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ABSTRACT

The principle objective of this project was to verify a
mathematical model which was derived for describing the
dynamic behavior of airborne dust undergoing turbulent dif-
fusive and gravitatinnal deposition in any location of a
ventilated airspace from the standpoint of a
lumped-parameter approximation by using swine dust as a test
dust.

Average equilibrium airborne dust concentrations were
predicted as a function of ventilation and dust generation
rates, Time-dependent airborne dust concentrations at a des-
ignated location (or lump), also were predicted from venti-
lation and dust generation rates. The model calculation was
solved as a 3-D lumped form of control volumes representing
conservation of airflow rate. The results showed that: (1)
when compared with previous results with talcum powder used
as a test dust, the discrepancy between the predictions made
by the model and those measured was greater, (2) the great-
est deviations from the predicted values occurred at the
medium ventilation rates. The particle size analysis showed
that the swine dust used in this study has an average aero-
dynamic diameter of 2 pm, a2nd 95% of the dust particles are
less than 5 pym in size while approximately 45% of the dust
particles are approximately 2 um in diameter.

The statistical analysis of the data revealed that



three ventilation rates (300, 900, and 1500 m3/hr) used
throughout the experiment significantly affected the air-
borne dust concentrations. Three dust generation rates,
when expressed as 533x109: 554x%166, and 6€5x106
particles/min, resulted in significant difference in dust
concentrations while the interaction between the ventilation
rate and the dust generation rate was not significant. The
reasons that cause the disagreement between the measured

values and those predicted by the model were discussed.
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INTRODUCTION

The adverse environment that can occur inside confine-
ment units is one of the primary prcblems facing the swine
production industry. Air quality control is an important
aspect of environmental management of swine buildings. Air
guality depends not only on moisture and concentrations of
toxic gases and microorganisms, but also on the concentra-
ticn of airborne dust. Dust, which consists of solid aero-
sols formed by mechanical disintegrations from a parent
material, is one of the main aerial contaminants in
livestock buildings. A large quantity of dust is produced
in swine confinement buildings. Swine dust is a cocmplex
mixture of agents that have the potential to produce injury
from direct irritation, toxic reaction, or allergic reaction
(Donham et al., 1986). Airborne dust in swine shelters
causes respiratory dist ress symptoms in both humans and pigs
and may affect the growth rate of livestock. It causes
deterioration of equipment such as ventilation ducts, fan
motoers, sensors, etc., in that they become less reliable or
require servicing more frequently. Dust also is a carrier

of odors. The odorous gases found to be associated with



airborne particles were identified as organic compounds of
sulfur and ammonia (Bundy and Hazen, 1975).

Particles with a size of less than 5 microns (iim) can
reach the lung tissue and are considered to be the most
hazardous (Honey and McQuitty, 1979). The concentration of
particles with sizes above the respirable range is also of
importance (Heber et al., 1988) since the 5 - 20 um diameter
particles are primarily responsible for the odor-carrying
ability of airborne dust (Honey and McQuitty, 1979; Burnett,
1969) .

Dust in swine barns becomes airborne as a result of
animal activity and air movement thus introducing finely
ground dry feed during feeding and introducing fecal-feed
particles deposited on a solid-floor. Although most dust
particles tend to settle out, they can be continuously rein-
troduced into an airspace. Investigations show that the
animal’s activity has a strong influence on the dust
concentration in the air. Dust concentration increases dra-
matically when animal activity is high (Gustafsson, 1989;
Honey and McQuitty, 1979; McQuitty et al., 1985; Bundy and
Hazen, 1974).

Airborne dust levels in swine buildings can be reduced
by lowering the dust production rate by using methods such

as pelletizing the feed, adding oil to the feed, introducing



a wet feeding system, encouraging less animal activity and
restricting the duration of feeding or by using a dust col-
lection device, etc.. Also, ventilation can be a primary
mode for reducing airborne contaminants in animal housing.
Contaminants can be diluted to safe levels by having a suf-
ficient air exchange rate.

Much research work has been carried out in modelling
and predicting the air contaminant concentration within a
ventilated airspace. These studies have focussed on the
macroscopic or microscopic features of airflow, such as air-
flow patterns, v«=locity profiles and contaminant dispersal
within the space. They have used single or multi-cell,
well- mixed models or numerical solutions to the microscopic
changes of air and contaminant exchange in both agricultural
and non—-agricultural buildings. Behavioural models of aero-
sols in a ventilated airspace are of fundamental and practi-
cal significance because they not only provide useful
information for the simulation of aerosols but, also,
provide information for the design of removal mechanisnms.

In a ventilated airspace, the time-dependent change in
dust properties, such as particle size distribution and par-
ticle number and mass concentrations, can be determined by
considering the simultaneous effects of coagulation,

diffusion, deposition, thermopheresis, generation sources



and distribution of supplied air within the enclosure.
Theoretical and experimental studies on this type of model
have been presented by various researchers (Longstroth and
Gillespie, 1947, Randolph and Larscn, 1962; Huang et al.,
1970; Greenfield et al., 1971; Lindauer and Castleman, 1971;
Okuyama et al., 1976; Okuyama et al., 1980). Although
approximate and semi-analytical sclutions for each effect
and numerical solutions under particular conditions have
been obtainred, a general dynamic equation associated with
the Navier-Stokes equation that describes a dust and airflow
system in a ventilated airspace is extremely difficult to
solve (Friedlander, 1977). The experimental results, on the
other hand, were obtained under specific conditions and
appeared insufficient to predict the general behavior under
various conditions such as turbulent flow in a three-
dimensional ventilated enclosure, or for different ventila-
tion systems. The problem becomes more difficult for
polydisperse particles an. for ventilation systems with
multiple inlets and outlets (Liaoc and Feddes, 19&%9).

Very little research work has been done to model air
contaminant concentration distrikution in livestock build-
ings. Choi et al. (1987) used the k-€ turbulent model to
determine air contaminant concentration distribution in a

ventilated airspace, but no attempt was made to validate the



predicted distribution. Dust behavior in a ventilated air-
space has not been established satisfactorily for livestock
buildings (Bundy and Hazen, 1975; Nilsson, 1982; Honey and
McQuitty, 1979).

A general model was developed to understand the local
transport phenomenon of airborne dust from the viewpoint of
a lumped-parameter approximation for describing the dynamics
of airborne dust at any location within a ventilated air-
space (Liao and Feddes, 1990(b)). The governing equation of
the lumped-parameter model is represented by a first-order,
vector-matrix differential equation, or retferred to as a
linear dynamic equation.

