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Evaluating Importance and Implementation of the
Building Pressurization Test in Structural Fumigation Using
Computer Simulations

Watcharapol Chayaprasert' , Dirk E. Maier' > * and Klein E. Ileleji'

Abstract: Pressurization In a previous study,a validated Computational Fluid Dynamics ( CFD)
model of the structural fumigation process in a flour mill was utilized to evaluate the effect of multi —
year weather conditions (1996 —2006) on the half — loss time (HLT) and concentration x time ( Ct)
product , concluding that past fumigation data should not be the primary means for quantifying the effec-
tiveness of temporary structural sealing. In the present study,using the same CFD model the standard-
ized building pressurization test and superposition method commonly used for heating/cooling load and
in-door air quality calculations in buildings were evaluated for prediction of HLT and Ct product. A
simulated test was performed in order to determine the flour mill’ s effective leakage area. Then, the
simulated mill was subjected to several fixed environmental conditions to determine the stack and wind
coefficients which were necessary for the superposition calculation. The HLTs and Ct products genera-
ted by the 11 — year fumigation simulations were compared with the corresponding values predicted
based on the superposition method. The HLT and Ct product predictions were within +20 and +10% of
the simulated values, respectively, except for one simulated fumigation. These results showed that the
pressurization test and superposition method have potential application benefits for optimizing the struc-

tural fumigation process.
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Introduction

Optimizing fumigant usage for a structural
fumigation requires that the fumigant leakage
rate (i. e. , half-loss time, HLT) be predicted
so that the target concentration X time product
(i.e.,Ct product) is precisely reached at the
end of the exposure period. HLT is influenced
by weather conditions, especially wind and am-
bient temperature. However, since the HLT con-
cept was introduced, the relationship between
HLT and weather conditions has never been
quantified. While fumigators typically rely on
concentration data recorded from past fumiga-
tions to determine the HLT of a structure, a
simulation study of fumigation in a flour mill'"’
found that the HLT between fumigations could
vary up to 100% due to the variation in weather
conditions. In addition to weather conditions,
the HLT is also affected by the air-tightness of
the structure , which can vary due to aging and
changes in sealing quality. As a result, the pre-
diction of HLT based solely upon past fumiga-
tion data is subject to substantial uncertainty.

The standardized pressurization test'>’ , al-

so known as the blower door test,and the super-
position of the wind and stack effects have been
used by the heating, ventilation, and air condi-
tioning ( HVAC) industry to quantify air infil-
tration into structures for energy saving and in-
door air quality purposes"*’. This superposition
was primarily developed for residential houses.
However, the use of the pressurization test in
commercial/industrial structures is not uncom-
mon. Fumigant leakage is linked to the infiltra-
tion process. Thus, the pressurization test and
superposition method could be applied for the
prediction of HLT and Ct product in structural
fumigation. The objective of this study was to u-
tilize the validated Computational Fluid Dynam-
ics (CFD) model developed by Chayaprasert et
al. "* to evaluate the pressurization test and su-
perposition method for prediction of structural
fumigation performance.

Materials and Method

Theoretical Calculations
One of the correlations that is most widely
used to describe the relationship between the
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infiltration rate, ) (m’/s), and the pressure
difference across the building envelope, ( p
(Pa) ,is the power law equation ;
Q=c(Ap) Eq. 1
where ¢ is the flow coefficient ( m’/s
Pa"). The pressure exponent, n is dimension-
less and has the limiting values of 0.5 and 1 for
fully developed turbulent and laminar flow, re-
spectively ). The characteristic constants ¢ and
n, are different for different buildings. To con-
duct the pressurization test,one or more specif-
ically calibrated fan('s) installed at the perime-
ter of the structure are used to induce a pres-
sure difference across the building envelope.
The airflow rate that is required to maintain this
induced pressure difference is recorded. By tes-
ting at multiple pressure levels, the power law
relationship of the building can be established.
Natural infiltration is a non-linear and complex
process. Most infiltration models rely on a sim-
plification method called superposition in which
the wind and stack effects are determined sepa-
rately and then combined together based on a
predefined correlation. One additive correlation

