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ABSTRACT

This report describes the initial phase of an effort to evaluate the ability of multizone airflow and
pollutant transport models to predict the impact of residential |AQ control technologies.
Measurements of the performance of severa particulate air cleaning devices and related particle
transport parameters were performed in a one-room test house. These measurements were used
to calculate building air change rates, particle deposition rates and penetration factors, and air
cleaner removal efficiencies. Two separate 24 h tests were performed with two of the tested air
cleaners, and the measured air change rates and particle concentrations were compared to
predicted values obtained with the CONTAM model. For both tests, smulated 24 h average air
change rates were within 5 % of measured air change rates and simulated 24 h average particle
concentrations were within 30 % of measurements for all particle sizes. Simulations were aso
performed to predict the impact of the air cleaners compared to atypical furnace filter.

Key Words. air cleaners, airflow modeling, building technology, computer simulation,
infiltration, multizone, residential buildings, and validation.
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The penetration factors were determined during tests with the HVAC system off so the values
used for the deposition rates are the system-off valuesin Table 2. Table 3 summarizes the results
of penetration factor calculations for five time periods of at least 1 hour during which the standard
deviation of both Ci,, and C,: were less than 10 % of the average value (with the exception of the
1.0 mm to 5.0 mm size for case d75_2). Other criteria for the time periods included in Table 3
included the use of data measured without the diluter and atotal outdoor count less than 2.5x10°
particles per m®. The estimates for the smallest particles varied widely with an overall standard
deviation that was over 35 % of the average of 0.76. The standard deviations for the larger sizes
were all less than or equal to 20 % of the averages. However, since only five cases are included in
Table 3, these should be used with caution and may not apply to other buildings.

Table 3 Penetration Factors

P P P P

3-5mm 5.7nm | .7-1.0mm | 1.0-5.0nm
d75 0.67 0.74 0.67 0.61
d75_2 0.88 0.88 0.77 0.46
d75_3 0.82 0.78 0.68 0.69
d76 1.08 0.79 0.63 0.64
d76_3 0.35 0.49 055 059
Average 0.76 0.73 0.66 0.60
s 0.27 0.15 0.08 0.09

Filtration efficiencies from decay tests

The decay tests to determine the filtration efficiencies of the tested air cleaners were performed in
amanner similar to those described above for determining deposition rates. After the indoor
generation of particles, the HVAC system with the air cleaner installed was turned on and the
decay of particle concentration was monitored. The total decay rate (k') for these tests was
determined according to equation 2 above with the same assumptions of a uniform indoor particle
concentration, no indoor source of particles, and constant Coy, @, P, and k. Due to the rapid
decay of particle concentrations for the electronic air cleaner EACL, the decay rate was
determined over 30 minutes instead of one hour. Table 4 summarizes the total decay rates for the
air cleaner tests.
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Table4 Summary of Total Decay Ratesfor Air Cleaner Cases

