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Gao, W. and Feddes, JJ.R. 1993. Using swine dust to verify a
lumped-parameter model in a ventilatedenclosure. Can. Agric.
Eng. 35:067-073. Swine dust was used as a test dust to verify a
lumped-parameter model derived for predicting airborne dust con
centrations at any location within a ventilated airspace. Average
equilibrium airborne dust concentrations were predicted as a func
tion of ventilation and dust generation rates. Time-dependent
airborne dust concentrations at a designated location (or control
volume), also were predicted from ventilation and dust generation
rates. The model calculation, solved as a 3-D lumped form of control
volumes, represented conservation of air mass flowrate. Swinedust
used in this project had an average aerodynamic diameter of 2 urn
and 95% of the dust particles were less than 5 u.m in diameter and
approximately 45% of the particles were 2 |im in diameter. Both
ventilation rate and dust generation rate have a significant effect on
airborne dust concentration. The lumped-parameter model is shown
to be capable of predicting the ventilation rate required to maintain
acceptable levels of airborne dust in confinement animal buildings.
The accuracy of the model is influencedby the test dust particlesize
uniformity.

De la poussiere de porcheriea ete utiliseepour validerun modele
de prediction tridimensionnel des concentrations de poussiere en
suspension aerienne dans un espace venule. Les concentrations
moyennes de poussiere en suspension furent preditent en fonction
des taux de ventilationet de propulsion aerienne de la poussiere. Les
variations des concentrations de poussiere en suspension en fonction
du temps furent aussi predite pour certaines zones designees de
Fespace tridimensionnel de controle. Les calculs du modele sont
bases sur la conservation de masse entre les differentes zones. La
poussiere de porcherie utilisee pour ce projet avait un diametre
aerodynamique de 2 |im et 95% de la poussiere avait un diametre
inferieur a 5 urn alors que 45% de particules etait de 2 Jim en
diametre. Les taux de ventilation et de propulsion de poussiere ont
eu un effet significatifsur les concentrationsde poussiere en suspen
sion aerienne. Ce modele de prediction tridimensionnel des
concentrations des poussieres est capable de predire le taux de
ventilation requis pour maintenir des niveaux acceptables de pous
siere en suspension aerienne dans les batiment d'elevage. La
precision du modeledependde Tuniformitede la tailledes particules
de poussiere.

INTRODUCTION

Dust is one of the main aerial contaminants in swine confine
ment 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. Although dust particles tend to settle

out, they can be continuously reintroduced into the airspace.
The behavior of aerosols in a ventilated airspace is of funda
mental andpractical significance because it notonlyprovides
useful information for the simulation of aerosol processes,
butalso provides information useful in thedesign ofremoval
mechanisms.

Although some models have been developed to predict
aerosol concentration distribution in livestock buildings, no
attempt has been made to validate the predicted distribution
using swine dust particles.

A general model was developed to understand the phe
nomenon of airborne dust transport from the viewpoint of a
lumped-parameter approximation for describing the dynam
ics of airborne dust at any location within a ventilated
airspace (Liao and Feddes 1990a). An experiment was car
ried out in an environmental chamber to assess the accuracy
of the model using talcum powder as a test dust (Liao and
Feddes 1990b). The predictions of the model compared very
favorably with the measured results. Talcum particles have
an average aerodynamic diameterof 1 \im and their particle
size distribution is quite uniform (Liao and Feddes 1990b).
Theobjective of this studywasto compare theresults of dust
concentrationsobtained by the lumped-parameter model cal
culation and by measurement using dust collected from a
swine barn. Both ventilation rate and dust generation rate
were varied to test their effect on airborne dust concentration.

EXPERIMENTAL FACILITIES AND PROCEDURES

The experiment was carried out in the environmental cham
ber used by Liao and Feddes (1990b) (Fig. 1). The dust used
throughout the experiment was collected from an occupied
pen floor in a feeder swine barn. The collected dust was
sieved through a screen with 4.76 mm openings to separate
the larger material. To obtain a homogeneous and finer 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 airspace via six
dust generation locations (Fig. 2). The dust generatingpoints
were 270 mm above the floor. The generation rate was
changed by installing augers with different pitches.
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Fig. 1. Overall view of large-size environmental chamber
(Leonard 1986).

Dust sampling and analyzing system

An Aerodynamic Particle Sizer System (TSI, St. Paul, MN)
was used to measure dust particle concentration. Before the
test, the unit was calibrated with particles of latex micro
spheres polystyrene (0.496, 0.966, 2.01 |im), Polymer
Microspheres Styrene-Vinyltoluene Latex (2.96 |im), and
Polymer Microspheres (3.983, 9.870 urn) (Duck Scientific
Corp., Palo Alto, CA).

