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exhaust fan, with or without passive inlet vents installed in the window frames.

Based on a review of the literature on ventilation in U.S. manufactured homes and discussions
with individuals in the field, the following issues were identified as relevant to the study:

Validity of the 0.25 h™' assumption for infiltration

Impact and effectiveness of an outdoor air inlet to the furnace return

Impact and effectiveness of whole house exhaust fan with passive inlet vents

» Impact and effectiveness of whole house exhaust fan without passive inlet vents
e Location of whole house exhaust fan in the main living area versus the bathroom

In order to address these issues, simulations were performed in a manufactured house using
the multizone airflow model CONTAM [4]. The house model includes the effects of exterior
envelope leakage, interior partitions, forced-air distribution and associated duct leakage,
exhaust fan operation and outdoor weather.

SUMMARY OF SIMULATION RESULTS

The airflow simulations focused on building ventilation rates relative to the requirements in
the MHCSS. Additional simulations and analyses were performed to better understand the
airflow characteristics of the simulated house, including: pressurization tests to determine the
airtightness of the building envelope; airflow patterns between the major volumes of the
house; effective air change rates as a measure of the indoor air quality impacts of different
ventilation approaches; age of air to characterize outdoor air distribution to the different zones
of the house; and, energy consumption associated with the different ventilation scenarios. The
simulations did not address contaminant concentrations in the house or occupant exposure to
contaminants. While there are a number of indoor air quality issues of interest in
manufactured housing, such as moisture and formaldehyde levels, contaminant analysis was
beyond the scope of this project.

In order to understand the impacts of fan operation and interior door position on building air
change rates, steady-state airflow simulations were performed for several different conditions.
Table 1 presents these air change rates, all of which correspond to an indoor-outdoor air
temperature difference of 20°C and zero wind speed. At this temperature difference and wind
speed, the house has an air change rate of 0.28 . ()Iperaring both bath fans, or the kitchen
exhaust fan, raises the air change rate to about 0.7 b™. Due to the supply duct leak into the
crawl space, operating the forced-air fan depressurizes the building, increasing infiltration into
the building and yielding an air change rate of 0.55 h"* with all exhaust fans off and interior
doors open. The supplemental ventilation strategies investigated in this study increase the air
change rate of the house significantly. With an outdoor air inlet duct on the forced-air return,
the air change rate is about 0.7 h™, A whole house exhaust fan in combination with passive
inlet vents yields an air change rate of 0.5 h™' with the forced-air fan off and about 0.8 h with
the fan on. The same whole house exhaust fan without the inlet vents results in an air change
rate of 0.44 h™* with the forced-air fan off and 0.79 h'* with it on. Therefore, the supplemental
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ventilation systems all have the capacity to meet the 0.35 h™' ventilation requirement. Their
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actual impact in practice depends on how often they are operated and how the operating time
is determined.

Table 1. Air Change Rates for Different House and Fan Configurations

Conditions

Air change rate (h'')

Forced-air fan off

All exhaust fans off 0.28
Both bath fans on; kitchen fan off 0.72
Kitchen fan on; bath fans off 0.73
Forced-air fan on
All exhaust fans off (.55
Both bath fans on; kitchen fan off 1.22
Kitchen fan on; bath fans off 1.22
Inlet on forced-air return
. All exbaust fans off 0.65
i Both bath fans on; kitchen fan off - 1.25
Kitchern fan on; bath fans off 1.25

Pagssive inlet vents and whole house exhaust in main living area

Whole house exhaust fan on 0.50
Exhaust and forced air fan on 0.79
Exhaust off and forced-air fan on (.61
Passive inlet vents and whole house exhaust in bathroom

Whole house exhaust fan on ' 0.50
Exhaust and forced air fan on 0.85

Whole house exhaust in main living area, no passive inlet vents

Whole house exhaust fan on

0.44

Exhaust and forced air fan on

0.79

In order to understand the performance of these different ventilation approaches year-long
simulations were conducted in Albany, Miami and Seattle for the following cases:

Case #1: Envelope leakage only; no fans or ducts in model.
Case #2: Bath and kitchen exhaust fans on schedules.
Case #3: Forced-air fan operation based on outdoor temperature.

Case #4: Outdoor air intake on forced-air return.

A: Forced-air operation based on outdoor temperature.

B: Forced-air operation during occupancy.

Case #5: Whole house exhaust with passive inlet vents.

A: Exhaust fan in main living area, operated on {Case #2) exhaust fan schedules.

B: Exhaust fan in main living area, during occupancy.
Case #6: Whole house exhaust without passive inlet vents.