An experiment was carried out in an environmental
chamber to assess the accuracy of the model using talcum
powder as a test dust (Liao and Feddes, 1990(a)) and the
predictions of the model compared very favourably with the
measured results. Talcum particles had an average aerody-
namic diameter of 1 pum and their particle size distribution
was quite uniform (Liao and Feddes, 1990(a)). In this
study, the objective was to use the model to predict the
concentrations of dust in an airspace using dust collected
from a swine barn as the test dust. Both ventilation rate
and dust generation rate were varied to test their effect on

airborne dust concentration.



LITERATURE REVIEW

Dust in S8wine Buildings

According to a comprehensive analysis of dust from
swine houses (Donham et al., 1986), the main constituents of
swine dust included animal feed components (starch granules,
grain meal, trichomes, and corn silk) and swine fecal mate-
rial (bacteria, gut epithelium, and undigested feed). Other
identified components of the dust included swine dander,
mold pollen, insect parts, and mineral ash. The relative
proportion of feed to fecal content of the dust increased in
buildings where larger animals were housed. The measured
median diameter of the particles was about 2.2 um. Most
starch and grain meal particles had diameters larger than 5
pm, fecal material particles were between 1 and 2 pm diame-
ter and among 11 to 16 pm diameter particles, about 1 and
10% were identified as hair and skin respectively (Heber et
al., 1988(a)). Skin comprised 5% of the 7 to 9 um particles
(Honey and McQuitty, 1979). Both airborne and settled dust
were primarily feed particles (Heber et al., 1988(a):; Chiba
et al., 1985; Curtis et al., 1975). Some researchers found
that nany large airborne particles were caused by electro-

static attraction between smaller particles (Koon et al.,



1963) and the attachment of viruses and bacteria (Harry,
1978:; Dyment, 1976).

Airborne dust in pig finishing units was coarse and
tannish and was more fluffy than dust from farrowing, nurs-
ery, and growing buildings because of higher quantities of
feed used in the finishing units (Heber et al., 1988(a)).
The respirable fraction was primarily fecal material, prob-
ably generated by animal movements (Donham et al., 1986).

Factors which may affect the dust concentrations in
swine buildings are:

(1) temperature difference between inside and cutside
of the building (Heber et al., 1988(b)),

(2) the type of the ventilation system, i.e. natural
ventilation system, or mechanical ventilation system (Phil-
lips, 1986; Chiba et al., 1985; Heber et al., 1988(b)),

(3) air velocity (Harry, 1978; Bundy, 1984; Meyer and
Manbeck, 1986),

(4) humidity (Honey and McQuitty, 1979; Bundy, 1984;
Heber et al., 1988(b):; Grub et al., 1965),

(5) animal activity was implicated as a major factor
causing higher dust emissions and was associated with inside
temperature (Koon et al., 1963; Honey and McQuitty, 1979);
feeding methods (Honey and McQuitty, 1979%; Bundy and Hazen,

1975); light compared to darkness in swine nursery and poul-



try housing {Van Wicklen and Yoder, 1988; Van Wicklen and
Mitchell, 1986; Grub et al., 1965; lNMcQuitty et al., 1985),
(6) the qguantity of feed fed (Honey and McQuitty. 1979;
Donham et al., 1986), and
(7) building hygiene (amount of dust and dry litter on
the floor) (Mueller, 1984; Carpenter, 1986; Heber et al.,

1988 (b)) -

BL2ic Concepts and Terminology

Factors affecting dust behavior

Dust particle size, concentration and chemical composi-
tion appear to be the main factors that affect human and
animal health in livestock buildings. Particle size 1is the
most important parameter for characterizing the behavior of
aerosols. Most aeroscls cover a wide range of sizes. Not
only do aerosol properties depend on particle size but the
relationships that govern their behavoir change with size.
The sizes of particles influence their sedimentation rate
(Janni et al., 1984) and the location of deposition in the
respiratory tract (Mercer, 1978). Particles greater than 10
pum are deposited in the nasal passages, 5 — 10 pum in the
upper respiratory tract and particles less than 5 um reach

lung tissue, and there appears to be no lower size limit for



deposition (Carpenter, 1-

Coagulation

Coagulation of aerosols is a process whereby aerosol
particles collide with one another due to a relative motion
between them and adhere to form larger particles. The
result of the coagulation is a continuous decrease in number
concentration and an increase in particle size. Turbulent
coagulation is caused by the turbulent motion of a flowing
medium. Particles of different sizes move with different
velocities and collide as a result. Generally, turbulent
coagulation becomes very important for particles larger than
10 pm (Hinds, 1982) and the majority of dust particles found
in animal housing have diameters between 0.5 and 5.0 jim (Van
Wicklen et al., 1988). Therefore, the turbulent coagulation
phenomenum is not significant compared to turbulent diffu-
sive and gravitational deposition in an animal ventilated

airspace.

Deposition by diffusion

A continuous diffusion of aerosol particles to a sur-
face is due to a concentration gradient between the surface
and its adjacent space. Particles deposit as a result of

fluctuating velocities normal to the surface. Particles are
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unable to follow the eddy motion and are projected to the
wall through the relatively quiescent fluid near the sur-
face. Diffusion decreases the concentration of dust par-
ticles as a result of the deposition of small particles on

wall surfaces.

Gravitational Sedimentation

Tire particle motion is the result of gravity and the
resistance of the gas to particle motion. Gravitational
settling decreases the concentration as a result of deposi-

tion of larger particles on the floor.

Dust concentration

The most common measure of dust concentration is mass
concentration: the mass of particulate matter in a unit vol-
ume of aerosol. Common units are g/m3, mg/m3, and pg/m3.

Another common measure of concentration is number
concentration: the number of particles per unit volume of
aerosol. Common units are particle number/cm3 and mppcf
(million particles per cubic foot). Only number concentra-

tion expressed in particles/cm3 is used in this study.
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Air S8pace Distribution and Dust Concentration

A knowledge of airflow patterns in ventilated animal
housing is important for control of contaminants such as
harmful gases, dust, excessive heat, or water vapor, etc.
since they are removed by ventilation only (Choi et al.,
1987). The distribution of gases and dust pollutants in a
ventilated enclosure depends not only on the characteristics
of the pollutants themselves, and the ventilation airflow
rates of clean air, but also on the flow field. The flow
field in a ventilated enclosure is usually complex. It can
be defined in terms of supplied airflow, pollutants flow,
infiltreotion flow, and recirculation airflow, etc.. Fur-
thermore, turbulent flow is a typical feature of the airflow
in a ventilated enclosure (Liao, 1989). Air velocity fields
must be determined if air quality is to be predicted analyt-
ically (Choi et al., 1987).