Dustconcentration was monitored at eachsampling point
in each of the control volumes (Fig. 3). Before each trial run,
the environmental chamber was thoroughly cleaned with a
vacuum cleaner. Airflow rates and dust particle concentra
tions from each of the six dust generation points were
measured prior to each experiment. These data were used to
calculate dust generation rates. Dust samples from each con
trol volume were drawn to the particle sizer via a 13 mm ID,
4 m long Tygon plastic tubing. Dust particle velocity was
sufficient to prevent particles from settling inside the sam
pling tubes although the tubes were routinely cleaned using
compressed air before each sampling period. The sampling
point in control volume 5 was used to study the transient
airborne dust concentration by sampling at 2-min intervals.
After 100min, concentrations at the 12sampling points were
measured in random order at 2-min intervals repeated twice.

Ventilation system

Air entered the experimental chamber from an air-condi-
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Fig. 2. General outline of dust generating system.
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Fig. 3. Twelve lumps and a control volume P used in the
model verification.

tioned laboratory through an inlet(5.40 m x45mm) (Fig. 1).
A640-mm propeller exhaust fan was operated bya controller
to maintain constant ventilation airflow rates over the sam
pling period. The airflow rate was measured in a discharge
ductby a hotwire anemometer in accordance withJorgenson
(1983). Three ventilation rates were chosen to simulate both
coldandwarm weather conditions. Theinletwas adjusted to
maintain a 15 Pa negative pressure.

Airflow patterns were identified in the chamber by using
smoke pencils. The smoke distribution became uniform in
the chamber after 5 min (Liao and Feddes 1990b).

Experimental design

The primary dependent variable studied in this project was
airborne dust concentration. Independent factors consisted of
ventilation rates (0.083,0.25,0.416 m3»s_1) and dust genera
tion rates (8.9 x106, 9.2 x106, 11.1 x106particles»s_T). The
two independent factors, each having three levels, were rep
licated three times in random order (Table I). These were
arranged in a split-split-plot factorial experimental designso
that the dust concentration data could be analyzed using an
analysis of variance procedure.

PREDICTION OF DUST CONCENTRATION

The lumped-parameter model developed by Liao and Feddes
(1990a) can be represented by a first-order vector-matrix
differential equation:

d{n{t)}/dt =-[B]{n(t)\ +[V]-1 {G(r)}f n(0) =n0 (1)
where:

{n(t)} = vector ofdust particle concentration(particles*m'3),
[VT1 =inverse diagonal matrix ofair volume (m~3),
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Table I. The experimental design

Dust generation rate Ventilation rates (m /s)

g (particles / s) Vi(0.083) V2(0.25) V3 (0.416)

gi(low,8.9xl06)
g2 (medium, 9.2xl06)
g3(high, ll.lxlO6)

glVl g2V2 glV3
g2Vi g2V2 g2V3
g3Vl g3V2 g3V3

{G(i)}= vector of time-dependent dust generation rate
-l(particles*s" ),

[B] = square transport matrix (s" ), and
{no 1 = vector of initial airborne dust concentration

(particles»m~ ).

The equilibrium dust particle concentrations attained can
be given as:

\n(s,s)} =[BTl[vTl{G(s,s)} (2)

where:

{G(s,s)} = vector of equilibrium dust generation rate
(particles»s~ ).

As shown in Fig. 3, the environmental chamber was di
vided into 12 control volumes. The control volume P in Fig.
3 is a representative volume in which dust particles are
undergoing turbulent diffusive deposition and coagulation,
gravitational sedimentation, and local airflow transport. The
primary airflow and circulating airflow are assumed to be
directed in thex,y, andz directions (LiaoandFeddes 1990a).

To predict dust concentration bythe model ineach control
volume, the following input data are required:

a) The diagonal airvolume matrix [V]: Vi = V2 = V12
= 6.16 m3.

b) Dust generation rate in control volumes 7, 8, 9, 10, 11,
and 12 (Fig. 3).

c) Thetransport matrix [B]: The inputdata to the transport
matrix for each ventilation rate are according to the
following equations:

[B] =[HTl +M"1 [SI +[VT1 [Q] (3)
where:

[//T1 = M_1 [A\
[HTl =Us(r)[HTl
[S'] = ((D(/?) + e)/8)[S]

in which:

[A] = diagonal matrix of control volume's cross-section
area (m ),

[//] = diagonal matrix of control volume'sheight(m),
[5] = diagonal matrix of control volume's surface area

(m)' 4 -1Us(r) = particleterminal settlingvelocity (1.3x10 m«s ,
Hinds 1982),

D(r) + e = effective turbulent diffusion coefficient
(3.34xl0"7 m2*s_1, Davies 1966), and

8 = thickness of concentration boundary layer (8.5x10" m,

Van deVate 1972).

d) The air flow matrix [Q]: [Q] is a square airflow matrix
with entries Qij (/=source, /=destination),

where:

Qij =

-Qij for/^7
m

Y.Qki for i=7
1 = 1

(4)

The airflow matrix [Q] also can be expressed as:

[Q]=Qm (5)
where:

[p] = square matrix of entrainment ratio function, and
O = total volumetric flow rate of outdoor air supplied to

3 1the whole system (m *s ).

