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AN INHALATION DOSE MODEL FOR ASSESSING DUST–BORNE

VOC–ODOR EXPOSURE FROM FEEDING IN SWINE BUILDINGS

C. M. Liao,  J. W. Chen,  M. Y. Huang,  J. S. Chen,  T. J. Chang

ABSTRACT. A dynamic, size–dependent integrated inhalation dose model for quantifying worker/animal exposure to
dust–borne odor causing volatile organic compounds (VOC–odor) in swine buildings during and after feeding was developed.
The exposure of dust–borne VOC–odor observed in pig barns can be characterized by adsorption and deposition of airborne
dust. The airborne dust particle size, aerosol profile, enclosure dimension, ventilation rate, and feeding duration were
affecting the integrated inhalation model in assessing dust–borne VOC–odor exposure during and after the time of feeding.
Experimental results show that there is no significant variation in feeding and non–feeding periods for the particle size
distributions in a growing pig farm located in southern region of Taiwan and both followed a lognormal distribution with
geometric mean diameter of 2.14 ±0.03 �m (mean ±1 sd) and geometric standard deviation of 1.73 ±0.02. Mean total dust
mass concentrations were 20.47 ±8.23 and 2.32 ±0.45 mg m–3, respectively, for feeding and non–feeding periods. Model
simulations show that the inhalation dose for a short feeding duration followed by a long stay in the pig barn can equal that
of a long feeding duration followed by a short subsequent exposure. Reduction of both the feeding duration and/or subsequent
time in the pig barn is highly effective in dose reduction.
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ust is one of the main air contaminants in swine
buildings and results from animal activity, air
movement,  finely ground dry feed introduced
during feeding, and fecal–feed particles deposited

on a solid floor and later entrained into the air. During pig
non–feeding periods, dust particles tend to settle out, whereas
they can be continuously reintroduced into the airspace
during feeding periods. Zhang et al. (1996) and Perkins and
Feddes (1996) indicated that the majority of particles are of
fecal origin, however, the major proportion (85%) of the dust
mass in swine buildings is from feed particles. Perkins and
Feddes (1996) further pointed out that feed dust is not the
major problem; it’s the result of animal movement during that
time.

Odor–causing volatile organic compounds (referred to as
VOC–odor) from manure are a complex mix of chemicals.
Hammond et al. (1974), Yasuhara and Fuwa (1979a, 1979b,
1979c), Yasuhara (1980), and Yasuhara et al. (1983, 1984)
have identified more than 150 VOC–odors in solid manure,
liquid manure, and gases emitted from manure and dust in
swine buildings. Hammond et al. (1979) identified 10 VOCs
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in the air from swine buildings that were the source of
suspended particulate matter concentrations of VOC–odor.
Miner (1982) and Barth et al. (1982) pointed out that
VOC–odors exhausted from farm buildings were often
associated with airborne dust particles. Hangartner (1990)
indicated that filtering dust from the exhaust air reduced
VOC–odor emissions from swine buildings by up to 65%.
The collective evidence suggests a high correlation between
VOC–odor and existing aerosol in swine buildings.

The source–term for VOC–odor is inherently time–depen-
dent. VOC–odor enters the ventilated airspace from manure
pit, and a substantial fraction of it is adsorbed to the existing
aerosol to yield a size–distributed, particle–phase VOC–
odor. The principal factors governing the levels of dust–
borne VOC–odor include animal activity, floor dryness
contribute to dust emission rates, the adsorption of VOC–
odor to an airborne particle, the deposition on enclosure
surfaces, and removal by air exchange. Little information
currently exists on the size distribution and behavior of
dust–borne VOC–odor during the time of feeding.

Phenomena such as turbulent coagulation, diffusiophore-
sis, and thermophoresis can also influence the dust–borne
VOC–odor concentration (Liao and Feddes, 1991; 1992).
The contributions from these effects, however, are typically
small (Liao and Feddes, 1991; 1992) and are neglected in this
model. Generally, turbulent coagulation becomes very
important for particles larger than 10 µm aerodynamic
equivalent diameter (AED) (Hinds, 1999) and the majority of
dust particles found in animal housing have diameter that
ranged between 0.5 and 5 µm AED (Gao and Feddes, 1993;
Van Wicklen and Yoder, 1988).

The concentration gradients are not expected to be large
enough to make diffusiophoresis significant. Since air
circulation is modeled isothermally, temperature gradients
will not be established in the ventilation flow field.
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Additionally, there could be hygroscopic growth in the high
humidity environment of the animal housing. Hygroscopic
growth is so rapid (Hinds, 1999) that it can be considered as
a transient that occurs before VOC–odor adsorbs to the
existing aerosol.

In this article, well–defined physical models are used to
develop the dynamic model for the underlying physical
phenomena. Adsorption of VOC–odor to the existing aerosol
is relatively well understood and could be refined from an
adsorption model based on the homogeneous surface diffu-
sion theory (Liao and Singh, 1998).

Deposition is more complex. Even though diffusiophore-
sis and thermophoresis can be neglected, Brownian and
turbulent diffusion, sedimentation, and laminar as well as
convective flow exist to varying degrees and lead to particle
deposition onto walls and other surfaces. Depending on the
flow regime, different models have been proposed for
particle deposition in a ventilated airspace. The turbulent
flow scheme appears to be best applicable to a ventilated
airspace in which turbulent flow is a typical feature of the
airflow. In the present work we adopted a mathematical
model derived by Crump and Seinfeld (1981) for the rate of
aerosol deposition in a turbulence mixing enclosure of
arbitrary shape under the assumption of homogeneous
turbulent near the surfaces. Crump and Seinfied’s deposition
model, which is a refinement of Corner and Pendelebury’s
analysis (Corner and Pendelebury, 1951), forms the basis of
deposition studies and was adopted in the present research.