Run Air Particle Duct Air Decay | Decay | Decay Decay Tin | RHin | DP across
No. |Cleaner | Generation|Velocity| change |.3-.5nm|.5-.7mm| .7-1.0mm| 1.0-5.0mm | (°C) | (%) air
Method | (m/s) [rate(h™)| (hh) | (h?) (h™Y) (h™) cleaner
(Pa)
d42x* | MACla| PGEN 6.44 0.13 1.00 | 1.30 1.70 2.16 223| 34 3.0
d44x* | MACla| PGEN 6.33 0.14 1.04 | 147 1.87 2.74 224 33 3.6
d46x | MACla| PGEN 6.34 0.29 1.09 | 1.50 2.02 2.83 285| 28 25
dés8x* | MACla| PGEN 5.96 0.37 133 | 153 1.85 2.42 221 29 2.8
d77x | MACla BOX 5.99 0.12 093 | 157 2.05 2.47 104 34 3.2
d77x | MACla BOX 5.96 0.13 0.86 | 158 211 2.80 198 | 30 3.2
d59x | MAClb| PGEN 5.83 0.21 123 | 153 1.72 2.54 24.8| 28 2.9
déox | MAClb| PGEN 5.94 0.15 1.09 | 1.35 1.64 2.08 215| 31 3.2
dé8x | MAClb| PGEN 5.98 0.29 120 | 1.50 1.88 2.05 20.8| 30 3.6
dé8x | MAClb| PGEN 5.94 0.28 138 | 171 2.15 2.38 220| 31 3.1
d72x | MAClb| PGEN 6.10 0.33 139 | 1.85 2.26 2.72 226| 30 3.1
d81x | MAC1b BOX 6.04 0.20 094 | 150 1.94 2.60 223| 34 3.7
d86 | MAClc BOX 5.83 0.15 0.15 | 0.96 1.50 1.93 235| 31 3.3
d86 | MAClc BOX 5.75 0.15 0.15 | 0.96 1.55 2.00 223| 35 3.3
a0l | MAClc BOX 5.67 0.18 019 | 144 1.96 2.18 107 34 3.4
a0l | MAClc BOX 5.64 0.24 024 | 143 2.09 2.20 19.2| 38 35
a02 | MAClc BOX 5.76 0.15 0.15 | 0.83 1.53 2.03 21.2| 36 3.4
a02 | MAClc BOX 5.68 0.23 0.23 | 0.89 2.02 2.52 246| 36 3.2
a04 | MAClc BOX 5.83 0.25 025 | 1.00 1.57 1.98 21.5| 27 3.2
a04 | MAClc BOX 5.78 0.38 038 | 114 171 2.18 24.3| 26 3.4
d47x | MAC3 PGEN 6.09 0.30 284 | 332 3.69 3.95 285| 30 7.6
d47x | MAC3 PGEN 6.14 0.23 293 | 345 4.24 5.37 24.4| 33 7.4
d48x | MAC3 PGEN 6.07 0.23 289 | 334 4.03 4.33 29.9| 30 6.8
d80x | MAC3 BOX 5.57 0.15 232 | 3.30 4.04 5.12 19.3| 32 6.3
d80x | MAC3 BOX 5.66 0.10 212 | 334 4.16 5.35 186 | 44 6.4
d82x | MAC4 BOX 5.61 0.31 122 | 1.63 1.93 2.23 21.7| 25 *
d82x | MAC4 BOX 5.47 0.32 110 | 1.50 1.86 2.39 253 | 24 *
d82x | MAC4 BOX 5.45 0.20 077 | 136 1.81 2.49 22.3| 28 *
dssx' | EAC1 PGEN 6.02 0.16 6.64 | 6.77 7.16 8.18 265| 30 0.6
d56X'| EAC1 PGEN 6.13 0.18 726 | 7.25 7.11 7.85 24.7| 33 1.3
ds6x' | EAC1 PGEN 6.06 0.14 6.49 | 6.68 7.20 7.81 28.8| 28 1.2
ds6x' | EAC1 PGEN 6.15 0.12 6.44 | 6.70 7.14 7.87 275| 28 1.2
ds6x' | EAC1 PGEN 6.18 0.22 6.78 | 7.06 6.81 8.21 26.1| 31 1.2
ds6x' | EAC1 PGEN 6.14 0.22 6.72 | 6.83 7.15 7.90 21.8| 33 1.3
d78x' | EAC1 BOX 5.84 0.35 519 | 6.45 6.85 7.70 19.8| 33 14
d78x' | EAC1 BOX 5.88 0.33 584 | 6.77 7.14 8.04 20.0| 30 14
d58x | EAC2 PGEN 5.05 0.10 117 | 151 2.00 2.54 21.7| 43 o
d58x* | EAC2 PGEN 4.86 0.12 114 | 148 1.80 2.59 259| 29 el
d81x | EAC2 BOX 4.81 0.16 138 | 212 2.49 3.26 18.6| 46 o
d8ix"| EAC2 BOX 4.80 0.17 135 | 2.03 2.42 3.11 18.6| 50 o
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Table 4 Notes: * Total decay rate for large particles based on less than 1 hr
** No DP available across MACA4 due to filter location

*** No DP available across EAC2 due to modified air cleaner frame

' Total decay rates for EAC1 based on half hour

" Air change rate calculated for 50 minutes

Subtracting the air change rate and the deposition to the surfaces from the total removal rates of
Table 3 yields the removal rate due to the air cleaner (k). The filtration efficiency (h) is
calculated from the removal rate due to the air cleaner using the following equation:
k=2

Vv
where Qys is the airflow rate through the HVAC system and V is the room volume.

