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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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PREFACE 

This compilation of papers was initiated by Joan Daisey as a broad overview of the indoor air 
research being conducted at Lawrence Berkeley National Lab. We have completed this report as 
a tribute to Joan's 13 year leadership of the Indoor Environment Department and to her vision for 
the department and its research. 

Rich Sextro, April 2000 

OVERVIEW 

This LBNL report is a compilation of the 24 papers presented by Indoor Environment 
Department researchers and our collaborators at other institutions at the 8th International 
Conference on Indoor Air Quality & Climate (Indoor Air '99), held in Edinburgh, Scotland, 
August 8-13, 1999. These papers represent a cross-section of a substantial part of the ongoing 
research in the department. For inform~tion on other recent publications, please see our web site 
at http://eetd.lbl.gov/IEPIIEP.html. 

Joan M. Daisey, Head 
Indoor Environment Department 
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CONCENTRATIONSANDSOURCESOFFORMALDEHYDEAND 
VOLATILE ORGANIC COMPOUNDS IN FOUR NEW 
MANUFACTURED HOUSES 

AT. Hodgson1
, D. Beal2 and S. Chandra2 

1E.O. Lawrence Berkeley National Laboratory, USA 
2Florida Solar Energy Center, USA 

ABSTRACT 

The concentrations of formaldehyde, individual volatile organic compounds (VOCs) and total 
VOCs (TVOC) were measured in four new manufactured houses on three occasions over nine 
months following construction. Ventilation rates were also measured. A mass-balance model 
was used to calculate area-specific emission rates of the target analytes. Formaldehyde 
concentrations were all less than a guideline value of 50 ppb. One-half of the 58 target VOCs 
had median concentrations at or below 1 ppb. The most abundant VOCs were terpene 
hydrocarbons, ethylene glycol, hexanal, 2-butanone and acetic acid. Concentnitions of 
hexanal, other aldehydes and acetic acid often exceeded their odor thresholds. The median 
TVOC concentration was 1.6 mg m·3

• In general, there were no large decreases in the 
emission rates of individual VOCs or TVOC over the course of the study. The data suggested 
that wood products were a dominant source of VOCs in all houses. 

INTRODUCTION 

Indoor sources of volatile organic compounds (VOCs) and building ventilation are important 
determinants of indoor air quality (IAQ) in houses. Many materials used to construct and 
finish houses emit VOCs and some emit formaldehyde. The trend in new house construction 
is to make building envelopes tighter. Consequently, ventilation rates are often relatively low. 
Elevated sources of indoor contaminants in combination with low ventilation rates create a 
potential for degraded IAQ that may affect occupant health and comfort. Prior to this study, 
there were no published VOC data for contemporary manufactured houses in the USA. 

The objectives of the study were to: 1) quantify concentrations of total VOCs (TVOC), 
individual VOCs, and formaldehyde in four new manufactured houses over nine months 
following construction; 2) compare the concentrations to typical values and to odor 
thresholds; 3) document temporal changes in emission rates; and 4) evaluate the effectiveness 
of several ventilation and source modifications for reducing concentrations of VOCs. 

METHODS 

The four, two-section houses were constructed at a single manufacturing plant in Florida, 
USA. They were produced and set up at an adjacent model center during July and August 
1997. All houses were equipped with a heating, ventilating and air conditioning (HV AC) 
system and a central occupant-controlled exhaust fan. The HVAC systems were operated 
daily. One of the houses had supplemental mechanical ventilation. Material substitutions 
were made in several of the houses either during the manufacturing or set up phases. The 
houses were decorated and fully furnished, but unoccupied. Air samples for the analysis of 
VOCs and formaldehyde were obtained in September and November 1997 and May 1998. 
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On each occasion, the samples were collected at a central location in each house and at a · 
nearby outdoor location. Formaldehyde samples were collected on cartridges treated with 
2,4-dinitrophenylhydrazine. samples for TVOC and VOCs were collected on Tenax®-TA 
sorbent tubes. Ventilation rates were measured concurrently with the collection of air 
samples by tracer-gas decay using sulfur hexafluoride as the tracer gas. 

Formaldehyde samples were analyzed by high-performance liquid chromatography following 
U.S. EPA Method T0-11. Sorbent tubes were analyzed for TVOC and individual VOCs by 
thermal desorption gas chromatography/mass spectrometry (GC/MS) using a modification of 
U.S. EPA Method T0-1. For the analysis ofTVOC, a GC/MS total-ion-current 
chromatogram was integrated over a retention-time range bounded by n-heptane and 
n-heptadecane. The area response was calibrated with a mixture of ten common alkane and 
aromatic hydrocarbons. 58 target VOCs were selected for analysis. Some of the compounds 
are indicative of specific indoor sources. Others have low odor thresholds or are strong 
sensory irritants. 42 of the compounds are among the 63 target VOCs recommended to be 
included in an analysis of TVOC [1]. The concentration data for the target VOCs were also 
summarized as LVOC (i.e., the sum of the individually measured VOC concentrations). 

