AN INHALATION Dose MoDEL FOR ASSESSING DUST-BORNE
V OC-ODpOR EXPOSURE FROM FEEDING IN SWINE BUILDINGS
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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 devel oped.
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 um (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 nv3, 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 a. (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 isinherently 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, particlephase VOC-
odor. The principa 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 remova 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 aso 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. Generaly, turbulent coagulation becomes very
important for particles larger than 10 um aerodynamic
equivalent diameter (AED) (Hinds, 1999) and the majority of
dust particles found in anima housing have diameter that
ranged between 0.5 and 5 um 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 goa 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.

M ODEL FORUMULATION
DyNnamic M ODEL

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:

dG,®) :V_lS(t)—[N' At NZ_%L a(k)}ﬂ/(t) D
dt k=1

dCél:,t): AakCy ©-[Ay+ A gRIck,t) k=

12..,N-1 ()

1814

where
Cy(t) = time—dependent VOC-odor concentration
(kg m9)
S(t) =VOC-odor source strength (kg h-1)
\Y = air volume (m3)
M = first—order decay rate constant of VOC—odor (h-1)
Ay = air exchange rate (h1) in which A, = Q/V

Q = ventilation rate (m3 h-1)

C(k,t) = time—dependent dust—borne V OC—odor
concentration in the kth size range (kg m3)

Aa(K) = rate of adsorption of VOC—odor to agrosol surface
in the kth size range (h1)

Ad(K) = deposition rate of dust—borne VOC—-odor due to
Brownian and turbulent diffusive deposition and
gravitational sedimentation in the kth size range

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

range, dk and O+ 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
binsin the size range of interest. The dust—borne V OC—odor
or airborne dust concentration is assumed to be a constant
diameter within each bin size. The end points, dk and dy1 ,
of the kth bin size are considered to be equal to the
logarithmic mean of the end points of the bin size as,

(ndy - INdy Yk -1 ke
N-1 T

Indy =Ind;in+ 12..,N (3
where particles smaller than dy, (the minimum diameter) are
considered to be the finest, and dnex iSthe 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 electricaly 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 ana 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 moddl), the adsorption coefficient
(m3h1) can be obtained from homogeneous surface diffu-
sion theory. The Freundlich isotherm is widely used to
describe sorption equilibrium in environmental systemswith
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 isreferred to asthe 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
genera 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 arectangu-
lar enclosure yields equation 10 for the deposition rate of a
specific particle diameter, d,. 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
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Table 1. Rate equations for adsorption and deposition used in the dy-
namic model. (The description of symbolsisgiven in the Appendix.)

Adsorption rate: Ag(K) Eq.
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(@ Derived based on Liao and Singh (1998).
(o] Adopted from Hinds (1999).

[c] Adopted from Liao and Singh (1998)

[dl Adopted from Crump and Seinfeld (1981).

reactor vessels where turbulence is produced by stirring. The
turbulence parameter (k;) 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 k. were
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obtained from indoor air based on airflow velocities in the
room by Nazaroff and Cass (1989) and Nazaroff et a. (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 phasesin 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, J5(0,t;W), can be expressed based on the
behavior assessment model of Jury et a. (1990) as:

I{0EW)=ZCoexpl- 1) El:erfc[ JZrE)_tEtJ

—erf {W+VEt J},(ZHE +Ve)xexdHeg (HE +Ve)t Del

J4Dgt

{WH wiDe )xerf{WJ
JADgt
erfc{ \/FEt H (14
where
Js(0,t;W) = time—dependent V OC—odor flux from manure
pit (g m=2s?)
Cs = initial VOC—odor concentration in slurry
column (g m3)
W = contaminated layer thickness of slurry (m)
De = effective diffusion coefficient of VOC—odor in
the dlurry (m2s1)
He = horizontal moisture velocity (m s?)
Ve = vertical moisture velocity (m s3).

The time—dependent V OC—odor source strength therefore
has the following form:

St)=JsO ;WA

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

(15)
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Liang, 2000). The key parameter in equation 14 is the
effective diffusion coefficient (Dg) and vertica moisture
velocity (Vg). 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 Dg
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 al times. The advection component is controlled by a
user—specific manure moisture flux rate that is held constant
as afunction of time.

