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Executive Summary

Context of Study: The Pacific Northwest Power Planning Act of 1980 authorized the
Bonneville Power Administration (BPA) to undertake energy conservation programs to help
meet electric load obligations. As a result of a concern about the impact of the programs on
air quality in the buildings, BPA initiated several indoor air quality studies to examine this
issue. This report describes results form one of the first of a series of field studies undertaken

by the Indoor Environment Program of Lawrence Berkeley Laboratory (LBL) for BPA.

Goals of Study: Residential ventilation in the United States housing stock is provided
primarily by infiltration, the natural leakage of outdoor air into a building through cracks and
holes in the building shell. Since ventilation is the dominant mechanism for control of indoor
pollutant concentrations, low infiltration rates caused fluctuations in weather conditions may
lead to high indoor pollutant concentrations. Supplemental mechanical ventilation can be used
to eliminate these periods of low infiltration. This study examined effects of small

continuously-operating exhaust fan on pollutant concentrations and energy use in residences.

Organization of study: Two different exhaust ventilation schemes were investigated. The first
was the use of a small exhaust fan operating continuously. The second used a larger exhaust
fan that was controlled using a circuit that sensed weather conditions that would lead to low

infiltration. The latter scheme was implemented by Honeywell, Inc.; the former by LBL.

Project Results: The report is divided into seven chapters that describe the study’s design,
measurement protocol, results, and interpretation. Results are summarized in terms of the

objectives of the study.

The study addressed all the objectives set out in the original workplan. The first major

objective, to determine the ventilation performance of small exhaust fans in typical houses,



was fulfilled in a general way. Quantitative measures of the ventilation supplied by these fans
showed the small incremental ventilation that was provided by the fans when operating
continuously. This behavior is consistent with their role of supplying "fill ventilation”, ie., a

minimum amount of ventilation when the infiltration drops near zero.

The second objective, to determine the effectiveness of exhaust fans for removing indoor
air pollutants, was fulfilled in great detail in one sense and remains unfulfilled due to the
study design in another, important sense. Except for radon, budget constraints limited the
instrumentation used for pollutant measurements to passive samplers, devices that yield average
concentrations over the time interval. The passive samplers did demonstrate that air quality
was not adversely affected by the exhaust fans. Conversely, the measurements did not
demonstrate that a significant improvement in indoor air quality occurred when the exhaust

fan was used.

The real-time radon sampler results demonstrated that the source strength of the radon was
not increased when the exhaust fans were used. This is a significant result but one that must
be interpreted carefully. The exhaust fans used in this project were small, to minimize their
cost of operation. This also minimizes the depressurization that occurs in operation. With
larger fans and/or tighter houses, the depressurization would be larger and the same result (no

impact on radon source strength) may not be true.

The final major objective was to evaluate the energy penalty associated with the use of
exhaust fans. Based on the measured increase in ventilation from the exhaust fans, we
determined that the daily increase in energy use for the four houses due to the operation of
the exhaust fan is 1.5 kWh. This assumes an average indoor-outdoor temperature difference

of 10°C. It represents approximately 3% of the daily energy use in these houses.

ii



I. INTRODUCTION

The Pacific Northwest Electric Power Planning Act of 1980 authorized the Bonneville
Power Administration (BPA) to undertake cost effective energy conservation programs to help
meet electric load obligations. BPA’s methods for meeting these objectives include: a) a
region-wide house tightening program which includes caulking, weatherstripping and the
addition of storm windows, and b) proposed codes for the construction of energy-efficient new

homes.

Although house tightening effectively reduces infiltration, it may also lead to an increased
concentration of indoor air pollutants, particularly those originating from sources within the
building. Acknowledging the potential for adverse health effects, BPA published an
Environmental Impact Statement (EIS) [EIS, 1984] that covered the residential conservation
programs. However, uncertainties in the information base used to project impacts were
identified and studies were approved to quantify the effects of reduced ventilation on indoor
air quality and to develop energy conserving strategies to mitigate potential problems that may

result.

This report presents results of a study that examined ways that ventilation, particularly
that provided by small exhaust fans, can be provided at low energy cost to improve indoor air

quality,
Objectives of the Study.