Since it is not known whether the increased deposition rate for the system on casesis due to
increased deposition to room surfaces or removal within the HVAC system and ductwork, two
options for modeling the removal of particles due to the air cleaner and deposition were explored.
Firgt, the air cleaner efficiencies were calculated by subtracting the deposition with the system off
(values from Table 2) from the total decay rates. This method includes the additional removal as
part of the filtration efficiency. These average air cleaner efficiencies and their standard deviations
are presented in Table 5. Also included in Table 5 are the decay results for HVAC system
operation with no air cleaner in the system (labeled none in table) calculated as afiltration
efficiency. The total decay rates for these no air cleaner cases was presented earlier as the bottom
nine casesin Table 1.

Table 5 Decay Test Filter Efficiencies (Subtracting System-Off Deposition)

Air Cleaner h h h h
.3-.5mMm 5-.7mm .7-1.0mm 1.0-5.0mm
(%) (%) (%) (%)
none 6.9 9.2 13.1 17.3
S 1.3 2.1 25 4.3
MACIla 8.3 11.5 16.4 221
S 1.4 25 35 4.7
MACI1b 10.6 12.4 16.1 19.1
S 2.3 2.1 3.0 45
MACI1c 9.3 16.4 20.6 23.2
S 4.2 4.4 3.3 1.8
MAC3 35.6 440 53.3 62.1
S 39 29 6.0 13.8
MAC4 7.5 11.4 15.6 19.6
S 3.1 14 0.8 3.7
EAC1 98.3 100.7 102.6 1125
S 10.2 34 3.2 31
EAC2 16.3 22.0 271 35.7
S 2.2 6.7 6.7 7.6
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Alternatively, the air cleaner efficiencies were calculated by subtracting the deposition with the
system on (values from Table 2) from the total decay rates. This method treats the additional
particle removal as deposition to the room surfaces rather than as part of the filter removal. These
average air cleaner efficiencies and their standard deviations are presented in Table 6.

Table 6 Decay Test Efficiencies (Subtracting System-On Deposition)

Air Cleaner h h h h
.3-.5mMn 5-.7mm .7-1.0mm 1.0-5.0mm
(%) (%) (%) (%)
MAC1la 1.8 2.8 4.0 5.8
S 14 2.3 34 4.6
MAC1b 3.9 34 3.2 2.2
S 2.2 2.1 3.2 45
MACI1c 2.3 7.1 7.3 5.7
S 4.1 4.3 3.2 1.7
MAC3 28.8 349 40.3 45.1
S 4.2 25 5.6 13.3
MAC4 0.3 16 1.7 1.4
S 3.2 16 0.9 35
EAC1 91.7 91.9 90.0 95.9
S 10.3 35 3.2 3.0
EAC2 8.1 11.0 11.4 15.0
S 2.1 6.6 6.5 7.2

Filtration efficiencies from direct measurements

As mentioned above and shown in Figure 3, particle samples were taken in 3 locations inside the
HVAC ducts: immediately upstream and downstream of the air cleaner and downstream of the
standard furnace filter. The in-duct measurements were used to directly calculate filtration
efficiencies using equation 5.

h . =1- Cdownstream 5
direct Cupstream

The particle counts used in equation 5 were hourly averages of 50 sto 60 s particle counts taken
every ten minutes. Since the upstream and downstream particle counts were taken as consecutive
samples, an attempt was made to find extended periods of data with near steady state particle
concentrations (see for example the data shown in Figure 8). Also, it was necessary to use
measurements without the diluter to avoid getting particle counts near zero for the larger size
particles with the more efficient filters.

17
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Figure 8 Sample In-duct Particle Countsfor EAC1

A summary of the average direct measurement filtration efficiencies along with standard
deviations calculated from at |east five single hour intervalsis shown in Table 7. Figure 9

compares the filtration efficiencies estimated with the three methods for air cleaners MACla,
MAC1b, MAC3, EACL, and EAC2. Figure 9 shows that the direct method yielded results close
to the decay minus system-on depositions method for nearly all air cleaners and particle size
ranges. However, the decay minus system-off depositions consistently yields significantly higher
estimates due to the inclusion of deposition in the ductwork and additional deposition in the room

as part of the filtration efficiency.

