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ABSTRACT 

Review of literature indicates that methods of assessing indoor air , 

quality are not readily available. From theoretical considerations, a 

practical procedure for evaluating indoor air quality in buildings is 

proposed. This procedure is suitable for generalized surveys of 

buildings where no prior knowledge of indoor air quality problems exists. 

The procedure is intended to indicate whether or not a more detailed 

analysis is necessary. 

The procedure consists of two main steps: first, a multipoint 

tracer gas analysis is performed to characterize air exchange rates and 

ventilation efficiencies in various zones of a building; second, the 

factors which influence indoor air quality are measured in the zone 

where they are generated and in the zone with both the lowest air 

exchange rate and ventilation efficiency. 

A model is presented which validates the correctness of the choice 

of the sampling locations. The Relative Exposure Index, the main concept 

of this model, is introduced and its relationship to the concepts of air 

exchange rate and ventilation efficiency is presented. Results of 

controlled experiments and field studies to validate the model are 

presented. 

It is concluded that there is a need to monitor contaminants at 

more than just the zone where contaminants are produced if the highest-

risk for the occupants of the building is to be found; that most rooms 

in a building can be considered to be uniformly mixed; and that measuring 
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air exchange rates using artificial mixing via a central air fan or 

portable fans is not an appropriate means to assess indoor air quality 

in buildings. 
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INTRODUCTION 

The quality of ambient air has long been a concern throughout the 

world. Increasing levels of factory and transportation emissions, either 

particulate or gaseous, have led to stringent regulations. Conversely, 

the quality of indoor air has received considerably less attention. 

More recently, it was realized that indoor pollutant levels were 

often larger than outdoor levels, in particular after increasing energy 

costs have led to tightening of building envelopes. Moreover, the vast 

majority of people spend most of their tine in some type of indoor 

environment, either at home or at work. Concern over the quality of 

indoor air quality thus began to receive more and more attention. 

Comprehensive studies have been conducted which attempted to obtain 

statistical distributions of various factors influencing indoor air 

quality, to develop models capable of predicting it, and to characterize 

human response to different factors. 

However, surveying buildings for indoor air quality has remained 

either a research subject or left to the individual survey designs. 

Due to their site-specific design, both of these methods generally 

involve high costs and are not accessible to most individuals. Therefore, 

there have been 1ittle means for an individual homeowner to have his 

house surveyed for indoor air quality. 

The work reported herein attempts to develop a standardized method 

which can be used for such generalized surveys. This procedure requires 

some initial capital investment for purchasing the necessary equipment, 

which may restrict the purchaser from performing only a small number of 
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indoor air quality surveys. However, it should be within the financial 

means of specialized consultants or government agencies. This procedure 

is designed to be a first step only, i.e., a means of determining if 

detailed studies should be conducted in a particular building. Therefore, 

required instruments can be less accurate than those used in research or 

even industrial use. The smaller survey costs can then be more easily 

justified in buildings, as most of them are not expected to have serious 

indoor air quality problems. 

This work consists of three main parts: the first two chapters are 

a discussion on indoor air quality and on the methods that have been 

used to evaluate it: in the next three chapters, the proposed method 

for evaluation of indoor air quality will be described and experimentally 

validated under controlled conditions; and, finally, the results obtained 

when the procedure was used in field testing of four residences in Iowa 

are described. 
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INDOOR AIR QUALITY 

Introduction 

One of the main purposes of buildings is to provide the occupants 

with a safe and comfortable environment while protecting them from the 

climate. As in many other cases, however, the protection offered by 

buildings does not come without its drawbacks: due to the purpose of 

protection, the building envelope poses a barrier to the free supply of 

outdoor air to the building. Thus, any contaminant which may be produced 

inside the building will also face the same barrier to being exhausted 

from within, and its concentration may rise to unwanted levels. While 

some contaminants may only cause unpleasant sensations to the occupants 

(e.g., odors), others, also known as pollutants, may have deleterious 

health effects to the occupants if their concentrations reach high enough 

levels. 

This contaminant problem has been gradually worsened by the 

increasingly tighter construction techniques that are being used and by 

the number (and, to a greater or lesser degree, the toxicity) of chemicals 

which have become a common part of everyday life. This problem has 

become known as the problem of "indoor air quality", similarly to the 

problem of outdoor air quality (or, simply, air quality) which has been 

known for a longer period of time. 

It is, however, incorrect to study this problem by itself. As 

stated above, buildings are to provide a safe and comfortable environment 

for the occupants. Thus, the total environmental air quality picture 
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must be simultaneously considered because it is not clearly known how 

thermal air quality (which is related to thermal comfort) and mass air 

quality (which is related to health and safety) interact. To account for 

these considerations, an inclusive definition of indoor air quality will 

be proposed. An historical perspective on how the various elements of 

indoor air quality have evolved up to the present time will follow. 

Definition 

The quality of the air in an enclosed space is defined, herein, as 

an indicator of how well the air satisfies the following conditions: 

1. Thermal factors of the air (i.e., the dry-bulb temperature, 

relative humidity, and velocity) must be adequate to provide thermal 

acceptability for the occupants. 

2. The concentrations of oxygen and carbon dioxide must be within 

acceptable ranges to allow normal functioning of the respiratory system. 

3. The concentrations of gases, vapors, and aerosols in the air 

should be below levels that can have deleterious effects, or that can 

be perceived as objectionable by the occupants. 

This definition of indoor air quality includes some qualitative 

aspects which, depending on how they are interpreted, can influence its 

application: 

Thermal accéptàbility It has been shown that different people 

have different acceptability criteria. In fact, Fanger has shown that 

even the "best" combination of thermal conditions can only result in 

thermal acceptability to 95 percent of a large group of people [1]. 
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Thus, as a compromise, thermally acceptable conditions have been defined 

as those which will satisfy 80 percent or more of the occupants [2]. 

Thermal interacti6ns with"thé envi rohmént The thermal accept-

ablity of an environment does not depend exclusively on the dry-bulb 

temperature, relative humidity, and velocity of the air. Also important 

are the temperatures of surrounding surfaces and other radiation sources 

which may be described by the mean-radiant temperature, the insulation 

value of the clothing worn by the occupants, and the type of activity 

performed by the occupants [1]. Thus, the evaluation of the thermal 

acceptability of the air should be made using typical values for these 

three interactions which vary with time and from space to space. 

Acceptable concentrations There are no clearly defined 

boundaries between harmful and safe concentrations for the gases, vapors, 

and aerosols present in an environment. Thus, the evaluation of the 

mass quality of the air must be based on judgement after careful evalu

ation of the scientific information available on the physiological and 

psychological effects of each product. As new studies are continuously 

being reported, any list of such levels must be flexible as far as the 

levels and products themselves are concerned. Appropriate lists can 

now be found, for example, in OSHA [3] and ASHRAE [4] standards. 

If the air meets all conditions listed in this definition, then 

the air quality is assumed, herein, to be acceptable. 
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Historical Perspective 

The definition of indoor air quality includes two main components: 

thermal factors and mass factors [i.e., gases, vapors, and aerosols). 

So far, these two aspects of indoor air quality have been studied 

independently from each other with few exceptions. Thus, this 

historical perspective will first deal separately with each of the two 

types of air quality factors, followed by a discussion of their combined 

effects. 

Thermal factors 

Although earlier studies had been done on the subject, the first 

systematic evaluation of which combinations of the thermal factors led 

to human comfort was reported by Houghten and Yaglou in 1923 [5, 6]. In 

their purely experimental studies, Houghten and Yaglou determined the 

locus of dry-bulb temperature and humidity content of the air which 

produced the same thermal sensation to a person, as well as the limits 

within which people felt comfortable at different levels of clothing. 

They also introduced the concept of Effective Temperature (ET), defined 

as the dry-bulb temperature of still air saturated with moisture which 

induced a sensation of warmth or coolness like that induced by the 

given set of conditions. This work became the basis of comfort standards 

and environmental design for most of the fifty years that followed. 

As further data concerning human comfort continued to be obtained 

by different researchers, it became apparent that the Effective Temper

ature scale overestimated the effect of humidity at low temperatures 
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and underestimated its effect at higher temperatures [7]. However, it 

was not until 1971 that a "New Effective Temperature" (ET*) was proposed 

by Gagge and his co-workers [8]. Unlike the Effective Temperature, ET* 

was based on a thermal model of the human body in interchange with an 

environment and then verified with experimental data. Furthermore, 

while ET pooled air velocity, radiant effects, activity level, and 

clothing insulation values into discrete ranges for data analysis, ET* 

allowed for continuous variation of these factors in a manner similar 

to the dry-bulb temperature and moisture content of the air. In this 

way, errors due to the pooled treatment of those four factors were 

reduced. This work, together with similar comfort envelopes which were 

nearly simultaneously developed at Kansas State University [9] and by 

Fanger [1], became the basis of new comfort standards [10]. 

These comfort models are still the basis of present-day comfort 

evaluations. Refinements of details in the models have, however, been 

made. 

1. The Pierce model (Gagge, et al.) was first updated in 1972 when 

the "Standard Effective Temperature" (SET*) was proposed [11]. While 

ET* referred to the same comfort sensation in an environment with the 

same radiation, air velocity, metabolic rate, and clothing insulation 

as the given set of factors, SET* related to a standard environment 

where all these factors were specified (relative humidity of 50 percent, 

mean radiant temperature equal to dry-bulb temperature, air velocity 

such that the effective convective heat transfer coefficient is 

2.91 W/m2 °C, clothing insulation value of 0.6, and sedentary activity). 
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In this way, completely different environments could be directly 

compared in the same scale. More recently, the model was adapted to 

cover a wider range of environments, namely under hypo- and hyperbaric 

conditions including helium-o)wgen atmospheres [12]. 

2. At Kansas State University, a model based on Pierce's model 

was developed which fit the experimental data more closely [13, 14]. 

These two models, as well as Fanger's model [l],wsre shown to have only 

small differences and compare favorably with experimental data [15]. 

3. Research was done to better characterize the insulation value 

of clothing ensembles consisting of combinations of a set of standard 

garments [16, 17]. 

4. Studies showed that the response to localized air velocities 

(jets) resulted in a strong interaction between the air temperature and 

jet speed, with the tendency towards less comfortable sensations at 

high jet speeds even when thermal equilibrium exists [18, 19]. Recent 

studies also showed that the uncomfortable sensations increased as the 

jet fluctuated with higher frequency [20, 21]. 

5. Radiative fields were characterized in greater detail and the 

amount of radiation assymetry tolerated by people were studied [21, 22]. 

6. Thermal sensations under nonsteady environmental conditions 

were evaluated for several types cf variations (e.g., temperature drifts, 

changes in activity) and it was shown that the faster the rate of change, 

the higher the percentage of dissatisfied people was [23, 24]. 

Any of these models (with subsequent improvements) or the recently 

published ASHRAE comfort standard [2], which is based on these models. 
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Table 1. Summary of comfort envelope and effect of the thermal 
factors [25] 

Factor Acceptable 
Range 

Required 
Adjustment 

Limits of 
Adjustment Reference 

Dry-bulb 
temperature® 
DBT (°C) 

22.2 <DBT< 29.5 -- — —  9 

Relative 
humidity 
RH (%) 

20 < RH < 80 
% 

-27 -
% 

21.15 DBT <30.7 9 

Air velocityb 
W (m/s) 

0.2<W<0.8 22.2 < DBT <31.2 18 

Mean radiant 
temperature^ 
MRT (*C) 

DBT± 11.1 -0.7 !!I 
DBT 

14.35 DBT537.5 26 

Clothing 
insulation 
valued 
Id (n°) 

0 5 Id <1.5 -0.14 — 
"C 

15.65 DBT533.7 27 

Activity 
1evel® 
M (Met) 

0.7<M<3.0 -0.5% 
°C 

16.3 5 DBT 530.9 28 

DBT for thermal sensations from slightly cool to slightly warm 
at standard conditions (RH = 50%, Clo = 0.6, MRT=DBT, sedentary 
activity, still air). 

<0.2 m/s considered still air. 

^Symmetrical field assumed. 

Clo = 0.155 m2 °C/W. 

Met = 58.2 W/mf. 
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can be used to evaluate the suitability of the thermal factors to provide 

acceptable air quality. The comfort envelope, i.e., the combination of 

factors which produce thermal comfort, and the relative importance of 

each factor are listed in Table 1 [25]. 

Mass factors 

The importance of controlling the concentrations of the mass factors 

in indoor environments has been recognized for centuries. This is proven 

by the presence of vent-holes and other openings to enhance air exchange 

with the outdoor environment in early structures used to house people. 

However, the need for the air exchange was not understood beyond its 

necessity to sustain the health of the occupants. 

As scientific knowledge gradually increased, and the basic composi

tion of the air became known, ventilation was first believed to be 

necessary to avoid the depletion of oxygen in occupied spaces. But, in 

the eighteenth century, experiments showed that the increase in carbon 

dioxide concentration rather than the depletion of oxygen was the 

reason for unhealthy indoor environments [29]. Thus, Og and COg were 

the two first mass factors of indoor air quality to be identified. 

In 1824,-Tredgold [30] proposed the first quantitative attempt 

to control indoor air quality: while admitting the presence of other 

"noxious gases" in the air, Tredgold rationalized the need to supply 

4 cfm per person of outside air to purge carbon dioxide and water vapor 

produced by the occupants as well as supplying oxygen for other combustion 

purposes in the spaces. The 4 cfm value was subsequently criticized by 

others who argued for higher values. 
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Later, in the second half of the nineteenth century, the idea that 

other organics produced by the occupants were the main cause of unhealthy 

indoor environments was introduced [29]. The recognition that human 

bioeffluents were important mass factors of indoor air quality, together 

with an attempt to reduce the risk of infection, led to an increase in 

the recommended outdoor ventilation rate to a minimum of 30 cfm [31]. 

This value was adopted as the minimum allowable ventilation rate by 

ASHRAE in 1895 [32]. 

In 1905, Flugge showed that dry-bulb temperature and humidity were 

the cause of discomfort and unhealthy conditions rather than other 

compounds in the air [33]. While this caused required ventilation rates 

to drop [29], the importance of the human bioeffluents continued to be 

recognized. In fact, the first quantitative experimental analysis of 

ventilation requirements, conducted by Yaglou, Riley, and Coggins [34] and 

reported in 1936, established ventilation requirements to provide 

"odor-free" environments as functions of available air space per person. 

Also, despite the very low outdoor air requirements for dry-bulb temper

ature and humidity control, standards continued to require at least 

5 cfm of outdoor air per occupant [35, 36]. 

With the scientific and technological progress which took place in 

the latter part of the twentieth century, there were many advancements 

in the study of the mass factors of indoor air quality: 

1. There was a better characterization of the contaminants which 

were already known to exist. Among the most important, Wang measured 

the generation rates of twelve different organic bioeffluents [37]; the 
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emission rates from gas stoves [38, 39], from unvented gas-fired space 

heaters [38], and from wood-stoves [40] were characterized; and the 

contaminants released by mainstream and sidestream smoking were the 

subject of numerous studies as shown by a summary published in a U.S. 

National Academy of Sciences report [41]. 

2. New contaminants were identified. Some had always been present 

in the environment but only recently detected in significant levels in 

buildings. In this category, the most important contaminant is radon, 

which is radioactive and is released by the soil, construction materials 

(e.g., concrete), and water [42]. Others were introduced into the 

environment in the recent past by new building materials and consumer 

products which are now being manufactured. Examples of this last type 

of contaminant include formaldehyde released by particle-board and 

urea-formaldehyde insulation [43], aerosols released by insecticides 

and cleaners [44], and organic substances released by paints and building 

material treatments [45]. 

3. The health effects of indoor air pollutants were extensively 

studied and safe levels were defined for the most common contaminants. 

To address only the most common or most dangerous contaminants, it has 

been shown that even small concentrations of carbon monoxide can have 

adverse effects upon the heart, the brain, and the muscles [45]; that 

nitrogen dioxide, another combustion by-product, can cause respiratory 

disturbances [47]; that radon causes an increased risk of lung cancer 

[48]; that formaldehyde, even at concentrations as low as 0.01 ppm, can 
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cause eye irritation and neurophysiologic disturbances [49]; and, 

finally, that levels of carbon dioxide as low as 0.5 percent (i.e., 

approximately ten times the outdoor levels) can cause headaches to 

people exposed to it for long periods of time [50]. Acknowledging 

these threats to the health of the occupants, standards, either 

mandatory [3, 51] or voluntary [4], have been published limiting the 

maximum allowable or recommended concentrations for various contaminants. 

In residential buildings, however, mandatory standards do not usually 

apply, and only recommended values can be used. A summary of these 

recommended values is given in Table 2 for some of the best known 

contaminants. 

This progress took place continuously, but it was particularly 

rapid in the last decade as an indirect consequence of the continuous 

escalation of fuel prices which started in the early 1970s. As energy 

costs increased, energy conservation measures were taken in new and 

existing buildings which frequently included the tightening of the 

building boundary without consideration of ventilation requirements 

[52]. Lower air exchange rates thus resulted which led to higher 

contaminant concentrations indoors. In many cases, the levels that 

were reached caused serious physical problems to the occupants and 

brought the spotlight upon the problem of indoor air pollution [53, 54] 

which led to increased research on the subject. 

It is clear from the previous discussion that the study of the 

mass factors is more subtle and less well-defined than the study of the 

thermal factors. While there are models capable of predicting the 
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Table 2. Summary of recommended maximum allowable concentrations of 
contaminants 

Contaminant Exposure Time 
Recommended 

Maximum 
Concentration® 

Carbon dioxide 

Carbon monoxide 

Formaldehyde 

Nitrogen dioxide 

Ozone 

Particulates 

Radon 

Sulfur dioxide 

continuous 

1 hour 

8 hours 

continuous 

1 year 

1 hour 

24 hours 

1 year 

1 year 

24 hours 

1 year 

0.25% 

35 ppm 

9 ppm 

0.1 ppm 

0.05 ppm 

0.12 ppm 

260 yg/m^ 

75 yg/m3 

0.01 

0.19 ppm 

0.04 ppm 

From ASHRAE Standard 62-1981 [4]. Values are time-weighted 
averages over the specified time of exposure. 