The study had several objectives:
1. To determine the ventilation performance of small exhaust fans in typical houses;
2. To determine the effectiveness of exhaust fans for removing indoor air pollutants;

3. To evaluate a control mechanism for operating the fans;
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4. To determine the amount of energy lost or the "energy penalty" associated with operating
exhaust fans, and
5. To gain an indication of how various meteorological criteria correlate to air infiltration

rate and therefore to air quality.
Study Organization

This research project was a collaborative effort by Lawrence Berkeley Laboratory (LBL) and
Honeywell, Inc. to compare three ventilation strategies. One part, designed and conducted by
LBL, examined the performance of air-to-air heat exchangers (AAHX) and continuously
running exhaust fans on pollutant concentrations in four houses of different design in the
Portland, Oregon area. The second, designed by Honeywell and conducted by LBL, examined
the performance of AAHX and exhaust fans operated intermittently on a group of four houses
matched to the four LBL study houses. This paper discusses the results of the LBL half of the

project.

Three separate ventilation modes were investigated:

(A) Balanced ventilation with air-to-air heat recovery (AAHX),
(B) Continuous exhaust ventilation with no heat recovery (LBL),
(B’) Intermittent exhaust ventilation with no heat recovery (Honeywell), and

(C) Natural infiltration

The intermittent exhaust ventilation was supplementary ventilation that was switched on
by a controller designed for this study by HoneyWeIl. The controller turned the fan on when
the indoor-outdoor temperature was émall and when the wind speed was low. When these
conditions were both true ordinary infiltration would become small; therefore, the exhaust fan

was designed to switch on to insure a minimum amount of ventilation at all times.
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Ventilation mode (C), natural infiltration, was used as the reference case in each house. It
is also present in cases (A) and (B) [or (B’)]. Infiltration simply adds linearly to the ventilation
provided by an AAHX if the system is truly balanced while it adds in quadrature to the

ventilation provided by an exhaust fan [Sherman and Grimsrud, 1982].

The results of this study have been used as inputs to two larger projects that study indoor
air quality in Pacific Northwest residences. One, the Existing Home Indoor Air Quality Study,
investigated the effects of house tightening infiltration retrofits on the buildup of a variety of
indoor pollutants. The second project, the New Energy-Efficient Homes Indoor Air Quality
study, investigated indoor pollutant concentrations in newly constructed homes, some built to
the Model Conservation Standards code. Mitigation activities in homes in which pollutant

concentrations exceed guidelines were a part of both of these studies.

References
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II. INDOOR AIR QUALITY CONTROL USING MECHANICAL YENTILATION

Residential use of mechanical ventilation is unusual in North American housing. However, as
field studies begin to demonstrate the low infiltration rates that are present in much of the
new housing stock in Canada and the United States [Grimsrud et al., 1983] concern about the
effects of inadequate ventilation grows. In situations in which existing technology is used with
care to produce tight housing, mechanical ventilation in residences becomes desirable. It is
explicitly mandated in some codes and standards [NKB, 1981] and is implicitly recommended

in others [ASHRAE, 1981].

Mechanical ventilation offers several advantages that are particularly attractive to an
architect or builder. These include controlled ventilation, the possibility of constant
performance characteristics, the ability to match the ventilation to the local pollutant source,

and the possibility of energy recovery,

Mechanical ventilation is not a panacea, however. Disadvantages include higher first cost
and operating costs, danger of failure, and the need for periodic inspection and maintenance

(and consequently an increased responsibility for the homeowner),

Air-to- Air Heat Exchangers

Balanced mechanical ventilation systems, employing heat recovery with an air-to-air heat
exchanger, have been studied extensively both in a laboratory and field environment [Fisk and
Turiel, 1983]. They appear to be an attractive solution to ventilation problem in some
situations [Turiel et al., 1983] depending on building construction, climate, and energy cost.
Their major advantages include:

(a) the ability to recover thermal energy from the exhaust air stream;

(b) their modest electrical use;
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(c) their lack of effect on house interior pressures. This is important when considering a
pollutant, such as radon, whose entry rate may be on affected by indoor-outdoor pressure

differences [Nazaroff et al., 1985].