The goal of this work is to incorporate the time– and
size–dependent  dust–borne VOC–odor concentration from
the dynamic model with the size–dependent inhalation dose
factor to obtain the integrated exposure dose model as a
function of size and time. In this article we evaluate the
worker/pig exposure to dust–borne VOC–odor during and
after feeding in terms of observed particle size distributions
and dust levels. Our present purpose is not to model
dust–borne VOC–odor transport in swine buildings, but
rather to semi–quantitatively explore the role of adsorption
and deposition in controlling the exposure of dust–borne
VOC–odor observed in pig barns.

MODEL FORUMULATION
DYNAMIC MODEL

Combining the physical processes controlling the gain and
loss rates, the decay of VOC–odor, the adsorption of
VOC–odor to airborne dust, the deposition (including
Brownian and turbulent diffusive deposition and gravitation-
al sedimentation), and air exchange, yields the dynamic
equations that describe the concentration trajectory of
VOC–odor and dust–borne VOC–odor in a ventilated
airspace.

Followed by the principle of mass balance, the dynamic
equations varying with particle size range k and time t are
given by:
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where
Cv(t) = time–dependent VOC–odor concentration

(kg m–3)
S(t) = VOC–odor source strength (kg h–1)
V = air volume (m3)
λι = first–order decay rate constant of VOC–odor (h–1)
λv = air exchange rate (h–1) in which λv = Q/V
Q = ventilation rate (m3 h–1)
C(k,t) = time–dependent dust–borne VOC–odor

concentration in the kth size range (kg m–3)
λa(k) = rate of adsorption of VOC–odor to aerosol surface

in the kth size range (h–1)
λd(k) = deposition rate of dust–borne VOC–odor due to

Brownian and turbulent diffusive deposition and
gravitational sedimentation in the kth size range
(h–1)

k = size range number
N = assigned to be the end point number for a kth size

range, dk and dk+1 .
Specifically, the left–hand side of equation 2 describes the

rate at which the concentration of dust–borne VOC–odor of
size range k changes with time. The first term on the
right–hand side of equation 2 expresses the formation rate of
dust–borne VOC–odor of size range k from VOC–odor by
adsorption. The second term describes the loss of dust–borne
VOC–odor of size range k by air exchange and deposition.

The particles are divided into geometrically equal sized
bins in the size range of interest. The dust–borne VOC–odor
or airborne dust concentration is assumed to be a constant
diameter within each bin size. The end points, dk and dk+1 ,
of the kth bin size are considered to be equal to the
logarithmic mean of the end points of the bin size as,

( )( )
Nk,

1N
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where particles smaller than dmin (the minimum diameter) are
considered to be the finest, and dmax is the largest particle size
of interest.

MODEL LIMITATIONS
In the development of the model the following assump-

tions are made to simplify some physiochemical aspects:
(1) the ventilation airflow system is assumed to be a complete
mixing system, (2) every particle is treated as an aerodynam-
ic equivalent sphere and is electrically neutral, (3) no
gas–to–particle  conversion occurs within the system,
(4) mass transfer resistance from bulk VOC–odor to outer
surface of dust particles and turbulent coagulation of dust–
and adsorbed–phase are negligible, (5) bulk VOC–odor
concentration is in equilibrium with the adsorbed phase
concentration at the particle surface, and (6) VOC–odor is
assumed to be adsorbed on the outer surface first, then enter
the dust particle through surface diffusion, and eventually
occupy adsorption sites in the inner surface.

We acknowledge that some assumptions we made vio-
lated actual conditions. The development and application of
the dynamic approach in our proposed form does not derive
from an a priori assumption that building airflow systems are
inherently “well–mixed” but from the practical view that
seeks to extract the maximum usefulness from the “well–
mixed” approach before accepting the complexities attend-
ing “heterogeneous mixed” approaches. Several real
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advantages of the “well–mixed” approach include: (1) com-
putational simplicity, (2) ease of calibration for well–charac-
terized systems, and (3) capacity of extrapolating to other
uncharacterized systems. Philosophically, it can be argued
that parsimony is a legitimate modeling objective and
additional model complexity (often in the form of nonlineari-
ty) should only be advocated if it can be shown to
significantly reduce uncertainties normally attributed to
random system or measurement errors. In the case of our
present work, it is hoped that additional experimental data
with well–documented test information can be used to
confirm or reject the overall applicability of a comparable
approach that we employed to modeling indoor air quality
problems.

PARAMETRIZATION OF RATE EQUATIONS
Solution of equations 1 and 2 requires that the adsorption

rate and deposition rate over the various kth size ranges be
estimated. Parametric forms for the adsorption and deposi-
tion rates used in interaction algorithm of dynamic model are
given in table 1. The role of each rate equation will be
investigated.

Adsorption Rate

Based on the formulas derived by Liao and Singh (1998)
(referred to as the L–S model), the adsorption coefficient
(m3 h–1) can be obtained from homogeneous surface diffu-
sion theory. The Freundlich isotherm is widely used to
describe sorption equilibrium in environmental systems with
heterogeneous surfaces (Weber and DiGiano, 1996). Al-
though in this article airborne dust is superficially assumed
to be homogeneous, significant heterogeneity likely exists.
Additionally, over time, airborne dust surfaces slowly react
by means of physicochemical or biological processes, which
may have further contribute to surface heterogeneity. The
L–S model, however, is purely theoretical and absent
empirical verification, must be applied with caution. Adsorp-
tion rate equations that appear in equations 4–6 imply that:
(a) airborne dust particles in animal housing are usually not
homogeneous in size and (b) the lognormal probability
density function (pdf) is the most common used distribution
for characterizing aerosol particle size.