A: Exhaust fan in main living area, operated on {Case #2) exhaust fan schedules.

B: Exhaust fan in main living area, during occupancy.

Case #1 was analyzed to assess building ventilation rates due to envelope leakage slone. Case
#2 includes the effects of the exhaust fans operating on occupancy-based schedules of one or

two hours per day. Case #3 includes the same scheduled exhaust fans, plus forced-air fan
operating for a fraction of each hour based on outdoor temperature, This case reflects the
increased building air change rate due to supply duct leakage into the crawl space and -
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represents a baseline case with no supplemental ventilation. Cases #4, #5 and #6 are all
different approaches to the supplemental ventilation requirement in the MHCSS. In Case #4,
an outdoor air intake duct is connected to the furnace return. Two different schedules for
furnace fan operation are employed in Case #4, one based on outdoor air temperature as in
Case #3 and one in which the fan also operates continuously whenever the building is
occupied. In Case #5 the ventilation system consists a whole house exhaust fan with passive
inlet vents incorporated in the bedroom and kitchen/living area windows. This case also
includes two schedules of exhaust fan operation, one in which the whole house exhaust fan
operates whenever a local exhaust fan would run under the Case #2 schedules and the other in
which the fan operates whenever the building was occupied. Case #6 is the same as #5, but
without the passive inlet vents. The three citics were selected based on their climates. Albany
has a severe winter and a moderate cooling season. Miami is a hot and humid climate, and
Seattle has a moderate climate.

Table 2. Summary of Annual Air Change Rates

ALBANY MIAMI SEATTLE
() 2] o "N %) o v W)
&} b e -] [+ [ RO j % v
§ 3 & g 3 8 g & 8
S S |u. |f |e~|5. |5 |e-]%
E| Sl 8|5 | S| 2| 5 2S£ 2
818889 18889 5| 88 87
- LS| 08 50| 50l 88 5| 5O
Case/Condition SsElAvIiAV|SE|E&V|IEV| SE &v]|avV
1/Envelope leakage only 022 | 56 88 10.10| 100 | 100 [ D20 | 74 99
2/Scheduled exhaust fans 0.27 | 48 77 1016 ; 86 91 | 025 | 64 85
3/Forced-air operating on outdoor 034 | 34 s3 (019 | 78 90 | 032 | 33 7

femperature

4AflIntake on forced-air, operating 037 | 32 46 | 020 73 90 | 033! 30 50
on outdoor temperature N ) )

4B/Intake on forced-air, occupancy 059 | 13 18 | os1| 24 33 | 055 | 14 24
schedule ' ) )

5A/Passive inlets and whole house 041 | 28 2 026! 66 84 | 038 | 24 52
exhaust on exhaust schedule

5B/Passive inlets and whole house 050 | 16 29 | 034 38 72 1 047 13 29
exhaust on occupancy schedule

647 Whole house exhaust (no 036 34 | 52 |o22| 78 | 86 |034| 33 | 7
inlets) on exhaust schedule
6B/ Whole house exhaust (n¢ 046 | 21 35 1031 ] 52 78 1043 | 12 37

inlets) on occupancy schedule

Table 2 contains the annual mean air change rates, as we]l as the percent of hours over the
year during which the air change rate is below 0.25 ! (the infiltration assumption in the
MHCSS) and 0.35 h! (based on ASHRAE Standard 62-1999 {4]). On an annual basis, the
envelope infiltration only case (#1) has mean air change rates below the 0.25 h in all three
cities, and the hourly rate is below this value for 56%, 100% and 74% of the year in Albany,
Miami and Seattle respectively. Operating the exhaust fans (Case #2) increases the annual
mean air change rates, but there are still a high percentage of hours below 0.25 h' is all three
cities. Case #3 can be considered a baseline case since it includes both local exhaust and
forced-air fan operation. The mean air change rate is above the 0.25 h™' in Albany and Seattle.
The hourly air change rate is below 0.25 h! for 34%, 78% and 33% of the year in the three
cities. As expected, the mechanical ventilation approaches have higher mean air change rates;
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the relevant reference for these cases is 0.35 h™'. The mean air change rates are above 0.35 b’
for almost all of the supplemental ventilation cases in Albany and Seattle, but there are still a
significant number of hours during the year below this value. Case #4B has the highest air
change rates and the lowest fractions of hours below 0.35 h™! due to the large number of hours
during which the ventilation system operates. Case #5B and #6B also have high air change
rates and low percentages due to the operating schedule. The means in Miami are all less than
or equal to 0.35 h", except for Case #4B.