^WL = Working Level 
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combined effect of all thermal factors, there is no such model for the 

mass factors. Rather, the study of the mass factors has been made 

contaminant by contaminant, which is not the way they commonly influence 

the building occupants. Thus, the mass air quality of the indoor air 

must presently be evaluated by comparison of tkc prevalent concentrations 

of individual contaminants with the levels accepted as safe by the most 

current standards. 

Interactive effects of thermal and mass factors 

Occupants of an indoor space are simultaneously affected by both 

thermal and mass factors, but the studies discussed in the previous 

sections deal exclusively with one type or another. It was shown that 

each factor creates some amount of strain (i.e., the magnitude of health 

risk to the exposed individual [55]) upon people as it deviates from its 

normal most desirable value. However, when more than one factor creates 

strain on a person, it is not clear that the resultant effect is purely 

additive. There are possible interactions that my reduce or increase 

their total combined effect. With very few exceptions, these inter

actions have not yet been studied, and., thus, the total effect of an 

indoor environment still cannot be fully characterized. 

One of the few interactions that has been studied is the effect of 

dry-bulb temperature and relative humidity upon the perception of odors. 

Although there were several previous attempts to characterize the odor-

humidity interaction [56], the first comprehensive study to consider 

both temperature and humidity effects was done by Kerka and Humphreys 

[57]. In this study, several types of odors were considered and the 
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types of interactions found varied slightly among them. The greatest 

tendency, however, was to a decrease in odor intensity as dry-bulb 

temperature and humidity increased. A better characterization of their 

data for tobacco smoke was later given by Woods [58], who showed a 

strong correlation between odor intensity and the enthalpy of the air. 

Another type of interaction that has been studied concerns the 

perception of factors in an indirect way. It consists of determining 

the influence of temperature and humidity upon the generation rate of 

several contaminants which, in turn, causes changes in indoor concen

trations that may be perceived by the occupants. Examples include the 

outgassing of formaldehyde [59], radon exhalation from building materials 

[60], and the influence upon the populations of dust mites and other 

allergens capable of causing respiratory disturbances [61]. 

Finally, another interaction recently reported concerns thermal 

comfort and the concentration of carbon dioxide [62]. A study showed 

that children felt warmer when the COg concentration was higher despite 

equal environmental values of SET*. This also seems to be confirmed by 

medical studies that show lower body temperature with increased COg 

concentration in the inspired air [63]. 

These interactions are proof of the importance that interactive 

effects may have upon people and of the need to develop a comprehensive 

understanding of these effects upon the occupants for a better characteri

zation of indoor environments. 
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THE MEASUREMENT OF AIR EXCHANGE RATES IN BUILDINGS 

Introduction 

In the previous chapter, the importance of limiting the indoor 

concentrations of contaminants while maintaining thermal comfort was 

established. The main methods of controlling the mass air quality of 

indoor air are source control, dilution control, and removal control [64]. 

Source control consists of minimizing the net generation rate of 

contaminants indoors. Examples include the use of local exhausts (such 

as in kitchens, bathrooms, and biological cabinets in laboratories), the 

reduction of the generation rates through the use of barriers (such as 

paints), and the total elimination of the source by product substitution 

or prohibition of the activities which lead to contaminant generation 

(e.g., smoking). 

Dilution control consists of exchanging enough indoor air with out

door air containing smaller amounts of contaminants, therefore keeping 

indoor concentrations below their allowable levels. This air exchange 

can be accomplished by infiltration through cracks in the building 

boundary, by natural ventilation through openings designed for th:s 

purpose, by mechanical ventilation, or by a combination of these methods. 

Removal control consists of separating the contaminants from the 

indoor air, thus removing only the unwanted contaminants from the environ

ment. Examples include the use of mechanical filters and electronic air 

cleaners for particle removal and chemical filters such as activated 

charcoal filters to remove gases and vapors. 
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While source and removal control have mostly been used in 

nonresidential buildings (although they are presently becoming more 

and more common in residential buildings), dilution control is the most 

common method of control in residential buildings. Therefore, it is 

important to know how much indoor air is being exchanged by outdoor air 

to properly assess indoor air quality. 

When mechanical ventilation is used, its contribution to the 

building air exchange rate can usually be made by measuring the flow 

rates which are delivered at each supply outlet and/or at the supply 

and exhaust ducts. But infiltration, which is always present in a 

building, and natural ventilation are not susceptible to such an accurate 

measurement: while mechanical ventilation is a steady-state phenomenon, 

natural ventilation and infiltration are driven by inherently nonsteady 

forces such as wind and temperature difference between indoors and 

outdoors. In addition, even if the air flows could be measured, they 

would have to be located first, which is virtually impossible to do for 

any building, no matter how small the building is. Thus» indirect 

methods have been used to evaluate the air exchange rate in buildings. 

Among the various methods to evaluate the natural air exchange rate 

of a building, the two most important are pressurization tests and 

tracer-gas studies. A pressurization test consists of replacing an 

opening in the building boundary (e.g., a door) by a fan which is capable 

of creating a positive or negative pressure differential of a specified 

magnitude between the interior of the building asd outdoors. The 

required fan speed to achieve the specified pressure differential is a 
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measure of the amount of air which escapes through the building 

boundary. An estimate of the tightness of the building can then be 

made which is an indication of how much infiltration (or natural 

ventilation) can be expected under different driving conditions (i.e., 

wind and temperature differentials) [65]. 

The pressurization test, however, does not account for the 

directionality of the wind, which creates a positive pressure differ

ential on one side of the building while it creates a negative 

differential on the leaward side. Thus, the amount of air which 

crosses the building boundary cannot be directly inferred from a 

pressurization test. However, when a pressurization test is performed 

in conjunction with some kind of visualization technique such as 

infrared thermography or smoke tracing tests, the locations and 

relative magnitudes of the cracks through which infiltration takes 

place can be determined [66, 67]. 

Also, there have been attempts to correlate air leakage measured 

in pressurization tests with infiltration rates under normal conditions 

[68, 69]. These models usually carry large uncertainties, especially 

for short-term predictions, and, thus, are more useful to compute typical 

values of average seasonal air exchange rates. 

To obtain a quantitative estimate of infiltration and natural 

ventilation, the tracer-gas method is required. Given its importance 

and possible variations, this method will be presented and discussed in 

detail in the next sections. 
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The Tracer Gas Method 

In 1824, Tredgold established the relationship between the 

concentration of indoor carbon dioxide and the rate of ventilation to 

the space [30]. This relationship was first used to experimentally 

estimate the rate of ventilation in 1858 by Max von Pettenkofer, who 

measured COg produced by human respiration or by burning candles [70]. 

In the late nineteenth century, to improve the accuracy of the method, 

the concentrations of carbon dioxide were increased by releasing com

pressed gas into the space to be studied [70]. But experimental errors 

associated with the measurements were large and, thus, the method never 

was routinely used to evaluate ventilation rates in buildings [71]. 

Attempts to use water vapor as the tracer gas, as proposed by Houghton 

and Blackshaw in 1933 [71], also proved inaccurate due to absorption of 

water vapor by walls and furnishings [70]. 

In 1935, however, Marley introduced hydrogen into the space and 

measured its concentration with a katharometer [72]. As hydrogen is 

not present in significant amounts in outdoor air, is not produced 

inside the space to be studied, and does not react with and is not 

absorbed by the surroundings, the sources of error were significantly 

reduced. In addition, the use of the katharometer, which detected 

changes in the thermal conductivity of air caused by the presence of 

hydrogen in varying concentrations, also greatly reduced measurement 

errors. 

After Marley demonstrated the practical applicability of the 

tracer gas method, much research was done to further improve on the 
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accuracy of the concentration measurements by looking for more adequate 

tracers and detection methods. The main properties that tracer gases 

should have were found to be similar density arid diffusion coefficient 

to those of air, chemical inertness (i.e., they should be nonexplosive 

and should not react with anything present in the test area), stability 

(i.e., no phase change or absorption possible at the conditions in the 

space), and nontoxicity, at least at the concentrations used in the 

tests. In addition, they should not be produced within the test area 

and should be easily and accurately detected at low concentrations. As 

a result, the katharometer was also used with helium, carbon dioxide, 

and water vapor [73]. In addition, infrared absorption was used with 

carbon dioxide, nitrous oxide, sulfurhexafluoride, methane, and carbon 

monoxide, among others [73, 74]. Other methods include ultraviolet 

absorption, chemical analysis, gas chromatography, and radioactive 

tracers detected by Geiger-type counters [73]. 

No matter which tracer gas and detection method combination is used, 

the mathematical treatment of the problem is based on a mass balance of 

the tracer in the space, which is assumed to be fully mixed. The mass 

balance equation can be expressed as: 

dC . . 1 
-V — = VC (1) 

dt 

Herein, the outdoor concentration of the tracer gas will be assumed to 
be either zero or constant. In the latter case, all equations are still 
valid with a change of variables: C = (C - Cg). 
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and the steady-state decay solution as: 

-Rt (2) 

where R is the number of air changes per unit time, normally one hour: 

The "fully mixed" assumption, because of its importance, deserves 

a detailed analysis. The concern about making sure that the tracer was 

uniformly mixed with the air prior to the onset of the decay procedure 

and that the decay occurred at the same rate at all the monitored points 

was expressed early on. For example, Marley and those who continued his 

work at the British Building Research Board took measurements with 

several katharometers throughout the studied space to check for uniform 

mixing [75]. The same concern was recognized by Coblentz and Achenbach, 

who designed a portable infiltration meter for the U.S. Bureau of 

Standards in the 1950s [76]. The instrument they designed was a helium 

katharometer connected to ten sensing probes which were to be distributed 

throughout the studied building. 

Tests conducted with multiprobe instruments as those described in 

the previous paragraph showed that the "fully mixed" assumption was 

valid in some cases but, in others, different rates of decay were 

observed in different parts of the building [77, 78]. When the non-

uniformity occurred, whole-house infiltration rates were calculated as 

an average of room rates weighted on a room-volume basis [79]. 

V 
R = — 

V 
(3) 
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However, it was realized that, if uniform mixing could always be 

ensured, single-point sampling was possible and the tracer gas procedure 

would be easier to use on a routine basis. To accomplish whole-house 

homogeneity, the most common method used has been the continuous use 

of the central air fan during the tracer-gas test or, if there was not 

one, portable fans placed throughout the house caused enough air 

movement to ensure mixing [80, 81]. In addition, the single sample was 

sometimes obtained simultaneously from several points within the building 

[81]. These techniques became a common method of measuring air exchange 

rates by the tracer-gas method [82]. Although this method will indeed 

result in accurate measurements in many cases, several cases can be 

foreseen which could result in errors: 

1. Air jets from supply registers could be directed towards a 

leakage area, thus creating extra driving force for exfiltration (and, 

consequently, infiltration). 

2. In residences with mechanical ventilation, forced circulation 

may cause additional leakage through the outdoor dampers. This is the 

case of the Iowa State University Energy Research House (ISU ERH), as 

will be shown later. 

3. There is no guarantee that a forced air system will result in 

perfect mixing throughout the whole space. There is evidence that 

nonuniform mixing can occur even in small rooms depending on the 

relative location of the supply and exhaust registers [83, 84]. Similar 

nonuniform mixing situations have been measured in larger multizone-

controlled buildings with continuous forced air supply [85, 86]. In all 
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probability, it should be expected that the more complicated the air 

handling system in a building is, the greater the potential for non

uniform mixing in the space. 

Thus, simply conducting a tracer gas decay test in a building with 

forced air movement inside does not appear to be a sufficient condition 

to ensure complete mixing. Testing for uniform mixing should always be 

conducted to ensure that it indeed exists throughout the building. 

A different approach has thus been followed by other researchers 

who accepted the fact that nonuniform mixing exists and that the tracer 

gas studies should take it into account rather than eliminating it. 

One method, designated as the equilibrium concentration method, consists 

of emitting the tracer gas continuously at a uniform rate. Under steady-

state conditions, the concentration of tracer at any point in the studied 

space will approach an equilibrium value. When uniform mixing exists, 

the equilibrium concentration is the same at all points and the air 

exchange rate can readily be determined from the solution of the tracer 

gas balance equation: 

As the tracer gas is released at a constant rate, this equation is 

linear and the solution is; 

(4) 

(5) 
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At equilibrium (i.e., no time dependence as e"^^ goes to zero): 

C 
® RV 

(6) 

When there is nonuniform mixing, Eq. (4) no longer applies and the 

equilibrium concentration changes from point to point. In 1960, Lidwell 

introduced the concept of "Transfer Index" to account for the nonuniform 

air exchange rates [87]. The Transfer Index T, defined as 

has the dimensions of the reciprocal of a ventilation rate, which Lidwell 

called the "effective ventilation rate". Indeed, when there is complete 

mixing, the Transfer index becomes 

or, from Eqs. (6) and (3): 

In this way, different points within a space can be characterized 

by a Transfer Index and, the larger its value, the lower the air 

exchange rate at that point. 

A related concept is usually designated by ventilation efficiency 

[88]. Rather than emphasizing the absolute magnitude of the Transfer 

(7) 

q 
(8) 
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Index or the value of the "area under the curve" as Sandberg called it, 

ventilation efficiency is defined as the ratio of the integrals of the 

concentrations at two points: 

A value of e = 1 denotes that the ventilation rates (or air exchange 

rates) at both points are similar, while e < 1 denotes that the air 

exchange rate at point i is lower than at the reference point r (i.e., 

higher concentrations remain for longer periods of time at point i). 

The concept of ventilation efficiency has also been used to characterize 

multipoint decays of tracer gas which was introduced over a short period 

of time as in the rate of decay technique rather than continuously as 

Li dwell proposed. 

The Transfer Index method was not the only one proposed to deal with 

the problem of nonuniform mixing. Noting that the rates of decay at 

several points in a building tended to be different and, although not 

exponential, the error of considering them as such was small, several 

authors have proposed the use of the decay rates to characterize the 

relative ventilation efficiency of different points of a building [86, 88]. 

Finally, other less used methods include using the simple ratio of 

tracer-gas concentrations as an index of local ventilation [88], and the 

so-called "steady concentration method", which differs from the equi

librium concentration method by regulating the rate of injection of tracer 

gas so that the concentration at the measurement point remains steady [73]. 

(10) 
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In the latter method, sophisticated control equipment is required, but 

results can be obtained in a shorter period of time than with the 

equilibrium method. Its complexity has, however, prevented it from 

being used often. 

Consequences of the Use of Different Tracer-Gas 
Methods to Measure Air Exchange Rates upon 

Indoor Air Quality Evaluation 

As described earlier in this chapter, the need to measure air 

exchange rates resulted from the wish to verify that the ventilation 

rate supplied to a building was in accordance with the minimum established 

for appropriate indoor air quality. Currently, this concern is also 

present, but another purpose has also evolved: the need to predict the 

energy consumption of a building. A major portion of the design heat 

loss or gain in a building results from the need to condition outdoor 

air to the wanted indoor characteristics. Coupled to high energy costs, 

the ventilation supplied to a building can thus represent a major portion 

of the total operating budget required for its operation [89]. This has 

resulted in numerous efforts to model building energy consumption and to 

determine ways of reducing energy costs. 

To model and predict natural ventilation rates, correlations have 

been developed which relate the amount of infiltration to weather 

conditions (i.e., wind speed and direction, and ambient air dry-bulb 

temperature), building characteristics (i.e., dimensions, geometry, and 

construction details), and site parameters (i.e., landscape profile, 

and size and distribution of any obstructions surrounding the building) 

[68, 69]. These correlations have been developed from data collected 



www.manaraa.com

30 

from both pressurization and tracer gas tests over long periods of time. 

But, although it is possible to obtain reasonable accuracy for the 

particular building where the measurements were taken, extending the 

results to other buildings has always resulted in large uncertainties, 

certainly larger than the uncertainties normally associated with the 

infiltration measurements [74]. Therefore, performing tracer-gas testing 

with the fan continuously running or even by circulating the air with 

portable fans should result in sufficient information for energy 

quantification purposes. 

The study of indoor air quality, however, poses a completely 

different set of questions to be answered by an air exchange rate study. 

Except for commercial buildings where forced air supply occurs contin

uously^, most buildings, residences in particular, only have forced air 

supply during short periods of time. In reality, those buildings which 

have central air systems are usually controlled in such a way that the 

central air fan is on only when heating or cooling is thermostatically 

called for. Even during design days, this results in cyclic on and off 

periods of the central air fan. Thus, during most of the time throughout 

the year, the only causes of air movement in the building result from 

natural causes (i.e., bouyancy and infiltration). Furthermore, many 

buildings have perimeter hot water or steam systems and some are based 

on the principles of passive solar energy design. In these cases, air 

movement results from natural causes year round. 

^Forced air occurs sometimes at constant flow rates, and sometimes at 
variable flow rates such as in variable air volume systems. 
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As discussed in the previous section, nonuniform mixing has a 

greater tendency to occur when only natural air movement occurs within 

a building, while uniform mixing tends to occur more often when the 

central air fan is operating (provided the locations of the inlet and 

outlet air registers are adequate to provide uniform air mixing within 

each room). In the same building, uniform mixing results in dividing 

the total air exchange to it equally among all rooms. Thus, nonuniform 

mixing should result in some higher and some lower air exchange rates in 

different rooms (or zones) within the building in comparison with the 

house average. This is equivalent to saying that the concentrations of 

contaminants in different zones will differ and, therefore, so will 

indoor air quality. In particular, some of the zones will have worse 

air quality (i.e., higher concentrations due to lower air exchange rates) 

than the whole house would have if it were fully mixed. 