Deposition Rate

The deposition rate model used in this work is adopted
from Crump and Seinfeld (1981) and is referred to as the C–S
model. The C–S deposition model is a refinement of Corner
and Pendelebury’s analysis (Corner and Pendelebury, 1951).
Depending on the flow regime, different models have been
proposed for particle deposition in a room. The turbulent
flow paradigm appears to be best applicable to the feeding
scenario where ventilation (natural or forced) is the primary
source of turbulent. The C–S model is a well–established
general model for the rate of aerosol deposition due to
turbulent diffusion, Brownian diffusion, and gravitational
sedimentation in a turbulently mixed, enclosed enclosure of
arbitrary shape. Application of the C–S model to a rectangu-
lar enclosure yields equation 10 for the deposition rate of a
specific particle diameter, dp. The deposition rate for the kth
size bin of equation 9 is obtained by integrating equation
10 over the whole bin. The C–S model was developed for

Table 1. Rate equations for adsorption and deposition used in the dy-
namic model. (The description of symbols is given in the Appendix.)

Adsorption rate:  λa(k) Eq.
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[a] Derived based on Liao and Singh (1998).
[b] Adopted from Hinds (1999).
[c] Adopted from Liao and Singh (1998)
[d] Adopted from Crump and Seinfeld (1981).

reactor vessels where turbulence is produced by stirring. The
turbulence parameter (ke) was estimated by assuming
complete turbulent dissipation of the input energy. It is
difficult to estimate ke when turbulence is induced by
ventilation.  In the present analysis, the estimates of ke were
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obtained from indoor air based on airflow velocities in the
room by Nazaroff and Cass (1989) and Nazaroff et al. (1990).

SOURCE STRENGTH OF VOC–ODOR
The scenario of the stored manure pit can be described as

follows: (1) the contaminated source is uniformly distributed
in the thickness of the contamination layer, (2) VOC–odor
may reside in three phases in the contaminated layer zone: an
adsorbed phase, a dissolved phase, and a gaseous phase,
(3) the adsorbed and dissolved phases are assumed to
undergo reversible and linear equilibrium adsorption, while
dissolved and gaseous phases are assumed to be in equilibri-
um in accordance with the Henry’s law, (4) the swine manure
properties such as total porosity, gas–filled porosity, bulk
density, fraction of organic carbon, pH, and temperature are
assumed to be constant in space and time, (5) the VOC–odor
moves in one dimension through the swine manure,
(6) VOC–odor enters into the ventilated airspace by advec-
tion where a complete mixing airflow system is assumed, and
(7) swine manure is assumed to be isotropic and homoge-
neous.

Jury et al. (1990) estimated the effect of steady–state
moisture movement (advection) on chemical volatilization
rates from contaminated soil. When manure moisture
movement is involved, the VOC–odor flux from the stored
swine manure, Js(0,t;W), can be expressed based on the
behavior assessment model of Jury et al. (1990) as:
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where
Js(0,t;W) = time–dependent VOC–odor flux from manure

pit (g m–2 s–1)
Cs = initial VOC–odor concentration in slurry

column (g m–3)
W = contaminated layer thickness of slurry (m)
DE = effective diffusion coefficient of VOC–odor in

the slurry (m2 s–1)
HE = horizontal moisture velocity (m s–1)
VE = vertical moisture velocity (m s–1).
The time–dependent VOC–odor source strength therefore

has the following form:

( ) ( )AWtJtS s ;,0=  (15)

where A is the manure pit area (m2). Equation 14 has been
used to evaluate indoor inhalation exposure dynamics of
VOC–odor volatilization from stored pig slurry (Liao and

Liang, 2000). The key parameter in equation 14 is the
effective diffusion coefficient (DE) and vertical moisture
velocity (VE). According to the model developed by Jury et
al. (1990), the effective diffusion coefficient defines 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. Equation 14 also shows that VOC–odor
concentration is affected by constant moisture contents and
steady–state moisture advection.

The diffusive component is described by a manure
diffusion coefficient that is a function of the Henry’s law
constant, the diffusion coefficient of VOC–odor in both air
and water, the adsorption coefficient of the VOC–odor to the
manure, manure water content, porosity, and manure bulk
density. Partitioning of VOC–odor between the vapor,
aqueous, and sorbed phases is assumed to be at equilibrium
at all times. The advection component is controlled by a
user–specific manure moisture flux rate that is held constant
as a function of time.

INHALATION DOSE MODEL

The time–dependent concentration profiles of dust–borne
VOC–odor are used to calculate cumulative exposure doses
through inhalation. The cumulative dose is calculated from
the formula:

( ) ( )dttBtkC
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where
D(k,t) = time–dependent cumulative exposure dose of

dust–borne VOC–odor per unit body weight of
worker or animal in the kth size bin (µg kg–1)

)(kγ  = fraction of the dust–borne VOC–odor taken into
the total lung volume that is available for uptake
for the kth size bin

Bw = body weight of the worker or animal (kg)
Br(t) = breathing rate of the worker or animal at time t 

(L min–1).
In this study, we assume all of the dust–borne VOC–odor

for each size bin taken into the lung is available for uptake,
i.e., γ=γ )(k = 1.

The differences in exposure can vary due to factors such
as pen dimensions, ventilation rate, and aerosol profile in the
room. Additionally, differences in feeding strategies includ-
ing duration of the feeding and the number of consecutive
feedings also influence the exposure. The time–dependent
size distribution of dust–borne VOC–odor from the dynamic
model of equations 1 and 2 was combined with cumulative
dose model (16) for the size–dependent dose to obtain the
integrated inhalation dose as a function of size.

NUMERICAL SCHEMES

The system of equations 1 and 2 is a linear, first–order
system of coupled differential equations. Integration over
time is straightforward in principle but is complicated by the
existence of a large number of widely differing time scales.
The number of independent variables is 2N+1 where N is the
number of bins in the size range of interest. The numerical
integration scheme used to solve the system dynamic
equations 1 and 2 is a subroutine (DIVPRK) based on the
Runge–Kutta–Verner 5th–order and 6th–order method,
whereas a subroutine (QDAG) based on Gauss–Legendre
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formulas is adopted to solve equation 16. Both subroutines
are provided by IMSL Subroutines Library (IMSL MATH/
LIBRARY, 1994) and are processed in double precision with
FORTRAN 90. The algorithm is stable provided the error and
the convergence criterion are carefully monitored.