A steady-state mass-balance model was used to calculate area-specific emission rates with 
indoor and outdoor concentrations, ventilation rates and house volumes and areas as inputs. 

RESULTS 

The house specifications are given in Table 1. House M2 had supplemental mechanical 
ventilation provided by an outside air duct connected to the HV AC return duct and operated 
intermittently by a FanRecycler™ control device [2]. Low-VOC paints were used in House 
M2, and a low-emitting carpet assembly was installed in Houses M2 and M4. 

Table 1. S ecifications for the four houses. 
Parameter M1 M2 M3 M4 

Floor area, m2 112 169 141 131 
Volume, m3 273 412 344 320 
Supplemental vent. No Yes No No 
Ventilation rate, h-1 0.57-0.78 0.53- 0.71 0.35-0.36 0.35-0.50 
Carpet area, m2 72 128 94 96 
Sheet vinyl area, m2 0 29 29 21 
Low-VOC paint No Yes No No 
Low emitting ca et No Yes No Yes 

The concentrations of TVOC and rvoc in the four houses are shown in Figures 1 and 2, 
respectively. TVOC concentrations ranged from 0.81-3.0 mg m-3 with a median value of 1.6 
mg m-3

. TVOC concentrations in Houses M2 and M4 were relatively constant over time. For 
House M3 only, there was a substantial decrease in TVOC concentration from the 151 to the 

. 2nd sampling period. For House M 1, the TVOC concentration in the final sampling period 
was distinctly lower than concentrations in the 151 and 2nd periods. LVOC concentrations 
ranged from 44-100% of the TVOC concentrations. Typically, the individual VOCs 
accounted for -70% of the TVOC values. The median LVOC concentration was 1.2 mg m-3

. 

Five target VOCs, n-propylbenzene, isopropyl acetate, trichloroethene, tetrachoroethene and 
1,4-dichlorobenzene, were not detected. 14 target VOCs had concentrations that were 
consistently at or below 1 ppb in all houses and sampling periods. These were benzene, 
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ethyl benzene, 1 ,3,5-trimethylbenzene, naphthalene, 4-phenylcyclohexene, n-pentadecane, 
n-hexadecane, propylcyclohexane, butylated hydroxytoluene, methyl isobutyl ketone, 
1-phenylethanone, ethyl acetate, butyl acetate, and benzothiazole. About one-half of the 
target VOCs had median concentrations at or below 1 ppb. The concentrations (ppb) of 23 
selected VOCs are listed in Table 2. These were either the dominant or most odorous 
compounds. The uncertainty for sampling and analysis of most VOCs was about 10% relative 
standard deviation. The relative uncertainty for the glycol ethers and acetic acid was 35% or 
more. Seven VOCs were among the most-abundant compounds in all four houses. These 
were a.-pinene, ~-pinene, 3-carene, ethylene glycol, hexanal, 2-butanone, and acetic acid. 
Acetic acid was the dominant compound. 
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Figure 1. TVOC concentrations. 
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Figure 2. LVOC concentrations. 

The formaldehyde concentrations are shown in Figure 3. The median formaldehyde 
concentration was 37 ppb, and all concentrations were less than 50 ppb. 

The ranges of ventilation rates measured in the houses are shown in Table 1. Houses M 1 and 
M2 had the highest ventilation rates, while House M3 had consistently lower rates. All of the 
values meet or exceeded the ASHRAE minimum ventilation standard of 0.35 h-1

• 

The area-specific emission rates of TVOC are shown in Figure 4. The median TVOC 
emission rate was 1.6 mg m-2 h-1

. There was no obvious trend of TVOC (or LVOC) emission 
rates decreasing with time throughout the study. However, for Houses M1, M3 and M4, the 
TVOC emission rate in the final sampling period was less than the emission rate in the 1st 
sampling period. The TVOC emission rate in House M2 was constant over time. In the final 
sampling period, acetic acid accounted for 44-56% ofthe LVOC (mg m-2 h-1

) emission rates 
in the four houses. 

There was also no general trend in the temporal profiles of the area-specific emission rates of 
the target VOCs. Among the dominant VOCs reported in Table 2, the emission rates of only 
n-decane, n-undecane, a.-pinene, and 2-butanone decreased from the 1st to the final sampling 
period in all four houses. On the other hand, the emission rates of 1-octanol, 2-butoxyethanol, 
nonanal and acetic acid increased from the 1st to the final sampling period in all houses. The 
acetic acid emission rate increased by a factor of two to ten. 
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Table 2. C trations (ppb) of selected individual VOCs in the four h h lin!! d ..., 
' 

Chemical M1 M2 M3 M4 :Med.* 
Com ound Class 9/97 11197 5/98 9/97 11197 5/98 9/97 11197 5/98 9/97 11197 5/98 Cone. 