By calculation, p=6.76 atX=7.2 (Liao and Feddes 1990b).
The input dataof the airflow matrix are calculated using

Eqs. 4 and 5 based on the airflow patterns which are shown
schematically in Fig. 4.

An average particle aerodynamic diameter of 2 |nm was
used in the model calculation.

RESULTS

Size distribution of the test dust

Although this experiment didnotfocus onswine dust particle
size distributions, dust concentration data did include these.
Particle size analysis showed the swine dust used in this
project had an average particle aerodynamic diameter of 2
|im; 95 percent of the dust particle sizes were less than the

*0.5

o.s

8YSTEM BOUNDARY

Fig. 4. Airlow patterns of a 12-lump model used in model
verification.
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Fig. 5. Size distribution of the test swine dust.

respirable range (5 n,m) while approximately 45 percent of
the particles were in the range of 1.16 to 2.05 jxm (Fig. 5).

Comparison of the measured with the predicted dust
concentrations

To compare the measured and the predicted dust concentra
tion, the test chamber was divided into two parts from the
view point of height-from-floor level. Control volumes 1, 2,
3,4,5 and 6, are included in the upper level and the remainder
in the lower level (Fig. 3). The average dust concentration of
each level and the dust concentration differences between the
two levels at different ventilation and dust generation rates
are listed in Table II.

Table II indicates that at the upper level the measured dust
concentrations are generally higher than those predicted ex
cept at the lowest ventilation rate, whereas, the measured
values were greater than those predicted at the lower level.
Average dust concentration difference between the two lev
els varied with ventilation rate. At high ventilation rates, the
mean dust concentration difference between the two levels
was very similar between predicted and measured values,
while a greater discrepancy occurred at the low and medium
ventilation rates. This discrepancy increased with increased
dust generation rate.

The measured and calculated mean equilibrium airborne
dust concentrations at the 12 sampling points for different
ventilation rates and dust generation rates are shown in Fig.
6 to illustrate the trends. Minimum differences occurred be
tweenthe measuredvalues and those predictedby the model
for the high ventilation rate. The greatest deviation(71.4%)
from the predicted values occurred at medium ventilation
rate. Total airborne dust concentration decreased as ventila
tion rate increased.

Figure 7 shows the comparison of the model predicted
transient airborne dust concentration at control volume 5
with those measured for high and low ventilation rates with
low dust generationrate. These figures indicated that fluctua
tions in measured airborne dust concentration in control
volume 5 were much higher than those predicted by the
model. At the low ventilation rate, measured concentrations
were lower than that simulated; however, they were higher
than those predicted at the high ventilation rate.

Table III indicates that as the ventilation rate increases, the
measured and predicted airborne dust concentration de-
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Table II. Comarison of the average dust concentration of
the uper level lumps with that of the lower
level lumps at three dust generation rates

Average equilibrium dust concentration (106 particles)

Ventilation

rate

(m3/s)

0.083

0.250

0.416

0.083

0.250

0.416

0.083

0.250

0.416

Upper level Lower level

pred meas pred meas

low

66.9

(2.4)3
62.7

(25.2)

71.0

(1.3)

166.0

(102.8)

28.9

(1.1)

78.3

(51.9)

30.5

(0.5)

126.8

(62.6)

18.4

(0.7)

42.8

(19.3)

19.4

(0.3)

44.4

(21.0)

medium

69.0 83.3 73.4 213.8

(2.8) (52.6) (1.5) (94.5)

29.9 77.5 31.5 132.0

(1.2) (33.0) (0.6) (48.9)

19.0 46.3 20.0 45.4

(0.8) (14.8) (0.4) (16.8)

high

83.5 76.8 88.7 314.2

(2.8) (39.6) (1.8) (77.6)

36.1 106.8 38.1 215.4

(1.3) (54.6) (0.3) (98.8)

23.0 70.5 24.3 • 70.0

(0.9) (25.7) (0.2) (31.9)

Predicted values (average particle aerodynamic diameter = 2um)
Measuredvalues (mean of the three replicates)

' Standard deviation (n = 12)

crease. Theoretically, airborne dust concentrations should
decrease by 57% when the ventilation rate is increased by a
factor of 3 (0.083 m3*s_1 to 0.25 nrW1). However, actual
airborne dust concentration only decreased an average of
20% for the three dust generation rates. When ventilation rate
approached 0.25 m »s" , the measured dust concentration
decay rate (56%) was higher than that predicted by the model
(36%).