& Upstream 0.3-0.5

® Downstream 0.3-0.5
Upstream 0.5-0.7

x Downstream 0.5-0.7

X Upstream 0.7-1.0

o Downstream 0.7-1.0

+ Upstream 1.0-5.0

® Downstream 1.0-5.0

Table 7 Direct Measurement Filtration Efficiencies

Air Cleaner h h h h
3-5mm | 5-.7mm | .7-1.0 mm [1.0-5.0 mm
(%) (%) (%) (%)

none 0.24 0.18 -0.61 -8.48
S 0.24 0.49 1.07 3.19
MAC1la 141 2.21 2.68 9.06
S 0.52 0.84 3.67 5.26
MAC1b 481 5.47 6.52 7.92
S 3.65 431 5.58 14.87
MAC3 25.96 29.74 33.39 36.67
S 1.00 1.58 2.56 3.45
EAC1 96.57 96.26 95.45 91.46
S 0.15 0.29 0.55 1.77
EAC2 7.27 9.56 10.12 13.07
S 0.88 1.29 191 6.14
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Particle generator source strengths

For the purpose of modeling in CONTAM, the source strength of the particle generator was
estimated following the analysis described by Traynor for determining pollutant emissions from a
gas-fired range (Traynor et al. 1982). With a constant indoor source and letting C(0) equal the
indoor concentration at time zero, the solution to equation 1 can be written as:

aPC_, + §

C,.@) :TV[]__ e k*t]+C(O)e' Kt 6

By rearranging, the source strength can be found from the increase in Ci, after time T (equation 3
of Traynor et al. 1982):

vV |-1_ e k*TJ

_ SK'T
S_,-CM-CcOe* " -

out

Since there is the possibility of inconsistency of setting the air pressure regulator on the particle
generator and of depletion of particlesin the reservoir mixture, the particle generator source
strength was tested before and after the EAC1 and MACL tests described in the smulation
section of this report. Table 9 gives the resulting source strengths by particle size for each one
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hour test and the average source strength. The source strength tests were performed with
measurements through the diluter and a nominal multiplier of 100 was applied to the results.

Table 8 Particle Generator Source Strength

0.3- 0.5mMm| 0.5- 0.7nm| 0.7- 1.0nm | 1.0- 5.0mm

#m’h) | @mh) | @m’h) | #meh)
Before 21300000 | 3820000 | 900000 | 241000
After 23800000 | 2630000 | 1030000 | 224000
Average 22500000 | 3230000 | 966000 | 233000

Ozone generation

As mentioned in the air cleaner description above, one consequence of operating EAC1 isthe
generation of ozone. An example of the ozone buildup due to EAC1 operation, and its subsequent
decay after turning off EAC1, is shown in Figure 10. Table 8 summarizes the average indoor and
outdoor ozone concentrations measured during the decay periods while testing EAC1. The ozone
concentrations in Table 8 should not be taken as indicative of the concentrations that would result
in atypical residential application of EAC1 because the test house has a much smaller volume and
istighter than the typical house. EAC2 was found to produce no ozone as claimed.
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Figure 10 Transient Ozone Concentration dueto EAC1 Operation

The ozone generation rate of EAC1 was estimated using Equation 6. Estimates were made for
five one-hour EAC1 operation periods similar to Figure 10. Table 8 summarizes the initial and
fina indoor ozone concentrations, average outdoor ozone concentrations, and measured air
change rates for the five periods. The ozone concentrations in Table 8 should not be taken as
indicative of the concentrations that would result in atypical residential application of EAC1
because the test house has a much smaller volume and istighter than the typical house. The decay
constant, k, was taken from the literature as concerns about the continued generation of ozone
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after turning EAC1 off prevented using measured decay rates. Nazaroff et a. (1993) summarized
measured ozone decay rates ranging from 1.44 h™* for a stainless steel room to 7.56 h™ for a
cleanroom. Since the test house is furnished approximately like an office, the average value
reported for offices (3.7 h™) was chosen. The penetration factor, P, was assumed to be 1.0,
although varying it had little effect on the estimates. The average ozone generation rate for the
five test periods was 5.4 x 10 m*/h with a standard deviation of 9.4 x 10° m%h.

EAC2 was found to produce no ozone as claimed by the manufacturer.