' 
Toluene ; AromaticHC 2 3 1 6 3 2 4 2 2 : 3 3 2 2 

n-Decane : AlkaneHC 16 14 I 1 I <I 8 4 2 2 1 I 1 

n-Undecane ' AlkaneHC 7 7 2 <1 <1 <1 3 2 1 1 1 <1 1 

n-Dodecane AlkaneHC 1 1 1 2 3 2 10 8 6 5 4 .3 ' 3 

n-Tridecane AlkaneHC 1 1 1 6 7 6 21 17 12 12 10 7 7 

n-Tetradecane AlkaneHC 1 1 1 4 4 5 13 10 11 6 6 5 5 

a-Pinene TerpeneHC 13 19 5 9 31 10 35 32 15 23 25 9 17 

~-Pinene TerpeneHC 3 6 2 2 7 3 11 8 5 ' 7 6 3 5 

3-Carene : TerpeneHC 3 6 2 1 5 2 15 11 7 : 9 10 4 5 

...... 

.b.. 
d-Limonene : TerpeneHC 2 3 . 1 1 3 2 7 5 4 5 5 3 3 

1-Butanol Alcohol 2 6 3 3 4 1 4 4 5 3 4 4 4 

1-0ctanol Alcohol 1 1 1 1 1 2 2 1 3 1 1 3 1 

Phenol Alcohol : 1 1 1 2 2 4 4 4 6 3 3 4 3 

Ethylene glycol Glycol 32 39 12 41 44 17 <11 <10 21 <9 44 21 21 

1 ,2-Propanediol Glycol <3 12 4 <3 5 <3 <4 <3 <3 <3 4 3 <3 

2-Butoxyethanol Glycol 1 2 1 3 5 5 : 2 2 3 3 6 6 3 

Hexanal Aldehyde ' 8 20 8 10 19 12 26 22 25 25 16 18 ' 17 ' 

Heptanal Aldehyde ' 1 2 1 1 1 1 2 2 3 2 2 2 2 
' ' 

Octanal Aldehyde ' 1 2 2 2 2 2 3 3 4 3 3 3 3 

Nonanal Aldehyde 2 2 2 2 3 3 3 3 4 4 3 4 3 

2-Butanone Ketone 6 8 2 16 28 6 7 4 4 8 7 5 6 

Acetic acid Acid 25 102 142 80 122 264 123 120 267 53 126 275 122 

Texanol® Ester 2 7 3 2 2 2 2 1 2 2 2 2 2 

*Median ConcentratiOn. 



The area-specific emission rates of formaldehyde ranged from 24-68 J.lg m-2 h-1 with a median 
value of 41 J.lg m-2 h-1

• The values for each house varied by less than a factor of two, and 
there was no consistent trend with time. The hexanal emission rates ranged from 45-137 J.lg 
m-2 h-1 with a median value of 85 11g m-2 h-1

. For Houses Ml, M2 and M4, the highest 
hexanal emission rates occurred in the 2nd sampling period. In the final sampling period, the 
rates were in a narrow range of 56-65 J.lg m-2 h-1

• The formaldehyde and hexanal emission 
rates were not correlated with each other (r = 0.54) . 
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Figure 3. Formaldehyde concentrations. 
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Figure 4. TVOC specific emission rates. 

TVOC concentrations in various indoor environments are frequently about 1,000 11g m-3
, or 

lower [3]. One study of a probability-based sample of -200 occupied houses of all ages 
recorded a median TVOC concentration of 700 J.lg m-3 [4]. The TVOC concentration in 
House M3 during the 1st sampling period was about four times higher than this value while 
the median TVOC concentration in the four houses over the course of the study was only 
about twice this value. Supplemental mechanical ventilation may have contributed to the 
consistent, and generally low, TVOC concentrations in House M2. 

In the past, formaldehyde concentrations in manufactured houses were frequently in excess of 
100 ppb [5]. Guidelines for formaldehyde concentrations in buildings are now established at 
relatively low levels. The formaldehyde concentrations in the four houses were all lower than 
the most restrictive guideline in the USA of 50 ppb [6]. The low formaldehyde concentra
tions are probably due to the exclusive use of gypsum board panels for walls and ceilings and 
the relatively low emissions of formaldehyde from current wood products. 

Indoor air concentration data for a number of VOCs have been summarized from the literature 
[3]. Compounds that had notably elevated concentrations in the study houses relative to these 
data included the alkane and terpene hydrocarbons, n-decane, n-undecane, n-dodecane, 
n-tetradecane, a-pinene and ~-pinene. Other compounds in the houses with elevated 
concentrations relative to the literature were 1-butanol, hexanal, nonanal, and 2-butanone. 