Coupling the ideas of varying air quality under natural air movement 

and the prevalence of this type of air movement in buildings, it is clear 

that measuring air exchange rates by artificially making the house uniformly 

mixed, as if to evaluate energy performance, is not a correct solution. 

However, most field studies and measurement protocols for indoor quality 

surveys have measured or specified whole-house infiltration values only 

[90, 91, 92]. 

By performing indoor air quality evaluations assuming that it is 

uniform throughout a building, a potential for serious error is introduced. 

There is the possibility that measurements made on an average whole-house 

basis result in good or acceptable indoor air quality, while one or more 
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zones of the house may have concentrations of contaminants above safe 

levels. The same could, of course, be said of thermal factors capable 

of resulting in less comfortable conditions in particular zones within 

a building. Occupants spending significant amounts of time in such 

zones could suffer unwanted health problems. 

In conclusion, natural air exchange rates performed with the purpose 

of evaluating indoor thermal and mass air quality in a building should be 

done taking into account the nonuniformity that normally exists in a 

building. Artificial mixing should not be employed in a tracer-gas 

technique. 
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PROPOSED PROCEDURE FOR INDOOR AIR QUALITY EVALUATION 

Introduction 

The purpose of indoor air quality surveys is to determine if the 

occupants of the surveyed building are subjected to deleterious health 

or comfort effects. As different zones of a building can have different 

environments (i.e., different typical values of thermal and mass factors), 

it is important to characterize the risk associated with each zone, in 

particular of those which may cause higher risks. 

To determine indoor air quality in all zones of a building, the 

obviously safe solution is to monitor the value of all pertinent factors 

for a long enough period of time in all zones simultaneously. Unfortu

nately, such procedure would be prohibitively expensive, and thus, it is 

not a viable alternative. Several surveys have been done on this basis, 

but the cost involved can only be justified on a research basis [93, 94]. 

Limiting the number of sampling locations and length of the monitoring 

period is a requirement if widespread surveys are to be conducted on a 

regular basis. 

To limit the number of sampling locations, a logical criterion is 

necessary. Randomly placed sensors are unacceptable because there would 

be no guarantee that the highest risk zones would be monitored. To 

obtain such a criterion, the main processes that affect indoor air 

quality will be examined next. 

Herein, the subsequent emphasis will be put on buildings that do 

not have continuous forced air supply during occupied periods, which 
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constitute the vast majority of buildings throughout the world. Although 

the principles behind the search for high risk areas are the same for all 

buildings, the forcing functions for air movement are dissimilar. In 

particular, air movement in buildings with forced air systems is dependent 

on the type of air handling system and location of inlet and outlet air 

registers. Evaluation of the performance of such systems has been done 

by standard methods which, in general, involve lengthy room-by-room pro

cedures [95, 96]. Although the following discussion will focus on the 

buildings without continuous forced air supply, references will be made to 

denote how to apply the proposed procedure to the other type of buildings. 

Locating High-Risk Zones in Buildings 

As established in the previous chapter, the condition that can lead 

to the highest risk throughout a building is when only natural forces 

cause air movement within. In this case, the potential for nonuniform 

mixing throughout the building is the greatest, as the various air 

exchange rates within the house will result in larger ranges of the 

thermal and mass indoor air quality factors. 

However, it is expected that while diffusion might have some Influence 

upon mixing, convection currents within the building will result in rela

tively good mixing in certain zones, which can then be considered uniformly 

mixed [97]. These zones can then be characterized by a single value of 

each pertinent parameter. 

The problem of concern is, therefore, to locate the "highest risk" 

zone among these uniformly mixed zones within the building. For this 

purpose, mass and thermal factors will be considered separately. 
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Mass factors 

The concentration of a contaminant in a space depends on the 

amount of contaminant generated within, and on the amount of air 

exchanged through the boundary of the space. Mathematically, when a 

contaminant is generated in a space which is assumed to be uniformly 

mixed, its concentration can be described by a mass balance equation 

of the form of Eq. (4): 

-V — = VC - q (4) 
dt 

This equation can be written in nondimensional form, by defining the 

following nondimensional variables: 

t* = tR (11) 

C* = JL . (12) 
Ce Ay. 

q* = J- (13) 
q r 

The reference values chosen represent the steady-state values of 

the concentration, generation rate, and ventilation rate, and the time-

constant associated with a steady-state decay as per Eq. (2). Substitu

ting Eq. (11) thru Eq. (13) into Eq. (4): 

(14) 
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or 

Equation (15) shows that the only parameter which influences its 

solution is (q^/RV), which has the dimensions of a concentration. There

fore, as shown by the steady-state value, the concentration of a particular 

mass factor in a zone increases as the value of (q/RV) increases, that 

is, as the generation rate per unit volume increases, and as the air 

exchange rate decreases. Thus, to identify the "highest-risk" zone 

among the uniformly mixed zones in a building, the relative magnitude 

of the values of (q/RV) for all zones must be known. 

The first step is to identify the zones of the building which can 

be considered to be uniformly mixed. To a greater or lesser degree, 

natural convection currents are always present in a space and tend to 

cause uniformity of air properties within that space. If the currents 

are strong enough,the property gradients in the space will be negligible. 

However, the larger the space, the larger the potential for nonuniformity 

to occur. There have been evaluations of the mixing uniformity in rooms 

performed by the tracer gas method, as listed by Hitchin and Wilson [73], 

which showed good mixing in some cases and poor mixing in others. The 

vast majority of cases, however, showed little or no nonuniforraity in 

small rooms, which confirmed earlier observations by Dick [75] that 

rectangular rooms were usually sufficiently uniformly mixed. Dick also 

observed that rooms of irregular shape such as hallways showed the 

largest nonuniformity effects. Measurements conducted in the Iowa State 
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University Energy Research House (ERH), which will be described in a later 

section, fully confirmed Dick's observations. Thus, it can be usually 

assumed that rectangular rooms in a typical building (i.e., about 6 x 4 x 

3 m or smaller) can be treated as uniformly mixed by comparison with two 

different rooms which only communicate through small openings (e.g., 

doors). Larger rooms, in particular rooms with high ceilings, may show 

more tendency for nonuniform mixing. 

Once the uniformly mixed zones are identified, the values of (q/R V) 

need to be determined for each zone. If individual values of q, R, and 

V were known, this calculation would be trivial. But, while volumes can 

be evaluated in a more or less direct way\ and zonal air exchange rates 

can be measured using a procedure that will be detailed later in this 

chapter, the evaluation of zonal q values is difficult if not impossible 

to be accurately performed. First, only certain typical types of con

taminant generation rates have been fully characterized, and even those 

carry some uncertainty [37-43]. Second, air exchange between different 

zones in a building can also introduce or ranove contaminants from a 

particular zone. A mass balance of contaminant for a particular zone 

Ci) in a building can be expressed as Csee Fig. 1): 

dCi 
N N 

dt 
= ^ia^i - Vai Ca E - Ài (16) 

j=l j=l 

^Due to the presence of furniture in a space, the measurement of the 
volume of the air in a room may carry significant uncertainty. 
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Vi 

Outdoors 

ai 

Zone j (1 of the N zones in a building) 

Zone i 

Fig. 1. Schematic diagram of the interactions between zone i and its 
surroundings 
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or, if the outdoor concentration is assumed to be zero, as previously 

postulated (see Eq. (1)), Eq. (16) can be rewritten as: 

dCi . 
-'i if' \ 

Where q^. is the effective zonal generation rate of contaminant: 

As there is no known method to evaluate the interzone air flows 

V.j, direct calculation of the effective zonal generation rates is not 

possible. 

Due to the similarity of Eqs. (4) and (17), locating the highest-

risk zone can be accomplished by evaluating (q^/RV) rather than (q/RV). 

Still, absolute measurements of (q^/RV) are difficult because of the 

natural fluctuations of indoor air movements and because the zonal air 

exchange rates with outdoors are difficult to evaluate due to the inter

ference of the remaining zones in the building. 

However, when an elemental contaminant generation^ takes place in 

a zone, it is possible to measure the concentrations which result in 

each zone over the period following the generation. Analysis of the 

values of concentration over time will allow an evaluation of the 

relative magnitude of zonal Cq^/RV) values which correspond to that 

N N 

(18) 

^For example, a tracer-gas release over a short period of time. 
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generation. Indeed, a constant concentration can be assumed which, over 

some period of time, would result in equal exposure to an occupant in a 

zone: 

•/' CgT = I Cdt (19) 

Noting that, in steady-state, the equilibrium concentration is given by 

Eq. (6): 

^e4v'rv 

the integral in Eq. (19) is a direct measure of the wanted (q^/RV) 

parameter. As t is the same for all zones, the value of this integral 

at a particular zone can be taken as a reference and the relative 

magnitudes of (q^/RV) for all zones can then be determined: 

Ce, 
Ei = ^ (21) 

S 

where E- will herein be designated as the "Relative Exposure Index" for 

zone i. Although Eq. (21) is similar in form to Eq. (10), (i.e., the 

definition of ventilation efficiency (e)), these two quantities are 

distinct: the ventilation efficiency depends only on the zonal air 

exchange rates and it is independent of contaminant generation; con

versely, the relative exposure index depends on both zonal air exchange 

rates and the location where contaminants are generated. These 

differences are also reflected in the way they can be determined: E 

values are calculated from tests where the actual contaminant (i.e.. 
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tracer gas) is generated in a zone only, whereas e values are calculated 

from tests which start with equal concentrations of tracer gas in all 

zones. 

If E values such as these are calculated for situations when 

generation occurs in each of the zones of the building, resultant zonal 

values can be obtained for any combination of contaminant release (q) 

in the house because Eq. (17) is linear, and, thus, superposition applies. 

Unfortunately, this method is not suitable for field use because of 

the amount of time required to conduct a number of tests to determine 

zonal contributions to (q^/RV), each test requiring relatively long 

periods^. In addition, effects of outdoor weather (i.e., wind and 

temperature) would have to be taken into account. Thus, a simplification 

is necessary. 

To simplify the determination of the highest (q^/RV) value within 

a house, it is noted that, in general, a particular zone in a building 

exchanges a significant amount of air with the zones that surround it. 

Under these conditions, q^ values throughout the building tend to have 

very similar orders of magnitude. The exception would be if contaminant 

generation occurs in a zone of low air exchange rate, which would only 

result in small values of (q^/RV) throughout the house. Thus, it might 

suffice to measure the air exchange rates in all zones of the building 

to obtain information about the highest-risk zones in the building. 

Tests in the ERH showed that 6 to 8 hours were a minimum required per 
test, with 24 hours or more being desirable. This duration would be 
smaller in buildings with higher air exchange rates. 
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To measure the zonal air exchange rates, a tracer gas procedure is 

proposed. It consists of injecting tracer gas into the different zones 

of the building to obtain concentrations as uniform as possible through

out, and then monitoring the decay of the concentrations in the different 

zones. The decay in each zone is governed by an equation of the type of 

Eq, (16), with no generation term. Such an equation can be written for 

each of the N uniformly mixed zones in a building, resulting in a system 

of N simultaneous linear, first-order differential equations assuming 

that the interzone flows are constant in time. Under these conditions, 

the solution for the concentration is given by an equation of the type 

of Eq. (22): 

N 

= Co - X  ̂3 (22) 
3=1 

Thus, the general solution is a linear combination of exponential 

decay terms with time constants (tj) which, for a typical building, 

are of the same order of magnitude. The first conclusion to be obtained 

from this is that the tracer gas decay must be allowed to occur for a 

relatively long period of time^ to obtain results which are free from 

the interference of any fast transients that may take place and thus 

isolate only the major air flows. 

Another conclusion that can also be obtained is that zones which 

have large flows between them in both directions (i.e., mutually well 

mixed zones) tend to decay at the same rate because the major air flow 

^Several time constants for each zone. 
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in each zone is towards the other. They can actually be considered a 

single zone for practical purposes. 

Once enough time has elapsed from the onset of the decay procedure, 

a net air exchange rate between the zone and outdoors can be obtained by 

fitting the complex decay to a least-squares approximation of the type 

of Eq. (2). Although this method does carry some error, measurements 

which will be described later show that this error is no greater than 

errors involved in the measurements themselves. In this way, zonal air 

exchange rates can be determined. 

The major limitation of this method is that the first portion of 

the decay process is ignored because the least-squares straight-line 

representation is not valid during the first phase of the decay. 

However, the short-time transients that are reflected in that portion-

of the decay process are permanently present in the building, and 

they do affect occupant exposure to the various indoor air quality 

factors. Moreover, cases exist in which, once the transients are no 

longer significant, two or more zones tend to decay at the same rate, 

but at different concentration levels. Thus, the rate of air change 

as described by the exponent of the exponential decay term (or by the 

slope of the decay line when a semilog representation is chosen) seems 

to be an insufficient means of fully describing the risk associated 

with a particular zone. 

To account for the whole decay process, the concept of ventilation 

efficiency presented in the previous chapter seems the most appropriate. 
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As defined by Eq. (10), the ventilation efficiency is based on the total 

integral of concentration over time. For a particular mass contaminant, 

this integral represents the integrated total exposure of an occupant 

in that zone. Thus, to distinguish between zones with similar rates of 

air exchange in the latter part of the decay process, the "highest-risk" 

zone among them is the zone with lowest ventilation efficiency (i.e., 

the zone with the largest concentration integral over the whole decay 

process). 

The combination of rate of air exchange (R) and ventilation 

efficiency (e) per zone will then be used to identify the "highest-risk" 

zones in a building: 

1. When contaminant generation occurs in zones with low air 

exchange rate and low ventilation efficiency, values of (q^/RV)are 

expected to be the highest in those zones. Thus, those zones would be 

the "highest-risk" zones. 

2. When contaminant generation occurs in zones which have high 

air exchange rate and high ventilation efficiency, values of (q^RV) 

are expected to be lower overall than in case (1) for similar generation 

magnitudes. The highest values of that parameter may occur in zones 

other than the zone of production because whatever portion is introduced 

into other zones with lower air exchange rates may remain there for 

longer times and result in higher risks than in the zone of production 

In conclusion, the highest-risk zone should occur at the zone of 

production or at a zone with a lower ventilation efficiency than the 

zone of production. 
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Thermal factors 

When outdoor air is mixed with indoor air, the resulting properties 

of the indoor air are equilibrium values which depend on the rate at 

which the outdoor air is introduced (i.e., the air exchange rate). 

Thus, spaces within a building with different air exchange rates can 

have different thermal conditions even if under the same control. 

To evaluate the thermal environment, four factors should be measured 

in each group of uniformly mixed zones: dry-bulb temperature, relative 

humidity, air velocity, and mean radiant temperature. The first three 

factors can be measured directly, but MRT can only be measured indirectly. 

The quantity which is usually measured is the globe temperature, which 

can then be converted to mean radiant temperature using Eq. (23): 

MRT = TG + 2.27 (TG - DBT) (23)1 

as given by Nishi [98]. In principle, there are no established rules 

as to where the less comfortable zones in a building are located. Factors 

such as dry-bulb temperature, air velocity, and relative humidity tend to 

be extreme in the zones with highest and lowest air exchange rates where 

the warmest or coldest thermal conditions can occur. But, the mean 

radiant temperature depends greatly on building orientation due to 

solar effects and no generalized rules can be used. 

The air velocity (W) in Eq. (23) is the local velocity around the 
globe itself, which is related to the convection heat transfer 
coefficient around the globe thermometer. 
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Given these facts, the thermal environment should be evaluated in 

all groups of rooms which constitute uniformly mixed zones. 

Sunmary of the Procedure to Locate 
High-Risk Zones in a Building 

As a bottom line, the main points involved in this procedure will 

be summarized next. As previously explained, this procedure is intended 

to locate the zones within a building which pose the highest risk to the 

occupants: 

1. An appropriate tracer gas is introduced into the building such 

that a uniform concentration is obtained throughout the building. 

2. The decay of the tracer gas concentration in the different 

rooms of the building is monitored until the decays are uniform, as 

approximated by a straight line in a semilog plot with small error; 

(Note: Rooms with irregular shapes or of large dimensions may have to 

be monitored at more than a single point.) 

3. The rate of decay (R) and the ventilation efficiency (e) at 

each zone are calculated; 

4. The zones in which contaminants are produced, and-the total 

rates of production, are identified by observation and available data; 

5, The high-risk zones (i.e., where contaminants—mass factors-

should be monitored) are identified as those with a ventilation efficiency 

equal to or lower than the value of s at the zone of production. 
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6. For each group of zones with similar air exchange rates, 

monitoring for indoor air quality factors need only take place in the 

zone with lowest ventilation efficiency. 



www.manaraa.com

48 

DESCRIPTION OF EQUIPMENT AND FACILITIES USED TO 
VERIFY THE PROPOSED INDOOR AIR QUALITY PROCEDURE 

Summary Description of the Iowa State University 
Energy Research House (ERH) 

The measurements which were made to validate the proposed procedure 

and verify the correctness of any assumptions made were conducted in the 

ERH. This building is a single-family detatched frame-construction 

residence with three levels which is fully described elsewhere [99]. Its 

schematic floor plan is shown in Fig. 2. The dimensions and volume of 

each room are listed in Table 3. 

The ERH was built in 1977 and special care was taken to ensure that 

the envelope was sufficiently tight to minimize infiltration. This house 

has a central forced air heating and cooling system. Heating can be 

supplied by an electrically-driven heat-pump, an electrical furnace. Or 

an active solar energy system. No natural gas is used in the house. 