Table 9 Ozone Concentrations During EAC1 Tests

Cinitia Cina Cout Air change
Test | (ppb(v)) (ppb(V)) (ppb(V)) (rrf?tle)
d56 70 147 42 0.19
d56 63 135 50 0.14
d56 63 151 39 0.12
d56 93 182 52 0.22
d56 114 200 22 0.22

Long term test of MAC5

A long term test of one mechanical air cleaner was performed as an initial attempt to characterize
the change in filter performance with loading for modeling purposes. For the long term test, a new
mechanical air cleaner cartridge (MAC5) was inserted in the system and the initial performance
was measured by the decay method with the box method of particle generation as described
above. Then the HVAC system was operated continuously with particle decay tests performed at
approximately one week intervals. Also, the filter cartridge was weighed weekly to determine if
the filter loading could be tracked by the weight.

The analysis of the results indicates that aweak trend of increasing pressure drop and filtration
efficiency for the largest particles could be seen after about 80 days of operation (see Figure 11).
However, the relative cleanliness of the NIKE test house (as evidenced by the lack of a mat of
fibers on the filter) limited the usefulness of this test. In fact, the variability in filter weight
correlated with relativity humidity better than timein service (see Figure 12) This test will be
repeated in an occupied house which should involve more significant and realistic loading of the
filter.
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SIMULATION PROCEDURE

This section of the report describes the CONTAM mode of the test house. This model was used
to compare CONTAM predictions of air change rates and pollutant concentrations to
measurements.

CONTAM Model

The test house described in the measurement section was modeled using CONTAM (Walton
1997) - aprogram for analyzing the air movement and IAQ in multizone buildings. CONTAM has
agraphic interface, or Sketchpad, used to create and edit a description of a building’s features
relating to airflow and the generation and removal of contaminants. This data along with ambient
weather and pollutant contaminant data are used to calculate the airflows and concentrations of
indoor contaminants.

OAmkt

R < OO 3
-] -]
-]

8 a ]

5]

e G}

=

=

=

) O e e O

Figure 13 CONTAM Sketchpad Representation of Test House

The graphical representation of the main floor of the test house asit appearsin CONTAM is
shown in Figure 13. The test house attic was included in the model but is not shown. Idedlly, the
air leakage model of the house could be created by performing leakage tests on the individual
airflow paths (wall joints, windows, etc.). However, such an impractical experimenta effort was
avoided by atwo-step modeling process. First, individual air leakage elements were created in
CONTAM based on best estimate values from Table 25-3 of the ASHRAE Handbook of
Fundamentals (ASHRAE 1997). This step ensures a realistic distribution of appropriate airflow
elements. Then, the leakage values of the individual elements were adjusted such that the resulting
flows from a simulated blower door test matched those from areal blower door test. A
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comparison of the smulated and real blower door test results is shown in Figure 14, and the
resulting airflow leakage elements are summarized in Table 10. The leakage elementsin Table 10
are for areference pressure difference of 4 Paand a discharge of 1.0 with aflow exponent of 0.63

based on the blower door test.

0.2 f

N /

Flow (m %/s)

0.14 —«e— M easured
/ —m— Simulated

0.12 /

0.1

10 20 30 40 50 60 70
Pressure (Pa)

Figure 14 Measured and Simulated Blower Door Test Results

Table 10 Air Leakage Values

Airflow element description Effective Leakage
Areaat 4 Pa
Wall-wall joint 0.864 cm’/m
Cailing-wall joint 0.864 cm’/m
Floor-wall joint 2.08 cm?/m
Window 3.37 o’
Cailing 0.908 cm?/m?”
Door frame 1.7 cm?/m’
Door (distributed at 3 locations vertically) 21 cm?
Wall penetration (4 on N wall, 2 on Swall, 1 on W wall) 1.3 cm’?
Ceiling penetration 2.13 cm’
Attic vent (on N and Swalls) 0.045 m?
Attic vent (on E and W walls) 613 cm’
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COMPARISON OF PREDICTIONSAND M EASUREMENTS

This section of the report compares the results of model predictions and measurements for two of
the tested air cleaners. The two air cleaners chosen for comparison of simulations and
measurements were the electronic air cleaner EAC1 and the mechanica air cleaner MAC1b. Both
cases modeled cover a 24 h time period during which the HVAC system was operated
continuously with an air cleaner installed and operating. In the results below, the 24 h test with
MACI1biscaled case d72 and the 24 h test with EACL1 is called case d74. In both cases, the
particle generator was used as a continuous source of particles for four hours. During the 24 h
tests, infiltration rates, indoor and outdoor particle counts, temperatures, duct flow, and relative
humidities were measured as described in the procedure section. The temperature in the attic was
not measured but was modeled as equal to the average of the indoor and outdoor temperature.