A number of alcohols, aldehydes and carboxylic acids produce objectionable odors at low 
concentration [7]. The hexanal. concentrations in the houses frequently were near or exceeded 
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the hexanal odor threshold of 14 ppb. The odor thresholds for octanal and nonanal are 1 and 2 
ppb, respectively. The concentrations of octanal and nonanal consistently were at or slightly 
exceeded these values. The odor threshold for acetic acid of 140 ppb was approached in all 
houses during the 2nd sampling period and was exceeded in all houses during the final period. 
Thus, while the concentrations of TVOC and VOCs in the houses were, in general, not 
abnormally elevated, it is expected that some occupants would be able to detect objectionable 
odors due to elevated concentrations of aldehydes and acetic acid. 

The data suggest that IAQ in the houses was primarily impacted by a few dominant VOC 
sources. Phenol and at least a portion of the normal alkane hydrocarbons, such as n-tridecane 
and n-tetradecane, may have originated from the sheet vinyl flooring used only in Houses M2, 
M3 and M4. Wood and engineered wood products emit terpene hydrocarbons, such as 
a-pinene, ~-pinene and d-limonene. Engineered wood products also emit hexanal and other 
aldehydes including heptanal, octanal and nonanal. It is likely that the terpene hydrocarbons 
and aldehydes originated from engineered wood products used in the construction and 
finishing of the houses. The possible sources include cabinetry, plywood floor decking and 
oriented-strand-board roof decking. The primary source of acetic acid is uncertain. 

The effects of the two source substitution treatments were difficult to evaluate. House M2 
with the low-VOC paints had some of the highest concentrations of ethylene glycol that is 
used as a solvent in many latex paints. It is possible that conventional latex paints were used 
in the house during the decorating phase or for touch up. The concentrations of specific 
VOCs typically emitted by carpets .and carpet cushions were low in all four houses, 
suggesting that contemporary carpet materials are a relatively minor source of VOCs. 
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TECHNIQUES FOR REDUCING EXPOSURES TO VOLATILE 
ORGANIC COMPOUNDS ASSOCIATED WITH NEW 
CONSTRUCTION AND RENOVATION 

A.T. Hodgson1 and D.A. Shimer2 

1E.O. Lawrence Berkeley National Laboratory, USA 
2California Environmental Protection Agency, Air Resources Board, USA 

ABSTRACT 

Chamber experiments were conducted with a combination of latex paints and new carpet and 
vinyl flooring assemblies. The first objective was to characterize the emissions of volatile 
organic compounds (VOCs) from the assemblies at simulated residential conditions. The 
second objective was to evaluate the effectiveness of techniques that homeowners and 
building managers might employ during new construction or renovation to reduce 
concentrations of VOCs and exposures to these VOCs. The techniques included: increased 
ventilation for three days following installation (each source); airing out of materials for two 
days prior to installation (carpet and vinyl flooring); and mild heating for three days following 
installation (combined sources). Short-term ventilation typically reduced VOC concentrations 
in room air only during the period of increased ventilation. Airing out of materials generally 
reduced the emissions of VOCs from carpet materials but was ineffective for VOCs emitted 
by vinyl flooring. Heating applied after materials were installed had mixed results. 

INTRODUCTION 

Paints and many materials used to finish the interiors of houses and other buildings emit 
volatile organic compounds (VOCs), including toxic air contaminants (TACs). These 
emissions result in exposures to occupants. The California Air Resources Board (ARB) is 
required to consider such indoor exposures in assessing risks from T ACs to public health. 
Thus, it is necessary for the ARB to identify indoor sources of VOCs and to characterize their 
emissions. The ARB also provides information to the public regarding ways to reduce both 

· indoor and outdoor exposures to T ACs. 

Numerous techniques for reducing occupant exposures to indoor sources of VOCs have been 
proposed. The California Department of Health Services developed guidelines for reducing 
exposures to VOCs from construction materials used in office buildings [1]. Tichenor and 
Sparks employed an indoor air quality model to predict occupant exposures for different 
source scenarios, building parameters and occupant activity patterns [2]. The current study 
was designed to evaluate selected exposure reduction techniques in environmental chambers. 
Emphasis was placed on practical techniques that homeowners and building managers might 
use to reduce occupant exposures to VOCs associated with new construction or renovation. 
The study is fully described in a recent report [3]. 

METHODS 

A variety of interior latex paints, carpets, carpet cushions, and vinyl floor installation 
materials widely used by California homeowners were selected for study. Newly 
manufactured specimens of 24 materials were individually screened for emissions of VOCs in 

I-7 



small-scale environmental chambers following standard practice [4]. VOCs emitted by the 
materials were identified, and the emission rates of selected VOCs were determined. 