Substantial research work has been carried out in
predicting airflow patterns in an ventilated enclosure (Tim-
mons et al., 1980; Nielsen, 1973; Nielsen et al., 1978; Gos-
man et al., 1980; Choi et al., 1987, 1988; Randall, 1977).

Some general rules suggested by Randall (1977), and
Randall and Battams (1979) predict qualitatively the airflow

pattern in a ventilated livestock building. They were as
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follow:

1) Primary air paths are established from the inlet to
the outlet in the directions of airflow.

2) Air moves in a series of rotary motions.

3) Secondary paths are induced by the primary paths to
complete one or more rotary motions.

According to the studies of Randall (1977, 1980),
Randall and Battams (1976) and Boon (1978), the initial
velocity of the inlet air, ceiling obstructions, the layout
of pens and design of partition structures within the build-
ing, exert a great influence on the airflow patterns within
the building. The air space distribution also depends on
whether the incoming air is used for heating or cooling.

By examining the air distribution patterns it has been
shown that the air space can be roughly divided as follows
(ASHRAE, 1989):

1. The primary air zone. This is an air envelope
developed from the air inlet to where the air velocity
approaches 0.75 m/s.

2. The total air zone. This zcne includes the primary
air zone and the entrained air from the general air motion
zone. The air velocity in this zone is relatively high as
it is influenced by the primary air, but less than 0.75 m/s.

3. The stagnant zone. This zone results from natural



13

convection currents. Air velocity within this zone is usu-
ally low (approximately 0.1 m/s).

4. The general building air motion zone. This is the
part of space in which there is a gentle drift towards the
total air zone, i.e., entrainment. Air motion in this space
is attributed to the recycling of total air.

An example of typical airflow pattern in a ventilated
enclosure was given by Liao (1989) and is shown schemati-
cally in Figure 1. 1In this example, inlets are mounted in
or near the ceiling and discharge air horizontally. In the
side view (Figure 2), "A" denotes the volume space which is
composed of primary air and the total air zones, and "B"
denotes the space or volume which corresponds to the general
building air motion zone. Below zone "B" is the stagnant
Zzone. According to Barber and Ogilvie’s studies (1982),
completely stagnant zones are unlikely to exist in livestock
buildings, and the multiple flow regions w&re considered to
be the most likely reason for departures from coumplete mix-
ing which was normally assumed in designing of livestock
building ventilation systems in slot-ventilated airspace.

Airflow patterns in a ventilated airspace will defi-
nitely affect the concentration distributions of aerial con-
taminants such as gaseous pollutants and dust (Liao, 1989;

Choi et al., 1987; De Praetere and Van Der Biest, 1989;
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Robertson, 1989; Heber et al., 1988(b): Brannigan and
McQuitty, 1971). Therefore, the accurate prediction of air
flow patterns and velocity profiles are essential for better
prediction of contaminant concentration distribution. On
the oth=2r hand, the contaminant concentration distributions
can be a direct measure of effectiveness of ventilation in
achieving acceptable air quality in a ventilated livestock

buildinc.

The Population—-Balance Equation

The population-balance egquation (from a micro-mixing
point of view, Himmelblau and Bischoff, 1968) can be termed
a General Dynamic Equ-*~ion (GDE) and is the kasic equation
for such a system describing the time-dependent change in
properties of an airborne dust undergoing turbulent coagula-
tion, turbulent diffusive deposition, gravitational
settling, and ventilation airflow. Such an equation can be
written as (Friedlander, 1977; Davies, 1966; Greenfield et
al., 1971; Okuyama and Kousaka, 1977; Liao and Feddes,

1989):
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and
C(r.tYy=Qn,(r.t) (2)
where:
G(r,t) = dust generation rate, particles/s/um
Q = volumetric airflow rate, m3/min, and
rj(r,t) = time-dependent initial concentration of dust

at certain particle radius r, particles/cm3/um
The left side of equation (1) indicates the change in
particle number concentration of particles with size r at
time t. The first term on the right hand side represents
the rate of formation of particles of size r due to turbu-
lent coagulation of two particles smaller than r, and the
second term the rate of loss of particles of size r due to
their coagulation with particles of any other sizes includ-
ing r. The third term indicates the rate of deposition by

turbulent diffusion and the fourth term the rate of



deposition by gravitational sedimentation. The fifth term
represents the rate of particles removed from a system vol-
ume by ventilation airflow and the sixth term indicates the
rate of particle generation in a system volume.

Equation (1) was derived on the basis of several
assumptions (Appendix A). It is a nonlinear partial
integro-differential eqguation and cannot be solved analyti-
cally. By simplification and further assumptions, a linear
ordinary differential equation was derived (Liao and Feddes,

1989):

2 2.,
dn(ty/dt=-5S.2r(c /) En% Y- (r )/ Hnr(t)

—(D(ro)-e)S/78)n(ty+Q/V(n,—n(t)) (3)
This model was relatively primitive since it assumed
the system interior to be a single, well-mixed volume, and

did not account for the spatial changes in physical dynamics

of the interior environment.

The Lumped--Parameter Model

The lumped-parameter model was derived based on the
;inear ordinary differential equation (Liao and Feddes,
1990). The extended developments to the linear ordinary

differential egquation included:
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(1) multivolumes, based on lumped-parameter approxima-
tion,

(2) a model for predicting dust particle concentrations
that incorporates a description of local transport phenomena
characterized by local airflow rates and transition proba-
bilities of airborne dust particles.

As shown in Figure 3, a ventilated airspace can be
divided into m arbitrary lumps. In each lump, the mixing is
assumed to be uniform and instantanecus, and concentration
is constant throughout the lump. The particle concentration
change with time in each lump can be represented as the sum
of two terms. The first term that represents processes
which occur inside the lump may include gas-to-particle con-
version and turbulent coagulation. The second term indi-
cates particle transport across the boundaries of the lump
by transfer airflow rates, turbulent diffusion, and
gravitational sedimentation.

With the model assumption (Appendix B) and the linear
ordinary differential equation, by applying the advanced
matrix method, the system equation can be represented by a

first-order vector-matrix differential equation:

d{n()y/dt=-[BI{r(}+[V]'{C()}. {n(0))={n,} (H)
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where:

{n(t))} = vector of dust particle concentration,
particles/cm3

[V]-l = inverse diagonal matrix of air volume, m~3

{G(t)) = vector of time-dependent dust generation rate,
particles/min,

[B] = square transport matrix, min~1, and

{ng) = vector of initial airborne dust concentration,

particles/cm3.