Balanced systems also have disadvantages.
(a) They generally require ductwork for air distribution;
(b) they are subject to freeze-up.in cold weather that degrades their performance [Fisk et
al., 1985]; and
(c) they simply add ventilation to the existing infiltration of the house since they do not
change the pressure difference across the building shell [Sherman and Grimsrud,

1982].
Exhaust Fans

Mechanical exhaust systems for residential application have several configurations. These
range from the simple bathroom exhaust fan to the complex humidity-controlled central
exhaust fan (marketed by Aldes) used in conjunction with humidity-controlled slot ventilators

that are installed in each occupied room of a house [Jardinier, 1984].

There are several advantages to unbalanced mechanical exhaust systems when compared to
balanced ventilation systems.
(a) exhaust fan systems require neither whole house ducting nor supply fans and are
therefore less expensive to install;
(b) since exhaust fan systems depressurize the house relative to its surroundings, the
ventilation rate of fhe house is less influenced by the environmental pressures that
drive infiltration. Therefore, the exhaust fan tends to "decouple" the house from the

surrounding environmental pressures. This means that the ventilation rate of a house
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containing an exhaust fan is relatively constant in time.

Exhaust fan systems may also have disadvantages.
(a) Since the house is depressurized when the exhaust fan is operating, the pollutant entry
rate of any pollutant entering the house from the soil through pressure driven flow
(such as radon) may increase,
(b) no heat recovery is provided by the exhaust system considered in this project.

Therefore, energy use will increase.

Other disadvantages, such as system noise, drafts during cold weather, and energy

requirements for the fan systems may occur in both systems.

Control Strategies

In this project, two separate control strategies were chosen for the exhaust fan systems. One
group of four houses used small, continuously operating exhaust fans that ensure that a
minimum amount of ventilation was provided during periods of low infiltration but contribute
little to the ventilation when infiltration was high. This strategy was employed by Lawrence
Berkeley Laboratory. The basis for the control strategy chosen by LBL for the exhaust fan is
the following. The ventilation provided by the exhaust fan, Qy, (U for unbalanced pressures)
and the ventilation provided by infiltration, Ql, adds in quadrature. That is, the total
ventilation, Qrs supplied by the exhaust fan and infiltration is given by
Qr = [Q2+Q7 12

This means that if the exhaust fan supplies 0.20 air changes per hour (ach) to ventilate the
house when the infiltration is zero, the total ventilation supplied to the house is also 0.20 ach.
The energy cost associated with the exhaust fan is the cost of operating the 22 watt fan
continuously plus the energy required to heat or cool the 0.20 ach of ventilation air supplied

by the fan.



On the other hand, if the infiltration component of the ventilation is 0.50 ach, the total
ventilation supplied by the combination of exhaust fan and infiltration is only 0.54 ach.
Therefore, the added ventilation supplied by the exhaust fan is not 0.20 ach (as it would be in
the zero ventilation case) but rather 0.04 ach. The total energy use associated with the fan is
therefore the 22 watts of fan power operating continuously, plus the energy required to heat or

cool the 0.04 ach of ventilation air supplied by the fan.

A second group of four houses used larger exhaust fans that are controlled by a sensor that
turns the fans on when both the wind speed and the indoor-outdoor temperature differences
are small. When both environmental parameters are small the infiltration contribution to the
total ventilation of the house is small [Dick, 1949], so auxiliary ventilation is desirable. This

strategy, developed by Honeywell, Inc., is described in a separate report. [Honeywell, 1986].
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III. MEASUREMENT PLAN

Study Design

The basic objective of this project, to study the effects of exhaust fan ventilation strategies on
indoor air quality in residences in the Pacific Northwest, was investigated using eight houses
located in the Portland, Oregon area. The strategies tested included having the house

ventilation supplied by:

a) an exhaust fan

b) an air-to-air heat exchanger

¢) infiltration.

In cases(a) and (b) ventilation was supplied by both infiltration and the mechanical systems.

A subsidiary objective of the study was the comparison of two different control strategies
for the exhaust fan systems: continuous operation at low fan speeds (LBL design) and
intermittent operation -- switching the exhaust ventilation fan on during weather conditions
with both low wind speed AND small indoor-outdoor temperature differences (Honeywell
design). This was investigated by separating the eight houses into two groups. One group of

four houses used the LBL control design, the other, the Honeywell design.