An analysis of variance indicated that the overall differ
ences in particle concentration due to ventilation rate, dust
generation rates were significant. However, the interaction
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Fig. 7. The transient behaviorof the predicted airborne
dust concentration and that measured in control
volume 5 at the low dust generation rate.

Table III. Effect of ventilation rate increase on measured
and predicted dust concentration

Ventilation

rate

(m3/s)

from to

0.083 0.250

0.083 0.416

0.250 0.416

Airborne dust concentration decrease

in the environmental chamber (%)

gl1 g2 g3
meas2 pred3 meas pred meas pred

11.9

62.8

57.7

56.9

72.4

36.4

30.6

69.1

55.5

56.9

72.6

36.4

17.6 56.9

64.0 72.6

56.4 36.4

1 Dust generation rate: gi =low, g2 =medium, g3 =high
2 Measured dust concentraions

3 Predicted dust concentrations
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between ventilation rate and dust generation rate was not
significant.

DISCUSSION

From the dust concentration results, the most significant
sources for the discrepancies occurring between the experi
mental and the predicted results were considered to be the
following:

1. Dust particle size uniformity: Most aerosol properties
depend strongly on particle size and this variable is best
controlled by Using monodisperse aerosols (Hinds
1982). This is supported by the good agreement occur
ring between the measured values and those calculated
in the talcum powder experiment (Liao and Feddes
1990b) since talcum particles are much more uniform in
size than swine dust particles. It is interesting to note
that if only the mean particle size of 2 |im was consid
ered as measured airborne dust concentration in the
experimental chamber, the differences between the
measured and those predicted by the model decreased
dramatically (Figure 6).

2. Homogeneous mixing: Actual conditions may signifi
cantly depart from homogeneous mixing that is
assumed in deriving the system equation (Liao and
Feddes 1990a). In developing the linear dynamic equa
tion, the entrainment ratio and the airflow patterns are
assumed to be the same for the three different ventila
tion rates used. However, the actual airflow entrainment
and the airflow patterns will likely change with ventila
tion rates (Barber and Ogilvie 1982). The airborne dust
concentration difference between the upper level con
trol volumes and the lower level control volumes (Table
II) indicate that the mixing is affected by the ventilation
rate. The disagreement between the predicted and the
measured dust transient behavior illustrated in Fig. 7
appears to show the departure from the assumptions
made. Furthermore, if temperature gradients are estab
lished in the ventilation flow field because of
recirculating of cool air, a thermopheresis effect will
disturb dust sampling readings (Hinds 1982). The error
caused by departure from homogeneous mixing that is
assumed in deriving the system equation can be reduced
by increasing sampling points in a given space.

3. The airflow matrix [Q]: Because of the inherent limita
tions in predicting airflow within a ventilated airspace,
the assumptions of the behavior of the local transport
mechanisms made in each control volume may depart
from the actual situation and cause the system equation
to underestimate dust concentration; especially, the dust
concentrations of the lower level control volumes at low
and medium ventilation rates. A similar situation oc
curred when talcum powder was used as a test dust
(Liao and Feddes 1990b).

4. Low ventilation rates: Instability of the airflow patterns
within a building may occur at low ventilation rates
(Randall 1980) therefore leading to greater discrepancy
between the predicted and the measured values and
higher dust concentration fluctuations.
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SUMMARY AND CONCLUSIONS

The purpose of this project was to verify the lumped-parame
ter 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 were as follows:

1. The lumped-parameter model is capable of predicting
the rate of ventilation required to maintain acceptable
levels of airbornedust in confinementanimalbuildings
on dust generation rate when the mean particle size is
entered into the model.

2. 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 signifi
cant.

3. 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 and lower level lumps are significantly differ
ent from those predicted by the model at low and
medium ventilation rates.

4. When ventilation rate was increased from 0.083 m3*s-1
'j i

to 0.25 m *s~ , the measured airborne dust concentra
tion dilution rate (20%) was lower than that predicted
(57%). The measured dust concentration decreased by
56% when ventilation rate increased from 0.25 m3»s
to 0.416 m ©s" ; however, the predicted dust concentra
tion decrease was 36%.

5. The discrepancy between measured and calculated re
sults decreased when the measured dust concentration

only consisted of 2 |xm particles. The discrepancy
ranged from a minimum of 3.9% to a maximum of 58%.

6. Swine dust used in this experimental study had an
average aerodynamic diameter of 2 |im, 95% dust parti
cles were less than 5 n,m in size while approximately
45% of the particles were 2 |j,m in diameter.
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