The transport matrix [B] also can be expressed as:

[(BY=[H V'~V ' [S)+[T]"' (S)
where:

[HY ' =[V}'A]

[(H' Y '=U(rIH]

[(7T1'=[{V]'[Q], and

[S 1=((D(r)+€)/8)[S]
in which:

[A] = diagonal matrix of lump cross-sectional areas, m2

Ii

[H] diagonal matrix of lump heights, m
(S]

Us(r)

diagonal matrix of lump surface areas, m2

particle terminal settling velocity, cm/sec
D(r) + € = effective turbulent diffusion coefficient,

cm?/sec, and
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& = thickness of concentration boundary layer, mm.

[Q] is a square airflow matrix with components Qij,

where:

/ —Q, for t#j

Qu=\ > Q. for l:,-/ (6)

t=1
(t»k)

For the ith row of {Q] the off-diagonal entries represent
the airflow rates into the ith lump from other lumps with
negative sign, while the diagonal entries give the total

airflow out of the i%N lump. The airflow matrix [Q] also

can be expressed as :
[Ql=0[3] (7)

where:

[BR] = square matrix of entrainment ratio function,

Q = total voclumetric flow rate of outdoor air supplied

to the whole system, m3/hr.

The equilibrium dust particle concentrations attained

can be given as:

~~
&
N’

{r(s.s)Y=[B1 ' [V] '{C(s.5))

where:

(G(s,s)} = vector of equilibrium dust generation rate,

particles/min.
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FIGURE 1. Schematic diagram of a typical airflow
pattern in a ventilated enclosure (Liao, 1989)

FIGURE 2. Typical air flow pattern in a ventilated

enclosure (side view) (Liao, 1989)
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EXPERIMENTAL PROCEDURE

Experimental Facility and Test Dust

Environmental chamber

The experiment was carried out in an experimental
chamber which was constructed within a controlled-
environmental building (Leonard, 1986) at the Agricultural
Engineering Research Station, Ellerslie, Alberta. The
chamber, which was designed to simulate a small room housing
pigs, has dimensions of 7.2m xXx 5.4m xXx 1.9m with a volume of
74 m3. The major dimensions are indicated on the overall

view of the chamber shown in Figure 4.

Ventilation system

Air entered the test chamber from the air-conditioned
building through an inlet (5400x45 mm) (Figure 5). A 640 mm
diameter, 7-blade propeller fan (Model ECDQ 562/6, Zeihl -
Abegg Co.) was used to exhaust air from the chamber. The
height of the fan centreline was 1 m above the floor. The
fan speed control was achieved with a controller (Model MC -
5C, Tri Var Inc., Mississauga, ON) to maintain constant air-
flow rates over the sampling period (Figure 5). The fan

operating capacities were 0 tc 1500 m3/hr. The airflow rate
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was measured near the end of the discharge duct in accor-
dance with Jorgenson (1983). Three ventilation rates 300,
900, and 1500 m3/hr were chosen to simulate the cold and

warm weather ventilation rates in an animal building.

Test Dust

The dust used throughout the experiment was collected
from a pen floor in a feeder swine barn. The collected dust
was sieved through a screen with 4.76 mm (Mesh No. 4) open-
ings to remove the larger material. 1In order to obtain a
homogeneous dust, the screened dust was mixed in a rolling

cylinder for one hour.

Dust generation system

The dust was placed in a hopper and transported by an
auger to a blower that injected it into the ventilated air-
space at six dust generation locations (Figure 6). The dust
generating points were 27 cm above the floor. The
generation rate was changed by installing augers with dif-
ferent pitches. Three augers were fabricated to meet the

requirement for dust generation rates (Plate 1).
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Instrumentation

A TSI-APS 3300 Aerodynamic Particle Sizer System (TSI,
St. Paul, MN) was used to measure dust particle concentra-
tion (Plate 2). Before the test, the APS was calibrated
with known particles of Uniform Latex Polystyrene
Microspheres (0.496, 0.966, 2.01 um), Styrene-Vinytoluene
Latex Polymer Microspheres (2.96 pm), and Polymer Micro-
spheres (3.983, 9.870 um) (Duck Scientific Corp., Palo Alto,
ca) .

The Model 3460 Tri-Jet Aerosol Generator (TSI, St.
Paul, MN) was used to produce aerosols from liquid solutions
and suspensions to calibrate the APS (Plate 3).

As shown in Plate 4, the velocity of airflow rate in
the duct downstream from the ventilation fan was measured by
an airflow meter (Velocicalc, Model 8350, TSI Incorporated,

St. Paul, MN).

Airborne dust concentration sampling

A total of 12 sampling points detected concentrations
in both longitudinal and vertical directions. Sampling was
carried out in two planes, 1.8 m and 3.6 m from a side wall
(along y-direction in Figure 5). To calculate dust genera-
tion rates, the airflow rates and dust particle concentra-

tions generated from the six dust generation points were
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measured before each experiment. Dust samples were drawn to
the particle sizer via a 1.3 ¢m internal diameter Tygon
plastic tubing at a rate of 16.67 cm3/s. At this airflow
rate, the dust particle velocity is sufficient to prevent
particles settling in the sampling tubes. Sampling point 5
was used to study the transient responses of airborne dust
at a sampling interval of 2 minuces (Figure 5). Eqgquilibriun
was assumed to occur 60-70 minutes after a constant dust
concentration was reached in the exhaust air. After 100
minutes, concentrations at 12 sampling points were measured
in a random order. The environmental chamber was cleaned

before each trial run. Sampling tubes were cleaned by com-

pressed air before sampling.
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PLATE 1. Augers used to provide different dust

generation rates.

a
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PLATE 2. TSI-APS 3300 Aeradynamic Particle Sizer.
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PLATE 3. Model 3460 Tri-Jet Aerosol Generator.




31

METHODOLOGY
Experimental Design

The primary dependent factor studied in this project
was the airborne dust concentration. Independent factors
consisted of three levels of ventilation rates (300, 900,
1500 m3/hr) and three levels of dust generation rates
(533x106, 554x106, 665x106 particles/min). The two indepen-
dent facteors, each having three levels, yielded a total of 9
possible combinations. The 9 possible combinations are
listed in Table 1. Each combination was replicated three
times in a random order. These were arranged in a split-
split-plot factorial experimental design so that the dust
concentration data could be analyzed using an analysis of
variance procedure. The statistic model of the experiment
is:

C=p+V, +D,+VD, *+Ryn* L+ LV + LD, «LV D, + LR, *Sn+SV

un

SD,m*+*SVD, +SLiy* SLV 1+ SLD ,jn * SLV D 10y * € iim ()
where:
i = overall mean

Vi = ventilation airflow rates i=1, 2, 3
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Dy = dust generation rates j =1, 2, 3

Rx = replicates k=1, 2, 3, and
L1 = levels 1 =1, 2

Sm = lumps m=1, 2, ... 6

As shown in the EMS table (Appendix C), the valid error
term for testing the significance of ventilation rates and
dust generation rates is the REPLICATES within the combina-
tion. The statistical analysis was performed using the GIM

procedure of SAS (SAS Institute Inc., 1989).