House Selection

Leakage characteristics. The eight houses used in the study were chosen from 26 homeowner-
volunteers employed by BPA in the Portland area. Houses were chosen as matched pairs.
Similar size, design type, pollutant sources, and predicted seasonal infiltration rate based on

leakage area were used as selection criteria.



Based on these measurements, heating season infiltration rates were calculated using the
LBL ‘infiltration model. Houses were tested for suitability in the study by obtaining leakage
measurements using fan pressurization. The results of this testing are summarized in tabular

form in Appendix A.

The features of the houses selected for monitoring are presented in tabular form in Table

3.1
General house features

The floor plans of the four houses that participated in this study L2, L4, L6, and L8 are
presented in Appendix A. The floor plans also indicate the locations of the monitoring

instrumentation in each house.

Other details of each house are:
L2 (Identified as house code 07 in Table A.l.) One to three occupants present in the house;
no smoking in house; occasional fireplace use; no woodstove use; forced-air gas furnace:
electric water heater; electric range and oven.
L4 (Identified as house code 09 in Table A.1.) Zero to two occupants present in the house
depending on time of day; no smoking in house; no fireplace; woodstove not used; forced air
gas furnace; gas water heater; gas range and oven.
L6 (Identified as house code 18 in Table A.1.) Zero to four occupants normally in house; no
smoking in house; gas forced-air furnace; electric range and oven; woodstove.
L8 (Identified as house code 19 in Table A.1.) Two to four occupants normally present in
house; no smoking in house; occasional fireplace use; weekend use of woodstove; electric

forced air furnace; electric water heater, range, and oven.
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Table 3.1

Characteristics of the Eight Houses

House H1l L2 H3 L4 H5 L6 H7 L8
Floor Area(ft?) 1120 1190 1750 2000 2410 2980 1440 1760
Volume(ft3) 9000 9500 14000 18000 18500 23400 11500 15400
Const. Year 1980 1952 1974 1982 1910 1915 1963 1973
Design Type 1 1 2 2 2 2 1 1
crawl crawl crawl slab half- half- crawl crawl

basement basement

Vent H L H L H L H L

Strategies(1)

Leakage Area 690 750 760 770 790 930 640 720
(cm®)

Infil. Rate 0.69 0.68 0.57 0.52 0.49 0.48 0.48 0.42

(pred-heating
season) (2)

NOTES:

(1) H refers to Honeywell ventilation strategies (AAHX, Intermittent Exhaust Fans or
infiltration).
L refers to LBL ventilation strategies (AAHX, continuous exhaust fans, or
infilerstion) «

(2) Infiltration rate (ach) predicted for each house for average weather in Portland
during the heating season following measurements with the blower door. The
prediction used the LBL infiltration model (Sherman and Grimsrud, 1980).



Pollutants Monitored

Pollutants representing major pollutant classes were monitored. Each individual pollutant was
chosen using criteria of importance as an indoor pollutant and availability of inexpensive
monitoring instrumentation. The pollutants selected included:
Combustion Pollutants
1. Nitrogen dioxide (NO,)
2. Respirable suspended particles (RSP)
3. Carbon monoxide (CO)
Organics

4. Formaldehyde (HCHO)

Radon and Progeny

5. Radon (Rn)
Other Parameters Monitored

Other characteristics of the environment and house conditions that were measured
included:

1. Indoor and outdoor dry-bulb temperature.

2. Indoor and outdoor dew point temperature.

3. Wind speed and direction.

4. Average ventilation rate

5. Furnace, water heater and total electrical use.

6. Water vapor concentration.

Activity logs were provided to homéowners and were used to record daily activities within
the house that would have an impact on the pollutants monitored. The logs were collected by

the field technicians weekly. A sample of the log is presented in Appendix B.
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Measurement Protocol

Ventilation System Operation. Each house was equipped with an air-to-air heat exchanger and
an exhaust fan. Each separate ventilation strategy (exhaust fan, air-to-air heat exchanger, or
infiltration) was used continuously for a week; then switched to a second strategy; then a third.
The cycle was repeated five times. The total measurement period in each house was thus
approximately 15 weeks. Changes in this design occurred when equipment malfunctioned,

weather conditions were inappropriate, or homeowners overruled the plans.