For each air cleaner, two approaches to modeling the air cleaner performance were considered.
First, the air cleaners were modeled with the removal efficiencies determined by direct in-duct
measurements (values in Table 7) in combination with the deposition rates determined for system
on (valuesin Table 2). Second, the total removal efficiencies associated with the air cleaner as
determined by decay tests (valuesin Table 5) were used in combination with the deposition rates
for system off (valuesin Table 2).

Satistical Evaluation of Model Predictions

ASTM D5157 “Standard Guide for Statistical Evaluation of Indoor Air Quality Models’ provides
guantitative and qualitative tools for evaluation of IAQ models (ASTM 1991). It provides
guidance in choosing data sets for model evaluation and focuses on evauating the accuracy of
indoor concentrations predicted by a model. As part of the comparison of CONTAM predictions
to test house measurements, the ASTM D5157 criteriawere applied. The data sets collected
during this study meet the ASTM D5157 criteriafor model evaluation as they are entirely
independent of the data used to develop the model and to estimate model inputs. Also, the datais
of sufficient temporal and spatial detail to evaluate the CONTAM predictions of both inert
pollutants and particlesin asingle zone.

ASTM D5157 provides three statistical tools for evaluating the accuracy of |AQ predictions and

two additional statistical tools for assessing bias. Values for these statistical criteria are provided

to indicate whether the model performance is adequate. The tools for assessing agreement

between predictions include:

1) The correlation coefficient of predictions vs. measurements should be 0.9 or greater.

2) Theline of regression between the predictions and measurements should have a slope between
0.75 and 1.25 and an intercept less than 25 % of the average measured concentration.

3) The normalized mean square error (NMSE) should be less than 0.25. NM SE is calculated as:

N —_——
NMSE=3 (C, - C,)?/2C,C, 8
i=1
where C,, is the predicted concentration and C, is the observed concentration.

ASTM D5157 aso provides two statistical measures of bias with values for judging adequate
model performance. These bias measures include:
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1) Normalized fractional bias (FB) of the mean concentrations. Fractional bias should be 0.25 or
lower and is calculated as:

FB=2C,- C,)/(C, +C,) 9
2) Fractiona bias based on the variance (FS) which should be 0.5 or lower. FSis calculated as:

FB=2(s2C,-s°C,)/s °C, +s °C,) 10

Infiltration Rates

The building air change rate is the best parameter to compare the simulated and measured airflow
results as it isa commonly used parameter to evaluate the adequacy of building ventilation.
Measured air change rates were determined from log curve fits to the SFs tracer gas decay data as
described above. Simulated air change rates were determined from the CONTAM results by
adding all of the flows to the building from the ambient zone and dividing by the building volume.
Figures 15a and 15b compare the one hour air change rates for cases d72 and d74, respectively.
For Case d72, the average of the hourly measured and simulated air change rates were both 0.24
h*. For Case d74, the average of the hourly measured and simulated air change rates were 0.22 b
tand 0.21 h, respectively. For case d72, the absolute average percent difference between the
measured and modeled hourly air exchange rates was 20 % with the percent differences ranging
from —31 % to 40 %. For case d74, the absolute average percent difference between the measured
and modeled hourly air exchange rates was 16 % with the percent differences ranging from —46 %
to 29 %.
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Figure 15 Measured and Smulated Air Change Rates

Tracer Gas Concentrations

Since SFs was injected during the 24 h tests to measure air change rates, it was included in the
simulation to compare predictions to measurements for an inert indoor air contaminant. An inert
pollutant is the ssimplest contaminant to model as there is no need to include deposition, air
cleaning, or contaminant reactions in the model. The resulting concentration of the contaminant
will depend only on the calculated airflow rates, outdoor concentrations, and pollutant source
strength and schedule. The outdoor concentration of SFs was assumed to be zero. Since the
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injection rates and time were not recorded, the source strength used in CONTAM was adjusted
such that the increase in concentration over afive minute simulation time step approximately
matched the measured increase in concentration.