Table 1. Possible combinations for the experiment

Dust Generation Rate Ventilation Rate (m3/hr)

g ( 106 particles/min) Vi (300) Vo (900) V3 (1500)
gy (553) g1Vi giV2 giVvs
gz (554) g2V g2Va gaVs
g3 (665) g3V g3V2 g3Vs

Verification of the Lumped-Parameter Model

As shown in the Figure 7, the environmental chamber was
divided into 12 lumped control volumes in the x-y-z coordi-
nates. The control volume P in the Figure 7 is a typical

3-D lumped volume in the system in which its representative
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dust particles are undergoing turbulent diffusive deposi-
tion, gravitational sedimentation, and local airflow trans-
port. The primary airflow and circulating airflow are
assumed to be directed in the x, y, and z directions (Liao
and F _lIdes; 1990).

The procedures of the model verification include:

1. From equations (4), (7), and (8), the following
information is required for ihe model calculation:

a) The entrainment ratio, f3: The actual value of
the entrainment ratio depenids upon the relative position
between the supply and the exhaust position, size and shape
(circular or slot, etc.) of the nozzle or air jet. 1In the
model calculation, the secondary airflow rate ([3Q) in a ven-
tilated enclosure is assumed to be entirely induced by the
primary airflow rate, i.e., the surrounding air is entrained
into the inlet jet to become part of it.

The equation for the air entrainment in a jet sitream
from a long continuous slot has been mathematically pres-

ented in ASHRAE (1989):

B=RBQ/Q= entrainred flow/initial flow

=J(2/K'Y(X/H,) (10)
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where:

KI

proportionality constant, approximate value of 7,
X = distance from inlet, m, and

Ho, = width of slot, m.

In this model verification, air entered the experimen-
tal chamber through the 540x4.5 cm long slot. Therefore,
the values for K/, X, and Ho are 7, 7.2 m, and 4.5 cm,
respectively. Substituting all these values into equation
(10), the value of 3 is equal to 6.76.

b) The diagonal air volume matrix [V]: An equal air
volume for all lumps is assumed in the model verification,
i.e. Vy =Vy =V3 = ...... Vi = 74/12 m3 = 6.16 m3.

c) The steady-state dust generation rate (G(s,s)}:
Dust generation occurred in lumps 7, 8, 9, 10, 11, and 12
(Figure 7). Dust concentrations at the six dust generation
points were converted to dust gensration rates in parti-
cles/min by multiplying the particle concentration by the
airflow rate in each genration tube. The values of dust
generation rate in the six lumps were denoted by G7, Gg. Gg,
G0, Gi1, and G2, respectively. The airflow rates and the
dust generation rates of the six dust generating points

were listed in Table 2.
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Table 2. Measured airflow and dust generation rates at

the six dust generating points

dust airflow dust generation rate
generating| rate (10® particles/min)

point m3/hr low medium high
Gy 16.6 67.2 47 .8 114
Gg 12.5 45.8 76.9 101
Gg 10.4 23.5 50.2 61.3
Gio 26.3 136 143 185
Gi1 21.6€ 184 117 111
G12 22.0 77.0 119 93.8
Total 533 554 665

d) The airflow matrix [Q]: From equation (6) and
(7) ,and the airflow patterns that are shown schematically in

Figure 8, [Q] can be expressed as:
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The airflow matrix is quasi-diagonally dominant, i.e.,
the diagonal element of airflow matrix, in row i or in cocl-
umn i, Qii, is larger than or equal to its corresponding
column sSum Or row sum. Figure 8 indicates that the solution
of the airflow matrix is by the 3-D lumped form of control
volumes represented by the conservation of airflow rates.

e) The transport matrix [B]: The input data of the
transport matrix are determined by equation (5). The par-
ticle terminal settling velocity is assumed as Us(r) = 0.013
cm/sec (Hinas, 1982), effective diffusion coefficient as
D(r)+e = 3.34x%1073 cm?/sec (Davies, 1966), and thickness of
concentration boundary layer as 6 = 0.085 cm (Van de Vate,
1972). The input data to the transport matrix [B] for each
ventilation rate are listed in Appendix D. Matrix [B] is a
square matrix having positive diagonal elements and negative
off-diagonal elements, and the inverse of transport matrix,
[B]™! exists. According to Liao and Feddes (1990), the
matrix [B]~1 is an irreducible, non—-negative, square matrix.
This implies that it is impossible to reduce matrix [B]~1l to
a block diagonal or block triangular form. From the theory
of matrices, the eigenvalues of [B]~l are equal to the
reciprocals of the eigenvalues of [B]. The transport

matrix, [B], governs the time evolution of dust concentra-
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tion histories when a step input is used to excite the sys-
tem (Liao and Feddes, 1990).
2. Check the stability of the system:

After constructing the tr.nsport matrix [B] for each
ventilat.on rate, the stability of the linear dynamic equa-
tion must be checked by calculating the eigenvalues corre-
snor?°ng to each transport matrix (Liao and Feddes, 1990) to
make sure the system is stable. The general solution of the

linear dynamic equation is:

{(n{t)}= z:Ck&VP(‘I/Awl)(xu)}+[D](C(SvS)} (1)
Aea]
where:
Cx = constants, dependent on the initial conditions,
A, = eigenvalues of [B]~l, min, and
(x(K}} = eigenvectors of [B]~1 corresponding to A,.

According to the stability criterion of the linear
dynamic equation, all the eigenvalues for each transport
matrix should be distinct and greater than zero. If some
eigenvalues have a wvanishing or negative real part, then the
linear system is physically unstable and subject to uncon-
trolled growth with certain initial conditions or a bounded
dust generation rate function. What affects the eigenvalues

of transport matrix {B]? From equation (5), the transport
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matrix [B] can be expressed as:
(Bl = (H'171 + (v17i(s/] + [v]~1(Q]

It is obvious that once the lump dimensions have been
decided, [H’], (V], [S’] will have definite values so that
the only factor which affects the eigenvalues of matrix
iB]~1l is the ventilation airflow rate [Q]. An attempt was
made to change the ventilation rate Q to see how it might
influence the eigenvalues of matrix {B]. The results indi-
cated that changing ventilation rate affects the magnitude
of eigenvalues of [B], but not the sign of eigenvalues.
Cther parameters in equation (5) have a similar effect on
the eigenvalues. When the lump number equals 12, there are
always some negative eigenvalues. The negative eigenvalues
disappear as the lump number decreases. When the transport
matrix [B] had some negative eigenvalues, the linear dynamic
equation did appear stable.