A perfluorocarbon (PFT) tracer gas system was used to monitor the average ventilation
rate during each of the one-week periods that a particular ventilation system was used. The
sources were mounted permanently throughout the experiment while the sampiers were
changed weekly when the individual ventilation strategies were changed. (The system is

described in more detail in Chapter 4, below.)

Pollutant monitoring. Each pollutant was monitored for weekly intervals that matched
particular ventilation strategies. Equipment used for monitoring is described in Chapter 4.
Each week the passive samplers (HCHO, H,0, NO,, PFT) were retrieved by field technicians
and returned to the lab for analysis. New samplers were deployed and a new ventilation
strategy was begun. The data from the real-time monitors (Continuous radon monitor,
temperature, wind speed and direction, and energy use) that were recorded on an ESM data
logger were retrieved by removing the ESM’s data module at the site and replacing it with a
blank data module. The data stored on the data module were sent to LBL for permanent
storage and evaluation. Technicians also retrieved daily activity logs from each homeowner;

new supplies of log sheets were left at each house on a weekly basis.

The technicians reported their activities weekly; an example of these activity reports is also

included in Appendix C.



IV. MEASUREMENT EQUIPMENT

Instrumentation Package

The following monitoring equipment was installed in each of the houses in the study:

Indoor

Integrating Samplers

1 particulate sampler

3 formaldehyde passive samplers

3 water vapor passive samplers

3 nitrogen dioxide passive samplers

2 perfluorocarbon sources

2-4 perfluorocarbon samplers

Real-time sensors

1 dew point sensor

2-3 temperature sensors

1 continuous radon monitor

1 each furnace, water heater and electrical use sensors
Outdoor

Integrating samplers

1 particulate sampler

1 formaldehyde passive sampler

1 water vapor passive sampler

1 nitrogen dioxide passive sampler

Real-time sensors

1 dew point sensor

2 temperature sensors

1 wind speed and direction sensor
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The location of the instrumentation in each house is indicated on the floor plans found in

Appendix A.

Data Logger

Data from real-time sensors used in the project were recorded using a data acquisition system
developed by the Energy Performance of Buildings Group at LBL. The system, named the
Energy Signature Monitor (ESM), is a microprocessor-based data acquisition system designed
for long-term unattended operation. The brief description that follows is extracted from the

extensive description of the system by Szydlowski (1984).

Data acquisition and communication is controlled by a 6502 CPU microprocessor with 10K
bytes of program memory contained in erasable programmable read-only memory (EPROM)
and 2K bytes of random-access memory (RAM) for intermediate data storage. The ESM has
two pulse-count input channels which count the number of TTL level voltage signals received,
and sixteen analog input channels which will accept a sensor output voltage range of -4.095 to
+4.095 volts. A 12-bit analog-to-digital converter processes the analog input channels, for an
effective resolution of 1 millivolt. Each of the analog channel inputs can be recorded either as
an analog millivolt value or as a digital ("on/off") value. The "on" digital signal is defined as a

sensor value that is greater than a user-defined threshold millivolt value.

The standard data acquisition program, written in assembly language, monitors the pulse
count channels as interrupts and scans all the analog and digital channels either every fifteen

seconds or once per record interval, a user option.

Data are stored in 24K bytes of EPROM memory which is contained on a removable 3.5
X 5 inch data module for physical transfer to a central data analysis station (in this case LBL).
The data module can store up to 29 days of hourly averages from a typical set of seventeen

sensors which consists of one pulse count sensor, eight analog, and eight digital channels.
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During normal operation the ESM is line-powered, but battery backup power is supplied
for RAM memory, clock, and short-term data acquisition operation. The ESM will continue
normal data acquisition operation during a line power failure until the end of the next record
interval, at which time the ESM will go into a "sleep" mode. The clock remains operational
during the power failure, and the ESM will automatically continue normal operation when line

power is restored.