In the 2nd phase, 13 large-scale experiments were conducted with realistic assemblies of new 
materials that were selected based on the screening results. The chamber facility with dual, 
25-m3 compartments was designed and operated to simulate a residential room environment. 
The walls and ceiling of each compartment were painted gypsum board. The floor was either 
carpeted or covered with sheet vinyl; and furnishings (i.e., two upholstered chairs and a 
drapery panel) were installed to mimic typical "sink" effects. The study materials were 
installed following construction industry practice. For experiments with paint, a fast-drying 
latex primer sealer (LPS) was first applied to gypsum board and plywood substrates. This 
was followed by a flat latex paint (FLP) applied to 14.9-m2 of gypsum board and a semi-gloss 
latex paint (SGLP) applied to 1.1-m2 of plywood. The carpet and vinyl flooring assemblies 
were installed to cover the entire 1 0.4-m2 floor area of a compartment. For the two 
experiments with the combined source assemblies, the paints were applied three days prior to 
the installation of the flooring materials, which consisted of two-thirds carpet and one-third 
sheet vinyl. Air samples for the analysis of VOCs and aldehydes were collected from a 
compartment throughout the first day of an experiment, daily over the next nine days and 
finally on day 14 following installation of the materials. 

The exposure reduction techniques that were investigated included: additional ventilation for 
three days following installation (each source assembly); additional air mixing combined with 
additional ventilation (paint combination); airing out of materials for two days prior to 
installation (carpet and vinyl flooring assemblies); and room heating to 33° C for three days 
after painting and installing the flooring materials (combined source assemblies). The results 

· for the treatment experiments were compared to the results for base-case experiments 
conducted at standardized conditions for ventilation, air mixing and temperature. For the 
base-case experiments, the ventilation rate was held at 2 h-1 during material installation and 
for the next two hours. Then it was reduced to 0.5 h- 1 and held at that condition. For 
experiments with additional ventilation, the rate during material installation and the next two 
hours was 5 h-1

• The rate was then reduced to 2 h-1 and held at that condition until 72-h 
elapsed time when it was further reduced to 0.5 h-1

• 

Air samples for VOCs were collected on Tenax®-TA sorbent tubes. These were analyzed for 
VOCs by thermal desorption GC/MS using a modification of U.S. EPA Method T0-1. 
Emission rates of the target VOCs were calculated by a steady-state mass-balance model [ 4]. 

Predicted exposure was calculated for two different time periods or scenarios. The 1st 
scenario was for an occupant who was present during the first 48 hours following installation. 
The 2nd scenario was for a full-time occupant who vacated the residence during the first 48 
hours and then returned. Occupancy for 20 hours per day (i.e., an occupancy factor of 0.83) 
was assumed for both scenarios. The cumulative exposure for a target VOC was calculated as 
the product of the concentration profile, the exposure time in hours, and the occupancy factor. 

RESULTS 

The screening measurements generated a large amount of qualitative and quantitative data. 
The VOC emissions from conventional latex paints principally consisted of a solvent 
component (ethylene glycol and/or propylene glycol) and the Texanol® coalescing aid. The 
96-h emission rates of SigmaVOC (i.e., the sum of the rates for individual VOCs) from eight 
conventional and two non-VOC latex paints are compared in Figure 1. The LPSs and FLPs 
were applied to gypsum board. The SGLPs were applied to plywood. The two non-VOC 
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paints, FLP4 and SGLP4, had substantially lower emission rates than did the conventional 
paints. These emissions consisted of small amounts of oxidized compounds. Paints LPS2, 
FLP3 and SGLP3 were selected for use in the large-scale experiments. 

Approximately 3.6 kg of the combined paints was applied in each large.:scale experiment. 
Ethylene glycol (EG) and Texanol® were the dominant emitted compounds (Table 1). Other 

......... 4 ..,.------------------, 
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Figure 1. Specific'emission rates of SigmaVOC at 
96 h in screening measurements of latex paints. 

compounds included acetaldehyde, 
propylene glycol and di(ethylene 
glycol)butyl ether. The maximum 
concentrations of the target 
compounds occurred within the 
first few hours after paint 
application. The experiments were 
compared over elapsed time 
periods of only 240 h since one 
experiment was terminated early. 
There were -98% reductions in the 
concentrations of EG over this 
period. For all cases, 60% of the 
total cumulative exposures to this 
compound occurred within the first 
48 h. The concentrations of 
Texanol® decreased by a factor of 

-3.5 over the course of the experiments. The use of additional initial ventilation resulted in 
small decreases in exposures to EG and Texanol® over both the 0- to 48- and the 48- to 240-h 
time periods (Table 1). The small effect in the initial period was due to increased emission 
rates in response to additional ventilation. Additional air mixing created with two oscillating 
fans pointed at the painted surfaces in combination with additional ventilation resulted in 
somewhat greater exposure reductions relative to the base-case condition. 