During the measurement periods in the ERH, the house was kept 

unoccupied except for equipment operators. Outdoor weather conditions 

were continuously monitored by a Climatronics weather station (wind 

speed and direction, dry-bulb temperature, and dew point), 

Tracer-Gas Equipment 

Description 

The tracer-gas chosen for these studies was sulfurhexafluoride 

(SFg). The advantages of SFg were a negligible outdoor ambient 

concentration (compared to other possible tracers such as methane 
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Table 3. Dimensions of interior zones 
Energy Research House 

of the Iowa State University 

Zone* Floor Area 
(m2) 

Ceiling Height Volume^ 
(m3) 

Upper bathroom 4.6 2.4 11.3 

Upper hallway 5.9 2.4 14.3 

North bedroom 18.1 2.4 44.2 

Southwest bedroom 15.7 2.4 38.4 

Southeast bedroom 14.5 2.4 35.3 

Greenhouse 14.8 7.3 108.1 

Kitchen 10.0 2.4 24.5 

Living room 33.8 2.4 82.5 

1/2 bath 1.7 2.4 4.1 

Basement 32.6 2.3 74.5 

Mechanical room 13.4 2.4 32.6 

Laundry 3.7 2.3 9.1 

Stai rwel1 10.8 7.3 78.8 

TOTAL 179.6 557.7 

^See Fig. 2 for location, 

'^Volumes do not take into account furniture. 
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and carbon dioxide) and the absence of any known physiological 

consequences for long exposures at high concentrations (Underwriters' 

Laboratories classification of comparative hazard to life of gases 

and vapors places SFg in group 6, their safest group D-OCJ), which led 

to rejection of tracers such as carbon monoxide, nitrogen dioxide, and 

nitrous oxide. 

The instrument available to detect SFg was a Miran-103 gas analyzer 

which had the range between 0 and 10 ppm. Although all known applications 

of SFg as a tracer gas have employed concentrations in the ppb range, 

there was no known restriction upon using the higher range of concen

trations, Indeed, the ASTTI Standard which regulates tracer-gas studies 

only recommends that a concentration of 1000 ppm not be exceeded [82]. 

The SFg detector was a single channel unit and, as concurrent 

sampling was necessary at different locations in a building, a 12-

channel multiplexing unit was designed. This multiplexing unit consisted 

of two manifolds (one for sample inlet, the other for outlet) where 

solenoid valves controlled by a timer allowed the inlet and outlet 

valves for each sampling point to be open in a predetermined sequence 

while all others were closed. The length of sampling at each point was 

chosen based on the time needed to purge the incoming sample line as 

well as the response time required by the Mi ran for a correct reading. 

The air flow rate necessary for proper operation of the Mi ran was 

20-30 1/min, and 1/2 inch (1,27 cm) inside diameter tubes were used. 
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which resulted in a purge time of 0.76 seconds^ per meter of sampling 

tube. As the longest line used was 16 meters in length, the total purge 

time was established as about 12 seconds. Furthermore, the response 

time of the Mi ran was measured to be between 15 and 20 seconds. Thus, 

to ensure that correct readings were obtained, a one minute cycle was 

chosen in which a reading was taken during the second half-minute section 

of the cycle. This cycle period allowed the measurement of the tracer 

gas concentration five times per hour at each of the 12 sanpling 

locations. 

The reason why two manifolds (inlet and outlet) were necessary was 

to avoid significant transport of SFg from one zone to another within 

the house. Even when the Mi ran operates at the minimum sampling rate of 

20 1/min, this air supply to the room where the instrument would be 

located would result in a significant rate of air exchange for that room. 

For example, a 50 m room, which is the size of a normal room in a house, 

would sustain 0.024 air changes per hour. The total air exchange rate 

in the ERH had previously been measured on occasion as low as 0.20 air 

changes per hour [101], and thus, the forced internal air change would 

be about 10 percent of the total house air exchange rate. It was felt 

that this forced air movement throughout the house would cause undue 

disturbances to normal indoor patterns. Moreover, the forced air 

movement would seriously impair the capability of this procedure to 

detect between-room or within-room differences in tracer decay. 

^This was twice the time required for the sample to travel the length 
of the tube. 
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Thus, it was decided to return the sample collected at each point to 

the same location through the outlet manifold. 

It should be pointed out that the multiplexing system did allow a 

small amount of interzone air exchange due to the storage capacity of 

the Mi ran itself (2 liters). With five samples per hour, this cor

responds to about 0.002 air changes per hour (ACH), which would only 

account for a 1 percent variation in a house with 0.2 ACH. It was 

felt that this interzone contamination was acceptable and would not 

be noticeable in a test. 

The tracer-gas analyzing system is schematically represented in 

Fig. 3, and a view is shown in Fig. 4. 

Calibration 

The SFg analyzer required only occasional calibration checks. No 

internal calibration changes were detected in all checks performed. 

As the measurements were always made indoors, the ambient temperature 

surrounding the Miran varied only between 15°C and 20°C, and no 

temperature drift was observed. The whole calibration procedure was 

internal to the instrument itself, except for the requirement of a 

true-zero sample which was obtained by circulating bottled nitrogen 

through the Miran. All measurements were made at least one hour after 

the Miran was turned on to avoid warm-up drifts. 

Because there had been no previous knowledge of the accuracy of 

this instrument beyond manufacturer's claims, and because SFg was not 

known to ever having been used in such large concentrations for a 
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Fig. 4. Frontal view of the tracer-gas analyzing system 
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tracer-gas study, it was deemed necessary to directly compare measurements 

obtained by this equipment and by another established method of air 

exchange rate measurement. 

Thus, the SFg system was placed in the ERH and 12 sampling locations 

chosen throughout the house. These locations are listed in Table 4, and 

some are shown in Figs. 5 thru 8. All sampling was done at 1,60 meters 

above the floor level, which approximates the average respiratory level 

of an average standing person, and the samples were returned at floor 

level. 

Also, Mr. John E. Janssen, who has performed numerous air exchange 

rate measurements as described elsewhere [74, 102], brought his equipment 

to the ERH to run a comparison test between the two sets of equipment. 

Janssen's equipment consisted of an ANARAD methane analyzer model AR-400 

with a range from 0 to 1000 ppm, which collected a single point sample. 

The procedure which was followed consisted of initially uniformly 

mixing methane to 440 ppm and sulfurhexafluoride to 7 ppm throughout 

the house. To do this, both gases were simultaneously injected in the 

forced air duct just ahead of the supply fan (see Fig. 9). The supply 

fan was kept running continuously during the mixing procedure which 

took approximately 20 minutes. Decay data of the concentrations of 

both tracers were subsequently measured for the following 5-1/2 hours. 

During this decay, four differsnt-periods were observed: 

1. During the first 50 minutes, the supply fan ran continuously. 

Methane was sampled in the main return duct. 
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Table 4. Sampling locations in the Energy Research House 

Zone # Locati on® 

1 Southeast bedroom, upper level 

2 Southwest bedroom, upper level 

3 North bedroom, upper level 

4 Upper stai rwel1 

East living room, middle level 

6^ West living room, middle level 

7^ Kitchen, middle level 

8^ Lower stairwell 

9 West basement 

10 East basement 

11® Upper level of the greenhouse 

12 Lower level of the greenhouse 

Probe placed in geometrical center of the floor (or as close as 
possible to it if furniture was in the way) 1.6 meters above 
floor level. 

^See Fig. 5. 

%ee Fig. 6. 

^See Fig. 7. 

®See Fig. 8. 
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Fig. 5. View of the two sampling ports in the living room of the ERH 
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Fig. 6. View of the sampling port in the kitchen of the ERH 
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Fig. 7. View of the sampling port in the lower stairwell of the ERH 

Fig. 8. View of the sampling port in the upper level of the greenhouse 
of the ERH 
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Fig, 9. View of the electric heating furnace in the ERH showing 
the location where injection of the tracer-gas was made 
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2. During the following two hours, the central air fan was 

de-energized, and the concentration of methane was monitored at the 

bottom of the stairwell, 

3. During the fourth hour, the central air fan was re-energized. 

During the period, methane sampling continued at the bottom of the 

stairwell. 

4. Finally, methane sampling was moved again to the main return 

duct. This move coincided with an increase in wind speed, as shown by 

the summary outdoor conditions listed in Table 5. 

During these 5-1/2 hours, the decay of SFg was monitored at all 

12 locations previously specified in Table 4. The measured concentra

tions of methane are shown in Fig. 10, and, in Fig. 11, the concentra

tions of SFg in several locations throughout the house are also given. 

Figure 11 shows that the concentrations of SFg were fairly uniform 

and decayed at the same rate throughout the house whenever the central 

air fan was in operation. The same did not occur, however, when the 

fan was not in operation. Figure 11 shows that, between 50 and 170 

minutes after the start of the procedure, the concentrations of SFg 

diverged from a conrnon value with different decay rates. This divergence 

shows that, without the central air fan operating, severe nonuniformity 

occurred inside the ERH. The decay of concentration of methane should 

then be compared only to the decay of concentration of SFg in the 

basement during this period (methane was sampled at the bottom of the 

stairwell, at the boundary between zones 8 and 10 as per Table 4). 
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Table 5. Outdoor weather summary for calibration measurements? 

Time Dry-Bulb Wind •Wind Direction 
(minutes after Temperature Speed (degrees clockwise 
test start) (°C) (m/s) from north) 

15 7.7 3.0 149 

30 7.8 5.5 146 

45 7.9 4.0 154 

60 8.0 5.3 146 

75 8.3 4.2 150 

90 8.4 4.3 150 

105 8.8 5.6 153 

120 8.9 3.3 162 

135 9.1 2.9 173 

150 9.1 3.8 183 

165 9.4 3.0 166 

180 9.6 3.7 158 

195 9.6 2.5 161 

210 9.9 2.3 169 

225 9.9 2.5 173 

240 10.3 1.1 172 

255 10.5 1.9 170 

270 10.8 4.4 170 

285 9.7 4.8 176 

300 9.7 3.8 150 

315 9.9 3.6 143 

330 10.6 4.1 151 

^Data are averages for the 15 minute period preceding the stated 
time. 
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The rates of decay^ of methane and SFg in each of the four 

different periods are listed in Table 6. The SFg values are whole-

house averages when the methane was sampled in the return air duct 

(first and last period) and the average of zones 8 and 10 when methane 

was sampled at the bottom of the stairwell. Although the sample size 

for each test was too small for statistical analyses. Table 6 shows 

that excellent agreement was obtained, thus validating the accuracy of 

the equipment used to measure air exchange rates. 

Equipment to Measure Thermal and Mass Factors 
of Indoor Air Quality 

Measurements of the thermal factors of indoor air quality were 

performed with the following equipment: 

1, Dry-bulb temperatures were measured on occasion with calibrated 

mercury thermometers. But, in general, copper-constantan thermocouples 

were used with a Fluke 2204A datalogger (resolution of 0.1®C). 

2, Relative humidities were measured by combination of dry-bulb 

and wet-bulb temperatures. 

3, Air velocities were measured with a DISA 55D81 low velocity 

hot-wire anemometer with an accuracy of ± 1 cm/sec in the 0 to 30 cm/sec 

range [103]. 

The rates of decay were obtained as the negative of the slope of the 
plot of concentration versus time in a semilog plot. The equations 
for the lines were calculated using a least-squares fitting procedure. 
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Table 6. Rates of decay of methane and sulfurhexafluoride during 
calibration test 

Period Rate of Decay (ACH) 

(nin) 
Methane SFg 

(Janssen) (Maldonado) 

0 - 5 0  0.16 0.14^ 

60 - 170 0.32 0.33b 

180 - 240 0.11 0.10^ 

250 - 310 0.22 0.23* 

^Whole-house. 

'^Basement only. 
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Measurements of mass factors were performed with integrating . 

sensors : 

1. Formaldehyde measurements were performed with 3-M monitors 

(3-M reference number #3750) which has a resolution of 0.8 ppm x hours 

and a capacity of 72 ppm x hours (see Fig. 12). 

2. Radon measurements were performed with TERRADEX type B 

TRACK ETCH sensors (see Fig. 13), which have been extensively used in 

indoor radon monitoring programs [104]. 

3. Other gaseous contaminants were measured using colorimetric 

length-of-stain MSA tubes (available for carbon monoxide, carbon dioxide, 

sulfur dioxide, anmonia, ozone, and nitrogen dioxide) through which a 

sample is pulled by a constant-flow pump (see Figs. 14 and 15). 

4. Respirable suspended particulates were collected in an MSA 

gravimetric dust sampling kit (see Figs. 14 and 15). Samples were 

weighed in a Fisher microbalance with 5yg direct reading resolution 

(Ipg by visual interpolation). 
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Fig. 12. View of^the 3-M formaldehyde sensor 

Fig. 13. View of the TERRADEX TRACK ETCH radon sensor 
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Fig. 14. View of the MSA samplers for suspended particulates and 
gaseous contaminants 

Fig. 15. Detail of the MSA dust collector and colorimetric tube sampler 
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VALIDATION OF THE TRACER-GAS PROCEDURE 
TO LOCATE "HIGH-RISK" ZONES IN BUILDINGS 

This section will describe the measurements and results which were 

obtained in the Energy Research House to verify the assumptions and other 

statements made in a previous chapter. Also described and discussed are 

the data concerning the use of the procedure as proposed. 

Verification of Uniform Mixing in Rooms 

A major step in this procedure consists of locating the zones within 

a building which can be considered to be uniformly mixed. In an earlier 

section, it was hypothesized that rectangular rooms which were not too 

large could be considered to be uniformly mixed. This hypothesis was 

based on earlier reported data, although slight nonuniform mixing had 

also been reported under the same circumstances [73, 75]. However, for 

the purpose of indoor air quality evaluation, small spatial variations 

(e.g., 5%) of concentrations or thermal factors may be tolerated compared 

to the expected large variations (e.g., 100%) which could result in 

serious underestimation of risk to the occupants. Given these uncertain

ties, it was important to directly verify which spaces could or could 

not be treated as uniformly mixed in a residence. 

To do so, five spaces in the ERH were selected for multipoint 

analysis: the southwest bedroom in the upper level (characteristic of 

a small room), the living room in the middle level and the basement inthe 

lower level (characteristic of normal large sized rooms in a residence), 

the stairwell (characteristic of irregularly shaped spaces), and the 
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greenhouse (characteristic of rooms with high ceilings). Due to the 

limited number of available sampling ports (12), complete sets of data 

in the five rooms could not be obtained simultaneously. Thus, five 

separate tests were run in which different sampling locations were 

used. In all tests, SFg was injected into the forced air supply duct 

ahead of the supply fan to obtain a uniform concentration throughout the 

house. The gas was then allowed to decay with the central air fan de-

energized. The concentrations that were measured in all five tests and 

the locations where they were measured are shown in Figs. 16 thru 20^. 

A detailed analysis of these five tests will be done next, concentrating 

on each of the five spaces listed earlier in this paragraph, one at a 

time. Although comparisons were made between tests conducted at different 

times, analysis of the results included consideration that the air 

exchange rates were not the same in all tests due to different outdoor 

conditions. So, rather than comparing absolute magnitudes from test 

to test, comparisons of the patterns were made. To facilitate the 

comparison, at least one channel in each of the five spaces listed was 

monitored in tests #1 thru #4. 

Living room: Analysis of the uniformity of mixing within the 

living room was made in a two-step procedure. In test #1, shown in 

Fig. 16, six probes were placed in the living room, 1.6 m above the 

floor, to investigate horizontal variations of concentrations. Two of 

Hhese tests will subsequently be designated by test #1 thru test #5, 
respectively. 
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the probes were placed in the geometrical center of the east and west 

halves of the floor plan, and the remaining four were placed within 

10 cm of the four corners of the room. The samples were returned at 

floor level. In test #2, shown in Fig. 17, six probes were also placed 

in the living room, but three probes each were placed at the geometrical 

centers of the east and west halves of the floor plan at three different 

levels, i.e., 5 cm above floor level, 1.6 m above floor level, and 5 cm 

below ceiling level. The samples were returned at the same level where 

they were collected. Care was taken to avoid direct recirculation 

between collection and return air currents by placing the supply and 

return ports in opposite directions and 20 cm apart, horizontally, from 

each other. 

The concentrations of SFg measured at each of the six sampling 

locations within the living room in tests #1 and #2 are plotted 

separately in Figs. 21 and 22, respectively. In both cases, it can be 

seen that there was some scatter in the data obtained in the living room. 

Figure 22 shows that the west floor level tended to have the lowest 

concentration in the living room during test #2, and that the east 

ceiling level tended to have the highest concentration, but the dif

ferences were small. At the end of the monitoring period, the concen

trations in the six sampling locations in the living room. Fig. 22, 

varied from 1.99 to 2.07 ppm, which means that there was a 2% deviation 

from the midpoint of the range (2.03 ppm). Figure 21 shows no specific 

pattern to indicate a systematic nonuniformity in some part of the room. 
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Moreover, the deviation of concentrations at the end of the monitoring 

period represented 3% from the midpoint of the range, which is of the 

same order of magnitude as the previous case. 

Conversely, the concentrations throughout the house varied sub

stantially during these tests. In test #1, the concentrations at the 

end of the monitoring period varied from 0.21 ppm to 1.63 ppm and, in 

test #2, from 1.58 ppm to 2.53 ppm^. As summarized in Table 7, these 

variations correspond to deviations of 77% and 23% from the midpoint of 

the range, respectively. Thus, the variations that were measured in the 

living room were quite small with respect to the total variation that was 

measured within the house. Moreover, the scatter in the data obtained 

at the six points in the living room in both tests was of the same order 

of magnitude as the scatter obtained in tests conducted with the central 

air fan continuously on and all internal doors open, as shown in Fig. 23. 