De Carlo (1989) explained that two kinds of stabilities
exist via the usual time-invariant state modei: 1. Bounded
Input and Bounded State stability (BIBS), 2. Bounded Input
and Bounded Output stability (BIBO). According to De Car-
lo’s theory, the system is BIBS unstable if the state matrix
([B] matrix in the lumped-~parameter mcdel) has negative
eigenvalues. However, it does not mean that BIBO is unsta-

ble. BIBO stability of the system depends on the - serv-
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ability of all unstable modes of the eigenvalues. In this
model verification, the transport matrix [B] has negative
eigenvalues thus being BIBS unstable; however, it is BIBO
stable. Evidently, the negative eigenvalues can not be
used to justify the stability of the linear dynamic equa-

tion. A more rigorous stability criterion is required.
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RESULTS

Model Predictions and Experimental Results

8ize distribution of the swine dust:

Although this experiment did not focus on swine dust
particle size distribution, the dust concentration data did
include these. The results of the particle size analysis
show that the swine dust used in this project has an average
particle aercdynamic diameter of 2 um, 95 percent of the
dust particle sizes are within the respirable range (< 5 jim)
while approximately 45 percent of the particles are 2 um i

diameter (Figure 9).

comparison of the measured with the predicted dust ...muen-
tration

The simulated and measured equilibrium airborne dust
concentrations of the 12 lumps at different ventilation
rates with the three dust generation rates are listed in
Tables 3, 4 and 5. All the measured values in Tables 3, 4
and 5 are the average of three measurements (replicates).

As shown in Tables 3, 4 and 5, the simulated results of

equilibrium airborne dust concentration are quite uniform
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and the concentrations are not significantly different among
the 12 lumps at different ventilation rates. The difference
between the highest and the lowest concentration values are

in the range of 2.0 partic.es/cm3 to 10 particles/cm3 and

ie

P.

similar for each dust generation rate.

sample time: 20 sec

Number (frequency)
<
N
Q
e

0.5 1 2 3 + S 6 7 8 9 10 11 12 13 1% 1S5 16

Aerodynarnic diameter (micrometers)

FIGURE 9. The size distribution of the test swine dust
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Table 3. Equilibrium airbcocrne dust concentration with a
low dust generation rate (533x10® particles/min)

ventilation lump dust concentration (particles/cm3)
rate (m3/hr) number predicted measured
1 63.6 65.1
2 67.4 64.0
3 8.6 67.9
4 64.1 98.5
5 68.2 62.2
6 69.2 44. 4
200 7 69.3 198
8 70.5 156
S 70.4 116
10 71.1 245
11 73.0 143
12 71.9 N\9.4 138 \201
1 27.5 144
2 29.2 56.7
3 29.8 51.1
4 27.7 87.6
5 29.4 80.3
6 30.0 50.2
900 7 29.8 219
8 30.3 150
9 30.4 57.0
10 30.4 139
11 31.1 93.5
12 36.9 13.6 92.5 Alée9%
1 17.5 46.8
2 18.6 33.4
3 19.0 35.2
4 17.6 57.7
5 18.7 47.3
6 19.1 34.9
1500 7 19.0 52.9
8 19.3 45.1
9 19.4 27.6
10 19.3 53.0
11 19.8 53.7
12 19.7 N2N2.3 33.1 A30.1

A=maximum - minimum
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Table 4. Equilibrium airborne dust concentration with a med-
ium dust generation rate (553x106 particles/min)

ventilation lump dust concentration (particles/cm3)
rate (m3/hr) number predicted measured
1 65.3 94.0
2 69.7 49.0
3 71.3 55.3
4 65.9 152
5 70.1 87.3
6 71.8 62.0
300 7 71.0 286
8 73.1 167
9 73.7 81.7
10 72.8 321
11 74 .4 267
12 75.2 A%9.9 160 A272
1 28.3 114
2 30.1 58.8
3 30.9 49 .3
4 28.5 96.8
5 30.3 83.9
6 31.1 55.9
900 7 30.5 175
8 31.4 141
9 31.8 68.1
10 31.2 162
11 31.8 A 121
12 32.2 A3.9 111 Al2e6
1 18.0 48.9
2 19.2 38.6
3 19.7 37.0
4 18.1 54.8
5 19.3 45.1
6 19.8 38.5
1500 7 19.5 62.0
8 20.0 44.4
9 20.2 26.1
10 19.8 60.0
11 20.3 55.5
12 20.5 A2.5 39.3 A35.9

A=maximum - minimum
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Table 5. Equilibrium airborne dust concentration with a
high dust generation rate (665x10® particles/min)

ventilation lump dust concentration (particles/cm3)
rate (m3/hr) number predicted measured
1 79.9 122
2 84.4 75.0
3 85.9 76.3
4 80.0 97.0
5 84.6 46.0
6 86.1 44.7
300 7 87.4 386
8 84.6 306
S 88.6 25%
10 88.7 343
11 89.2 345
12 89.3 9.4 251 A342
1 34.4 154
2 36.5 73.3
3 37.2 82.0
4 34.5 164
5 36.5 105
6 37.3 62.4
200 7 37.5 306
8 38.1 249
9 38.2 132
10 37.9 259
11 38.2 219
12 38.5 N4.1 129 \243
1 21.9 84.9
2 23.3 70.3
3 23.8 55.0
4 22.0 83.0
5 23.3 74.1
6 23.8 55.9
1500 7 23.9 94.5
8 24.2 55.5
] 24.4 37.6
10 24.1 86.6
11 24 .4 79.6
12 24.5 AN2.6 66.3 N56.9

A=maximum - minimum
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The measured wvalues in Tables 3, 4 and 5 indicate zhat
the actual dust concentration in the test chamber was not as
uniform as the simulated one. There were very large discre-
pancies between the measured and the predicted values espe-
cially in lumps 7, 8, 9, 10, 11 and 12 at the lower
ventilation rate. Lumps near the inlet (lumps 1, 4, 7 and
10) had a greater discrepancy between the calculated and the
measured values than the other lumps. The difference
between the highest and the lowest concentration values
range from 30 particles/cm3 to 342 particles/cm3. This
large variation will be explored more in the comparison of
the transient behavior of the airborne dust between treat-
ments.