INHALATION DOSE M ODEL
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:
pik,t) =28 [ ik 0B, @t (16)
] B\N O ] r
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 (ug kg1)
= fraction of the dust—borne VOC-odor taken into

the total lung volume that is available for uptake
for the kth size bin

By = body weight of the worker or animal (kg)

B (t) = breathing rate of the worker or animal at timet

(L min-1).

In this study, we assume all of the dust—orne VOC-odor
for each size bin taken into the lung is available for uptake,
i.e,y(K=y=1

The differences in exposure can vary due to factors such
as pen dimensions, ventilation rate, and aerosol profilein 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 eguations 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.

(k)

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 alarge number of widely differing time scales.
The number of independent variablesis 2N+1 where N isthe
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 agorithm 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 Tailwan, was chosen as our study area. Measurements were
conducted in a fan—ventilated swine building (fig. 1). The
building with a semi—glatted floor had dimension of 24 m x
9.2 m x 2.0 m. There were two manure pits measuring 1 m
x 23 m along each side of room. Six 4.0 m x 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,
respectively, during feeding and non—feeding periods. There
were 150 pigsin theroom 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 anayze 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 um. The DM 1100 measured dust mass concentra-
tions in the range of 1.0 to 50000 ug m3. Measured channels
are in the ranges of 0.5-1, 1-2, 2-5, 5-10, and >10 um
aerodynamic diameter. Before the measurements, the
DM1100 was calibrated with known particles of Uniform
Latex Microspheres Polystyrene (0.5 um) and Polymer
Microspheres Styrene Vinyltoluene (3 um) (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 DM 1100 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 DM 1100 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) sdeview. All dimensionsarein
centimeter (cm).

concentrations at al 12 sampling locations. The outputs from
DM 1100 can be expressed both as g m3 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 um 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 um for bins 1, 2, 3, 4, and 5, respectively.

Source strength parameters. In order to obtain the
effective diffusion coefficient (Dg) that is expressed as
follows (Jury et al., 1990):

E” Ppfockoc+0+85KH)

(17)
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We tried to select the chemical database of VOC-odor that
is already in hand. In eguation 17, the physiochemical
properties of toluene such as Henry’s law constant (Ky), and
air and water diffusion coefficients (DS' DIW)’ organic carbon

distribution coefficient (Kyc), and fraction of organic carbon
(foc) are well documented (Howard et al., 1991; Thibodeaux,
1996). Tolueneis 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 (Dg) is calculated to be 1.05 x
109 m2 s corresponding to moisture content of 80% (Liao
and Liang, 2000).

Adsorption rate parameters. Often onefinds0 < ng< 1
for Freundlich exponents. An ng = 1 is used in present
analysis to simplify the model simulation for expedient
computation. Van Loy et a.(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 x 106 m2 s1
(Liao and Liang, 2000). Freundlich capacity constant (Kg)
was estimated to be 0.2 m3 kg corresponding to ng = 1
(Geankoplis, 1993).

Deposition rate parameter s. 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 t0 0.5 s to correspond to the indoor air in aroom 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—nduced 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. Caculations using the model
developed for thiswork 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.

REsuULTS AND DiscussioN

Table 4 gives the experimental results for each measuring
period. Experimental results show that the particle size
distributions followed alognormal distribution with geomet-
ric mean diameters (GMD) (which is based on number) of
2.17 +£0.06 and 2.11 +0.05 um 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 m3 (ranging from 15.37-29.44 mg m-3) and
2.32 +0.45 mg m3 (ranging from 1.76-2.80 mg m3),
respectively, for feeding and non—feeding periods. The result
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Table 2. A summary of input parameters
appearing in model implementation.