In this latter case, the range of the concentrations was from 0.92 to 

0.98 ppm, or a deviation of 3% from the midpoint of the range. 

These results confirm earlier resports of measured nonunformities 

in rectangular rooms, but, given the relative mangitudes of the non-

uniformities "within a room" and "between rooms", it seems appropriate 

to assume that the living room was uniformly mixed during both tests. 

The maximum and minimum concentrations were known from trial tests 
conducted in the ERH to always occur in the southwest and north bedrooms 
(maximum) and lower greenhouse (minimum). Thus, these three locations 
were monitored in tests #1 thru #4. 



www.manaraa.com

82 

Table 7. Variation of concentrations throughout the Energy Research 
House during tests #1 and #2& 

Whole house Living room Greenhouse 

(12 probes) (6 probes) (2 probes) 

Test #1 

Test #2 

Fan on 
(Fig. 23) 

0.21-1.64 (77%) 

1.58-2.53 (23%) 

0.92-0.98 (3%) 

0.59-0.63 (3%) 

1.99-2.07 (2%) 

0.21-0.54 (44%) 

1.58-2.22 (17%) 

Values listed are minimum and maximum measured in the space. 
Values in parentheses are the relative magnitudes of the 
deviations from the midpoints of the ranges compared to the 
values of the midpoints of the ranges. 

Table 8. Concentrations of tracer gas at the end of the tests #3 and #4' 

Number of 
Samples 

Test #3 Test #4 

Stairwell 2 2.84-3.27 (7%) 2.64-2.87 (4%) 

Greenhouse 2 3.05-3.83 (11%) 2.47-2.95 (9%) 

Living room 2 3.10-3.14 (1%) 2.75-2.80 (1%) 

Basement 2 2.86-2.92 (1%) 2.56-2.57 (0%) 

Whole-house 12 2.84-4.98 (27%) 2.47-3.45 (17%) 

Values listed are minimum and maximum measured in the space. 
Values in parentheses are the relative magnitudes of the 
deviations from the midpoints of the ranges compared to the 
values of the midpoints of the ranges. 
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Greenhouse: One probe was placed in the upper level of the 

greenhouse and another at the lower level, both at 1.6 m above floor, 

in tests #1 thru #4 to investigate vertical variations in SFg concen

trations between the two levels. In Figs. 16 thru 19, the concentration 

of SFg in the upper level was higher than at the lower level of the 

greenhouse. At the end of the monitoring period, the deviations from the 

midpoint of the range ranged from a high of 44% in test #1 to a low of 

9% in test #4 (see Tables 7 and 8). These deviations represent strati

fication that was probably of thermal origin, as the average temperature 

at the upper level of the greenhouse in test #1 was 14.2°C and, at the 

lower level, the average was 12.1°C. Similar temperature differentials 

were observed in all tests. This stratification probably resulted from 

cold air infiltration^ which tended to move toward the lower level of 

the greenhouse while the warmer indoor air tended to remain at the upper 

level for a longer period. 

These results show that the greenhouse could not be considered 

uniformly mixed because large variations (up to 44%) in concentrations 

were detected. Thus, the greenhouse required more than a single sampling 

point in all tests to evaluate indoor air quality. 

Stairwel1 : One probe was placed in the upper portion of the 

stairwell 1.6 m above the upper landing and another in the lower portion, 

1.6 m above the lower landing, in both tests #3 and #4 to investigate 

^Average outdoor air temperature ranged from a high of 4°C in test #1 
to -5°C in test #4. 
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vertical variations in SFg concentrations within the stairwell. The 

deviations of the two measured concentrations in tests #3 and #4 were 

4% and 7%, respectively. Although this was a relatively small deviation, 

compared to the greenhouse, the concentrations in the upper level of the 

stairwell always remained higher than in the lower level, thus indicating 

that stratification was also present in this space. Thus, the stairwell 

could not be considered to be a uniformly mixed space. 

Basement: Two probes were placed in the geometrical centers of 

the east and west halves of the floor plan of the basement 1.6 m above 

floor level during tests #3 and #4. As shown in Table 8, the ranges of 

concentrations of SFg at these two points were similar to the ranges 

obtained from the two probes which were placed in corresponding positions 

in the living room during these two tests. Therefore, given the similar 

geometry of both basement and living room, it was concluded that the 

basement was also a uniformly mixed space. 

Southwest bedroom: Twelve probes were placed in the southwest 

bedroom at different positions and levels throughout the room to investi

gate horizontal and vertical variations of concentrations within this 

room. The results of this test (#5), shown in Fig. 20, indicate that, 

at the end of the monitoring period, the variation in concentration among 

the various sampling locations deviated only 1% from the midpoint of the 

range. This pattern and deviation was similar to that found in the 

living room. Thus, this room was concluded to be a uniformly mixed 

space. 
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In conclusion, the tests conducted to determine the validity of the 

"uniformly mixed spaces" assumption showed that, although differences 

occurred within rooms of rectangular shapes with low aspect ratios, these 

differences represented deviations of at most 3% from their mean values 

and, thus, small compared to the differences that occurred among the dif

ferent spaces of the house. These results obtained in the ERH confirm 

those reported in the literature [73, 74]. Thus, to evaluate indoor air 

quality in a residence, little error is committed by treating rectangular 

rooms with low aspect ratios as uniformly mixed spaces. Exceptions are 

those spaces which span more than one level in a house (typically 2.4 m 

high). In these spaces, large variations in concentrations can occur due 

to thermal stratification. 

Verification of the Consequences of the 
Use of the Central Air Fan 

Current practice is to measure whole-house air exchange rates by 

forcibly mixing the house with the central air fan, or with conveniently 

placed portable fans. In the ERH, tests indicate that this practice 

would result in overestimation of the air exchange rates. 

When the central air fan was not used and the greenhouse was 

isolated from the rest of the house, the lower part of the greenhouse 

consistently showed the highest air exchange among all zones within 

the ERH. This fact is clearly shown in Figs. 16 thru 19. However, 

when the greenhouse was isolated from the rest of the house by closing 

all of its doors^, and the central air fan was kept running, the decay 

^In the ERH, there was no forced air supply to the greenhouse. 



www.manaraa.com

87 

throughout the house was faster than at the lower level of the greenhouse, 

as shown in Fig. 24. 

Analysis of these results indicated that operation of the central 

air fan increased the rate of air exchange between the house and outdoors. 

The cause for this increase is not self-evident, but, at least in part, 

it appears that it was due to leakage through exhaust dampers in the 

ductwork. Although this situation may not be conrnon in most residences, 

it is certainly a factor that must be kept in mind when a measurement 

of air exchange rate is made in a building. 

Location of High-Risk Zones 

The high-risk zones in a building are those with the largest values 

of (q^/RV). To locate these zones, the concept of Relative Exposure 

Index (E) was introduced in a previous chapter . In that chapter, it 

was also hypothesized that similar conclusions could also be obtained 

from the air exchange rates (R) and ventilation efficiencies (e) deter

mined for the various zones of a building. The measurements that were 

taken in the ERH to determine values for R, e, and E will be detailed 

next. 

Measurement of zonal venti1ation efficiencies and air exchange rates 
with outdoors 

To measure R and e values in the ERH, SFg was introduced into the 

supply air duct just ahead of the central air fan, as shown in Fig. 9. 

Once an appropriate uniform concentration of SF^ ivss obtained throughout 

^Proposed procedure for indoor air quality evaluation. 
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the ERH, the central air fan was turned off, and all doors to the green

house were closed. The mechanical room door, the laundry room door, and 

the doors between the bedrooms and the hallway were also closed, but the 

bathroom doors were left open because the concentrations within those 

rooms were not monitored. The bathrooms were thus treated as a part of 

the stairwell, with which they were in direct communication. 

The decay of the SFg concentration in all zones was monitored for 

sufficient time to separate the effects of transients with short time 

constants. The zonal air exchange rates were obtained by determining 

the slope of the loglinear plot of concentration versus time for each 

zone (see Appendix A), and the zonal ventilation efficiencies were 

obtained from Eq. (10) in which the integrals of the concentrations were 

calculated by stepwise integration of the measured data. 

As the magnitudes of the air exchange rates and ventilation 

efficiencies depend on outdoor weather conditions (i.e., dry-bulb 

temperature, wind speed and wind direction), measurements of R and e 

values were made for five distinct outdoor weather patterns. The con

centrations of SFg measured during these five tests are shown in Figs. 

16 thru 19 and in Fig. 25^. For these five tests, the resultant zonal 

air exchange rates are listed in Table 9 and zonal ventilation effi

ciencies are listed in Table 10. 

Air exchange rates Analysis of the air exchange rates listed 

in Table 9 shows that there was a strong effect of wind speed and wind 

^Note that air exchange tests #1 thru #4 were obtained at the same time 
as uniformity of mixing tests #1 thru #4. 
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Table 9. Zonal air exchange rates 

Zones 
Air Exchange Rates (ACH) 

Test #1^ Test #2^ Test #3^ Test #4^ Test #5® 

Southeast — — 0.17 0.15 0.11 
bedroom 

Southwest 0.17 0.11 0.15 0.13 0.10 
bedroom 

North 0.22 0.11 0.23 0.14 0.11 
bedroom 

Upper 0.27 0.13 0.22 0.15 0.12 
stairwell 

East living 0.30 0.13 0.23 0.14 0.14 
room 

West living 0.29 0.13 0.22 0.14 0.14 
room 

Kitchen — — 0.22 0.15 0.13 

Lower — — 0.23 0.14 0.14 
stairwell 

West — — 0.24 0.14 0.17 
basement 

East 0.33 0.13 0.24 0.14 0.16 
basement 

Upper 0.29 0.13 0.23 0.15 0.13 
greenhouse 

Lower 0.29 0.12 0.28 0.14 0.17 
greenhouse 

*See Fig. 16. 

bgee Fig. 17. 

^See Fig. 18. 

^See Fig. 19. 

Hee Fig. 25. 
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Table 9. Continued 

Air Exchange Rates (ACH) 
Zones : r 3 r 

Test #1® Test §2° Test #3^ Test #4° Test #5^ 

Average Indoor Temperature (°C) 

Upper level 16.1 18.8 20.3 16.6 19.2 

Middle level 16.0 18.5 20.2 15.8 19.3 

Lower level 16.4 19.2 20.5 15.8 19.0 

Upper 
greenhouse 

14.2 15.7 26.0 11.9 20.7 

Lower 
greenhouse 

12.1 13.8 22.1 10.1 19.0 

Average 
Outdoor 
Temperature 
(°c) 

4.1 -0.4 6.6 -4.8 1.7 

Average wind 
speed (m/s) 

5.8 0.4 3.8 5.8 2.7 

Prevalent ESE SSE W ENE SE 
wind 
direction^ 

^Wind blowing from the direction listed. 



www.manaraa.com

92 

Table 10. Zonal ventilation efficiencies 

Zone 
Ventilation Efficiencies® 

Zone 
Test Test #2^ Test #3^ Test #4® Test #5^ 

Southeast 
bedroom 

— —  0.80 0.90 0.85 

Southwest 
bedroom 

0.60 0.91 0.88 0.81 0.82 

North 
bedroom 

0.74 0.88 0.88 0.82 0.84 

Upper 
stairwell 

0.92 0.99 0.95 0.95 0.96 

East living 
room 

1.00 1.00 0.99 1.00 1.00 

West living 
room 

1.00 1.00 1.00 1.00 1.00 

Ki tchen — —  1.00 0.99 0.98 

Lower 
stairwell 

—  —  1.06 1.05 0.97 

West 
basement 

— —  1.04 1.07 1.06 

East 
basement 

1.45 1.12 1.05 1.09 1.05 

Upper 
greenhouse 

1.05 0.95 0.88 0.96 1.22 

Lower 
greenhouse 

2.92 1.22 0.96 1.16 1.11 

See Table 9 for average indoor temperatures and outdoor weather 
conditions. 
All values are referenced to the west living room, which was 
chosen due to its central location in the Energy Research House. 

^tee Fig. 16. 

See Fig. 17. 

^See Fig. 18. 

®See Fig. 19. 

^See Fig. 25. 
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direction upon the magnitudes of the air exchange rates: 

1. In test #1, the wind had the same speed as in test #4. As the 

temperature difference between indoors and outdoors was larger in test #4, 

it would be expected that, if directional effects did not exist, larger 

air exchange rates would have been obtained in test #4 than in test #1. 

However, the opposite occurred, which indicated that the ERH was more 

susceptible to east-southeast winds than to east-northeast winds. 

Although these two wind directions are separated by only 45°, the 

difference in air exchange rates may be due to the design of the ERH, 

which attempted to shield the house from the prevalent winterly northwest 

winds [99], and to the shielding effect of the garage which is located to 

the northeast of the ERH. 

For practical purposes, test #4 had a similar behavior as test #2, 

in which there was little wind: in both cases, the ratio of the maximum 

to the minimum air exchange rates was 1.2. Conversely, in the other 

three cases, the ratios varied from 1.7 to 1.9, an increase in range of 

about 50%. 

2. In tests #1, #3, and #5, similar patterns of air exchange rates 

were observed: the lowest air exchange rates occurred in the upstairs 

bedrooms and the highest rates occurred in the lower level. Moreover, 

the magnitudes of the air exchange rates increased as the wind speed 

increased. 

Ventilation efficiency The values of the ventilation efficiencies, 

listed in Table 10, were less dependent on wind characteristics, as, most 



www.manaraa.com

95 

of the time, the zones in the upper level had ventilation efficiencies 

smaller than unity and those in the lower level had values greater than 

unity. However, some wind dependency was evidenced by the fact that the 

lowest ventilation efficiency always occurred in the upper level zone 

furthest downwind: the southwest bedroom had the lowest e in tests #1, 

#4, and #5, when the wind came from the east-southeast, east-northeast, 

and southeast, respectively; the north bedroom had the lowest s in test 

#2, when the wind came from the south-southeast; and the southeast bed

room had the lowest s in test #3, when the wind came from the west. 

In conclusion, given the sensitivity of R and e values to the 

direction of the wind, all studies involving replicate tests should be 

performed under similar wind conditions. 

Measurement of the zonal values of the Relative Exposure Index 

In this section, the measurements that were made to obtain zonal 

values of the Relative Exposure Index will be described. The procedure 

consisted of releasing bottled SFg at 4 psi (0.27 atm) above atmospheric 

pressure for 30 seconds in a particular zone. This amount of SFg was 

chosen because it resulted in adequate values of SFg concentrations in 

the house, but results should be independent of the amount of SF used. 
5 

Subsequently, the concentrations of SFg throughout the ERH were monitored 

for periods of 6 to 20 hours following the tracer gas release. 

Figure 26 shows the results of such a test (#7) when the gas was 

released in the lower level of the greenhouse^. Inmediately following 

lln this figure, and in the next four figures, only typical channels are 
shown. All other channels behaved like one of those shown and, therefore, 
were omitted for simplicity of reading. 
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the gas release, the concentration in the lower greenhouse rose to high 

levels. In the other zones, the rise was slower, requiring from 35 

minutes (in the basement) to 3 hours (in the southeast bedroom) to reach 

peak concentrations. Also, the longer rise times resulted in lower peak 

concentrations. After the peaks were reached, the concentrations decreased 

at different rates. In the zones with large early peaks, a high rate of 

decay occurred initially due to the exchange not only with outdoors but 

also with all the other zones in the house. Once all time-to-peak con

centrations were reached, the decay rate in each zone was slower. This 

test thus confirmed that, even though actual contaminant production, q, 

took place only in the lower level of the ERH, effective contaminant 

generation, q^, took place in all zones of the ERH due to the natural 

air movement which existed between zones. 

Quantification of the effective zonal generation rates was done 

through evaluation of the integral in Eq. (19): 

where t^ is the length of the monitoring period. Following the end of 

the monitoring period, the concentrations were approximated by equations 

of the form: 

(24) 

I n  C  =  I  - S t  (25) 

which were obtained by least-squares fitting of the last portion of the 

decay curves. The values of the slope are identified as S rather than 
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R because these decay rates result not only from air exchange with 

outdoors, but also from interzonal exchanges due to the lack of uniform 

mixing in these tests. The value of the Relative Exposure Index (E) for 

each zone, as defined by Eq. (21), was calculated using for the reference 

value the integrated area obtained at the zone where the tracer-gas was 

released. 

For the test shown in Fig. 26, the results obtained by this method 

are summarized in Table 11. These results show that, when actual con

taminant generation occurred in the lower level of the ERH, the critical 

zones were in the upper level of the house. In this particular test, 

the southwest bedroom was the critical zone, but the comments on wind 

directionality made in the previous section should also be applicable 

to this test. In other words, the critical zones in other tests were 

those furthest downwind in the upper level of the ERH. 

It should be realized that these Relative Exposure Index values are 

weather dependent because of the corresponding changes in R values. When 

the test shown in Fig. 26 was conducted, the wind was from the south-

southeast at 4.3 m/s, and the outdoor temperature averaged -7.1°C. The 

air exchange rates (S), as listed in Table 11, are indeed in agreement 

with those listed in Table 9. The differences can be explained by the 

interzonal air exchanges: the lower values of S for the zones in the 

lower level were caused by transfer of SFg from the higher levels during 

the last portion of the test. 
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Table 11. Zonal values of the Relative Exposure Index for tracer-gas 
injection in the lower greenhouse (test #7)^ 

Zone 
Tb 

(°C) 

SC 

(ACH) 

iC Ai^ A2^ 
(ppm.min)(ppm-min 

A^ 

)(ppm.min) 

E= 

Southeast 
bedroom 

13.7 0.216 1.78 868 252 1120 1.13 

Southwest 
bedroom 

14.2 0.191 1.62 928 302 1230 1.24 

North 
bedroom 

14.1 0.210 1.65 918 241 1159 1.17 

Upper 
stairwell 

14.4 0.256 1.45 921 109 1030 1.04 

East living 
room 

13.7 0.262 1.34 795 90 885 0.89 

West living 
room 

14.1 0.245 1.27 809 105 914 0.92 

Ki tchen 14.3 0.245 1.27 847 104 951 0.96 

Lower 
stairwell 

13.2 0.203 0.61 761 93 854 0.86 

West 
basement 

13.4 0.181 0.37 772 100 872 0.88 

East 
basement 

13.1 0.187 0.44 839 98 937 0.95 

Upper 
greenhouse 

12.4 0.234 1.32 997 126 1123 1.13 

Lower 
greenhouse 

10.1 0.157 0.17 775 116 991 1.00 

^The length of the monitoring period was 8-1/2 hours. The wind was 
from the SSE at 4.3 m/s and the average outdoor air temperature was 
-7.1°C. 