The carpet assembly selected for the large-scale experiments consisted of a carpet with olefin 
face fibers and a bonded urethane carpet cushion. This assembly had substantially lower 
emissions of VOCs than the paint and vinyl flooring. (Note that the concentrations and 
exposures for the carpet and vinyl flooring assemblies are presented in ppb and ppb-h units.) 
The carpet emitted styrene, 4-ethenycyclohexene, 4-phenylcyclohexene (4-PCH), isomers of 
di(propylene glycol)methyl ether (DPGME) and N,N-dimethylacetamide. The cushion 
emitted butylated hydroxytoluene (BHT), 2,2'-azobisisobutryonitrile and a complex mixture 
of unsaturated hydrocarbons. Data for 4-PCH, DPGME and BHT are shown in Table 2. 
There were five-fold or more reductions in the concentrations of DPGME over the course of 
the experiments. The concentrations of 4-PCH only decreased by a factor of two or less while 
the concentrations of BHT increased with time. The concentrations of the individual VOCs at 
the ends of the experiments were -1 ppb or less. The use of additional initial ventilation 
resulted in decreases in the exposures to most VOCs over 0-48 h (Table 2). However, the 48-
to 336-h exposures to most VOCs were affected by less than 10% due to use of higher initial 
ventilation. Airing out of the carpet and cushion in a well-ventilated space for two days prior 
to installation substantially reduced the exposures to all VOCs in both time periods relative to 
the base-case experiment. 

The vinyl flooring assembly selected for the large scale experiments consisted of residential 
"no-wax" sheet vinyl, low-VOC full-spread adhesive, liquid seam sealer, rubber cove base 
and cove base adhesive. Use of the seam sealer produced high (ppm) initial concentrations of 
tetrahydrofuran (THF) and cyclohexanone. The full-spread adhesive emitted toluene. The 
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dominant compounds emitted by the sheet vinyl were n-tridecane (n-C13), other alkane 
hydrocarbons, 1 ,2,4-trimethylbenzene, benzyl alcohol, phenol and TXIB® plasticizer. The 
cove base emitted benzothiazole. Data for n-C13, toluene, THF and phenol are shown in 
Table 3. There were rapid 100-fold or more reductions in the THF and cyclohexanone 
concentrations over the course of the experiments. There were also substantial rapid 
reductions in the toluene concentrations in all experiments. The use of additional initial 
ventilation clearly reduced the exposures to most VOCs over 0-48 h (Table 3). However, the 
apparent emission rates of benzyl alcohol, phenol, TXIB® and benzothiazole, all relatively 
low volatility compounds, increased in response to additional ventilation. Thus, the exposure 
to TXIB® was only reduced by 22% and the exposures to the other three compounds were 
affected by less than 10% during the initial period. The 48- to 336-h exposures to most VOCs 
were affected by less than 10% as the result of additional ventilation during the first 72 h. 
The most impacted compounds were toluene, THF and phenol with 16-30% reductions. 
Airing out of the sheet vinyl and cove base reduced the 0- to 48-h exposures to most VOCs by 
25% or less. The most impacted compounds were phenol and benzothiazole with -40% 
reductions. This treatment was less effective for reducing exposures over the longer period. 

Heating the compartment to 33° C for three days following the installation of combined 
assemblies resulted in increases in the chamber concentrations of most VOCs during the 
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Figure 2. Cumulative exposures to selected VOCs over 
96-336 hours in experiments with combined sources. 

heating period. At the onset of 
heating, there were rapid, 
typically three-fold 
concentration increases, which 
declined over the 72-h heating 
period. When the heat was 
turned off, the concentrations 
typically returned to values 
similar to the base-case values. 
Texanol® was a notable 
exception. Subsequent to 
heating, the concentrations of 
Texanol® were lower relative 
to the reference case. The 
cumulative exposures to 
selected VOCs in the heating 
and base-case experiments are 

compared in Figure 2. Occupancy was assumed to begin after the compartment temperature 
returned to normal. There was an increase in the exposure for THF and a more than two-fold 
decrease in the exposure for Texanol® due to heating~ 

DISCUSSION AND CONCLUSIONS 

A moderate increase in building ventilation during and for a short period following the 
installation of an indoor VOC source is probably the most accessible and practical exposure 
reduction technique for consumers. VOC concentrations were reduced during the period of 
additional ventilation; however, the reductions were frequently not directly proportional to the 
magnitude of the ventilation increase. VOC concentrations following the termination of 
additional ventilation often quickly returned to base-case values. An alternative exposure 
reduction technique is to select materials for new construction and renovation that have low 
emissions of VOCs. However, the informed selection of low-emitting materials is frequently 
a complex and difficult task. 
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The results of the investigation have been generalized to formulate the following practices 
that homeowners and building managers can employ to reduce VOC concentrations and 
decrease cumulative exposures to VOCs for occupants of houses and other buildings. 

1) Materials that emit lower amounts of toxic or odorous VOCs should be selectedwhenever 
possible. Lower emitting materials should reduce occupant exposures and decrease the need 
for subsequent control strategies. The substitution of non-VOC latex paints for conventional 
latex paints appears to be one vial?le choice for reducing exposures. 