Representation
Parameter Description values
VOC-odor source strength
De Effective diffusion coefficient of 1.05x 109 m2 s~1[d
toluene
VE Effective moisture velocity (advec- 8.64 x 10~4 cm d-1[d
tion)
He Effective moisture horizontal veloc- old
ity
W Thickness of contaminated layers W=10cm
A Manure pit area 2x23m2
Ai 1st—order decay rate constant of tol- 3.2 x 102 d-{d
uene
Cs Assumed initial toluene concentra- 5mg L3d
tionin slurry
Adsorption rate
Ds Surface effective diffusivity of tolu- 8.8 x 106 m2s-1[d
eneinair
Ke,ne  Parametersof Freundlichisotherm  Kg = 0.2, ng = 1[0
Cie Steady—state VOC—odor concentra- 4.12 ug m-3lcl
tion
Deposition rate
V=Ixwxh Pighouse dimension 1=24m,w=92m,
h=2m
n Exponent constant 2ldl
ke Turbulent intensity parameter 0.551e
Na Dynamic viscosity of air 1.85 x 104 Aif]
Pa Density of air 1.18 x 103 g cm3(f]
Kg Boltzmann's constant 1.38 x 1016 erg
ok -1If]
T Indoor absolute temperature 302°K
A Mean free path of air 0.66 x 10-5 cmf]
Pp Particle density 1.0g cm™3

(@ Adapted from Liao and Liang (2000).

(o] Adopted from Geankoplis (1993).

[dl Calculated based on Equation 1.

[dl Adopted from Nazaroff et al. (1990).

(el Adopted from Nazaroff et al. (1990) and Nazaroff and Cass (1989).
[l Adapted from Hinds (1999).

Table 3. Operating parameter s used in the model simulation.
Feeding period Non-feeding period

845 m3 h1 280 m3 h~1

Ventilation rate

Aerosol profile

Particlesize distribution  LN(2.17, 1.75) LN(2.11, 1.72)

Particle concentration 3980 cm3 455 cm3
Dust source conc. in each bin (particles cm3)

Bin1(0.5~1.4 um) 478 54

Bin 2 (1.4~2.3 um) 1791 204

Bin 3 (2.3~3.2 um) 796 92

Bin 4 (3.2~4.1 um) 597 68

Bin 5 (4.1~5.0 um) 318 37

Breathing rate (L min-1)[d
Growing pig 20 6.6
(@ Data are adapted and cal cul ated from DeJours (1968) and Mount (1968).

from the chamber test shows that the particle size distribution
of thefeed isLN(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 cm3) (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 12:00-13:00 18:00-19:00
(1st feeding period) (Non—feeding period) (2nd feeding period)

Sampling Concentration GMD GSD Concentration GMD GSD Concentration GMD GSD

Location(d (mg m=3) (um) @) (mg m=3) (um) @) (mg m=3) (um) @)

Al 12.05+4.21 211 1.69 2.08 +0.65 2.01 1.62 11.77 £2.01 2.07 1.69

A2 20.946.1 2.20 1.81 1.98 +0.94 2.08 17 25.3%7.2 2.22 1.75

A3 16.11 +4.32 2.16 1.75 2414022 2.16 1.68 16.33 +4.61 2.16 1.73

A4 27.019.02 2.06 1.75 20+1.01 2.09 1.69 2353+8.11 2.26 1.73

B1 17.33+2.19 211 171 2.33+0.4 2.08 1.68 18.89 +2.46 2.23 1.75

B2 3122 46,57 2.21 1.74 2.54+0.68 211 177 27.66 £5.23 2.19 1.82

B3 15.017.32 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 2.810.23 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 2.16 173 7.53+2.35 2.09 18

c2 20.06 +11.8 2.24 1.82 3351051 213 1.78 23.6+9.21 2.22 18

C3 11.93 +4.23 211 1.65 2.13+1.03 2.08 1.65 11.17 +5.67 2.05 171

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 2.32 211 171 20.47 2.18 1.75

SD. 831 0.06 0.05 0.45 0.05 0.06 8.14 0.07 0.05

[d Seefigurel.
05 begins, peak at about the time the feeding is stopped, then fall
A. During feeding 05| & Nonseeding | Edmenred with a dgcay rate dictgteo_l by the de(;rease in particle
04 | smulated concentration since ventilation only partially removes the
04 | 03 dust—borne toluene concentration from the previous feeding.
o 02 Figure 3B is a plot of the_ Cumul_ative inhal atio_n dose of
E sl oL dust-borne toluene as a function of time. The total integrated
- - N dose is also shown (fig. 3C). The inhalation dose continues
g 0. 00 15 35 b5 78 o to increase _for a considerable perlod after the feedl_ng is
£ g2 | stopped. This feature makes the time spent of workersin the
=2 pig house after feeding an important parameter to be
4 considered in dose reduction. Since the number of particles
© 01 f isrelatively small for bins 1, 4, and 5 (table 3), the dominant
\ contribution to the dose isfrom bins 2 and 3 (average particle
P sizes are 1.85 and 2.75 um, respectively). Figure 3B also
00 indicates that the integrated doses at the times the feeding is
0O 05 15 25 35 45 55 65 75 85 95

Aerodynamic diameter @p 1m)

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
amechanically ventilated swine nursery by Maghirang et a.
(1997) was calculated and also used in the model compari-
son.