From the view point of height-from-floor level, the 12
lumps can be divided into upper and lower level. The upper
level consists of lumps 1, 2, 3, 4, 5, and €6, with the
others (7 - 12) in the lower level (Figure 7). With the
predicted results, there is no obvious difference between
the average dust concentrations at the upper level and those
at the lower level lumps. This result is compared with the

measured values in Tables 6, 7 and 8.
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Table 6. Comparison of the average dust concentration of
the upper level lumps with thac of the lower
level ones at the lower dust generation rate.

Average equilibrium dust concentration (particles/cm3)

Ventilation upper level lower level difference
rate (m3/hr) cal. meas.* cal. meas.* cal. meas.*
300 66.9 62.7 71.0 166 4.1 103

900 28.9 78.3 30.5 127 1.6 48.5
1500 18.4 42.8 19.4 44 .4 1.0 1.6
Table 7. Comparison of the average dust concentration of

the upper level lumps with that of the lower
level lumps at the medium dust generation rate.

Average equilibrium dust concentration (particles/cm3)

Ventilation upper level lower level difference
rate (m3/hr) cal. meas.* cal. neas.”* cal. meas.*
300 69.0 83.3 73.4 214 4.4 i31
S00 29.9 77.5 31.5 132 1.6 54.5
1500 19.0 46.3 20.0 45.4 1.0 0.9
Table 8. Comparison of the average dust concentration of

the upper level lumps with that of the lower
level lumps at a high dust generation rate

Average equilibrium dust concentration (particles/cm3)

Ventilaticn upper level lower level difference
rate (m3/hr) cal. meas.* cal. meas.* cal. meas.¥*
300 83.5 76.8 88.7 314 5.2 237
900 36.1 107 38.1 215 2.0 109
1500 23.0 70.5 24.3 70.0 1.3 0.5

* The measured values were the average of the three
replicated runs.
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Tables 6, 7 and 8 indicate that the average dust
concentration difference between levels varies with ventila-
tion rate. At high ventilation rates, the mean dust concen-
tration difference between the two levels is very similar
between the predicted and measured values, while a great
discrepancy is observed at the low and medium ventilation
rates. This discrepancy increases as dust generation rate
increases.

The measured and predicted mean equilibrium airborne
dust concentrations of the 12 sampling points (lumps) at
different ventilation rates and dust generation rates are
shown in Figures 10 to illustrate the trends. Minimum dif-
ferences between the measured values and those predicted by
the model occur at the high ventilation rate. The greatest
deviation from the predictions occurs at medium ventilation
rate. All the measured particle concentrations are higher
than those calculated. The total airborne dust concentra-
tion decreases as the ventilation rate increases.

Table 9 also illustrates that, as the ventilation rate
increases, the measured and the predicted airborne dust con-
centraticns decrease. According to the model calculation,
airborne dust concentrations should decrease by 57% when the
ventilation rate is increased 3 times (300 m3/hr to 900

m3/hr). However, the actual airborne dust concentration
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only decreased by 20% (average) for the three dust genera-
tion rates. When ventilation rate approaches 900 m3/hr, the
measured dust concentration attenuation (56%) was higher
than that predicted by the model (36%).

Table 9. The measured and calculated airborne dust

concentration decrease vs ventilation airflow
rate increase

ventilation airborne dust concentration decrease
rate in the envircnmental chamber (%)
increase gl=* g2* gl=*
(m3/hr) meas. meas. cal. | meas. cal.
from to cal.
300 S00 11.9 56.9 30.6 56.9 17.6 56.9
300 1500 62.8 72.4 69.1 72.6 64.0 72.6
900 1500 57.7 36.4 55.5 36.4 56.4 36.4
* dust generation rate: gl = low g2 = medium g3 = high

Transient airborne dust behavior:

Figures 11 to 13 show the comparison of the model-
predicted transient responses of the airborne dust concen-
tration at lump 5 with those measured for the different
ventilation and dust generation rates. These graphs
indicate that the fluctuations in the measured airborne dust
concentration in lump 5 are much higher than those predicted
by the model. At the low ventilation rate, the measured
concentrations are lower than that simulated. However, they

are higher than those predicted at the higher two ventila-
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tion rates used. Also, these figures clearly indicate the
departures in behavior of the loca®’ dust transport

mechanisms that were assumed to be similar in all lumps.

Results of Analysis of Variance

The analysis of variance for the dust concentration is
presented in Table 10. The F values in Table 1C indicate
that the overall differences due to ventilation rate are
significant, and dust generation rates also result in sig-
nificant diff«rences in airborne dust particle concentra-
tions. The —teraction between ventilation rate and dust
generation rate is not signifi~=nt. Figure 14 demonstrates
the effects of the ventilation and dust generation rates on

airborne dust concentration.

Table 10. Analysis of Variance

Source of Degrees of Mean Squares F value Pr > F
Variance Freedom

V (ventilation) 2 284667.53 25.67 0.00C1
D (dust generation) 2 90014.67 8.12 0.0031
V*D 4 7778.00 0.76C 0.6010
Error 1

(Replicate (V*D)) 18 11087.99

L (level) 1 465829.00 52.25 0.0001
Error 2

(L*R(V*D)) 18 8941.66
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DISCUS8ION

From the dust concentration data, the most significant
sources for the discrepancies occurring between the exper-
imental and the predicted results may include the following:

1. The dust particle size uniformity: As mentioned
previously, the dust particle size is the main factor
affecting the dynamic behavior of the dust. The predicted
values would agree with those measured if all the dust par-
ticles had a similar aerodynamic diameter of 2 pum (i.e.,
monodisperse). However, the dust particles have different
sizes (polydisperse) (Figure 9). Their sizes range from 0.5
jim to larger than 15 um. Figures 15 and 16 (Liao and
Feddes, 1990(b)) indicate that when talcum powder was used
as a test dust, good agreement occurred between the measured
values and those calculated since talcum particles are much
more uniform than the swine test dust particles. The
lumped-parameter model is capsle of predicting the ventila-
tion rate required to maintain acceptable levels of airborne
dust in confinement animal buildings based on dust
generation rate. The accuracy of the model is influenced by
che test dust particle size uniformity.

It is interesting to ncte that, if only those particles
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with their size eqgual to 2 ;ym were counted as measured air-
borne dust concentration in the experimental chamber, the
differences between the measured and those predicted by the
model decreased dramatically (Figure 17).

2. Dust and dust generating system: Although the dust
was agitated, the dust may not have been entirely homoge-
neous. Also the pitches of the augers were not exactly the
same for each generation rate trial so the amount of the
dust transported each time may not have been the same.