Figures 16a and 16b compare the measured and simulated SF¢ concentrations for cases d72 and
d74, respectively. The smulated 24 h average SF¢ concentration was 11 % less than the average
measured value for Case d72 and 2 % less than the average measured value for Case d74.
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Figure 16 Measured and Smulated Tracer Gas Concentrations

Mechanical Air Cleaner Performance

As mentioned above, one of the mechanical air cleaners (MAC1b) was modeled two different
waysin CONTAM. First, the air cleaners were model ed with the removal efficiencies determined
by direct in-duct measurements (values in Table 7) in combination with the deposition rates
determined for system on (valuesin Table 2). The ssimulated indoor particle concentrations using
this method are presented in Figures 17athrough 17d (for each of the four size ranges) along with
measured particle counts. The particle countsin Figure 17 (and 18 through 22) were measured
through the diluter and were multiplied by 100 to yield total concentrations. For this case the
HVAC system with MAC1b installed was operating prior to the start of the test resulting in the

initial steady concentrations in Figure 17. The particle generator was on from 10:00 am. to 2:00
p.m.

The percent difference between measured and ssimulated 24 h average particle concentrations was
8.9 % for 0.3 Mm to 0.5 nm particles, -6.0 % for 0.5 Mm to 0.7 mm, -17.9 % for 0.7 nm to 1.0

mm, and -29.7 % for 1.0 nm to 5.0 nm. The percent differences at any point in time ranged from
-80 % to 72 %.
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Figure 17 Comparison of Measured and Simulated Particle Countswith Direct MAC1b
Filtration Efficiency

Next, MAC1b was modeled for the same case using the total removal efficiencies determined by
decay tests (values in Table 5) in combination with the deposition rates for system off (valuesin
Table 2). The ssimulated indoor particle concentrations using this method are presented in Figures
18a through 18d. The percent difference between measured and ssimulated 24 h average particle
concentrations was 11.5 % for 0.3 mm to 0.5 nmm particles, -1.2 % for 0.5 nm to 0.7 nm, -10.3
% for 0.7 mm to 1.0 nm, and -21.4 % for 1.0 nm to 5.0 mm. The percent differences at any point
in time ranged from —75 % to 55 %. The CONTAM predictions with this method were dightly
closer to the measurements with the exception of the smallest size particles.
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Figure 18 Comparison of Measured and Simulated Particle Counts with Decay Test

MACI1b Filtration Efficiency

Electronic Air Cleaner Performance

Similarly, one of the electronic air cleaners (EACL) was modeled initially with the removal
efficiencies determined by direct in-duct measurements (values in Table 7) in combination with the
deposition rates determined for system on (valuesin Table 2). The simulated indoor particle
concentrations using this method and the measured particle counts are presented in Figures 19a
through 19d. Unlike the case above, the air cleaner was turned on at the start of the test resulting
in theinitial sharp decline seen in Figure 19. The particle source was on from 12:00 p.m. to 4:00
p.m.

The percent difference between measured and ssimulated 24 h average particle concentrations was
11.7 % for 0.3 nm to 0.5 nm particles, 12.6 % for 0.5 mm to 0.7 nm, -15.2 % for 0.7 nm to 1.0
mm, and —27.2 % for 1.0 nm to 5.0 mm. The percent differences at any point in time ranged from
—82 % to 142 % but fluctuated much more than for MAC1b. This larger fluctuation islikely due
to the smaller absolute particle concentrations in the building as aresult of the highly effective air
Cleaner.
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Figure 19 Comparison of Measured and Simulated Particle Countswith Direct EAC1

Filtration Efficiency

Next, EAC1 was modeled for the same case using the total removal efficiencies determined by
decay tests (valuesin Table 5) in combination with the system-off deposition rates (valuesin
Table 2). The smulated indoor particle concentrations using this method are presented in Figures
20a through 20d. The percent difference between measured and simulated 24 h average particle
concentrations was 16.0 % for 0.3 mm to 0.5 nmm particles, 16.8 % for 0.5 nm to 0.7 mm, -9.7 %
for 0.7 mMm to 1.0 mm, and -23.4 % for 1.0 nm to 5.0 mm. The percent differences at any point in
time ranged just as wide as the previous method from —87 % to 153 %. Almost like the MAC1b
predictions, the CONTAM predictions with this method were somewhat closer to the
measurements for the two larger size ranges but somewhat further from the measurements for the
two smaller size ranges.
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Figure 20 Comparison of Measured and Simulated Particle Countswith Decay Test EAC1