(3]
18 :
Q= A JC At +C U Eq.2
_1000 s w q-

where C_is the stack coefficient ( (L/s)>/
em' —K) ,C, is the wind coefficient ( (L/s)*/

em' — (m/s)?), (t is the average indoor — out-
door temperature difference (K) ,and U is the
average local wind speed (m/s) typically
measured at a nearby weather station. The effec-
tive leakage area, A, (c¢m”) ,is calculated as:

p/24p,
Cy

where p is the air density (kg/m’),C, is

the dimensionless discharge coefficient, and ),

A, =1000 0, Eq.3

is the infiltration rate (m’/s) predicted at the
reference pressure difference, Ap, (Pa). Eq. 3
implies that all cracks and openings in the
building are collectively represented as one e-
quivalent leakage area and a corresponding dis-
charge coefficient. Substituting Eq. 1 into Eq. 3

yields
AL:IO%OO c /%Ap,<n_o'5) Eq. 4
D

While the flow coefficient,c,and the pres-
sure exponent, n, can be determined from the
pressurization test data, the reference pressure
difference, Ap,, and the discharge coefficient,
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C, ,are typically chosen by the user. Sherman

and Grimrud'® usedAp, =4 Pa and C, =1.

Simulation Setups

The CFD model used in this study was
constructed based on a 28,317 m’ flour mill
and was described in detail by Chayaprasert et
al. '*'. The pressurization test was simulated by
performing eight steady — state flow simulations
in which pressure differences of £2.5, £10, +
20 and +50 Pa between the inside and outside
of the mill were investigated. Note that both the
positive and negative pressure ranges were in-
cluded , representing both pressurization and de
— pressurization ( suction ). The primary result
obtained from the simulated pressurization test
was the volume air flow rate through the leakage
areas on the mill envelope for each simulation.
By fitting this result with Eq. 1, the ¢ and n
constants were determined. Assuming Ap, =4
Pa and C, =1, the effective leakage area, A, ,

(Eq.4) was then calculated.
Assuming zero wind speed, Eq. 2 can be re

— written as:
Ay
Q =1000 / C.At Eq.5
Similarly , assuming zero temperature
difference Eq.2 can be re — written as:
4, 2
0_1000 JC U Eq. 6

Once the correlated data points of () and
(t are obtained, C, can be calculated by fitting
these data points with Eq. 5. A similar approach
can be applied to Eq. 6 for calculating C,. The

data points that were fitted with Eq. 5 were ob-
tained from 16 simulations. Two indoor tempera-
tures were selected,25 and 30 °C. At each in-
door temperature, eight outdoor temperatures
that yielded temperature differences of +5, +
10, £15 and +20 °C were selected. Another
simulation set was performed to acquire the () —
vs — U correlation in Eq. 6. The C, value of a
structure is unique for every wind direction, de-
pending on the layout of surrounding area. It
has been shown that wind direction has a con-
siderable effect on the fumigant leakage
rate'*). However, it was not possible to deter-
mine a C, value for every possible wind direc-
tion. In order to minimize the number of simula-
tions, only the wind coefficients corresponding
to eight wind directions (i.e. ,N,NE, E, SE,
S,SW,W and NW) were determined. Four sim-
ulations each with different fixed wind velocities
(i.e. ,4,8,12 and 16 m/s) were performed for
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each wind direction.

Data Processing

Chayaprasert et al. ''! utilized the CFD
model to evaluate the effect of multi-year weath-
er conditions on the HLT and Ct product. Elev-
en sulfuryl fluoride ( SF) fumigation simula-
tions were performed using hourly average his-
torical weather data of the same time period be-
tween 1996 and 2006. It was assumed that for
each year’ s simulation (1996, 2006) the fu-
migation started at 12 ;00pm on 4 July and las-
ted 24 hours. The HLT of each simulation was
determined by first normalizing the average fu-
migant concentration curve by the initial con-
centration. Next, the normalized concentration
curve was fitted with the following equation ;

norm = 1, Eq.7
2HLTxim

is the normalized concentration

where C

( dimensionless ) and ¢ is the elapsed time
(hr). The Ct product was effectively the area
under the average concentration curve, which
was calculated by integrating the non-normal-
ized concentration curve.

