial odour concen. in slurry 5 mg lÿ3

Adsorption rate

Ds Surface e�ective di�usivity of odour in air 1.27 ´ 10ÿ8 m2 sÿ1b

K, m Parameters of Freundlich isotherm K� 0.2,b m� 1

V� lwh Enclosure dimension l� 6 m, w� 2.5 m, h� 2.4 m

Deposition rate

n Exponent constant 2c

ke Turbulent intensity parameter 0.1 sÿ1c

ga Dynamic viscosity of air 1.8 ´ 10ÿ3 Pd

qa Density of air 1.2 ´ 10ÿ3 g cmÿ3d

KB BoltzmannÕs constant 1.38 ´ 10ÿ16 erg Kÿ1d

T Ambient temperature 25°C

k Mean free path of air 0.66 ´ 10ÿ5 cmd

qp Particle density 1.0 g cmÿ3

a
Adapted from Liao et al. [10].

b
Adapted from Liao and Singh [7].

c
Adapted from Nazaro� et al. [13].

d
Adapted from Hinds [3].
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may further contributed to surface heterogeneity. Often one ®nds 0 < m6 1 for Freundlich ex-
ponents in Eq. (10). An m� 1 (i.e., a linear isotherm) is used in present analysis to simplify the
model simulation for expedient computation. Van Loy et al. [16] however have shown that the
linear model correctly captures the dynamics of volatile compounds sorption on indoor materials.

3.2. General results

Fig. 3 shows a simulation result of the typical time evolution of concentration pro®les for
odour (Fig. 3A), airborne dust (Fig. 3B) and dust-borne odour for swine dust with gmd 2 lm, gsd
1.65, 1000 particle cmÿ3, and ventilation rate is 845 m3 hÿ1. The contribution to the concentration
pro®les from each size bin is also shown.

Fig. 3B indicates that the dust-borne odour in bins 2 and 3 the e�ects of adsorption is greater
than that of deposition due to smaller particles, while there is a balancing competition between
deposition and adsorption in bins 1 and 4. For the larger particles in bin 5 deposition always takes
control. Fig. 3C shows that there exists competition between deposition and adsorption in bins 3

Table 3

Operating parameters used in the model simulation

Ventilation rate (m3 hÿ1)

280

845

1440

gmd (lm) gsd Z (particle cmÿ3)

Aerosol pro®le

2a 1.65b 1000c

8b 3d 5000c

Bin number

1 2 3 4 5

Dust source concentration in each bin (particle cmÿ3)

gmd� 2 lm 120 (0.95)e 450 (1.85) 200 (2.75) 150 (3.65) 80 (4.55)

gmd� 8 lm 600 (2.55) 2250 (6.65) 1000 (10.75) 750 (14.85) 400 (18.95)

a
Adapted from Gao and Feddes [4].

b
Calculated from Eq. (9).

c
Estimated values based on Fig. 2.

d
Adapted from Maghirang et al. [6].

e
Numbers in parentheses are average particle diameter in micrometer of each size bin.

Fig. 2. Measured and simulated particle size distributions for: (A) a swine growing house with 2 lm gsd, 1.65 gmd and

(B) a swine nursery with 8 lm gsd, 3 gmd.
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and 4. The deposition e�ect in airborne dust is a loss rate as a result of aerosol being transformed
to a dust-borne odour.

Table 4 gives the simulation results of adsorption and deposition rates for two di�erent aerosol
pro®les under a ventilation rate of 845 m3 hÿ1. Table 4 indicates that the orders of magnitude of
adsorption and deposition rates for gmd of 2 and 8 lm aerosol are 10ÿ2 and 10ÿ3 hÿ1 respectively.
This e�ect is shown in the Eq. (10) in which b(dp) and dÿ1

p is directly proportional. The average
orders of magnitude of deposition rates for 2 and 8 lm gmd aerosol are 10ÿ3 and 10ÿ2 hÿ1,
respectively.