Filtration Efficiency

Satistical Evaluation

The statistical measures from ASTM D5157 were calculated for the predicted particle and Sk
concentrations for the cases presented in Figures 16 to 20 above. All of the model predictions met
the criteria given above for adequate model performance for al the statistical measures with very
few exceptions. For example, the correlation coefficient for al cases was greater than 0.94 for all
cases and was 0.98 to 0.99 for al cases except the two smallest size particles with the electronic
air cleaner operating. Similarly, the NMSE was less than 0.2 for all cases and was less than 0.1 for
many cases. The bias measures fared nearly as well with the model predictions meeting the criteria
for al cases except for the predictions for the largest size particles which were dightly outside the

adequate criteriafor FB.
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IMPACT OF AIR CLEANERS

As an example of how CONTAM would be used to evaluate the impact of IAQ controls, the two
cases simulated above with the MAC1b and EAC1 air cleaners were a'so simulated with atypica
furnace filter. The method used was the smulation with filtration efficiency from the decay test
(MACA4 data from Table 5 above) as no direct measurement efficiency was available. All the
remaining simulation parameters remained the same as discussed above.

The smulated particle concentrations for case d72 with MAC1b and the typical furnace filter
along with measured outdoor particle concentrations are shown in Figures 21a through 21d. The
mechanical air cleaner MAC1b reduced the 24 h average particle concentrations by 15 % for 0.3
mm to 0.5 mm particles, 4 % for 0.5 nm to 0.7 mm, 2 % for 0.7 nm to 1.0 nm, and —1 % for 1.0
mm to 5.0 mm compared to the furnace filter.
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Figure 21 Impact of MAC1b Compared to Furnace Filter

The ssimulated particle concentrations for case d74 with EAC1 and the typica furnace filter aong
with measured outdoor particle concentrations are shown in Figures 22a through 22d. The
electronic air cleaner EAC1 reduced the 24 h average particle concentrations by 85 % for 0.3 nm
to 0.5 mm particles, 78 % for 0.5 mm to 0.7 nm, 73 % for 0.7 nm to 1.0 nm, and 67 % for 1.0
mm to 5.0 mm compared to the furnace filter.
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Figure 22 Impact of EAC1 Compared to Furnace Filter

33



DiscussiON

The primary objective of this effort was to evaluate the capability of the multizone |IAQ model
CONTAM to simulate the impact of particle air cleanersin areal building subject to real ambient
conditions. As shown in Figures 15 through 20, it is possible to adequately predict the air cleaner
performance, at least for a single zone building without occupants present. Future work is
underway to extend the project to include measurements and predictions of particle air cleanersin
an occupied home.

Although both the decay and direct methods resulted in good predictive accuracy, it is not
surprising that the decay method was somewhat more accurate than the direct method. Thisis
almost certainly because it yielded afiltration efficiency for the HVAC system and air cleaner as
an installed unit. Thus, factors such as leakage around a poor fitting air cleaner and deposition in
the ductwork is accounted for in the measured efficiencies. However, for typical design
applications, one would not have such an “installed” efficiency available but rather would rely on
manufacturer test data that might be similar to the direct method efficiencies. These efficiencies
would need to be combined with appropriate deposition factors to account for the total removal
of particles. Additional study into the issue of particle removal throughout the HVAC system
ductwork and deposition dependence on ventilation flows is needed to enable such modeling.

Another objective of this effort was to identify model development needs. However, based on the
comparison of predictions and measurements, it can be concluded that the current CONTAM
capabilities for modeling particulate air filters are adequate. The more pressing need is availability
of accurate performance data for air cleaning devices and other model input data. A useful but not
essential issue for model development is a contaminant model to represent various size fractions
of airborne particles. While it is possible to model particles with the current capabilities of
CONTAM, a specific contaminant model representing particles would make this task far easier for
the CONTAM user.
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