EXPERIMENTS
An experiment was carried out to characterize the particle

size distributions and dust levels for the existing airborne dust
during feeding and non–feeding periods.

A growing pig farm located at Tainan, a southern region
of Taiwan, was chosen as our study area. Measurements were
conducted in a fan–ventilated swine building (fig. 1). The
building with a semi–slatted floor had dimension of 24 m ×
9.2 m × 2.0 m. There were two manure pits measuring 1 m
× 23 m along each side of room. Six 4.0 m × 4.0 m pens on
each side of the room were separated by a 1.2 m wide service
alley. One 0.9 m diameter fans located at the end of the
building with continuous slot eave inlets provides summer
ventilation.  During the experiment, fan was operated contin-
uously. Building ventilation rates, determined using the
impeller method developed by Liu (1997) and the manufac-
turer specification, were 845 ±15 and 280 ±11 m3 h–1,
respectively, during feeding and non–feeding periods. There
were 150 pigs in the room at a stocking density of 10–15 pigs/
pen. Indoor air temperature and relative humidity were 29°C
±1.5°C and 54% ±3%, respectively.

The type of feed used in the Tainan swine building is made
from the very fine feedstuff powder and without any oil or
liquid matter mixed with. The feed powder looks like the
milk powder, fine and easy to become airborne. The amount
of feed consumed in each feeding period is about 2 kg/pig.
The feeding method is the mechanical drop associated with
the manual. In order to know the particle size distribution of
the feed used in the Tainan swine building, we have also
conducted a chamber test to determine the particle size
distribution of the feed.

A portable laser dust monitor (Series 1100, Grimm
Labortechnik GmbH & Co. KG, Ainring, Germany; referred
to as DM1100) was used to analyze the airborne dust
characteristics.  The DM1100 combines the principles of
aerodynamic particle size separation and light scattering
particle detection. The AED of the particles can range from
0.5 to 10 µm. The DM1100 measured dust mass concentra-
tions in the range of 1.0 to 50000 µg m–3. Measured channels
are in the ranges of 0.5–1, 1–2, 2–5, 5–10, and >10 µm
aerodynamic diameter. Before the measurements, the
DM1100 was calibrated with known particles of Uniform
Latex Microspheres Polystyrene (0.5 µm) and Polymer
Microspheres Styrene Vinyltoluene (3 µm) (Duke Scientific,
Palo Alto, Cal.). The sampling interval was divided into three
periods: 06:00–07:00 (1st feeding period), 07:00–18:00
(non–feeding period), and 18:00–19:00 (2nd feeding period).

Monitoring commenced when the pigs were 150 days old
(mean pig weight = 70 kg). Dust sampling was conducted for
5 sampling days. The DM1100 was operated at the design
sampling flow rate of 1.2 L min–1±10%. There were three
measuring plans (A, B, and C) in that each measuring plan
had four measuring locations (fig. 1). Sampling time was
3 min for each sampling location in that DM1100 needs 5 s
to record each reading. It took nearly 1 h to measure the
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Figure 1. Schematic diagram of the Tainan swine building showing the
sampling locations: (A) plan view, and (B) side view. All dimensions are in
centimeter (cm).

concentrations at all 12 sampling locations. The outputs from
DM1100 can be expressed both as µg m–3 and as particles L–1.
A portable IBM PC was used to collect all sampling data.

INPUT PARAMETERS
Number of bins and size ranges. In this study, the size

range from 0.5 to 5 µm was divided into five geometrically
equal size bins based on equation 3. Resulting values of the
average particle diameter were 0.95, 1.85, 2.75, 3.65, and
4.55 µm for bins 1, 2, 3, 4, and 5, respectively.

Source strength parameters. In order to obtain the
effective diffusion coefficient (DE) that is expressed as
follows (Jury et al., 1990):
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We tried to select the chemical database of VOC–odor that
is already in hand. In equation 17, the physiochemical
properties of toluene such as Henry’s law constant (KH), and
air and water diffusion coefficients ( w

l
a
g DD , ), organic carbon

distribution coefficient (Koc), and fraction of organic carbon
(foc) are well documented (Howard et al., 1991; Thibodeaux,
1996). Toluene is also the one of intense odor causing VOCs
found in swine buildings. Therefore, we chose toluene as our
study compound in this present work. The value of effective
diffusion coefficient of toluene (DE) is calculated to be 1.05 ×
10–9 m2 s–1 corresponding to moisture content of 80% (Liao
and Liang, 2000).

Adsorption rate parameters. Often one finds 0 < nF< 1
for Freundlich exponents. An nF = 1 is used in present
analysis to simplify the model simulation for expedient
computation.  Van Loy et al.(1997) have shown that the linear
model correctly captures the dynamics of VOC sorption on
indoor materials. The value of the surface effective air
diffusivity of VOC–odor (Ds) in the adsorption rate model
was taken from the value of air diffusivities at temperature of
29°C for toluene. The resulting value is 8.8 × 10–6 m2 s–1

(Liao and Liang, 2000). Freundlich capacity constant (KF)
was estimated to be 0.2 m3 kg–1 corresponding to nF = 1
(Geankoplis, 1993).

Deposition rate parameters. In the C–S model, the value
of the exponent (n) was chosen to be 2 (Nazaroff et al., 1990).
The value of the turbulent intensity parameter, ke, was set
equal to 0.5 s–1 to correspond to the indoor air in a room with
an operating fan (Nazaroff et al., 1990; Nazaroff and Cass,
1989). There will be some coupling between the rate of
ventilation and the degree of turbulence. This coupling is
small for ventilation–induced turbulence and was neglected
in the model.