3.3. E�ect of ventilation rate

Fig. 4 shows a simulation where the ventilation rate was varied from 280 to 1440 m3 hÿ1 for a
2 lm gmd aerosol and the particle concentration is 1000 cmÿ3. As expected the peak dust-borne

Fig. 3. Simulation result for a typical time evolution of concentration pro®les of odour, dust-borne odour and airborne

dust with 2 lm gsd, 1.65 gmd, 1000 particles cmÿ3 and ventilation rate is 845 m3 hÿ1.
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odour concentration is smaller at higher ventilation rates. Additionally, the peak occurs earlier as
the ventilation increases.

This pattern was also seen in the odour and airborne dust concentration pro®les in that the
equilibrium occurs earlier as the ventilation increases. As the ventilation rate increases, the time to
reach the maximum concentration decreases, and the maximum concentration decreases.
Therefore, increased ventilation rate not only lowers maximum dust-borne odour concentration
but it also causes the maximum concentration to be reached in a shorter time.

Results obtained thus suggest that the role of ventilation as an e�ective removal technique is of
fundamental and practical signi®cance.

3.4. E�ect of aerosol pro®le

Fig. 5 shows simulations performed for two di�erent aerosol pro®les and a ventilation rate of
845 m3 hÿ1. Fig. 5 indicates the smaller particle diameter leads to greater adsorption, which keeps
the dust-borne odour airborne. The larger particles are more e�ectively removed by deposition.
Therefore, changes in particle size to a larger size could lower maximum dust-borne odour
concentrations. The reducing of dust-borne odour concentration of each size bin in Fig. 5 is
followed by a decreasing order of magnitudes of adsorption rates shown in Table 4.

The e�ects of particle concentration are also presented. Fig. 5A and B give simulations for a
2 lm gmd and 1.65 gsd aerosol pro®le at particle concentration of 1000 and 5000 cmÿ3 respectively,
while the performance for a 8 lm gmd and 3 gsd aerosol at 5000 and 1000 cmÿ3 is illustrated in Fig.
5C and D. Fig. 5 show that the more larger amount of particle concentration also leads to greater
adsorption and keeps the dust-borne odour airborne. A comparisons between Fig. 5A and B as
well as between Fig. 5C and D, it is found that, to a very good level of approximation, the dust-
borne odour concentrations varies directly proportional as the particle concentration. This is to be
expected since the adsorption rate is directly proportional to the particle concentration (Eq. (11)).

The most important implication of the changes in particle size will have two e�ects. First, the
changes in the sizes will a�ect the deposition of the particles onto the enclosure surface and thus
a�ect the amount of dust-borne odour products available for inhalation. Second, the changes in
size will alter where the particles deposit within the respiratory tract. Additionally, if the number
of particles is relatively small, adsorption is low and the dominant contribution to the exposure
dose for workers and animals is from the ®ne dust.

The consideration of size distribution is important to the study in exposure dose assessment
due to its sensitivity on the size of the inhaled particle carrying odour. It is worth to note that the

Table 4

Simulation results of adsorption and deposition rates for two di�erent aerosol pro®les (Q� 845 m3 hÿ1 and Z� 1000

cmÿ3)

Bin number (k) Adsorption rate

(ka�k�, hÿ1)

Deposition rate

(kd�k�, hÿ1)