2) The most effective way to reduce occupant exposures to the dominant VOCs emitted by 
conventional latex paints is to delay occupancy for several days following painting. This 
strategy may also be effective for reducing exposures due to sheet vinyl installations. 

3) Although carpets and carpet cushions are relatively low sources of VOCs, exposures to 
VOCs emitted by these materials can be reduced by airing them out in a well-ventilated, 
clean, dry environment for several days prior to their installation. 

4) High mechanically induced ventilation rates should be used during the application or 
installation of high emitting materials such as paints and vinyl seam sealers to protect the 
installers and any occupants that are present. 

5) Additional ventilation should be maintained for periods longer than three days to more 
effectively lower occupant exposures. The ventilation rate should be maximized since, in 
many cases, the beneficial effects of ventilation, are not in direct proportion to the increase in 
the ventilation rate. 
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Table 1: Effects of additional initial ventilation and air mixing on concentrations and 

Added ! Air ! Max. Cone. ! Cone. 
Vent. i Mixing i 1-48 h i @ 240 h 

(Yes/No) ! (Yes/No) ! ( m) ! ( m) 

EG No No 
Yes No 
Yes Yes 

Texanol® No No 0.48 0.138 
Yes No 0.63 0.179 
Yes Yes 0.49 0.164 

14.1 

Exposure 
48-240 h 
( m-h) 

37 
38 
28 

36 
12.4 31 
10.8 26 

Table 2. Effects of additional initial ventilation and airing out of materials on concentrations 
and ex osures to selected VOCs emitted b ca et assembly. 

Added ! Airing ! Max. Cone. ' · Cone. ! Exposure 
Vent. i Out i 1-48 h @ 336 h i 0-48 h 

Com ound (Yes/No) ! (Yes/No) ! ( b) ( b) ! ( b-h) 

4-PCH No No · 
Yes No 
No Yes 

DPGME No No 4.2 0.5 111 198 
Yes No 3.2 0.6 66 187 
No Yes 0.9 <0.5 32 <109 

BHT No No 0.7 0.9 14 152 
Yes No 0.8 1.2 17 220 
No Yes 0.4 0.8 10 122 

Table 3. Effects of additional initial ventilation and airing out of materials on concentrations 
and ex osures to selected VOCs emitted by vin I flooring assembly. 

' Added Airing ' Max. Cone. ! Cone. Exposure i Exposure 
Vent. Out 1-48 h i @ 336 h 0-48 h i 48-336 h 

(Yes/No) (Yes/No) ( b) ! ( b) ( b-h) ! ( b-h) 

n-Tridecane No No 1,720 
Yes No 1,620 
No Yes 1,820 

Toluene No No 60 870 2,800 
Yes No 11.2 196 2,100 
No ·Yes 44 580 2,200 

THF No No 2,600 2.7 7,300 2,000 
Yes No 330 3.4 1,400 1,400 
No Yes 2,200 5.8 8,900 2,400 

Phenol No No 32 16.9 930 4,700 
Yes No 21 15.9 730 3,900 
No Yes 18.7 15.9 510 4,000 
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ABSTRACT 

This paper evaluates the impact of reversible, diffusion-controlled sinks on indoor air 
contaminant concentrations. Four typical scenarios are considered, each involving a variable 
mass flow rate entering a room containing an idealized sink with realistic properties. The four 
scenarios include a sinusoidal source, a double-exponential decaying source, an episodic 
introduction of a volatile compound, and a constant source with varying ventilation rates. 
Using a source/sink diffusion model developed in earlier work, the evolving indoor-air 
concentrations are predicted. A parametric study, with respect to the material/air partition 
coefficient (K.) and the material-phase diffusion coefficient {D), shows that equilibrium 
dominates the source/sink effect for a wide range of volatile organic compounds commonly 
found indoors. D only becomes important for compounds with low vapor pressures. 

KEYWORDS: diffusion, mass balance model, sink, sorption, VOC 

INTRODUCTION 

Diffusion is an important mechanism governing the source/sink behavior of certain indoor 
materials [1]. Although several empirical or semi-empirical models have been proposed to 
describe diffusion-controlled emission processes [2], predictions for conditions not covered 
by the experimental data are often uncertain, and such models provide little insight into the 
controlling mechanisms. Little et al. [3] developed a source model for predicting emissions of 
volatile organic compounds (VOCs) from new carpets. An analytical solution was obtained 
assuming that the influent air was free ofVOCs. Later, Little and Hodgson [1] extended the 
model to allow predictions to be made with a transient forcing function. This model permits 
the evaluation of the source/sink behavior of homogeneous, diffusion controlled indoor 
materials based solely on a knowledge of relevant properties such as the material-air partition 
coefficient (K) and the material-phase diffusion coefficient (D). This paper applies the sink 
model developed by Little and Hodgson [1] to cases where a room is subject to a time-varying 
contaminant source. Model predictions for four VOC source scenarios are demonstrated. 
Also, to gain insight into the expected behavior, a· parametric study is conducted with respect 
to the key model parameters, K and D. 