Table 2 summarizes the values of all the input parameters
appearing in the models. Table2 shows the indoor tempera-
ture is held fixed at 29°C. Calculations using the model
developed for this work indicate that, ignoring thermophoret-
ic forces, a change in temperature from 20°C to 35°C has a
negligible effect on the adsorption and deposition rates. Since
the goal of this work was to examine the dynamic contribu-
tion to exposure dose from feedings, the initial conditions for
the gas–, adsorbed–, and particle–phase concentrations for
all the simulations were assumed to be zero. Table 3
summarizes the operating parameters used in the model
simulations. The aerosol profile was assumed to be time–in-
dependent during each individual simulation.

RESULTS AND DISCUSSION
Table 4 gives the experimental results for each measuring

period. Experimental results show that the particle size
distributions followed a lognormal distribution with geomet-
ric mean diameters (GMD) (which is based on number) of
2.17 ±0.06 and 2.11 ±0.05 µm and geometric standard
deviation (GSD) of 1.75 ±0.05 and 1.71 ±0.06 during feeding
and non–feeding periods, respectively. Figure 2 presents the
lognormal size distribution model fitted to the experimental
data for feeding and non–feeding periods. Table 4 indicates
that the mean total dust mass concentrations were
20.47 ±8.23 mg m–3 (ranging from 15.37–29.44 mg m–3) and
2.32 ±0.45 mg m–3 (ranging from 1.76–2.80 mg m–3),
respectively, for feeding and non–feeding periods. The result

Table 2. A summary of input parameters
appearing in model implementation.

Parameter Description
Representation

values

VOC–odor source strength

DE Effective diffusion coefficient of
toluene

1.05 × 10–9 m2 s–1[a]

VE Effective moisture velocity (advec-
tion)

8.64 × 10–4 cm d–1[a]

HE Effective moisture horizontal veloc-
ity

0[a]

W Thickness of contaminated layers W = 10 cm
A Manure pit area 2 × 23 m2

λi 1st–order decay rate constant of tol-
uene

3.2 × 10–2 d–1[a]

Cs Assumed initial toluene concentra-
tion in slurry

5 mg L–3[a]

Adsorption rate

Ds Surface effective diffusivity of tolu-
ene in air

8.8 × 10–6 m2 s–1[a]

KF, nF Parameters of Freundlich isotherm KF = 0.2, nF = 1[b]

Cv,e Steady–state VOC–odor concentra-
tion

4.12 µg m–3[c]

Deposition rate

V = l × w × h Pig house dimension l = 24 m, w = 9.2 m,
h = 2 m

n Exponent constant 2[d]

ke Turbulent intensity parameter 0.5s–1[e]

ηa Dynamic viscosity of air 1.85 × 10–4 P[f]

ρa Density of air 1.18 × 10–3 g cm–3[f]

KB Boltzmann’s constant 1.38 × 10–16 erg
�K–1[f]

T Indoor absolute temperature 302�K
λ Mean free path of air 0.66 × 10–5 cm[f]

ρp Particle density 1.0g cm–3

[a] Adapted from Liao and Liang (2000).
[b] Adopted from Geankoplis (1993).
[c] Calculated based on Equation 1.
[d] Adopted from Nazaroff et al. (1990).
[e] Adopted from Nazaroff et al. (1990) and Nazaroff and Cass (1989).
[f] Adapted from Hinds (1999).

Table 3. Operating parameters used in the model simulation.
Feeding period Non–feeding period

Ventilation rate 845 m3 h–1 280 m3 h–1

Aerosol profile

   Particle size distribution LN(2.17, 1.75) LN(2.11, 1.71)
   Particle concentration 3980 cm–3 455 cm–3

Dust source conc. in each bin (particles cm–3)

   Bin 1 (0.5~1.4 µm) 478 54
   Bin 2 (1.4~2.3 µm) 1791 204
   Bin 3 (2.3~3.2 µm) 796 92
   Bin 4 (3.2~4.1 µm) 597 68
   Bin 5 (4.1~5.0 µm) 318 37

Breathing rate (L min–1)[a]

   Growing pig 20 6.6
[a] Data are adapted and calculated from DeJours (1968) and Mount (1968).

from the chamber test shows that the particle size distribution
of the feed is LN(2.13, 1.7), indicating that feed dust were the
main source of the airborne dust. A comparison with the
published data (9.0–18.6 particles cm–3) (Van Wicklen and
Yoder, 1988) shows that the magnitude of the number
concentrations observed in the Tainan swine building
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Table 4. Experiment results of airborne dust concentrations (Mean �S.D., n = 180) and geometric mass mean diameter (GMD)
and geometric standard deviation (GSD) for each measuring period carried out in the Tainan growing pig farm

06:00–07:00
(1st feeding period)

12:00–13:00
(Non–feeding period)

18:00–19:00
(2nd feeding period)

Sampling
Location[a]

Concentration
(mg m–3)

GMD
(µm)

GSD
(–)

Concentration
(mg m–3)

GMD
(µm)

GSD
(–)

Concentration
(mg m–3)

GMD
(µm)

GSD
(–)

A1 12.05 ±4.21 2.11 1.69 2.08 ±0.65 2.01 1.62 11.77 ±2.01 2.07 1.69

A2 20.9 ±6.1 2.20 1.81 1.98 ±0.94 2.08 1.7 25.3 ±7.2 2.22 1.75
A3 16.11 ±4.32 2.16 1.75 2.41 ±0.22 2.16 1.68 16.33 ±4.61 2.16 1.73
A4 27.01 ±9.02 2.06 1.75 2.0 ±1.01 2.09 1.69 23.53 ±8.11 2.26 1.73
B1 17.33 ±2.19 2.11 1.71 2.33 ±0.4 2.08 1.68 18.89 ±2.46 2.23 1.75
B2 31.22 ±6.57 2.21 1.74 2.54 ±0.68 2.11 1.77 27.66 ±5.23 2.19 1.82
B3 15.01 ±7.32 2.09 1.76 1.76 ±0.74 2.1 1.66 15.73 ±6.91 2.17 1.68
B4 36.01 ±9.11 2.19 1.76 2.8 ±0.23 2.16 1.76 32.41 ±10.11 2.17 1.76
C1 9.31 ±3.27 2.25 1.74 2.55 ±0.22 2.16 1.73 7.53 ±2.35 2.09 1.8
C2 20.06 ±11.8 2.24 1.82 3.35 ±0.51 2.13 1.78 23.6 ±9.21 2.22 1.8
C3 11.93 ±4.23 2.11 1.65 2.13 ±1.03 2.08 1.65 11.17 ±5.67 2.05 1.71
C4 28.69 ±16.2 2.15 1.82 1.91 ±0.89 2.16 1.79 31.73 ±13.9 2.29 1.82

Mean 20.47 2.16 1.75 2.32 2.11 1.71 20.47 2.18 1.75

S.D. 8.31 0.06 0.05 0.45 0.05 0.06 8.14 0.07 0.05
[a] See figure 1.