^Average zone temperature during the test. 

^See Eq. (25). Values are least-squares fits for the period > 360 
minutes in Fig. 26. 

^Eq. (24) is represented by A= Ai+ A2; Ai was obtained by piecewise 
integration and A2 by calculation of [1/S e(I-St)]^ 

®The reference is the A-value for the lower greenhouse. 
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To provide some degree of assurance that E values were somewhat 

similar for similar wind direction but different wind speed and outdoor 

temperature, another test (#8) was run. In this test, the southeast 

wind was at 1.8 m/s, and the average outdoor temperature was 2.3°C. 

Another purpose of test #8 was to evaluate the effect of different 

lengths of monitoring periods upon the values of the Relative Exposure 

Index. Thus, test #8 was conducted for 20 hours to compare the values 

of the Relative Exposure Index obtained with the full 20 hours of data 

with those obtained from the same test but evaluated with only the first 

8-1/2 hours of data. The concentrations measured during test #8 are 

shown in Fig. 27. 

Table 12 lists the calculated values of E as if the test had only 

been 8-1/2 hours long as in the previous case (Fig. 26). Table 13 lists 

the corresponding values taking into account the whole test^. Comparison 

of the total integrated areas from both tables shows that there was good 

agreement for the largest areas but as much as 20% error in estimation 

took place at the smallest areas. This error was probably due to the 

uncertainty in the air exchange rate due to wind changes 12 hours after 

the onset of the test. So, despite the desirability of long testing 

periods, the variability of the outdoor weather also poses a problem that 

indicates that the use of shorter periods might be more appropriate. 

Moreover, except for some variability in the magnitudes of the Relative 

^The value of the air exchange rates (S) are smaller in Table 13 because 
the wind was calm during the last 8 hours of the study. 
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Table 12. Values of the zonal Relative Exposure Index for tracer-gas 
injection in the lower greenhouse (test #8—8-1/2 hour case) 

Zone T" 
(°C) 

s"-

(ACH) 

l \ l °  A2° A" 

(ppm.min)(ppm«min)(ppm«min) 

Southeast 
bedroom 

Southwest 
bedroom 

North 
bedroom 

Upper 
stairwell 

East living 
room 

West living 
room 

Ki tchen 

Lower 
stairwell 

West 
basement 

East 
basement 

Upper 
greenhouse 

Lower 
greenhouse 

17.4 

17.5 

17.6 

18.4 

18.4 

18.6 

19.0 

17.5 

17.9 

17.5 

16.5 

12.9 

0.104 

0.102 

0.123 

0.125 

0.126 

0.123 

0.124 

0.148 

0.157 

0.136 

0.109 

0.167 

1.89 

1.86 

1.99 

1.83 

1.81 

1.80 

1.78 

1.84 

1.84 

1.67 

1.76 

1.60 

1751 1584 3335 

1697 1595 3292 

1910 1258 3168 

1785 1028 2813 

1723 

1789 

1818 

998 2721 

1739 1040 2779 

631 2420 

2079 1260 3339 

1.30 

1.29 

1.24 

1.10 

1.06 

1.09 

1749 997 2746 1.07 

1677 719 2396 0.94 

0.95 

740 2558 1.00 

2126 433 2559 

1.30 

1.00 

The wind was from the SE at 1.8 m/s, and the average outdoor air 
temperature was 2.3°C. 

'Average zone temperature during the test. 

'See Eq. (25). Values are least-squares fits for the period 300-
510 minutes in Fig. 27. 

%q. (24) is represented by A = Ai + A2; Aj was obtained by piecewise 
integration and Az by calculation of [1/S e(I-St)]. 

'The reference is the A-value for the lower greenhouse. 
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Table 13. Values of the zonal Relative Exposure Index for tracer-gas 
injection in the lower greenhouse (test #8—20 hour case)^ 

Zone 
(°C) (ACH) 

1= 
Al^* 

(ppm.min )(ppm.min)(ppm.min) 

E® 

Southeast 
bedroom 

16.1 0.085 1.60 2800 631 3431 1.08 

Southwest 
bedroom 

16.3 0.093 1.67 2702 534 3236 1.02 

North 
bedroom 

16.3 0.086 1.53 2870 581 3451 1.09 

Upper 
stairwell 

16.9 0.075 1.30 2677 659 3336 1.05 

East living 
room 

16.8 0.074 1.25 2574 649 3223 1.02 

West living 
room 

16.9 0.074 1.27 2604 640 3244 1.03 

Kitchen 17.3 0.072 1.23 2586 673 3259 1.03 

Lower 
stairwell 

16.0 0.064 0.99 2415 695 3110 0.98 

West 
basement 

16.4 0.060 0.88 2438 111 3155 1.00 

East 
basement 

16.1 0.060 0.87 2449 722 3171 1.00 

Upper 
greenhouse 

13.9 0.085 1.37 2899 514 3413 1.08 

Lower 
greenhouse 

11.8 0.056 0.66 2492 672 3164 1.00 

®The wind was from the SE at 1.8 m/s, and the average outdoor air 
temperature was 2.3°C. 

Average zone temperature during the test. 

^See Eq. (25). Values are least-squares fits for the period > 720 
minutes in Fig. 27. 

*^Eq. (24) is represented by A = Ai + A2; was obtained by piecewise 
integration and Ag by calculation of [1/S e(I-St)]. 

®The reference is the A-value for the lower greenhouse. 
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Exposure Index, the critical zones were consistently the same: the zones 

in the upper level of the ERH. 

Other similar tests were run in which the tracer-gas was released in 

the basement, living room, and southwest bedroom to check for the respec

tive zonal E values. Results of these tests are shown in Figs. 28, 29, 

and 30, respectively, and the results are listed in Tables 14 thru 16. 

All these tests were run when the wind was within 45® from the southeast. 

Analysis of these and the previous results leads to the following 

observations: 

1. In all cases, as shown in Table 17, the high-risk zone obtained 

from the E values either occurred in the zone where the gas was released 

or in a zone which had lower air exchange rate and lower ventilation 

efficiency than the zone of release, as obtained in test #6. When the 

gas was released in the southwest bedroom, the zone with the lowest air 

exchange rate and ventilation efficiency within the house for southeast 

winds (see Table 9), very little tracer gas penetrated the remainder of 

the house and the southwest bedroom was indeed the highest-risk zone in 

the house. When the gas was released in the basement and in the living 

room, only very minor increases on the values of the Relative Exposure 

Index over its value in the zone of release occurred. The maximum 

increase when the gas was released in the basement occurred in the 

southeast bedroom, and when the gas was released in the living room, 

the maximum increase occurred in the upper stairwell. 
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Table 14. Values of the zonal Relative Exposure Index for tracer-gas 
injection in the basement (test #9)^ 

Tb SC IC A/ 0
. 

Ad E® 

(°c) (ACH) (ppm «min )(ppm«min)(ppm.min) 

Southeast 
bedroom 

16.6 0.260 1.94 825 366 1191 1,01 

Southwest 
bedroom 

15.9 0.194 1.64 641 531 1172 0.99 

North 
bedroom 

15.1 0.195 1.33 578 388 966 0.82 

Upper 
stai rwel1 

16.2 0.382 2.17 989 158 1147 0.97 

East living 
room 

17.2 0.358 2.04 950 169 1119 0.95 

West living 
room 

17.1 0.357 2.05 954 172 1126 0.95 

Kitchen 15.9 0.352 2.08 947 171 1118 0.95 

Lower 
stairwell 

16.7 0.328 1.67 910 149 1059 0.90 

West 
basement 

17.3 0.293 1.50 1009 174 1183 1.00 

East 
basement 

17.3 0.295 1.51 989 172 1161 0.98 

Upper 
greenhouse 

18.2 0.322 1.91 837 203 1040 0.88 

Lower 
greenhouse 

17.0 0.320 1.61 801 153 954 0.81 

^The wind was from the east at 4.9 m/s, and the average outdoor air 
temperature was -3.6°C. 

Average zone temperature during the test. 

^See Eq. (25). Values are least-squares fits for the period >210 
minutes in Fig. 28. 

(24) is represented by A = ki + A2» was obtained by piecewise 
integration and A2 by calculation of [1/S e(I"St)], 

®The reference is the A-value for the west basement. 
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Table 15. Values of the zonal Relative Exposure Index for tracer-gas 
injection in the living room (test #10)& 

Zone S'= f  A/ A2'' A"" E® 

(°C) (ACH) Cppm.min)(ppm.min)Cppm.min) 

Southeast 
bedroom 

18.1 0.178 2.32 1386 674 2060 0.87 

Southwest 
bedroom 

18.5 0.170 2.27 1294 723 2017 0.85 

North 
bedroom 

16.6 0.200 2.56 1638 624 2262 0.95 

Upper 
stairwell 

17.6 0.304 3.11 2217 274 2491 1.05 

East living 
room 

17.1 0.314 2.95 2114 153 2267 0.96 

West living 
room 

17.4 0.284 2.78 2118 252 2370 1.00 

Kitchen 17.6 0.320 3.08 2213 217 2430 1.03 

Lower 
stairwell 

16.5 0.322 2.49 1846 118 1964 0.83 

West 
basement 

16.9 0.313 2.32 1768 111 1879 0.79 

East 
basement 

16.7 0.336 2.52 1770 102 1872 0.79 

Upper 
greenhouse 

19.7 0.252 2.51 1728 293 2021 0.85 

Lower 
greenhouse 

15.6 0.214 1.14 1515 124 1639 0.69 

^The wind was from the south at 30 m/s, and the average outdoor air 
temperature was 0.5°C. 

^Average zone temperature during the test, 

''See Eq. (25). Values are least-squares fits for the period > 450 
minutes in Fig. 29. 

^Eq. (24) is represented by A = Ai + A2; Ai was obtained by piecewise 
integration and A2 by calculation of [1/S e(I-St)], 

®The reference is the A-value for the west living room. 
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Table 16. Values of the zonal Relative Exposure Index for tracer-gas 
injection in the southwest bedroom (test #11)3 

Tb SC ic Aid Ad EG 

(°c) (ACH) (ppm.min)(ppm-min)(ppm-min) 

Southeast 
bedroom 

22.2 0.151 1.60 713 530 1243 0.17 

Southwest 
bedroom 

21.9 0.234 3.53 6286 1142 7428 1.00 

North 
bedroom 

20.4 0.088 1.05 718 915 1633 0.22 

Upper 
stairwell 

20.8 0.158 1.50 896 433 1329 0.18 

East living 
room 

20.4 0.189 1.55 805 288 1093 0.15 

West living 
room 

20.7 0 200 1.61 822 265 1087 0.15 

Kitchen 20.7 0.176 1.52 824 341 1165 0.16 

Lower 
stairwell 

19.0 0.221 1.55 587 189 776 0.10 

West 
basement 

19.3 0.275 1.87 541 131 672 0.09 

East 
basement 

19.1 0.293 2.00 542 120 662 0.09 

Upper 
greenhouse 

23.8 0.172 0.75 395 166 561 0.08 

Lower 
greenhouse 

20.8 0.436 2.26 351 30 381 0.05 

®The wind was from the south at 1.8 m/s, and the average outdoor air 
temperature was -9.7°C. 

^Average zone temperature during the test. 

^See Eq. (25). Values are least-squares fits for the period > 360 
minutes in Fig. 30. 

^Eq. (24) is represented by A = Ai + A2; Ai was obtained by piecewise 
integration and A2 by calculation of [l/S evI-St)]. 

®The reference is the A-value for the southwest bedroom. 
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Table 17. High-risk zones in the Energy Research House for different 
locations of tracer-gas release 

Zone of 
Tracer-Gas 

Release 

Highest-
Risk 
Zone 

Air Exchange 
Rates (ACH)2 

Highest-
Zone of Risk 
Release Zone 

Ventilation 
Efficiencies® 

Highest-
Zone of Risk 
Release Zone 

Lower 
greenhouse^ 

Basement^ 

Southwest 
bedroom^ 

Southeast 
bedroom^ 

0.17 

0.16 

0.10 

0.11 

1.11 

1.05 

0.82 

0.85 

Livi ng 
roomG 

Upper 
stairwell® 

0.14 0.12 1.00 0.96 

Soutwest 
bedroomf 

Southwest 
bedroomf 

0.10 0.10 0.82 0.82 

^From test #6 (see Table 9). This case was chosen because of 
similarity of weather conditions with all cases shown here. 

^From test #6 (see Table 10). 

''From test #7 (see Table II). 

^From test #9 (see Table 14). 

®From test #10 (see Table 15). 

^From test #11 (see Table 16). 
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2. As shown in Table 18, values of E greater than unity usually 

occurred in zones with lower air exchange rates and ventilation 

efficiencies than those in the zone where the tracer gas was released. 

This result supports the hypothesis that contaminant monitoring need 

only take place in the zone of production and in zones with lower air 

exchange rates or ventilation efficiencies. 

3. As shown in Table 18, zones which had similar air exchange rates 

and ventilation efficiencies usually had also similar E values: 1) the 

three upstairs bedrooms were within 10% of each other in most tests; 2) 

the upper stairwell and the middle level zones always formed a consistent 

group and seldom differed more than 5%; 3) the lower level zones (except 

the greenhouse) were also very close to each other in all tests. Con

versely, typical E values for each of these groups of zones usually 

differed considerably from each other, up to 30%^. Therefore, a single 

monitoring point should suffice for each group of zones. 

4. In conclusion, combining observations 2 and 3, contaminant 

monitoring should only be needed in the zone of production and in the 

zone with lowest air exchange rate and lowest ventilation efficiency. 

One of these two zones will be the highest-risk zone for the contaminant 

under study. Thus, a single tracer gas study such as outlined in the 

previous section together with the determination of where contaminants 

are generated should suffice to locate the highest-risk zones in a 

building. 

^See test when injection was in the greenhouse, where the range of E 
values was 0.86-1.24. 
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Table 18. Summary of air exchange rates, ventilation efficiencies, 
and Relative Exposure Indices in the Energy Research House 
for southeast winds 

Zone R 

(ACH) Lower Basement Living Southwest 
Green
house® 

Room® Bedroom® 

Southeast 
bedroom 

0.11 0.85 1.13 1.01 0.87 0.17 

Southwest 
bedroom 

0.10 0.82 1.24 0.99 0.85 1.00 

North 
bedroom 

0.11 0.84 1.17 0.82 0.95 0.22 

Upper 
stairwell 

0.12 0.96 1.04 0.97 1.05 0.18 

East living 
room 

0.14 1.00 0.89 0.95 0.96 0.15 

West living 
room 

0.14 1.00 0.92 0.95 1.00 0.15 

Kitchen 0.13 0.98 0.96 0.95 1.03 0.16 

Lower 
stai rwel1 

0.14 0.97 0.86 0.90 0.83 0.10 

West 
basement 

0.17 1.06 0.88 1.00 0.79 0.09 

East 
basement 

0.16 1.05 0.95 0.98 0.79 0.09 

Upper 
greenhouse 

0.13 1.22 1.13 0.88 0.85 0.08 

Lower 
greenhouse 

0.17 1.11 1.00 0.82 0.69 0.05 

Location where the tracer-gas was released. 
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Contaminant Measurements 

The purpose of the measurements described in this section was to 

try to confirm the results of contaminant distributions observed through

out the ERH that were obtained using the concept of Relative Exposure 

Indices (E). Exact quantification for indoor air quality evaluation 

was not desired and thus, relative rather than absolute magnitudes of 

the concentrations were desired. 

The Energy Research House (ERH) is an all-electric house and the 

only occupancy was occasional visits by research teams. Under these 

circumstances, there were only small amounts of combustion-generated 

contaminants. To overcome this difficulty, combustion-related con

taminants were generated by having a volunteer smoke two cigarettes 

per hour for three hours in the living room. The central air fan was 

kept off during the three sessions that took place. The concentrations 

of carbon monoxide, carbon dioxide, and nitrogen dioxide, which are 

three of the most common combustion-generated contaminants, were 

monitored in the living room and in the southwest bedroom. These two 

zones were the zones of production and lowest air exchange rate, 

respectively. Due to the availability of only one MSA pump to measure 

the concentrations of the three contaminants previously noted, 

monitoring took place during sequential periods of three hours of 

smoking and four subsequent hours in each of the locations. The 

measured concentrations of carbon monoxide, carbon dioxide, and nitrogen 

dioxide are listed in Table 19. 
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Table 19. Concentrations of the smoking-related contaminants in the 
Energy Research House* 

Hours 1-3 Hours 4-7 

CO2 CO NO2 CO2 CO NO2 
(%) (ppm) (ppm) i%)  (ppm) (ppm) 

Session #1 

Living room 0.09 2.9 0.06 — —  —  

Southwest 
bedroom 

— —  —  - 0.06 2.2 0.03 

Session #2 

Living room — —  - - 0.11 3.8 0.05 

Southwest 
bedroom 

0.08 2.9 0.08 — — - —  —  

Session #3 

Living room 0.08 5.0 0.06 — 

Southwest 
bedroom 

0.11 7.5 0.02 

^Two cigarettes/hour smoked in the living room for the first 
three hours. 
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The results show that, in most cases, the concentrations in the 

living room were generally higher than in the southwest bedroom, but 

their values were similar in magnitude. This confirms the values listed 

in Table 15, as the values of the Relative Exposure Index were larger 

in the living room than in the southwest bedroom. 