In the present study,the HLT and Ct prod-
uct determined from the average fumigant con-
centration curve were compared with the respec-
tive values predicted using the superposition
method. The HLT prediction was calculated u-
sing the following equation ;

V In(2)

HLT., = Q 3600

where V' is the volume of the structure
(m’) and Q is the volumetric gas leakage rate
(m’/s) predicted by the superposition method.
For each of the 11 - year fumigations, the gas
leakage rate, (), was calculated by substituting
the average ambient temperature and wind
speed into Eq. 2 and selecting the wind coeffi-
cient based on the most dominant wind direc-
tion. The V/(Q term is the reciprocal of the air
change rate. A different form of Eq. 8 is used by

Eq.8

the tracer gas dilution standard test method'”” to
describe the relationship between the tracer gas
concentration decay and air change rate in a
single volume. The Ct product was predicted as
follows ;

_ ~C,, HLT, (27w ~ 1)

Ct — 1,sim sup E . 9
sup ln(2> q
where C; ; is the initial gas concentration

(g/m’) determined from the simulation. This
equation is essentially the integration of the non
- normalized form of Eq. 7.

Results and Discussion

By fitting the data points of the simulated
pressurization test with Eq. 1, the flow coeffi-
cient,c,and the pressure exponent,n,were de-
termined to be 0. 293 and 0. 5, respectively.
The discharge coefficient, C,, and air density
were assumed equal to 1 and 1. 18, respective-
ly. Substituting these ¢, n, C, and ( values in

Eq. 4 resulted in an effective leakage area,A, ,
Of;

A = 10000 x 0. 293
=

2
cm

1. 18 (0.5-0.5)
= 2251
1 ) A >

The resulting infiltration rates of the simu-
lations performed for determining the stack co-
efficient yielded the following correlation be-
tween the temperature difference, (¢, and the
infiltration rate, ()

0 =0.0673 x At*’

The stack coefficient was calculated by e-
quating the above equation to Eq.5;

A
- JCAL=0.0673 x At*?

100
2251
50y /. =0.0673
C. =0.000894

The resulting infiltration rates of the simu-
lations performed for determining the wind coef-
ficients yielded the following linear correlation
between the infiltration rate, (), and wind veloc-
ity ,U:

Q=au

where the slope a varied between 0. 0125
0.0664 for different wind directions. The wind
coefficient was calculated by equating the above
equation to Eq. 6

A, >
1000 VC.U =al

2251
1000 ¥ ¢r =@
C,6=2.251 xa
The resulting wind coefficients for all wind
directions were between 0. 308 x 10™* x -
8.697 x 10*. As previously mentioned, this
characteristic difference was a result of the fact
that the surrounding landscape around the flour
mill is not the same in all directions. Grain bins
and silos are located on the north end of the
flour mill. These structures reduced the dynamic
head of the wind from the north and north-west
directions. The south side of the mill is not ex-
posed to the external environment, but attached
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to a grain bulk structure and a packaging build-
ing. Therefore , the wind coefficients of the mill
for the north, north-west and south wind direc-
tions were noticeably lower than those for the
other wind directions.

The historical weather data and fumigation
results of the 11-year fumigation simulations'"
as well as the respective HLT and Ct product
predictions by the superposition method are
summarized in Table 1. Wind speed and ambi-
ent temperature are given in terms of average
values and standard deviations. The average
wind speeds and outdoor temperatures were be-
tween 1.5 and 5.1 m/s and 16.2 and 29. 1°C
respectively. Wind direction is given in terms of
the most dominant wind direction (1i. e. , the
mode) and the numbers of hours during which
the mode wind direction occurred. A greater
number of hours of a particular mode wind di-

rection indicated that the wind was relatively
steady in terms of traveling direction. The initial
concentrations were between 44.6 and 54.3 g/m’.
The simulated HLTs and Ct products ranged
from 10.7 to 23.3 hours and from 476 to 840 ¢
- h/m’ , respectively. Note that the superposi-
tion method assumed fixed weather conditions
in predicting the HLT and Ct product while
those used in the simulations did not remain
constant during the fumigation period (i. e.
outdoor temperature varied in a sinusoidal fash-
ion,and both wind speed and direction random-
ly varied). The HLT and Ct product predictions
were however relatively accurate. For all except
one simulation (2005 ) ,the HLT and Ct prod-
uct difference percentages were within (20 and
10% ) ,respectively.