A menu-driven program is used by the ESM to communicate with a terminal through a
standard RS-232 interface. Although a computer terminal is used to communicate with the

ESM during setup at a test site, it is not required during operation of the experiment.
Pollutant Monitoring

Respirable particulate sampler. The LBL/BPA Constant Flow Air Sampler, designed and built
at LBL, is designed to collect respirable suspended particles (RSP) by drawing air through an
in-line filter at a constant flow rate independent of filter loading. An in-line cyclone limits
the size of the particles collected to those having an aerodynamic diameter less than 3 pm.
The constant flow rate is maintained by a differential pressure regulator coupled with a
metering valve and a DC vacuum pump. The flow rate is set with the metering valve and
built-in rotameter. Pressure drop across the filter and sampling line is indicated on a pressure

gauge; the total volume of air sampled is recorded by a dry test meter,

The RSP filter-cassette and cyclone assembly was deployed inside the building near one of
the passive sampler locations whenever possible. The sample location was selected to be in a
well-mixed part of the room being tested. Care was taken to avoid placing the filter-cassette
near supply registers or other sources of heat or strong convective currents. The cassette was

not placed within five feet of combustion appliances or smoking locations.

Formaldehyde, nitrogen dioxide and water vapor passive samplers. Three separate passive

samplers were used in this project. These measure time-weighted average concentrations of
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formaldehyde (HCHO), nitrogen dioxide (NO,), and water vapor (H,O).

Passive samplers collect samples of air by diffusion. At the closed end of each tube is a
chemically treated disc or adsorbent that is specific for the pollutant sampled. The reaction of
the pollutant with the disc or adsorber removes it from the air; the concentration gradient in
the tube that results from the removal causes diffusion from the open to closed end of the
tube. This "pumping" action, at a rate that depends on the diameter and length of the
sampling tube, allows continuous collection of the pollutant over long periods of time without
the need for sampling pumps. The sampler dimensions are chosen to measure average

pollutant concentrations for one-week intervals.

At the conclusion of the sampling period the tubes are returned to LBL for analysis. The
HCHO and NO, samplers are analyzed using colorimetric development followed by

spectrophotometry. The H,O samplers are weighed to determine their increase in weight.

Sampling locations were chosen to be sites that were expected to provide average pollutant
concentrations in the occupied portion of the residences. Locations were chosen in
consultation with the homeowner to assure placement in areas normally occupied and to

prevent placement close to windows frequently used or other regions of high ventilation.

Typical installation in a house consisted of three interior and one exterior location, i.e., a
total of four separate sampling sites per house. One sampling site included the RSP sampler.
All occupied levels of multi-story houses were sampled. Sample racks (Fig. 4.1) were mounted
at a height of four to six feet above the floor in interior spaces. Care was taken to avoid air
that was moving rapidly (close to doors, windows, and fans) or dead air spaces that would lead

to stagnation of the sampler [Persoff and Hodgson, 1985].

Continuous radon monitor. Passive samplers for measuring time average concentrations of
radon in the air exist but lacked the sensitivity required to permit accurate sampling over the

one-week period used in this project. Therefore a Continuous Radon Monitor (CRM) was
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Figure 4.1 A sketch of the sample rack that was used to mount the passive samplers in a
house.



designed and constructed at LBL for this application. The design follows the principles
described in the papers of Busigin et al. (1979), Lucas (1957), and Thomas and Countess

(1979).

The CRM measures environmental radon concentrations as a function of time. It is
capable of measuring concentrations in the range from 0.2 to several hundred picocuries per
liter (pCi/L), and, depending on the concentration and the mode of data analysis, can resolve

the variation of radon with time into intervals as short as thirty minutes.

The diagram for air flow through the instrument is shown in Fig. 4.2. The sampled air
passes first through a decay volume of about 900 ml, located under the lid of the CRM case.
This volume delays the air flow in order to decrease interference from thoron, an alpha-
emitting isotope of radon which is also present in indoor environments. Thoron has a half-life
of less than one minute so this 1.5 to 2 minute delay is sufficient to prevent most of the

thoron from being counted.

The sample stream is then filtered and drawn into a 100 ml scintillation cell. One end of
this cell is a quartz window that is optically coupled to a photomultiplier tube. The inside of
the remainder of the cell is coated with a zinc sulfide phosphor (ZnS(Ag)) that produces a
flash of light when struck by an alpha particle. These light flashes are detected by the

photomultiplier tube and counted by associated electronics.