Figure 3 showsthe result of asimulation of the dust—borne
toluene exposure as a function of time in a 24-h basisin 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

Vol. 44(6): 18131824

stopped at 07:00 and 19:00 are around 4 x 102 and 13.5 x
102 ug kg for 1.85 and 2.75 um aerosol and 2 x 102 and
6.5x 102 ug kg1 for 0.95 and 3.65 um aerosol, respectively.
Calculations using the model aso indicate that the integrated
dosefor 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 10! h-1, respective-
ly, for particle sizesin the range of 2 to 3 um 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 103 and 105 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 x 10-3t0 6.5 x 104 mg m-3 and
the inhalation doses were reduced from 5.8 x 104 to 3.5 x
105 ug kg, respectively, in feeding and non-feeding
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Figure 3. Simulation resultsof: (A) time evolution of dust—bornetoluene
concentration in a 24-h basis of each size bin of the Tainan pig house, (B)
cumulativeinhalation dose of dust—borne toluene as a function of time,
and (C) thetotal integrated exposure dose.

Table 5. A summary of simulation results of adsor ption and
deposition ratesin feeding and non—feeding periods.

Adsorption Deposition
rate rate
Bin number (k) (Aa(k), 1) (M), b
Feeding period
1 (0.5~1.4um) 9.7 x 102 4.2x 104
Ww=19h1 2 (1.4~2.3um) 1.6x103 6.5x 104
Z=3980 cm3 3(2.3~3.2um) 14x103 26x103
GMD =217um 4 (3.2~4.1um) 6.9 x 102 15x 102
GSD =175 5 (4.1~5.0um) 1.7 x 102 9.7x 1072
Non-feeding period
1 (0.5~1.4um) 1.1x 102 41x 104
W =0.63h1 2 (1.4~2.3um) 1.9x 102 6.1x 104
Z=455cm3 3(2.3~3.2um) 1.7 x 102 21x103
GMD =211um 4 (3.2~4.1um) 7.9x 101 11x103
GSD =171 5 (4.1~5.0um) 19x10! 6.5x 102

periods for 1.85 um 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
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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, afew 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 along 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 houseis highly effectivein
dose reduction. Figure 5 shows that for the small diameter
aerosol (GMD = 2.17 um) the equivalent dose for a 3 h
feeding duration followed by 3 h in the pig house is about 3 x
10-3 ug kg1, while that for a 2 h feeding duration followed
by 2 hin the pig house is about 1.5 x 103 ug kg. For the
large diameter aerosol (GMD = 8 um), the corresponding
reduction isfrom 8.5 x 104 to 4 x 104 ug kgL,

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 severa implications: (1) the particle
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Figure 5. Smulation resultsfor two aerosols of (A) 2.17 um GMD and (B)
8 um GMD by varying the feeding duration and the time spent in the pig
house for oneworker. Theair exchangerateis 1.9 h-1 and the particle con-
centration is4000 cm=3 for both cases.

diameter ranging from 1.5 to 2.75 um lead to greater
adsorption, which keeps the dust—borne toluene airborne,
whereas the larger particles of >3.65 um are more effectively
removed by deposition; thus, changes in particle size to a
larger size could lower maximum dust-borne VVOC—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 um can grow
to large sizes between 1.5 to 2.75 um, then this increase will
result in alarge 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.
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Figure 6. Simulation results performed for two aerosol of 2.17 um GMD
and 8um GMD during feeding period of (A) time evolution of dust—borne
toluene concentration and (B) dust—bornetoluene sizedistribution corre-
sponding to the above concentration profilesat 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 m2 (fig. 8). Figure 8 indicates that the changesin
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. Thisisto 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 alower
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 isasurface 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 um GMD
and 8 um GM D during non—feeding period of (A) time evolution of dust—
bor ne toluene concentration and (B) dust-bor ne toluene size distribution
corresponding to the above concentration profilesat 5, 10, 20, 40, and 60
min.