ka�k�=kd�k�

gmd� 2 lm, gsd� 1.65 1 2.63 ´ 10ÿ2 5.35 ´ 10ÿ4 49.16

2 5.44 ´ 10ÿ2 5.49 ´ 10ÿ4 99.09

3 5.12 ´ 10ÿ2 1.22 ´ 10ÿ3 41.97

4 2.18 ´ 10ÿ2 5.92 ´ 10ÿ3 3.68

5 4.21 ´ 10ÿ3 3.59 ´ 10ÿ2 1.20 ´ 10ÿ1

gmd� 8 lm, gsd� 3 1 1.86 ´ 10ÿ2 5.26 ´ 10ÿ4 35.31

2 1.47 ´ 10ÿ2 1.40 ´ 10ÿ3 10.52

3 7.47 ´ 10ÿ3 2.16 ´ 10ÿ2 3.46 ´ 10ÿ1

4 2.42 ´ 10ÿ3 4.25 ´ 10ÿ1 5.70 ´ 10ÿ3

5 5.02 ´ 10ÿ4 5.19 1.00 ´ 10ÿ4
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ambient aerosol may undergo some hygroscopic growth in the high humidity environment in
animal housing, e.g., in a misting system. If the aerosol particle can grow to a large size, then this
increase will result in a large adsorption rate of dust-borne odour. Also if the aerosol can grow in
the high humidity achieved during misting, then it can grow in the respiratory tract. Therefore,
when the dust-borne odour enters the lung is reduced, the amount of possible growth depends on
how close the relative humidity in animal housing is to 100% and further alters the deposition
patterns within the lung.

3.5. E�ect of enclosure dimensions

Simulations were also performed for the three di�erent size enclosures measured in surface to
volume ratio of 0.5, 1 and 2. It was found that the changes in dust-borne odour concentration due
to the changes in surface to volume ratio varied insigni®cantly.

Fig. 4. Simulation result where ventilation rate was varied from 280 to 1440 m3 hÿ1 for a 2 lm gsd with 1.65 gmd

aerosol and particle concentration is 1000 particles cmÿ3.
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From a theoretical point of view, as the enclosure volume decreases, its surface to volume ratio
increases, and this leads to a higher rate of deposition of particles. There is an additional factor
that the dust-borne odour concentration varies inversely as the volume of the enclosure. The
consequent values however are small for the expected variation in enclosure volume. For reasons
of no variations in output ®gures, those simulations are not presented here.

4. Conclusions

Although, the modeling study has to use the experimental work to verify its feasibility, it has
not been possible to make a direct comparison with an experiment since dynamic measurements
are not available for the size distribution of the dust-borne odour concentrations. The model
therefore provides a theoretical framework to extrapolate beyond the immediate experimental
results.

A series of sensitivity analysis were made to illustrate the e�ects of the aerosol pro®le, enclosure
dimension, and ventilation rate on dust-borne odour concentration and to demonstrate the
usefulness of the model for evaluating the performance of a ventilation system for animal
housing. Increased ventilation rate and a reduction of total airborne dust concentration are both
found to be highly e�ective in dust-borne odour concentration reduction. The smaller particle
diameter keeps the dust-borne odour airborne, while the larger particles are more e�ectively

Fig. 5. Simulation performances for two di�erent aerosol pro®les: (A) gmd� 2, gsd� 1.65, Z� 1000 cmÿ3, (B) gmd� 2

lm, gsd� 1.65, Z� 5000 cmÿ3, (C) gmd� 8 lm, gsd� 3, Z� 5000 cmÿ3 and (D) gmd� 8 lm, gsd� 3, Z� 1000 cmÿ3.
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removed by deposition, and hence, an increase of the size of airborne dust can reduce the dust-
borne odour concentration.

Results obtained indicate that the particle size distribution of dust-borne odour in a ventilated
airspace is maintained in a relatively steady-state condition by turbulent di�usive deposition and
gravitational sedimentation at deposition rates of 10ÿ3 and 10ÿ2 hÿ1 order, while by adsorption of
odour to airborne dust surface at deposition rates of 10ÿ2 and 10ÿ3 hÿ1 order, respectively for 2
and 8 lm gmd aerosol.

Although particles smaller than 1±2 lm made up less than 30±40% of the total particle
concentration in swine housing, they contributed signi®cantly to the available adsorption surface
area. Because particles of this size are expected to keep the dust-borne odour airborne and be
transported with the air¯ow, they may be important to the fate of both organic- and bio-
aerosol.

This analysis capability has crucial environmental implications. For instance, the dynamics
approach presented in this study can be applied to more complex indoor air pollution systems
such as the inhalation exposure from the radon in the water in homes, the health e�ects of am-
bient tobacco smoke and the health risk assessment of residential wood combustion.
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