If radon decays were the only source of counts, the count rate at any time would be
proportional to the radon concentration in the cell. Unfortunately there are complications.
Radon decays into a seri_es of four, short-lived decay products, two of which also emit alpha
particles. These decay products are not chemically inert like radon and those that are created
within the cell may become attached to the cell walls. The alpha particles emitted by these
decay products also contribute to the count rate, and since their characteristic decay time is
about 30 minutes, there is a delay in the response of the CRM to a changing radon
concentration that has a comparable time constant.
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An additional lower limit on the length of the time interval used for analysis is imposed
by the random nature of radioactive decay. The uncertainty (one standard deviation) in the
observed decay rate is given by the square root of the number of counts observed. At low
count rates this limitation becomes more important than the time lag caused by the decay
products. For example, at a concentration of one pCi/L, approximately 25 counts per hour

will be obtained. Therefore, the count rate will be uncertain by * 20%.

Carbon monoxide sampler. The real-time carbon monoxide sensor that we had planned to use
in the project (Interscan 5140) did not meet specifications in the performance tests that were
conducted. Therefore, we substituted an automated grab-sample technique and installed these
samplers in the houses during the period from 5 to 8 March, 1984. Thereafter, they collected

weekly samples in each house.

Two samplers (one indoor, one outdoor) were installed at each house. The samplers consist
of a 0.342-0.352 ml/min peristaltic pump which continuously pumped air into a five-liter
Tedlar bag. After sampling the air in the house for a week, the sample was analyzed using a

GE Model 15ECS3CO3 carbon monoxide detector (1 ppm sensitivity).

Ventilation Instrumentation

House leakage. The leakage that exists in the external structure of the house is measured using
a blower door, a fan mounted in a frame that can be sealed into a doorway of the house. The
blower door used in this project was constructed and calibrated at LBL. It consists of a
variable-speed motor, a pressure gauge to measure the pressure across the exterior building
walls caused by the operation of the fan and a tachometer to determine the fan speed (and

therefore the flow rate through the fan).

The relationship between the flow through the fan and the pressure difference across the
building shell describes the flow characteristic of the building. From this flow characteristic

an "effective leakage area", a quantity roughly equivalent to the sum of the areas of all the
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openings in the exterior shell of the building through which the air is able to pass [Sherman
and Grimsrud, 1980], is determined. The effective leakage area for each of the houses tested
in the initial screening of the houses that were potential candidates for monitoring is given in

Table A.l in Appendix A.

Ventilation rates. Ventilation was measured using a perfluorocarbon tracer (PFT) gas system
developed at Brookhaven National Laboratory [Dietz and Cote, 1982). The system consists of a
permeation tube source that emits a perfluorocarbon gas into the test space at a constant rate.
In steady state, the concentration of tracer in the space is given by the ratio of source tracer
gas emission rate and the removal rate, i.e., the ventilation. Since the emission rate is known,

a measurement of tracer gas concentration enables a calculation of the ventilation.

The concentration in this system is measured using a technique employing the same
physical principle as the pollutant passive samplers described above. In this case the diffusion
tube sampler adsorbs air and the other gases it contains on a sorbent called Ampersorb™. The
gases adsorbed on the Ampersorb are analyzed quantitatively using a gas chromatograph.
While the technique is conceptually simple, in practice it is difficult to maintain high-quality
gas chromatography standards when analyzing a large number of samples. Therefore, analysis

results were produced very slowly.

Environmental Parameters

Dew point sensor. The dew point sensor used in the project was the General Eastern Model
DEW-10 Chilled Mirror Hygrometer. The sensor consists of a light beam that is reflected
from a mirror surface onto a phototransistor. The mirror is cooled thermoelectrically until
condensation on the surface occurs. When condensation begins, a decrease in the reflected
light signal is noted and the tempefature of the surface of the mirror, which is measured

continuously, is noted. The surface is warmed and then the cycle is repeated.
During use, a fine layer of dust begins to build up on the mirror, changing the calibration
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of the system. Therefore, the system mounted outdoors required cleaning every 1-2 weeks

while the system mounted indoors was cleaned each 3-4 weeks.

Temperature sensors. Temperature sensors used for both indoor and outdoor measurements
were Analog Devices AD590 sensors. These are current sources that supply an output current
proportional to the absolute temperature. They are trimmed in manufacture to produce an
output of luamp/K, which translates to 10 mV/°C when the current is driven through a 10
Kohm precision resistor. The sensor uses a +15V voltage source on the ESM; its resolution is

0.1°C in field use.