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

model: Ge= KFC\?,Fe where g is the amount adsorbed in
equilibrium with bulk VOC—odor concentration (kg kg2).
AED isdefined 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
aparticleif its AED isknown (Hinds, 1999). Therefore, AED
isasuitable 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
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Figure 8. Simulation results performed by varying surfaceto volumera-

tiosof pig house (V) of (A) 0.3, (B) 0.5, and (C) 1 m~1 for time evolution
of dust—bornetolueneinhalation 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 V OC—odor exposure during and af-
ter the time of feeding.

2. There is no sdignificant 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 um 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. Theinhalation dose for a short
feeding duration followed by along stay in the pig barn
can equal that of along 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

Bi(t) Breathing rate of the worker or animal at time
t, L min?

Bw Body weight of the worker or animal, kg

C(k,1) Time-dependent dust—borne VOC—odor con—
centration in the kth size range, kg m3

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

Slip correlation factor, dimensionless

Time—dependent VOC—odor concentration,
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Cv,e

dmax
dmin
dp
D(dp)

D(k,t)
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kg m3

Steady—state VOC—odor concentration,

kg m3

Geometric mean diameter (GMD), um

the largest particle size, um

the finest particle size, um

Particle diameter, um

Brownian diffusion coefficient of a particle of
diameter dp, m? s

Time-dependent cumulative exposure dose

per unit body weight of worker or animal in

the kth size bin, ug kg

Effective diffusion coefficient of VOC-odor
in the slurry, m? s1

Diffusion coefficient of VOC—odor in air,

m2 sl

Diffusion coefficient of VOC—odor in water,
m2 sl

Surface effective diffusivity of VOC—odor in
the air, m2s1

Particle size distribution function,
dimensionless

Fraction of roganic carbon, dimensionless
Gravitational acceleration constant, m s2
Horizontal moisture velocity, cm d-1
Time-dependent VVOC-odor flux from
manure pit, g M2 s

Freundlich capacity constant, m3 kg1
Henry’'s law constant, dimensionless
Organic carbon distribution coefficient,

m3 kg1

Size range humber

Boltzmann’s constant, erg °K-1

Turbulent intensity parameter, dimensionless
Length, width, and height of the enclosure, m
Lognormal probability density function

End point number for akth size range between
dx and dy1.

Exponent in deposition rate equation,
dimensionless

Na
Ae(dp)
Aa(K)
Aq(dp)
Aa(k)
Ai

Ay

Pp
Gg

o(dp)

al

Freundlich intensity constant, dimensionless
Ventilation rate, m3s1

amount adsorbed in equilibrium with bulk
VOC-odor concentration, kg kg2

Surface area of enclosure, m2

V OC-odor source strength, g s

Indoor absolute temperature, °K

Volume of enclosure, m3

Vertical moisture velocity, cm d-2

Settling velocity of a particle of diameter dp,
ms?

Contaminated layer thickness of slurry, m
Particle concentration, cm=3

Adsorption coefficient of VOC-odor to the
surface of an airborne dust with diameter d,,
m3 hl

Fraction of the VOC-odor taken into the total
lung volume that is available for uptake for kth
size bin, dimensionless

Dynamic viscosity of air, p

Mean free path of air, cm

Adsorption rate of VOC—odor to aerosol
surface in the of particle diameter dp, h1
Adsorption rate of VOC—odor to aerosol
surface in the kth size range, h-1

Deposition rate of dust—borne VOC-odor of
particle diameter dp, ht

Deposition rate of dust—borne VOC-odor in
the kth size range, h-1

First—order decay rate constant of VVOC—odor,
h-L

Air exchange rate, h-1

Density of the air, g cm3

Density of dust particle, kg m=3

Geometric standard deviation (GSD),
dimensionless

Size—dependent diffusion length modulus,

dimensionless
Nominal residence time of ventilation air, h

TRANSACTIONS OF THE ASAE