Table 1. The weather conditions and results of the 11 — year fumigation simulations as
well as the respective HLT and Ct product predictions by the superposition method.
Outdoor  Wind Wind
Temp.*  Spd.* Dir. * Simulation® Superposition % Difference
(C) (m/s) (degree)
Year
Init.
Avg. Avg. Mode HLT Ct HLT Ct
[S.D.7 [S.D. ] [#ofhes] "% (he) (g-h/m') (hr) (g-h/m’) DET G
(g/m’)
20.9 1.5 0
1996 (4.4] [1.3] [21] 54.3 23.3 840 19.2 773 18 8
16.2 4 315
1997 (3.5] [1.6] (16] 49.7 13.6 633 13.6 624 0 1
23.3 .4 0
1998 (2.9] [1.3] [11] 53.4 18.2 757 18.9 757 -4 0
28.3 4 225
1999 (3.6] [1.6] [20] 49.6 13.2 598 14.6 641 -11 -7
24.4 2.1 0
2000 (251 [1.9] [10] 52.8 19.6 752 23.5 798 -20 -6
22.5 3.5 270
2001 [35] [0.9] [14] 52.5 15.5 696 13.4 654 14 6
29.1 3.2 45
2002 51.2 19.8 730 22.4 763 -13 -5
[3.3] [0.8] [8]
25.2 5.1 225
2003 48.5 12.5 571 11 552 12 3
[4.9] [2.6] [7]
23.6 4.7 270
2004 (3.7] [2.4] [14] 44.6 10.7 476 11.2 511 -4 -7
25.5 4.1 0
2005 49.7 15.9 658 22.1 738 -39 -12
[4.1] [1.3] [6]
22.4 4.8 45
2006 (3.1] [1.4] [10] 49.7 15.7 672 12.8 607 18 10

aData generated by Chayaprasert et al. "’

Overall , the simulated pressurization test
and superposition method yielded satisfactorily
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accurate predictions of HLT, suggesting their
benefits to optimizing structural fumigation.
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Nevertheless ,due to the fact that this study was
simulation — based , several simplifications were
assumed. While it was utilized on a flour mill
structure in this study,the superposition method
was originally developed for application in resi-
dential houses. All results in this study were
generated based on a CFD model which already
includes a set of inherent assumptions such as
pressure distribution on the external walls,leak-
age characteristic, and numerical rounding. Ac-
curacy of the effective leakage area,A,,can be
affected by the choice of the discharge coeffi-
cient, C; ,which can be between 0.6 and 1 de-

pending on the pressurization test standard. It is
not possible to obtain the true values of the
stack and wind coefficients, C, and C,. Thus,
the accuracy of the superposition method will
always be compromised by the estimation of
their values. The accuracy of the Ct product
prediction is affected not only by the HLT, but
also the initial concentration. Unlike in this
study, in practice the initial concentration has
to be estimated by dividing the amount of ini-
tially released fumigant by the estimated struc-
ture volume before the fumigation starts. As can
be seen in Eq. 9 ,the Ct product is directly pro-
portional to the initial concentration. In other
words , the error percentage in the initial con-
centration estimation yields the same error per-
centage in the Ct product prediction (e. g.
10% error in the structure volume estimation
would result in 10% error in the Ct product
prediction). As a result, the pressurization test
and superposition method should be further e-
valuated experimentally. In addition, the costs
versus benefits of the pressurization test should
also be properly analyzed.

Conclusions

The application of the pressurization test
and superposition method for prediction of
structural fumigation performance were evalua-
ted by CFD simulations with the CFD model de-
veloped by Chayaprasert et al. ' A simulated
pressurization test was performed to determine

the structure’ s effective leakage area. Then , the
simulated structure was subjected to several
fixed environmental conditions to determine the
stack and wind coefficients. Finally, the HLTs
and Ct products generated by the 11 — year fu-

migation simulations''’ were compared with the
values estimated based on the superposition
method. The results showed that the pressuriza-
tion test and superposition method have poten-
tial application benefits for optimizing the struc-
tural fumigation process. The HLT and Ct prod-
uct predictions were within (20 and (10% of
the simulated values, respectively,in 10 out of
11 years. However, additional experimental in-
vestigation is needed to verify their application
in practice.
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