3. Instrument: According to Baron (1986é) calibration of
the APS can result in an error of 8-20%. Therefore, thi=s
error was applied randomly to the dust particle concentra-
tions measured. Marshall and Mitchell (1990): Cheng et al.
(19%0) and Marshall et al. (1991]) repocrted that because of
the particle shape effect, the APS can underestimate non-
spherical particles by an awvszrage of 25%. On the other
hand, if particle sizes exceed that of the APS inner nozzle
(the nozzle diameter is about 0.8 mm), particles may bklock
the nczzle and affect the readings. APS has high resolution
for particles in the range of 0.8-20 jim. Also errors may
result in measuring the airflow rates.

Considering the APS measurement error, when the dust
generation rates in the model calculation were doubled, the

predicted particle concentrations agreed more closely with
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5. The airflow matrix [Q]: Because the inherent
limitations in the ability to predict airflow patterns in a
ventilated airspace, the assumptions of the behavior of the
local transport mechanisms made in each lump may depart from
the actual situation and cause the system equation to under-
estimate dust concentrations; especially the dust corcentra-
tions of the lower level lumps at low and medium ventilation
rates. A similar situation occurred when talcum powder was
used as a test dust.

6. At the jlow ventilation rate, perhaps due to the
larger dust particle size and the difference in the swine
dust particle composition from that of talcum particles,
swine dust particles can not reach the upper airspace thus
the dust concentrations of the lower level lumps are evi-
dently higher than those predicted. On the other hand,
instability of the airflow patterns within a building may
occur at low ventilation rates (Randall, 1980) and this is
likeiy another reascn leading to the greater discrepancy
between the predicted and the measured values and the dust

concentration fluctuation at low ventilation rates.
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BUMMARY AND CONCLUSIONS

The purpose of this thesis was to verify the lumped-
parameter model for predicting airborne dust concentrations
in a ventilated airspace using a swine test dust and to test
the hypothesis that dust generation and ventilation rates do
not affect airborne dust concentration. Conclusions drawn
from this study are as follows:

1. Significant differences occurred between airborne
dust concentrations for the ventilation and dust generation
rates used. The interaction of ventilation rate and dust
generation rate on dust concentration was not significant,

2. Levels of airborne dust change with height from the
floor levels, and are affected by ventilation rate. The
actual airborne dust concentration differences between the
upper level lumps and the lower level ones are significantly
different from those predicted by the model at low and
medium ventilation rates.

3. When ventilation rate was increased from 300 m3/hr
to 900 m3/hr, the measured airborne dust concentration dilu-
tion rate (20%) was lower than that predicted (57%). The
measured dust concentration decreased by 56% when

ventilation rate increased from 900 m3/hr to 1500 m3/hr;
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however, the predicted dust concencration decrease was 36%.

4. The discrepancy between the calculated and measured
results decreased when the measured dust concentration only
consisted of particles having the size of 2 jm. The dis-
crepancy ranged from a minimum of 3.9% to a maximum of 58%.

5. Swine dust used °‘n this experiment study has an
average aerodynamic diameter of 2 jm, 95% dust particles are
less than 5 um in size while approximately 45% of the par-
ticles are 2 jm in diameter.

6. The lumped-parameter model is capable of predicting
the rate of ventilation required to maintain acceptable lev-
els of airborne dust in confinement animal buildings based
on dust generation rate.

7. The model calculation is a solution of a three
dimensional lumped form of a control volume which represents
the conservation of airflow mass. The model verification
shows that the accuracy of the model is influenced by the
test dust particle size uniformity. When swine dust was
used as test dust, the discrepancy between the predictions
made by the model and the measured results was greater than
that using talcum particles.

8. Negative eigenvalues of transport matrix, [(B], do
not represent instability in the system equation; therefore,

a more rigorous criterion to check the stability of the sys-
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tem equation is required.

SUGGESTIONS FOR FUTURE STUDY

Advanced airbsrne dust control system design in venti-
ijated animal housing is based on sophisticatea mathematical
models describing the dynamic behavior of airborne dusts.
The lumped-parameter model is a deterministic meodel, i.e.,
each variable and parameter in the model can be assigned a
definite fixed numbke~, or a zeries of fixed numbers, for any
given set of conditions. In the model derivation, spatial
sc+ concentration variation in each lump is ignored and
mixing is considered to be homogeneous throughout the lump.
The suggestions for future study , therfore, are: 1. carry
~ut a stochastic analysis of the dynamic behavior of air-
borne dust in ventilated animal housing, and 2. Determine
the uncertainties in the airflow calculation from the

measured data by an error analysis technique.
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APPENDIES

Appenrdix h: Assumptions for the Populaztion Model

Assumptions are as follows:

1. No gas-to-particle conversion occurs within the
system.

5. No external forces act on the particle other than
gravity.

3. particles heve an aevrodynamic equivalent Jdiametex

and are electrically neutral.

4. Particles collide with each other to form a single
new spherical particle whose mass is the same as the
combined mass of the two smaller particles.

5. The dust particle concentration 1is spatially uni-
form in the system vclume except across the boundary layer

where the concentration changes linearly within the layer.
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Appendix B: Assumptions for the Lumped-Parameter Model

The following assumptions are made:

1. Finite lump model. There are m lumps with m > 1.

2. Ventilation air transport system. A fiow rate Qis
2 0 gives tiie airflow from the jtP to the ith jump for i # 3
with 1 £ i, 3 S m. A flow rate Qis gives the input flow and
a flow rate Qei gives the output flow for the ith lump for 1
< i < m.

3. Airflow transfer system. A transfar flow Qij
ass'imed to be entirely generated by entrainment air into the
jet stream from the supply air duct. Therefore, the trans-
fer airflow rate occurs at interface of the lump can be
expressed as Qij=Fij([})¢, in which Fij(j3) is the function of
entrainment ratio ([3) and can be calculated by the entrain-
ment theory for air jets (ASHRAE Handbook of Fundamentals,
1989), and Q is the total volumetric flow rate of outdoor
alr supplied to the w' "le system.

4. The dominart .wechanisms of the dynamic behavior of
dust in ventilatred airspace are turbulent coagulation, tur-
balent diffusive deposition, gravitational sedimentation,
and airflow rate.

5. Particles have an aerodynamic equivalent diameter

and are electrically neutral.
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6. The dust concentration is spatially uniform in each
lump except within the concentration boundary layer, and the

concentration changes linearly within this layer.
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Appendix C: EMS Table

There are a total of 324 values of dust concentration
data. In order to calculate the Expected Mean Square (EMS),
the lump number was reduced from 12 to 4 since computer
system does not have enough memory to calculate the General
Linear Model (GLM). Therefore, statistical analysis was
cone in two steps: first, obtain the table of EMS, and sec-

ondly, cu.rry out the analysis of variance (ANOVA) test.
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Appendix D:
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.ntilation Rates Used
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Q = 1500 m3/hr
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