The only contaminants that were normally produced in the greenhouse 

were thought to be formaldehyde and radon. Formaldehyde could have been 

released by a number of varnishes and wood finishes which were common 

throughout the ERH. Radon could have been introduced by exhalation 

through concrete walls, in particular in the basement. 

Formaldehyde was believed to be produced almost uniformly throughout 

the house. Thus, the highest-risk zone should have been in the upper 

level. Samples were collected in the greenhouse, the living room, and 

the southwest bedroom. The results, listed in Table 20, confirm the 

earlier conclusion that more contaminant should be collected in zones 

with lower air exchange rates and ventilation efficiencies when uniform 

generation occurs within the house. Following this test, the floor of 

the living room was resurfaced, which was believed to increase formalde

hyde levels in the ERH. More samples were thus collected, this time 

only in the living room and southwest bedroom. The results, listed in 

Table 21, show that an increase did indeed occur, but levels were still 

well below the 0.1 ppm level listed in Table 2. However, the concen

trations were once again higher upstairs. 
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Table 20. Formaldehyde concentrations in the Energy Research House 

a :  '  

Greenhouse 36 1.9 0.03 

Living room 36 2.1 0.03 

Southwest bedroom 36 2.5 0.03 

Table 21. Formaldehyde concentration in the Energy Research House 
following resurfacing of the living room floor 

Sample 
Location 

Sampling 
Time 
(hrs) 

Wei ght 
Collected 

(yg) 

Concentration 
(ppm) 

Living room 

Living room 

Living room 

Southwest bedroom 

Southwest bedroom 

Southwest bedroom 

12 

24 

36 

12 

24 

36 

< 1.5* 

1.87 

2.51 

1.65 

2.34 

4.30 

< 0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

®1.5 ug is the minimum detectable weight for this monitor. 
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Finally, radon was monitored in the basement, where the rate of 

production was assumed to be the highest, and in the southwest bedroom, 

where the air exchange rate and ventilation efficiency were the lowest. 

Contrary to the previous tests, the central air fan could not be disabled 

during the exposure due to its length (36 days). The results indicated 

3.17 pCi/1 in the southwest bedroom and 2.21 pCi/1 in the basement. The 

higher value obtained in the southwest bedroom should be interpreted as 

a combination of two phenomena: on the one hand, radon generation in 

the basement should result in similar concentrations in the basement 

and in the southwest bedroom, as shown by the magnitude of the Relative 

Exposure Indices listed in Table 14; on the other hand, when the central 

air fan was on (intermittently), the net generation of radon was made 

uniform throughout the house and, thus, higher concentrations should be 

expected in zones with lower air exchange rates and ventilation 

efficiencies (i.e., the southwest bedroom). 

In conclusion, all these measurements confirmed that sampling only 

in the zone where the contaminants are produced may not be enough to 

correctly characterize the exposure of the occupants. Monitoring 

should thus also take place in the zone of lowest air exchange rate 

and lowest ventilation efficiency to ensure that the highest-risk zone 

in the building is identified. 
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FIELD VALIDATION 

Introduction 

The two main purposes of this section are, first, to verify the 

feasibility of practical field use of the proposed indoor air quality 

evaluation procedure and, second, to gather data from other types of 

buildings for comparison with the results obtained in the ERH. Because 

energy-efficient buildings are more likely to have indoor air quality 

problems due to their usually lower air exchange rates, only this type 

of building was studied. Futhermore, all four buildings selected 

were single-family residences. 

For all residences, the procedure consisted of performing the 

multipoint tracer gas test as described earlier^ to quantify the air 

exchange rates and ventilation efficiencies in the various uniformly 

mixed zones throughout each building. The zones where contaminants were 

generated or released were located by physical examination of the 

building and from the results of a questionnaire that the building 

occupants were asked to complete. This questionnaire, given in 

Appendix A, inquired about typical house activities and products used 

that might affect indoor air quality, and was used to determine the 

zones which were normally occupied. On a subsequent day, contaminant 

measurements were performed in the zone with the lowest air exchange 

^In chapter "Proposed Procedure for Indoor Air Quality Evaluation". 
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rate and ventilation efficiency and in the zone where each contaminant 

was released at the highest rate. 

The main characteristics of the four residences that were tested 

are summarized in Table 22. 

House #1 

This house was located in Ames, Iowa. Its floor plan is schema

tically shown in Fig. 31. It was a house designed to satisfy a portion 

of its energy requirements by passive collection of solar energy. To 

do so, the south facade included a large glazed area, the east part of 

which formed an attached greenhouse. This house had no central forced 

air distribution system except for a ceiling fan located in the upper 

level just west of the greenhouse. The backup heating system was a 

perimeter hot-water baseboard radiating/convecting system fueled by 

propane. Air-to-air heat exchangers were located in the two bathrooms 

and in the kitchen. 

Eleven sampling locations were used for the tracer gas study. 

These locations are listed in Table 23. Tracer gas was injected into the 

kitchen and mixed throughout the house through the use of the ceiling 

fan. Although this method is not as effective as a central air distri

bution system to obtain complete mixing uniformity, good results were 

obtained with the ceiling fan except in the basement, which never 

reached the same concentration of SFg as the rest of the house. However, 

as the basement was not a normally occupied part of the house, no special 

effort was made to obtain the same concentration in the basement as in 

the rest of the house. 



www.manaraa.com

121 

Table 22. Summary of the characteristics of the houses tested in the 
field validation 

House #1 House #2 House #3 House #4 

Number of 
stories^ 

3 2 2 2 

Net floor 
area (mr)" 

190 320 230 150 

Primary 
heati ng 
system 

solar gas 
furnace 

gas 
furnace 

gas 
furnace 

Secondary 
heating 
system 

perimeter 
hot water 

wood stove portable 
electric 

heater 

Ai r 
Conditioning 

1 
wi ndow 

unite 

central central central 

Kitchen range electric gas gas gas 

Number of 
occupants 

2 2 6 2 

Comments 3 
heat . 

exchangers 

1 
heat 

exchanger® 
exhaust fans 
in baths 

^Including basement. 

''includes finished basement. 

''Located in the bedroom. 

^Air-to-air heat exchangers located in the kitchen and in the two 
bathrooms. 

^Air-to-air heat exchanger connected to the central air system. 

^Wired in parallel with light switch. 
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Fig. 31, Floor plan of house #1 
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Table 23. Results from the tracer-gas study for House #1? 

Zone 
Tb R A: d 

Zone (°C) (ACH) (ppm.min) e 

Lower hallway 16.3 0.27 599 0.98 

Ki tchen 17.4 0.24 585 1.00 

Living room 17.1 0.27 613 0.95 

Laundry 16.2 0.26 596 0.98 

Basement 15.4 0.26 487 __e 

Bedroom 17.2 0.25 626 0.93 

Upper studio 17.7 0.26 647 0.90 

Upper hallway 17.8 0.25 607 0.96 

Lower bathroom 21.4 0.28 521 1.12 

Upper bathroom 16.8 0.33 390 1.50 

Greenhouse 13.8 0.26 589 0.99 

^Test conducted with calm wind and average outdoor temperature of 
-2°C. 

^Average temperature during the study. 

^Integral of the measured concentrations during the test. 

'^Ventilation efficiency as per Eq. (10). The reference zone was 
arbitrarily taken as the kitchen. 

®This value is not significant because the initial concentration 
in the basement was lower than in the rest of the house. 
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The decay of SFg in typical zones is shown in Fig. 32^. The values 

of the zonal air exchange rates and ventilation efficiencies obtained 

from the test are listed in Table 23. 

The results of the tracer gas study show that the largest air 

exchange rates and ventilation efficiencies occurred in the two bath

rooms, particularly in the upper level. The reason for such high 

2 values is probably leaky ducting for the air-to-air heat exchangers . 

Although all the air exchange rates except that in the upper level 

bathroom were similar (0.24 to 0.28 hr"^), the ventilation efficiency 

in the zone where the third heat exchanger was located was also the 

third highest. This indicated that ducting to the heat exchangers was 

the major cause of infiltration air to this house. 

As most of the house had similar air exchange rates, the highest-

risk zone in the house was that which had the lowest ventilation 

efficiency, i.e., the upper level studio. To determine contaminant 

monitoring locations in addition to this zone, contaminant generation 

locations had to be identified. Except for cooking, any other 

contaminant was assumed to be uniform throughout the house . In addition. 

^Due to a malfunction of the data-acquisition equipment, the first 45 
minutes of the data were not recorded. 

2 The leak in the upper level bathroom resulted in an easily felt cold 
draft. 

3 Radon was not monitored in the field studies due to the length of time 
required by the TERRADEX sensors. In an actual field test, the sensor(s) 
could be placed in the appropriate location when other contaminants 
were being monitored. TERRADEX sensors come with adequate mailing 
materials and, thus, the sensors could then be mailed on the correct 
date by the house occupant. 
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contaminants related to cooking were associated with a warm plume which 

would rise through the open kitchen ceiling to the upper level studio. 

Thus, in this particular house, the zone where contaminants were 

generated at the highest rate was also the zone with lowest ventilation 

efficiency. Thus, monitoring for contaminants took place in a single 

zone. Measurement of thermal factors was done throughout the house. 

The results of the contaminant measurements are listed in Table 24, 

which show that no levels in excess of the recommended values listed in 

Table 2 were found. Thermal properties of the air, listed in Table 25, 

were also within normal levels. 

Conclusions obtained from this study indicate that the air exchange 

rate was adequate to provide a clean indoor environment even without 

operation of the air-to-air heat exchangers. For periods when no cooking 

takes place, calculations using ASHRAE Standard 62-1981 [4] result in a 

minimum recommended ventilation rate of 35 1/sec (5 1/sec per room) 

which corresponds to an air exchange rate of 0.26 ACH. As 0.25 ACH was 

also the measured value under calm winds and not extreme outdoor temper

ature, the house should not have much lower air exchange rates during 

most of the year. In particular, during milder periods, natural venti

lation can simply be accomplished by window or door openings. The 

additional recommendation in ASHRAE Standard 62-1981 for when cooking 

takes place (50 1/sec) and for when bathrooms are in use (25 1/sec) can 

also be handled by the air-to-air heat exchangers. Thus, in this house, 

no indoor air quality problems were found. 



www.manaraa.com

127 

Table 24. Mass air quality factors in House #1^ 

Contaminant Measured Value 

CO 0.15% 

COg 2.3 ppm 

NOg 0 

RSP 0 

Formal dehyde 0.06 ppm 

^Monitoring in the upper level studio. 

Table 25. Thermal air quality factors in House #1 

Dry-bulb Relative Air 
Locati on Temperature Humidity Veloci ty 

(°C) (%) (cm/s) 

Upper level® 20.0 45 9 

Lower level^ 19.4 55 9 

®In the upper hallway. 

^Between the kitchen and the living room. 
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House #2 

This house was located in Clarksville, Iowa. Its floor plan is 

schematically shown in Fig. 33. It was a single-level double-insulated 

house with extra wall concrete thickness in its southern facade to 

provide some passive solar features. This house also had a full base

ment where a conventional gas-fired central air heating and cooling 

system was located. In addition, there was a wood stove in the living 

area of the basement. Although there was an outdoor air supply duct 

near the wood stove, the duct was not connected to the wood stove and 

the air supply for combustion came from the basement itself. An air-

to-air heat exchanger was also connected to the central air system to 

provide mechanical ventilation to the building when so desired by the 

occupants. 

Ten sampling locations were used for the tracer gas study. These 

locations are listed in Table 26. Tracer gas was distributed through the 

central air system and it was noticed that the concentration in the 

basement took about one hour to reach a level similar to those in the 

rest of the house. Because the rate of decay in the basement was not 

any larger than in the rest of the house, as shown in Fig. 34, it can 

be concluded that the forced air system did not deliver sufficient 

amount of ventilation air to the basement. During the decay study, both 

the central air fan and the heat exchanger were not in operation except 

during the last hour, when the heat exchanger was turned on to investi

gate its effectiveness. 
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Table 26. Results from the tracer-gas study for House #2® 

7n„. R ^d R„y® 
Zone (°C) (ACH) (ppm-min) ^ 

Southeast 
bedroom 

21.7 0.10 918 0.98 0.27 

Southwest 
bedroom 

21.9 0.10 893 1.01 0.22 

North 
bedroom 

20.3 0.09 910 0.99 0.15 

Bathroom 22.2 0.11 892 1.01 0.25 

East living 
room 

23.9 0.11 858 1.05 0.26 

West living 
room 

23.8 0.11 910 0.99 0.26 

Kitchen 24.2 0.10 902 1.00 0.25 

Laundry 25.1 0.10 887 1.02 0.27 

Hallway 24.3 0.10 897 1.01 0.31 

Basement 28.7 0.11 833 0.20 

^Test conducted with easterly 4.5 m/s winds and an average outdoor 
air temperature of -2°C. 

^Average temperature during the study. 

''Integral of the measured concentrations during the test (last 
hour not included). 

^Ventilation efficiency as per Eq. (10). The reference zone was 
arbitrarily taken as the kitchen. 

®Rate of air exchange after the air-to-air heat exchanger was in 
operation. 

^This value is not significant because the initial concentration 
in the basement was lower than in the rest of the house. 
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Figure 34 and Table 26 show that there were only small differences 

among the air exchange rates in the different zones of the building.. 

The differences in ventilation efficiencies were also nonsignificant. 

Thus, for practical purposes, the entire upper level could have been 

considered to be uniformly mixed, including the large living room. The 

fact that this large room was uniformly mixed provides further confirma

tion that large rooms with regular rectangular geometry may be considered 

uniformly mixed for the purpose of indoor air quality evaluation. Finally, 

it was observed that the air exchange rates increased approximately 2.5 

times when the heat exchanger was turned on^. 

As the upper level could be considered to be uniformly mixed, 

contaminants were monitored in the kitchen, which was where the highest 

rate of generation of combustion-related contaminants occurred. Due to 

the presence of the wood stove in the basement, combustion-related 

contaminants were also monitored there. The results of the contaminant 

sampling, which were performed on a subsequent day, are listed in Table 

27, as also are the results of the evaluation of thermal factors. 

The results listed in Table 27 show large concentrations of carbon 

monoxide, particularly in the basement, probably the result of incomplete 

combustion in the wood stove as a consequence of the inadequate supply 

of fresh air. Other contaminant levels were also near or above the 

recomended levels listed in Table 2. Thermal conditions in the basement 

were in the "warm" portion of the comfort envelope. 

^This increase was quantified on the basis of a single hour of data. A 
better value would have required more data, but it was not possible to 
do so due to time limitations for the use of the house. 
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Table 27. Indoor air quality factors in House #2® 

Measurements 

Upper level^ Basement^ 

CO (ppm) 5 25 

COg (%) 0.22 0.23 

NOg (ppm) 0 0.07 

RSP (ppm) 0 0 

Formaldehyde (ppm) 0.08 0.06 

Dry-bulb temperature (°C) 23.9 28.7 

Relative humidity {%) 55 40 

Air velocity (cm/s) 3 __d 

^During the tests, the wood stove was in continuous operation. 

^Measurements in the morning. 

^Measurements in the afternoon. 

*^Not measured. 



www.manaraa.com

134 

The weather conditions during the measurement period (see Table 26), 

although not extreme, were characteristic of a major portion of the 

heating season. Thus, as the air exchange rate in this residence was 

low, there was a large potential for indoor air quality problems. For 

this house, calculations using ASHRAE Standard 62-1981 recommendations 

resulted in 0.15 ACH minimum, a level which could only be attained with 

significant operation time of the air-to-air heat exchanger. Moreover, 

this minimum air exchange rate would have to be increased to supply enough 

combustion air for the wood stove. Thus, unless the air-to-air heat 

exchanger was in operation most of the time\ a large potential for 

indoor air quality problems existed in this building. 

House #3 

This house was located in Fairfax, Iowa. Its floor plan is 

schematically shown in Fig. 35. It was a conventionally designed split-

level house, although well-insulated and constructed with special care 

to ensure air tightness. This house had a gas-fired central air heating 

system. The bathrooms had exhaust fans which were on whenever their 

lights were turned on. 

Twelve sampling locations were used for the tracer gas study. These 

locations are listed in Table 28. Tracer gas was injected into and 

distributed through the central air system. Nearly two hours were 

^According to the house occupants, the heat exchanger was in operation 
only four hours a day. 
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Table 28. Results from the tracer-gas study for House #3® 

Zone 
Tb 

(°C) 

R 

(ACH) 

AC 

(ppm*min) 
cd 

Northwest 18.2 0.20 1363 0.90 
bedroom 

Upper 22.9 0.11 1419 0.87® 
bedroom 

Music room 18.1 0.14 1304 0.95 

Laundry 24.9 0.14 1261 0.98 

Upper hallway 22.8 0.14 1279 0.96 

Living room 22.5 0.14 1280 0.96 

Kitchen 23.0 0.14 1257 0.98 

Northeast ' 22.0 0.17 1224 1.01 
bedroom 

Dining room 22.5 0.14 1234 1.00 

Family room __f 0.17 1233 1.00 

Mechanical 20.0 0.18 1062 1.16 
room 

Lower hallway 17.9 0.18 1258 0.98 

^Test conducted with northerly 4.5 m/s winds and an average outdoor 
air temperature of 11°C. 

^Average temperature during the study. 

^Integral of the measured concentrations during the test. 

