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Air quality in livestock buildings can be adversely affected by the presence of
atmospheric contaminants. These contaminants include water vapour, carbon
dioxide, manure gas such as ammonia and hydrogen sulfide, dust, and viable
microorganisms. Of all contaminants, dust is considered to be particularly
hazardous because it carries viruses and bacteria to the respiratory systems of
livestock (Donham, 1986), and dust inhalation could obstruct the respiratory
systems of farm workers (Donham et al., 1988).

In order to control dust contamination and assess the effectiveness of dust control
technologies and strategies, dust production and deposition need to be determined
(Albright, 1989; Kusuda, 1989; Int-Hout IllI, 1989). A steady-state method was
recently developed by Chen et al. (1997) to measure dust production and
deposition rates for a ventilated airspace. The objective of this research was to
evauate this method based on experimental data and different statistical methods.

MATERIALS AND METHODS

Dust concentration for a ventilated airspace under steady-state conditions is as
follows (Chen et a., 1997):
m+ QC
C = p Qs S (1)

QS+ hQ7+a

where: C is the dust concentration within the airspace, mg/m’, C.is the dust
concentration of the supply air, mg/m’; m.is the dust production rate, mg/s; Q.is
the air exchange rate through ventilation inlet, m’/s; Q.is the air exchange rate
through recirculation system, m/s; h is the filtration efficiency; and a is the overal
dust deposition coefficient, m/s.

By employing a change of variable:
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Equation (1) is transformed to a linear model:
Y=a+ ah (3)

where aand aare constants:

_Qta
mp+ QsCs

1

4
and

- —Q (5)
m,+ QC.

a,

If C versus h are available, a parameter estimation method could be used to
estimate both gand ain Equation (3). The estimates of m,(b,) and a (b,) can
then be derived from Equations (4) and (5) as:

b,= &—QSCS (6)
)
bz = a, (b1+ Qscs) - Qs (7)

where b, is the estimate of m,, and b ,is the estimate of a.
The dust deposition rate can be calculated by:

m,= b, C ©)
where: m,is the dust deposition rate, mg/s.

An experiment was conducted to measure airborne dust concentrations at different
filtration efficiencies. The experiment was carried out in a large enclosed building
airspace where temperature and relative humidity were almost constant. The dust
concentration of the supply air was relatively constant and air distribution was in
isothermal conditions.

The experimental facilities consisted of an air supply and ventilation measurement
system, a recirculation system, a dust production system, a dust measurement
system, and a chamber. The dimension of the chamber was 4.88 x 2.66 x 2.06 m
(LxWxH). Detailed description of the experimental facilities can be found in
Chen and Barber (1997).

Experimental data (Chen et a., 1997) are shown in Table 1. Data in the first two
columns of Table 1 were used as inputs to the parameter estimation method, and
the data in the rest of the columns were used to validate the parameter estimation
results.
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Table 1. Experimental data

mn C (mg/m’) m,, (mg/s) o (m’/s) my (mg/s)
0.0 5.17 3.32 0.4603 2.3796
0.5 4.76 3.32 - -

1.0 4.38 332 - -

In order to investigate the effect of different parameter estimation methods on the
accuracy of fina results, two methods were used to edtimate the parameters in
Equation (3) with the same data: the sequential method and the least squares
method. Both methods employ the same principle: minimizing the deviation of
the transformed variable. The advantage of the sequential method is that the
matrix inversion is not needed because there are no simultaneous eguations to
solve (Chen et d., 1998). In the least squares method, the sum of sgquares function
(S) to be minimized with respect to the parameters is written as:

5= (@ +am,~1) ©)

i=]

where S is the sum of squares, Y. is the observations, i is the data point, and n is
the total number of measurements. The equations to calculate a and aare
avalable from Kennedy and Neville (1976).

Two approaches were used to analyze the error caused by the linear
transformation technique: (a) the weighting method in which the parameters in
Equation (3) were estimated by minimizing the deviation of the original variable,
and (b) the Marquardt nonlinear method (SAS, 1994) in which the parameters in
Equation (1) were directly estimated.

To minimize the deviation of the original variable by the weighting method, it
was assumed that all values of C had equa precision. This assumption does not
mean that the error of al values I/C is the same. In redlity, the vaues of Y = I/C
will not be of equal precision, and weighting considerations will have to be

applied.

The variance of Y = 1/C could be expressed as

Iy oY ) 0,2
Oy :(BE)ZGC = CS; (10)

where s jis the variance of Y, and s ’is the variance of C.
Then
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oy =—5 (11)

The criterion was that the weight of a value is proportiona to (error)”(Kennedy
and Neville, 1976). The weight of each value of Y is proportiona to (s./ C*)
Sinces.is constant, the weight of each value of Y is proportional to C*.

The sum of squares function for the weighting method can be written as:

S= Zwi(al +a,n, ~ 1)’ (12)

i=1

where w is the weighting factor listed in Table 2.