The full report contains a comparison of the predicted air change rates with the limited
measurements of air change rates in manufactured homes. The measurements for this
comparison are from recently constructed homes, but not homes built to the most demanding
energy efficiency standards. And while there are no measured data in the literature that
correspond to the exact conditions of the simulations, the data that are available are consistent
with the predicted air change rates. The full report also presents age of air values determined
to examine the distribution of ventilation air within the building and the level of energy
consumption associated with the ventilation approaches for the three cities.

CONCLUSIONS

Validity of the 0.25 h™' assumption for infiltration

Using a single value for a weather-driven infiltration rate is problematic, given the strong
dependence of infiltration on weather. As seen in these simulations, the infiltration rates vary
by as much as 5 to ] based on weather variations alone. Including exhaust fan and forced-air
fan operation more than doubles the range of variation. Nonetheless, when considering the
predicted infiltration rates on an annual basis, the air change rate is below 0.25 h™' for about
one-third of the year in Albany and Seattle and for 70 % of the year in Miami. Note that if
there were no duct leakage in the house model, these percentages would be significantly
higher. Therefore, the assumption of 0.25 h™' for infiltration in modern manufactured homes
may be too high, but more importantly it ignores variations due to weather and fan operation.

Impact and effectiveness of an outdoor air inlet to the furnace return

Employing an outdoor air intake duct on the forced-air return duct is effective in raising air
change rates and distributing ventilation air throughout the house. However, the impact on the
building air change rate is a strong function of the operating time of the forced-air system,
which in turn depends on the extent of system oversizing and the use of control strategies
such as manual switches and timers. While increaged forced-air fan operation provides higher
ventilation rates, there is an energy cost associated with increasing fan operation based on the
power consumption of the fan jtself. '

Impact and effectiveness of whole honse exhaunst fan with passive inlet vents

Whole house exhaust with passive inlet vents provides adequate ventilation in this house and
reasonable air distribution, but again the impact is highly dependent on the fan operation
schedule. As implemented in this study, these vents were not particularly effective in
ventilating the building. Based on the size of the vents relative to the house airtightness, their
installation corresponds to a 15% leakier envelope rather than a designed air intake system as
they could conceivably be used. Such a system would presumably require 2 tighter envelope
than is typically achieved in practice.

¥mpact and effectiveness of whole house exhaust fan without passive inlet vents
The simulations with a whole house exhaust fan but without the inlet vents exhibit lower
ventilation rates than with the vents as expected. However, the rates are still above the 0.35 h!
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requirement in the MHCSS. Again, the overall impact of the whole house ¢xhaust fan
depends on the fan operating schedule. Therefore, given the level of envelope airtightness
assumed in these simulations, the passive inlet vents do not appear to be essential to the
proper functioning of a supplemental ventilation system based on a whole house exhaust fan.
Location of whole house exhaust fan in the rnain living area versus the bathroom

For the conditions in this house model, the impact of the whole house fan did not depend
much on its location. Whether the fan was in the main living area or a bathroom off the main
living area did not have a significant impact on air change rates, outdoor air distribution or
building pressures.

RECOMMENDATIONS

While the simulations performed in this study have limitations, there are a number of
recommendations that can be made relevant o the construction of manufactured houses and to
subsequent versions of the MHCSS. One issue relates to the adequacy of the assumption that
these houses have a base infiltration rate of 0.25 h™'. These simulations show that at levels of
airtightness consistent with current practice, infiltration rates are often below this value except
during colder and windier weather. Also, using a single value ignores the significant variation
in infiltration that exists as a function of weather. It may therefore make sense for the MHCSS
to consider a more realistic treatment of background infiltration. One potential approach is to
use ASHRAE Standard 136 [5] to convert a building airtightness value from a pressurization
test to an annual effective air change rate for a given ¢limate.

While the systems studied in this effort and presumably other systems have the capacity 1o
achieve ventilation rates of 0.35 h™' or more, the systems must be operated to achieve these
rates. The MHCSS and current practice do not provide sufficient attention to system operation
time. This issue could be addressed by specifying that the system operates a sufficient amount
of time to increase the average air change rate to a specified level.

The negative impacts of duct leakage are evident in these simulation results, raising
ventilation rates well above the required levels and depressurizing the building interior
whenever the forced-air system is on. The higher ventilation rates result in an energy penalty,
while the depressurization increases the potential for moisture problems in hot, humid
climates and can draw contaminants into the conditioned space from the crawl space volume.
Instituting design, construction and perhaps commiissioning practices that reduce the level of
. duct leakage is practical with existing technology.
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