0.0

0.1

0.2

0.3

0.4

0.5

0 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5

Aerodynamic diameter (dp , µm)

df
/d

(d
p
) 

(f
ra

ct
io

n
µ

m
–1

)

0.0

0.1

0.2

0.3

0.4

0.5

0.0 1.5 3.5 5.5 7.5 9.5

measured

simulated

B. Non–feeding
A. During feeding

Figure 2. Lognormal size distribution model fitted to the experimental
data for feeding and non–feeding periods.

appears to be extremely high. The high values might be
related to the feeding strategy and feedstuff used in the
Tainan swine building.

Two different lognormal aerosol size distributions were
considered as the aerosol profiles in the model simulations:
LN(2.17, 1.75) having 3980 particles cm–3 and LN(2.11,
1.71) having 455 particles cm–3 as observed in the Tainan
swine building during feeding and non–feeding periods,
respectively. An aerosol profile of LN(8, 3) as measured in
a mechanically ventilated swine nursery by Maghirang et al.
(1997) was calculated and also used in the model compari-
son.

Figure 3 shows the result of a simulation of the dust–borne
toluene exposure as a function of time in a 24–h basis in the
Tainan pig house. The contribution to the exposure dose and
concentration from each size bin is shown. Figure 3A shows
the dust–borne toluene concentrations rise while the feeding

begins, peak at about the time the feeding is stopped, then fall
with a decay rate dictated by the decrease in particle
concentration since ventilation only partially removes the
dust–borne toluene concentration from the previous feeding.

Figure 3B is a plot of the cumulative inhalation dose of
dust–borne toluene as a function of time. The total integrated
dose is also shown (fig. 3C). The inhalation dose continues
to increase for a considerable period after the feeding is
stopped. This feature makes the time spent of workers in the
pig house after feeding an important parameter to be
considered in dose reduction. Since the number of particles
is relatively small for bins 1, 4, and 5 (table 3), the dominant
contribution to the dose is from bins 2 and 3 (average particle
sizes are 1.85 and 2.75 µm, respectively). Figure 3B also
indicates that the integrated doses at the times the feeding is
stopped at 07:00 and 19:00 are around 4 × 10–2 and 13.5 ×
10–2 µg kg–1 for 1.85 and 2.75 µm aerosol and 2 × 10–2 and
6.5 × 10–2 µg kg–1 for 0.95 and 3.65 µm aerosol, respectively.
Calculations using the model also indicate that the integrated
dose for the nth feeding is roughly (2n–1) times the integrated
dose for the first feeding.

Table 5 gives the simulation results of adsorption and
deposition rates of dust–borne toluene in feeding and
non–feeding periods. Table 5 indicates that the orders of
magnitude of adsorption rate are 103 and 101 h–1, respective-
ly, for particle sizes in the range of 2 to 3 µm AED in feeding
and non–feeding periods. This effect is shown in equation 4
in which adsorption rate and particle concentration are
directly proportional. Because particle size distributions are
time–dependent,  the orders of magnitude of deposition rates
are 10–3 and 10–5 h–1 in feeding and non–feeding periods,
respectively.

Figure 4 shows the simulation performed for feeding and
non–feeding periods. Specifically, figure 4 indicates that at
the same initial condition the dust–borne toluene concentra-
tions were reduced from 2.5 × 10–3 to 6.5 × 10–4 mg m–3 and
the inhalation doses were reduced from 5.8 × 10–4 to 3.5 ×
10–5 µg kg–1, respectively, in feeding and non–feeding
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Figure 3. Simulation results of: (A) time evolution of dust–borne toluene
concentration in a 24–h basis of each size bin of the Tainan pig house, (B)
cumulative inhalation dose of dust–borne toluene as a function of time,
and (C) the total integrated exposure dose.

Table 5. A summary of simulation results of adsorption and
deposition rates in feeding and non–feeding periods.

Bin number (k)

Adsorption
rate

(λa(k), h–1)

Deposition
rate

(λd(k), h–1)

Feeding period

1 (0.5~1.4µm) 9.7 × 102 4.2 × 10–4

λv = 1.9 h–1 2 (1.4~2.3µm) 1.6 × 103 6.5 × 10–4

Z = 3980 cm–3 3 (2.3~3.2µm) 1.4 × 103 2.6 × 10–3

GMD = 2.17µm 4 (3.2~4.1µm) 6.9 × 102 1.5 × 10–2

GSD = 1.75 5 (4.1~5.0µm) 1.7 × 102 9.7 × 10–2

Non–feeding period

1 (0.5~1.4µm) 1.1 × 102 4.1 × 10–4

λv = 0.63 h–1 2 (1.4~2.3µm) 1.9 × 102 6.1 × 10–4

Z = 455 cm–3 3 (2.3~3.2µm) 1.7 × 102 2.1 × 10–3

GMD = 2.11µm 4 (3.2~4.1µm) 7.9 × 101 1.1 × 10–3

GSD = 1.71 5 (4.1~5.0µm) 1.9 × 101 6.5 × 10–2

periods for 1.85 µm aerosol. Figures 4A and 4C show that the
equilibrium occurs earlier as the ventilation rate increases.