Table 2. Weighting factors for Y

h 0.0 0.5 10

C 5.17 4.76 4.38

Y 0.19 0.21 0.23

w 714.43 513.37 368.04

Differentiating S with respect to g, and setting the derivative equal to zero, and
repeating the same procedure for a, yields:

oS -

a—:ZZW,»(t%*'azrli_Y;):O (13)

a, i=1

oS <

P 2> wi(a +am,—¥)n, =0 (14)
a, i=1

Solving (13) and (14) for a and a, gives:

n n
Z wx - azz wn;
— d=1 i=1

a] . n J (15)
ZW:‘
Zn:wizn:wiy;ni_ > wn; > w,Y
a, = i=1n i=1 . i=1 . i=1
Ywlwn’ - wn)’] (16)
il iml

i=1
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In the Marquardt nonlinear method the parameters are iteratively adjusted to
minimize the sum sguared function. This nonlinear fitting procedure requires
matrix inversion with each iteration (Beck and Arnold, 1977).

RESULTS AND DISCUSSION

Table 3 shows the parameter estimation results by using different parameter
estimation methods. Comparison of the results obtained by the three linear
methods (Table 4) shows that there is no significant difference (p < 0.01). This
indicates that the final results of the steady-state method for estimating dust
production and deposition rates are not affected by different linear estimation
methods.

Table 3. Parameter estimation by different parameter estimation methods

n C (mg/m’) m,, (mg/s) o (m'/s) my (mg/s)
Sequential 0.0 5.1765 3.3483 0.4648 2.4062

0.5 4.7471 3.3483 - -

1.0 4.3836 3.3483 - -
Least squares 0.0 5.1773 3.3524 0.4655 2.4100

0.5 4.7483 3.3524 - -

1.0 4.3850 3.3524 - -
Weighting 0.0 5.1753 3.3684 0.4688 2.4265

0.5 4.7485 3.3684 - -

1.0 4.3868 3.3684 - -
Marquardt 0.0 5.1749 3.3703 0.4693 2.4286

0.5 4.7484 3.3703 - -

1.0 4.3868 3.3703 - -

Table 4. Comparison of the results by linear methods

m, (mg/s) Error (%) m, (mg/s) Error (%)
Sequential 3.3483 - 2.4062 -
Least squares 3.3524 -012 2.4100 -0.16
Weighting 3.3684 -0.60 2.4265 -0.84

Table 5 shows a comparison of the measured with the estimated results by the
linear and nonlinear methods. The relative errors of al of the methods are less
than 3 %. The linear parameter estimation method is much easier to use. The
differences between the results obtained from the linear methods and the
nonlinear method are less than 1 %, proved that the linear transformation
technique did not generate extra error in the final results.
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Table 5. Comparison of the measured results with the estimated by different
methods

m, (mg/s) Error (%)  m,(mg/s)  Error (%)
Experimental 3.32 - 2.3796 -
Sequential 3.3483 -0.85 2.4062 -1.12
Least squares 3.3524 -0.98 2.4100 -1.28
Weighting 3.3684 -1.46 2.4265 -1.97
Marquardt 3.3702 -15 2.4286 -2.06

The sendtivity analysis was conducted in terms of initia values of the parameters
for the sequential and the nonlinear Marquardt methods. Table 6 shows the
sequential parameter estimation results based on different initial values of b,and

b,

Table 6. Sequential estimation based on different initia values of b,and b,

Iteration b, b S

Initial values (3,=4.0, ,=0.5

1 0.2543 -0.1328 13.8733

2 3.5143 0.4978 0.0009

3 3.3483 0.4648 0.0002
Initial values j,=2.0, B,=0.25

| 0.2340 -0.1367 14.9067

2 3.5154 0.4981 0.0009

3 3.3565 0.4664 0.0002
Initial values $,=10.0, p,=1.0

1 0.4680 -0.0915 7.1387

2 3.5133 0.4976 0.0009

3 3.3550 0.4661 0.0002
Initial values B,=1000.0, $,=500.0

1 0.0023 -0.1815 41.2923

2 3.3119 0.4586 0.0006

3 3.3533 0.4668 0.0004

From Table 6, the final results do not change significantly for different initial
values of parameters (the maximum relative error < 1 %). When using the
sequential method, the user does not have to have the knowledge or information
about the possible range of the parameters. This conclusion is also held for the
Marquardt method.
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Table 7. Marquardt estimation based on different initial values of b,and b,

[teration b, b, S
0 4.0 0.5 1.2872
1 3.6931 0.5314 0.0052
2 3.4604 0.4882 0.0004
3 3.3718 0.4696 0.0002
4 3.3703 0.4693 0.0002
5 3.3703 0.4693 0.0002
0 10.0000 1.0000 32.7347
1 7.5226 1.1955 0.7411
2 4.5586 0.7590 0.1507
3 2.9479 0.3641 0.0697
4 3.2047 0.4510 0.0014
5 3.3678 0.4687 0.0002
6 3.3703 0.4693 0.0002
7 3.3703 0.4693 0.0002
0 20.0000 5.0000 2.9746
1 21.8418 4.1753 0.3111
2 15.3286 3.0129 0.2025
3 10.0000 1.8394 0.1399
4 5.9392 1.0106 0.0603
5 4.0299 0.6042 0.0088
6 3.2913 0.4532 0.0004
7 3.3684 0.4689 0.0002
8 3.3703 0.4693 0.0002
9 3.3703 0.4693 0.0002

Table 7 shows the effect of different initia values of parameters on convergence
speed and final results for the Marquardt method. Selection of initial values of the
parameters will not affect the final results. However, a close-to-final-result guess
of the initial values will yield fast convergence.
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