Wind speed and direction. Wind speed and direction was measured at each house using a
Weather Measure W200-SD sensor located on a telescoping weather tower mounted at a 30 ft
level adjacent to the test house. The anemometer is a 3-cup generator mounted vertically on a
stainless steel shaft rotating on ball bearings and coupled to the permanent magnet of an AC

generator. The AC generator produces a voltage proportional to the wind speed at the sensor.

The wind direction sensor is an airfoil vane mounted on an aluminum shaft that rotates to
point into the wind direction. Attached to the vane is a wiper connected to a precision
potentiometer that forms one leg of a voltage divider network. Application of a fixed DC
voltage to the network produces an output voltage that is proportional to the wiper or vane

position.

Energy use. Electrical power was measured using a Honeywell microswitch Hall Effect Device
91 SS12-2 that measures current. The device is powered by line voltage stepped down to the
appropriate level. The output of the Hall Effect switching device is proportional to the

product of the voltage and current and, therefore, to the electrical power.

Furnace operation was sensed using a photoresistor that formed one leg of a voltage

divider. When the device was turned on, the output voltage from the voltage divider changed
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and was sensed by the ESM data logger. Gas water heater operation was sensed using a

temperature sensor on the sensor on the domestic hot water flue.
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V. DATA SUMMARY

The results presented below are for the four houses using the LBL ventilation strategies only.

A later paper will combine the LBL and Honeywell reports for a final summary.

Ventilation Results

Tables 5.1 - 5.4 present measured ventilation results from the four houses monitored by LBL
(labeled L2, L4, L6, and L8). The tables each indicate the measurement interval by date, the
ventilation mode used, the average ventilation measured using the PFT samplers (in air changes
per hour (ach)), the coefficient of variation of the ventilation measurements*®, the average
wind speed, (m/s), measured at the site during the interval, and the average indoor-outdoor
temperature difference (°C). In the column describing the ventilation mode the abbreviations
Hx, Ex, and Infil refer to heat exchanger, exhaust fan, and infiltration respectively. The M or
L in parentheses after Ex or Hx refers to the Medium or Low setting of the fans of the
respective units. A dash in any entry indicates data collection occurred less than 50% of the

hours in the interval.

Figure 5.1 is a composite of the ventilation rates measured in each of the four houses L2,
L4, L6, and L8 during the project. The numbers on the abscissa for each of the four figures
refer to the mid point of each test interval measured in days. Day one in this scheme is
December 1, 1983. The labels on each of the bars refer to the ventilation scheme used in each
interval; HX is the air-to-air Heat eXchanger, INF is the INFiltration mode, and EX is the

EXhaust fan mode. Note that the ordinates of the four charts have different scales.

¥ The coefficient of variation arises from averaging the tracer gas concentrations measured

in different samplers present in each house.
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Table 5.1

Ventilation Results from House L2

PFT Results

Ventilation Measured Coeff. of Avg. Wind Avg.
Date Mode(1) Yent (ACHX2)  Variation (m/s) AT(°C)
12.16-12.23.83 Hx(M) 1.86 11 2.8 29.9
12.23-12.30 Infil 1.42 16 3.1 26.8
12.30-1.09.84 Ex(L) 0.70 17 0.8 13.7
1.09-1.17 Infil 1.05 9 1.8 16.6
1.17-1.24 Hx(M) 0.95 9 -(2) -
1.24-1.31 Ex(L) 1.08 37 - -
1.31-2.07 Infil 1.20 17 1.5 13.5
2.07-2.14 Hx(M) 1.03 12 24 19.8
2.14-2.21 Ex(L) 0.96 14 12 13.4
2.21-2.28 Infil 1.00 | 15 - -
2.28-3.06 Hx(M) 0.82 10 1.4 122
3.06-3.13 Ex(L) 0.99 15 1.3 134
3.13-3.20 Infil 1.17 16 2.0 14.2
3.20-3.27 Hx(M) 1.60 3 )T 12.2
3.27-4.03 Ex(L) 1.92 - 1.1 & 5
4.03-4.10 Infil 1.92 13 1.5 15.1
4.10-4.17 Hx(M) 2.16 1 - -

Notes: (1) Hx(M)