Figure 5 shows the results of simulation performed for the
two aerosol profiles (LN(2.17, 1.75) and LN(8, 3)) by varying
the feeding duration and the time spent in the pig house after
feeding period for workers. The breathing rate of 15 m3 d–1

(10 L min–1) for a 70 kg worker was used in the simulation.
Each symbol corresponds to a fixed duration of feeding. Even

Figure 4. Time evolution of concentration and inhalation dose of dust–
borne toluene from simulation of the Tainan pig house during (A and B)
feeding and (C and D) non–feeding periods.

though the exposure dose is initially nonlinear as a function
of time, a few minutes after the feeding period is ended it is
linear to a good approximation. Hence, the doses are
approximately  linear with respect to the time spent in the pig
house after the feeding period.

The exposure dose continues to rise after the feeding
period is ended (fig. 3). As a result, the dose for a short
feeding duration followed by a long stay in the pig house can
equal that of a long feeding duration followed by a short
subsequent exposure. Reduction of both the feeding duration
and/or subsequent time in the pig house is highly effective in
dose reduction. Figure 5 shows that for the small diameter
aerosol (GMD = 2.17 µm) the equivalent dose for a 3 h
feeding duration followed by 3 h in the pig house is about 3 ×
10–3 µg kg–1, while that for a 2 h feeding duration followed
by 2 h in the pig house is about 1.5 × 10–3 µg kg–1. For the
large diameter aerosol (GMD = 8 µm), the corresponding
reduction is from 8.5 × 10–4 to 4 × 10–4 µg kg–1.

In order to get insight into the effect of existing aerosol
profile, the simulations were performed for two different
aerosol profiles (LN(2.17, 1.75) and LN(8, 3)) at the feeding
and non–feeding operating conditions. Also shown in figures
6C, D and 7C, D are the snapshots of the dust–borne toluene
size distribution corresponding to the concentration profiles
of figures 6A, B and 7A, B at 5, 10, 20, 40, and 60 min.
Figures 6 and 7 reveal several implications: (1) the particle
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Figure 5. Simulation results for two aerosols of (A) 2.17 �m GMD and (B)
8 �m GMD by varying the feeding duration and the time spent in the pig
house for one worker. The air exchange rate is 1.9 h–1 and the particle con-
centration is 4000 cm–3 for both cases.

diameter ranging from 1.5 to 2.75 µm lead to greater
adsorption, which keeps the dust–borne toluene airborne,
whereas the larger particles of >3.65 µm are more effectively
removed by deposition; thus, changes in particle size to a
larger size could lower maximum dust–borne VOC–odor
concentrations;  (2) the changes in sizes will affect the
deposition of particles onto the enclosure surfaces and thus
affect the amount of dust–borne VOC–odor available for
inhalation; and (3) the changes in size will alter where the
particles deposit within the respiratory tract; 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 fine dust–borne VOC–odor.

The consideration of size distribution therefore is impor-
tant in exposure dose assessment due to its sensitivity on the
size of the inhaled particle carrying VOC–odor. Airborne
dust may undergo some hygroscopic growth in the high
humidity environment in the pig houses, e.g., in a misting
system. If the fine airborne dust between 0.5 to 1 µm can grow
to large sizes between 1.5 to 2.75 µm, then this increase will
result in a large adsorption rate of VOC–odor to the existing
aerosol. 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 VOC–odor entering
the lung is reduced, the amount of possible growth depends
on how close the relative humidity in pig houses is to 100%
and further alters the deposition patterns within the lung.

Figure 6. Simulation results performed for two aerosol of 2.17 �m GMD
and 8 �m GMD during feeding period of (A) time evolution of dust–borne
toluene concentration and (B) dust–borne toluene size distribution corre-
sponding to the above concentration profiles at 5, 10, 20, 40, and 60 min.

Simulations were also performed for three different pig
house sizes measured in surface to volume ratios (S/V) of 0.3,
0.5, and 1 m–1 (fig. 8). Figure 8 indicates that the changes in
dust–borne toluene exposure dose due to the changes in
surface to volume ratio varied significantly. It was found that,
to a very good level of approximation, the inhalation dose
varies directly as the volume of the pig house. This is to be
expected since the dust–borne VOC–odor concentration is
directly proportional to the pig house volume. From a
theoretical  point of view, as the pig house volume increases,
its surface to volume ratio decreases, and this leads to a lower
rate of surface deposition of dust–borne VOC–odor.

However, there is an additional factor. As the pig house
volume increases, the air exchange rate decreases or the
residence time of airflow rate increases at the same
ventilation rate, and this leads to a higher dust–borne
VOC–odor concentrations. Figure 8 also shows that as the
surface to volume ratio increases, the time to reach the
maximum dose decreases, and the maximum dose decreases.
Therefore, increased surface to volume ratio not only lowers
maximum dust–borne VOC–odor inhalation dose but it also
causes the maximum dose to be reached in a shorter time.

Adsorption is a surface phenomenon, and not just a surface
area phenomenon. On the derivation of Freundlich adsorp-
tion model, except surface area, surface tension and surface
free energy of airborne dust are the key parameters in the
adsorption equations (Weber and DiGiano, 1996). The final
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Figure 7. Simulation results performed for two aerosol of 2.17 �m GMD
and 8 �m GMD during non–feeding period of (A) time evolution of dust–
borne toluene concentration and (B) dust–borne toluene size distribution
corresponding to the above concentration profiles at 5, 10, 20, 40, and 60
min.

expression for characteristics of the adsorption reaction is
reflected by the adsorption capacity constant (KF) and the
adsorption intensity constant (nF) in Freundlich adsorption

model: Fn
evFe CKq ,=  where qe is the amount adsorbed in

equilibrium with bulk VOC–odor concentration (kg kg–1).
AED is defined in terms of their aerodynamic behavior rather
than their geometric properties. In many situations, it is not
necessary to know the true size, shape factor, and density of
a particle if its AED is known (Hinds, 1999). Therefore, AED
is a suitable surrogate for actual particle diameter used in the
adsorption processes between VOC–odor and existing air-
borne dust.