^^Ventilation efficiency as per Eq. (10). The reference zone was 
arbitrarily chosen as the family room. 

®The lowest ventilation efficiency despite the initially lower 
concentration in this room. Had uniformity been achieved earlier, 
a lower value would be observed. 

^Not obtained due to a malfunction of the measuring thermocouple. 
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required for the upper level bedroom to reach the same concentration as 

the rest of the house. Study of the concentration decay shown in Fig. 

36 and summarized in Table 28 shows that the air exchange rate in that 

bedroom was also significantly lower than in the rest of the house. 

Thus, the upper level bedroom not only had the lowest air exchange rate 

but, also, it had inadequate supply of air when the forced air system 

was in operation. This room was, therefore, clearly identified as the 

highest-risk zone in the house. 

Table 28 shows that the upper level air exchange rates were in all 

cases lower than those in the lower level. Only the mechanical room 

exhibited a significantly higher ventilation efficiency. 

In addition to the upper level bedroom, contaminant monitoring took 

place in the kitchen,which was the source of combustion-related contami

nants and, also, formaldehyde, due to large wood paneling areas. The 

downstairs family room was also sampled for formaldehyde because it 

contained large wood paneling areas too. Although, by similarity to 

what was observed in the Energy Research House, higher (q^/RV) values 

would still be expected in the upper level as a result of generation 

downstairs, sampling was nevertheless done for verification. The results 

of these measurements are listed in Table 29 and they show that the con

centrations of formaldehyde upstairs were indeed higher than downstairs. 

The values of the remaining factors were at acceptable levels, although 

some, like NOg and formaldehyde, were at or just above the levels listed 

in Table 2. 
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Table 29. Indoor air quality factors in House #3 

Factor 

Measurements 

Factor Lower Level Upper Level Factor 

Bedroom Kitchen® Family Room 

CO (ppm) 6.5 5 —  -

COg (%) 0.16 0.19 

NOg (ppm) 0.02 0.08 — -

RSP (ppm) 0 —  —  — -

Formaldehyde (ppm) 0.10 0.11 0.07 

Dry-bulb temperature (°C) 23.3 22.2 18.6 

Relative humidity {%) 40 50 55 

Air velocity (cm/sec) 4.1 3.6 6.1 

^During these measurements, an electrical crock-pot was left on in 
the kitchen. 
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The conclusions obtained for this house indicate that the air 

exchange rate was too low, thereby creating the potential for unwanted 

levels of contaminants, as demonstrated in Table 29. The weather 

conditions when the measurements were taken were quite mild and, thus, 

during most of the heating season, higher air exchange rates will occur. 

But the level which results from the recommended levels in ASHRAE 

Standard 62-1981 is 0.27 ACH, which is twice the measured value in upper 

level, might not be attained most of the time during the heating season. 

House #4 

This house was located in Des Moines, Iowa. Its floor plan is 

schematically shown in Fig. 37. It was a two-story residence of con

ventional construction that was recently retrofitted by installing 

urea-formaldehyde foam insulation in the walls. The house had a gas-

fired central air heating system. 

Nine sampling locations were used for the tracer gas study. These 

locations are listed in Table 30. Tracer gas was distributed through the 

central air system and a good uniformity of mixing was obtained through

out the house. Figure 38 shows the decay of the SFg concentrations at 

the different sampling locations. The results of this test are also 

summarized in Table 30. 

The results show that there were three distinct zones within the 

building: the north wing in the upper level, which showed the lowest 

air exchange rates (0.36-0.38) and ventilation efficiencies below unity; 
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Table 30. Results from the tracer-gas study for House #4^ 

: Zone 
Tb 

(*C) 

R 

(ACH) 

AC 

(ppm-min) 
cd 

Upper hallway 18.7 0.38 625 0.83 

Kitchen 18.9 0.43 465 1.11 

East living 
room 

18.9 0.43 516 1.00 

Northeast 
bedroom 

20.2 0.36 656 0.79 

Bathroom 20.1 0.36 642 0.80 

West living 
room 

18.9 0.43 494 1.04 

Northwest 
bedroom 

20.2 0.38 644 0.80 

Mechanical 
room 

20.1 0.49 374 1.38 

Lower hallway 18.9 0.46 551 1.07 

^Test conducted with southeast winds at 3.1 m/s, and an average 
outdoor air temperature of -3°C. 

^Average temperature during the test. 

^Integral of the measured concentrations during the test. 

"^Ventilation efficiency as per Eq. (10). The reference zone was 
arbitrarily chosen as the living room. 
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the south wing inthe upper level, with intermediate air exchange rates 

(0.43-0.46); and, finally, the mechanical room, which showed the highest 

air exchange rate (0.49) and lowest ventilation efficiency. 

These results show that the north wing in the upper level, particu

larly the northeast bedroom, was the highest-risk zone in the building. 

Since urea-formaldehyde insulation was installed in all walls in the 

north wing, this was the logical choice for monitoring formaldehyde^. 

For redundancy, given the problems associated with the urea-formaldehyde 

insulation, sensors were also placed in the other bedroom and in the 

living room. However, no formaldehyde was found in the air. 

This house had an air exchange rate higher than any other in this 

study and about the same as the recommended level by ASHRAE Standard 

62-1981. Thus, no air quality problems were found, and it appears that 

there is only little potential for such problems to occur. 

Conclusions 

The field tests conducted in the four houses that were described 

in this chapter demonstrated the feasibility of the proposed surveying 

procedure. Furthermore, it was verified that, in all cases, the zone 

in a building with the lowest air exchange rate and lowest ventilation 

efficiency was located in the upper level. However, not all zones in 

the upper levels have proved to have low air exchange rates: see, for 

ins tance ,  the  upper  leve l  ba throom in  House  §1 ,  

^In this house, only formaldehyde was sampled. 
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The survey further showed that, in some cases, high concentrations 

of mass factors can occur. In addition to individual levels of some 

contaminants above those maximum recommended levels listed in Table 2, 

many contaminants were present simultaneously, and at levels similar to 

those listed in Table 2, which raises concern about their interactive 

total effect. However, no comprehensive studies of these interactive 

effects have been done as pointed out earlier. 

Given the experience obtained from the field tests, the final 

proposed procedure for the indoor air quality surveying is given in 

detail in Appendix B. 
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CONCLUSIONS AND RECOMMENDATIONS 

Concl usions 

The most important conclusions obtained from this work are: 

1. Substantial nonuniform mixing can occur in buildings. This 

nonuniformity can result in distinct rates of air exchange among the 

various rooms of the building. However, rooms which have regular 

rectangular geometries and normal ceiling height (i.e., about 2.4 m) 

can usually be considered uniformly mixed. 

2. Although single point measurements have been used to characterize 

buildings for energy conservation, single values of air exchange rates 

are not adequate to describe a building for the purpose of indoor air 

quality evaluation. 

3. The level of exposure for the occupants due to contaminant 

concentrations can vary markedly throughout the house. To determine 

if a building has an indoor air quality problem, it is necessary to 

determine the highest possible exposure of the occupants to the 

contaminants. 

4. For each mass contaminant generated in a particular zone, the 

highest-risk zone can be determined using the concept of "Relative 

Exposure Index" (E). To obtain these indices, contaminant generation 

can be simulated by releasing tracer gas into the appropriate zone over 

a short period of time. 
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5. For each mass contaminant, the highest-risk zone always occurs 

either at the zone where the contaminant is produced or at a zone in the 

house which has a lower air exchange or a lower ventilation efficiency. 

Thus, rather than conducting multiple tests to determine values of the 

Relative Exposure Index which correspond to the various generation 

locations, quantification of air exchange rates and zonal ventilation 

efficiencies may provide equivalent information. 

6. The air exchange rates and ventilation efficiencies of the 

different uniformly mixed zones in a building can be determined with a 

multipoint tracer gas procedure such as described in this work. 

7. In the vast majority of the cases, the lowest air exchange rates 

and ventilation efficiencies in a building occurred in the upper levels. 

But care must be exercised in this generalization because large dif

ferences among rooms in the upper level may occur in a particular 

building. Moreover, generalization to buildings with cooling systems 

is cautioned because all measurements reported herein were taken under 

the heating mode. 

8. The procedure for field survey of buildings for indoor air 

quality problems which was proposed was verified to be feasible for 

generalized application. Although less complicated and less expensive 

than the methods that have been used so far only for research programs, 

it still requires two days of field data collection per building. 

9. Besides its application for indoor air quality studies, the 

proposed multipoint tracer gas technique can also pinpoint distribution 

deficiencies in the central air handling system of the building and 
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localized leakage through the building envelope. This information can 

be used to improve comfort conditions in the affected zones and can lead 

to identification of energy conservation opportunities in the building 

studied. 

10. Single point measurements of air exchange rates to partially 

characterize energy consumption in a building should only be used if 

uniform mixing is artificially ensured within the building. However, 

the use of the central air fan, or to a lesser degree, of portable fans, 

to obtain uniform mixing throughout the house can lead to overestimated 

values due to the increased potential for leakage which may result. 

Recommendati ons 

The following are recommended: 

1. If the multipoint tracer gas procedure is to be used on a 

regular basis, a more portable instrument package than that shown in 

Fig. 3 should be developed. • 

2. The concepts of R, e, and E may be useful in modeling total 

building performance, including the energy and indoor air quality 

aspects. However, modeling of these zonal values needs further 

development. Further research is recommended to incorporate them as 

an integral part of building performance models. 

3. If the information about locations of high-risk zones is to 

be useful in designing new buildings, an expanded data base with values 

of air exchange rates, ventilation efficiencies, and Relative Exposure 

Indices in buildings should be obtained. 
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4. Currently, evaluation of the quality of the indoor air is made 

by comparing the individual levels of each factor to levels recommended 

by appropriate standards. Few interactive effects can be considered 

due to a lack of scientific knowledge on this subject. Future study 

to better characterize the possible interactive effects of the pertinent 

factors of indoor air quality is recommended. 
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APPENDIX A 

Method of Calculation of Zonal Air Exchange Rates 

The values of the slopes of the concentration decays (semilog 

representation) were calculated using a least-squares procedure. In each 

case, the first two hours of the decay were not used in the calculation. 

Mathematically, the slope was given by: 

yilog (C^O t^ - n (log C) t 

i=l 
R = _ — (26) 

t 
i=l 

2 
The goodness of fit was judged in terms of r : 

n n n g 

I ^ ^ l o g ( C - )  -  R / ^ l o g  ( C . )  t .  1  /  V  l o g C , - 1  

P i=I i=l " i=l 
r^ (27) 
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Confidence intervals were obtained to assess the meaningfulness 

of the values: 
n • 2 / 
^ (C^--C-) /(n-2) 

tn-2,c/2 I — (28) 
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As an example, values for the decays obtained in uniform mixing 

test #1 are listed in Table 31. The values of the confidence intervals 

show that the uncertainty ranged from 3% to 12% of the value of the 

slopes. Thus, the uncertainty of the measurements was reasonably small, 

especially for the larger values of the air exchange rates. Furthermore, 

the uncertainty of the results was similar to the reported accuracy of 

the gas analyzer that was used (5%). 

Table 31. Statistics for uniform mixing test #1 

Zone n R r? 5% confidence 
interval range 

Southwest 
bedroom 

25 0.17 0.995 0.02 

North bedroom 24 0.22 0.996 0.01 

Upper hallway 25 0.27 0.997 0.01 

Basement 25 0.33 0.998 0.01 

Upper greenhouse 25 0.29 0.990 0.01 

Lower greenhouse 25 0.29 0.985 0.01 

Living room® 25 0.30 0.997 0.01 

^Single location only. 
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APPENDIX B 

Detailed Description of the Proposed Procedure 
for Indoor Air Quality Surveys 

Step ̂  — Conduct tracer-gas study 

One probe should be placed in each uniformly mixed space. Regular 

rectangular shaped rooms can usually be considered uniformly mixed 

unless they have high ceilings (i.e., more than 2.4 m high) but, if 

extra sampling ports are available, more than one sample can be collected 

in large rooms to better assess uniformity. Conversely, if not enough 

channels are available, rooms which communicate through large openings 

can be treated as a single zone with little error. For buildings with 

continuous forced air supply, uniformly mixed zones can only be deter

mined by direct measurement of the properties of the air. Use of an 

appropriate grid of measurement locations will be required for each 

room as described by Nevins [95] and Int-Hout [96]. 

A tracer-gas (e.g., SFg) should be thoroughly mixed in the house 

to obtain as similar as possible concentrations at all sampling locations. 

The mixing should be done by running the central air systan, if available. 

In this way, zones which do not have adequate air supply from the central 

air system can also be identified. When no central air systan exists, 

portable fans should be used. 

Once uniformity is attained, the central air system or portable 

fans should be turned off and doors separating rooms where samples are 

being collected should be shut. However, if a particular door is 
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seldom closed in normal house operation, that door may be left opan 

during the study. The decay of the concentration of the tracer gas 

should then be monitored for a minimum of four hours, but six hours 

are recommended. Analysis of the results should include the rate of 

decay of the linear portion of decay in a semilog plot for each channel. 

A relative order of magnitude of the value of the integral of the con

centration for each space should be obtained by either visual obser

vation or numerical calcuation so that ventilation efficiencies (see 

chapter "Proposed Procedure for Indoor Air Quality Evaluation") for 

each zone can be established. 

Step 2 — Conduct house survey 

Locate sources of contaminants throughout the house. This should 

be done by visual observation by trained personnel and by asking for 

appropriate information from the house occupants. This information 

should be obtained through the use of a standard questionnaire such as 

that given in the annex. 

Step _3 — Conduct monitoring of indoor air quality factors 

Thermal factors should be measured in each group of uniformly 

mixed zones with similar air exchange rates and ventilation efficiencies. 

Contaminant monitoring should take place in the zone where it is 

released and in the zone of the house which has the lowest ventilation 

efficiency. As different contaminants can be released in different zones, 

monitoring may have to be done at several distinct zones in the house. 



www.manaraa.com

164 

Monitoring can be accomplished in a single day, but if radon is 

monitored with TERRADEX sensors, these should be left in place for a 

minimum of 30 days or for a recommended 3 months. However, as TERRADEX 

sensors come with appropriate mailing equipment and instructions, the 

occupants themselves can be asked to mail the sensors directly for 

analysis. 
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ANNEX TO APPENDIX B 

Questionnaire Used in the Field Tests 
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House Date 

A. List of occupants: please indicate sex (M-F) and aqe group (< in, 
10-20, 20-60, > 60). 

1 .  

2. 

3. 

4. 

5. 

B. For each occupant, please indicate typical hourly location within the 
house for a weekday: 

^ a.m. -̂ j p.m. 2| 

0 1 2 3 4 5 6 7 8 9  1 0  1 1  1 2  1 2 3 4 5 6 7 8 9  1 0  1 1  1 2  

Ex. : 
SE bedroom ,kitchen 

living room 

1. 

2 .  

3 .  

4 .  

5 .  

C. For each occupant, please indicate typical hourly location within 
the house during weekends: 

^ a.m. •>! p.m. 

0 1 2 3 4 5 6 7 8 9  1 0  1 1  1 2  1 2 3 4 5 6 7 8 9  1 0  1 1  1 2  



www.manaraa.com

167 

D. List any UNVENTED appliances: 

Gas range 

Portable gas heater Type of fuel 

Clothes dryer Type of fuel 

Other (specify) Type of fuel 

E. For each UNVENTED appliance listed in "D", indicate typical operating 
times. 

Gas range 

Portable gas heater 

Clothes dryer 

Other (specify) 

F. Does the house have special exhaust hoods or fans for the kitchen or 
bathrooms? Please specify. 

G. For cooking, please indicate approximate total weekly number of hours 
the following methods are used: 

Range top (electric) with lid on 

Range top (electric) without lid 

Range top (gas) with lid on 

Range top (gas) without lid 

Oven (gas) 

Oven (electric) 

Microwave 

Other (specify) 

H. Does the house have a fireplace? If yes, please indicate typical 
operating schedule. 
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Does the house have an air cleaner? If yes, is it connected to forced 
air system? ; is it a portable unit? 

Specify the type(s) of heating/cooling system(s) present in the house. 

Gas-fired forced air system 

Oil-fired forced air system 

Electric forced air system 

Perimeter hot-water or steam radiating/convecting system 
(Specify fuel for water heater ) 

Wood furnace 

Heat-pump 

Central air conditioning system 

Window air conditioning units 
(Specify number and location ) 

Humidifier 

Dehumidifier 

Gas-fired domestic water heater 

Electric domestic water heater 

Other (please specify) 

Specify the typical temperature and humidity set points for the heating 
and cooling systems. Please include night or day setbacks, if used. 

From the following list, indi 
on a regular basis. 

Powdered detergents 

Liquid detergents 

Floor cleaners 
(wax, polish) 

which products are used in the house 

Solid air freshners 

Aerosol air freshners 

Personal hygiene sprays 
(hair, deodorizers, 
perfumes, etc.) 
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Oven cleaner 

Furniture cleaners 
(wax, polish) 

Pesticides 
(solid or spray) 

Other (specify) 

M. In the last five years, has any special window weatherstripping or 
wall caulking been done? Please specify. 

N. In the last two years, has any part of the house or furniture been 
insulated, painted or varnished? Please specify. 

0. Does any occupant smoke? If yes, please indicate occupant number 
(as per items A, B, and C) and average frequency and type (cigarette, 
cigar, or pipe) of smoking (e.g., 1 cigarette per hour). 

P. Has any particular persistent smell been noticed inside the house? 
If yes, provide as many details as possible including smell 
description, where and when it is stronger, etc. 

Q. Please list total fuel consumption for your house for the previous 
year. Include gas, oil, electricity, wood, and others as appropriate. 
If possible, break down consumption by month. 
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