SUMMARY AND CONCLUSIONS
A dynamic, size–dependent integrated inhalation dose

model for quantifying worker/animal exposure to dust–borne
odor causing volatile organic compound (VOC–odor) in
swine building during and after the time of feeding was
developed. The inhalation dose model was then applied to a
growing pig barn to assess the dust–borne VOC–odor
exposure. The following results were obtained:
1. The exposure of dust–borne VOC–odor observed in pig

barns can be characterized by adsorption and deposition

Figure 8. Simulation results performed by varying surface to volume ra-
tios of pig house (S/V) of (A) 0.3, (B) 0.5, and (C) 1 m–1 for time evolution
of dust–borne toluene inhalation dose.

of airborne dust. The airborne dust particle size, aerosol
profile, enclosure dimension, ventilation rate, and feeding
duration were affecting the integrated inhalation model in
evaluating dust–borne VOC–odor exposure during and af-
ter the time of feeding.

2. There is no significant variation in feeding and
non–feeding periods for particle size distributions and
both followed a lognormal distribution with geometric
mass mean diameter of 2.14 ±0.03 µm AED and
geometric standard deviation of 1.73 ±0.02 in a growing
pig barn located in the southern region of Taiwan. This
work also indicates that feed dust was the main source of
the existing airborne dust.

3. The smaller particle keeps the dust–borne VOC–odor
airborne, whereas the larger particles are more effectively
removed by surface deposition, and hence, an increase of
the size of airborne dust can reduce the dust–borne
VOC–odor inhalation dose. The inhalation dose for a short
feeding duration followed by a long stay in the pig barn
can equal that of a long feeding duration followed by a
short subsequent exposure. Reduction of both the feeding
duration and/or subsequent time in the pig barn is highly
effective in dose reduction.
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4. The model analysis shows that there can be a large
variability in the dose depending on the exposure
conditions. Since dynamic measurements are not usually
available for the size distribution of the VOC–odor
concentration,  the model provides a conceptual
framework for theoretical analysis to extrapolate beyond
the immediate experimental results.
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APPENDIX: NOMENCLATURE
A Manure pit area, m2

Br(t) Breathing rate of the worker or animal at time
t, L min–1

Bw Body weight of the worker or animal, kg
C(k,t) Time–dependent  dust–borne VOC–odor con–

centration in the kth size range, kg m–3

Cs Initial VOC–odor concentration in slurry
column, g m–3

Cslip Slip correlation factor, dimensionless
Cv(t) Time–dependent VOC–odor concentration,



1824 TRANSACTIONS OF THE ASAE

kg m–3

Cv,e Steady–state VOC–odor concentration,
kg m–3

dg Geometric mean diameter (GMD), µm
dmax the largest particle size, µm
dmin the finest particle size, µm
dp Particle diameter, µm
D(dp) Brownian diffusion coefficient of a particle of

diameter dp, m2 s–1

D(k,t) Time–dependent cumulative exposure dose
per unit body weight of worker or animal in
the kth size bin, µg kg–1

DE Effective diffusion coefficient of VOC–odor
in the slurry, m2 s–1

a
gD  Diffusion coefficient of VOC–odor in air,

m2 s–1

w
lD  Diffusion coefficient of VOC–odor in water,

m2 s–1

Ds Surface effective diffusivity of VOC–odor in
the air, m2 s–1

f(dp) Particle size distribution function,
dimensionless

foc Fraction of roganic carbon, dimensionless
g Gravitational acceleration constant, m s–2

HE Horizontal moisture velocity, cm d–1

Js(0,t;W) Time–dependent VOC–odor flux from
manure pit, g m–2 s–1

KF Freundlich capacity constant, m3 kg–1

KH Henry’s law constant, dimensionless
Koc Organic carbon distribution coefficient,

m3 kg–1

k Size range number
kB Boltzmann’s constant, erg °K–1

ke Turbulent intensity parameter, dimensionless
l, w, h Length, width, and height of the enclosure, m
LN Lognormal probability density function
N End point number for a kth size range between

dk and dk+1.
n Exponent in deposition rate equation,

dimensionless

nF Freundlich intensity constant, dimensionless
Q Ventilation rate, m3s–1

qe amount adsorbed in equilibrium with bulk
VOC–odor concentration, kg kg–1

S Surface area of enclosure, m2

S(t) VOC–odor source strength, g s–1

T Indoor absolute temperature, °K
V Volume of enclosure, m3

VE Vertical moisture velocity, cm d–1

vs(dp) Settling velocity of a particle of diameter dp,
m s–1

W Contaminated layer thickness of slurry, m
Z Particle concentration, cm–3

β(dp) Adsorption coefficient of VOC–odor to the
surface of an airborne dust with diameter dp,
m3 h–1

γ(k) Fraction of the VOC–odor taken into the total
lung volume that is available for uptake for kth
size bin, dimensionless

ηa Dynamic viscosity of air, p
λ Mean free path of air, cm
λa(dp) Adsorption rate of VOC–odor to aerosol

surface in the of particle diameter dp, h–1

λa(k) Adsorption rate of VOC–odor to aerosol
surface in the kth size range, h–1

λd(dp) Deposition rate of dust–borne VOC–odor of
particle diameter dp, h–1

λd(k) Deposition rate of dust–borne VOC–odor in
the kth size range, h–1

λi First–order decay rate constant of VOC–odor,
h–1

λv Air exchange rate, h–1

ρa Density of the air, g cm–3

ρp Density of dust particle, kg m–3

σg Geometric standard deviation (GSD),
dimensionless

)( pdΦ  Size–dependent diffusion length modulus,

dimensionless
τ  Nominal residence time of ventilation air, h