THE MODEL 

Consider a room, which contains a homogeneous sink in ·the form of a thin slab. Transient 
diffusion through the slab can be described using the one-dimensional diffusion equation 

(1) 
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where C(x, t) is the concentration of the contaminant in the slab, t is time, and x is distance 
from the base of the slab. Only one surface of the slab is exposed to the air in the room. 
Equilibrium is assumed to hold between the VOC concentration in the surface layer of the 
slab and the indoor air, or 

K= CJx=L 
y 

(2) 

where y is the air-phase concentration. Further assuming that the sink is initially free of 
contaminant, and that there is no flux through the base of the slab, the following analytical 
solution is obtained [1] · 

where 

and 

h=_g_ 
ADK 

v 
k=

AK 

The qn's are the positive roots of 

(4) 

(5) 

(6) 

A is the exposed surface area of the slab, V the volume of well-mixed air within the room, Q 
the volumetric flow rate of air, L the thickness of the slab, and 'tis a dummy variable. 

Once the source function, Yin(t) is defined, equation (3) can be used to predict C(x, t) the 
contaminant ~oncentration in the slab. The concentration of a VOC in the air y(t) is obtained 
by first finding the concentration at the slab surface C(x=L, t) and then applying the 
equilibrium condition defined by equation (2). 

MODEL PARAMETERS 

Styrene and naphthalene are used as example VOCs with a sink represented by a carpet with a 
2mm thick Styrene Butadiene Rubber (SBR) backing. The surface area (A) is assumed to be 
9 m2 and the volume (V) of the room is 20 m3

• A ventilation rate of 1 air change per hour is 
assumed, which results in an air flow rate (Q) of20 m3/h. Values ofK and D, estimated using 
appropriate correlation equations [4], are 330 and 1.6 x 10-12 m2/s for SBR-styrene, and 
270,000 and 1.6 x 10-12 m2/s for SBR-naphthalene, respectively. 
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RESULTS AND DISCUSSION 

Four scenarios are now considered. In each case, air enters a single room either from the 
outside or from a connected room. Either the concentration or the flow rate of the air entering 
the room varies as a function of time. The previously described model is used to predict the 
resulting contaminant concentration within the target room, a calculation that implicitly 
includes the effect of the hypothetical sink. The VOCs used in the calculations (styrene and 
naphthalene) cover a wide range in volatility and illustrate the impact of this parameter on the 
predicted concentrations. 

Scenario 1 

The first scenario involves a constant Q and a sinusoidal variation in concentration. A 
practical example of this type of source is benzene from motor vehicle exhaust in outdoor air 
in Los Angeles, as described by Harley and Cass [5]. The following source function was 
inferred from that data 

(7) 

-, . 
Figure 1 compares the source concentration profile defined by equation (7) to that predicted 
using the model. For naphthalene, whose K value is orders of magnitude higher than that of 
styrene, a significant depression in concentration is evident. For both compounds, the indoor 
material shows alternating sink and source behavior. As the source concentration rises the 
SBR functions as a sink (y <Yin)· As the source strength decreases the SBR acts as a source 
(y > Yin). In both cases, the periodicity of the output function remains the same as that of the 
source despite a discemable lag time. 

Scenario 2 

The second scenario again involves a constant Q but with a slowly depleting VOC source, 
such as a new carpet, in the, connected room. The decaying source function was obtained 
from a double exponential relationship for emission of styrene from carpet as reported by 
&~ood~~ · 

Yin (t) = 793 ·e-0.15t + 139·e-o.022t (8) 

Figure 2 plots the source function as well as the resulting concentrations predicted for styrene 
and naphthalene. The concentrations peak about four hours after initialization of the source 
and naphthalene is again substantially reduced as a result of the sink effect. 

Scenario 3 

The third scenario simulates the intermittent use of a volatile consumer product such as an 
aerosol spray in the connected room. The air flow rate Q remains constant. It is assumed that 
the product is used twice a day (once at 9 a.m. and again at 1 p.m.), that initial values for both 
spikes are 500 ppb, and that the parameters for styrene are applicable. A mass balance yields 
the following source functions on a daily basis. · 
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Figure 1. Sink effect on indoor VOC 
concentrations responding to a sinusoidal 
source. 
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Figure 2. Sink effect on indoor VOC 
concentrations responding to a 
double-exponential decaying source. 
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Figure 4. Effect of sink and daily 
change in ACH on indoor air 
concentrations responding to a 
constant source. 

05t<9 
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500 - Q(t-4) - Qt 
Yin (t) = · {e V + e V } 

-9·Q 
13~t<24 (11) 

e V 

where midnight is taken as the starting point. It is assumed that releases from the previous 
day will not affect the indoor air concentration on the following day. However, the impact of 
the first release is added to the second release on the same day as shown in equation (11). 
Figure 3 shows the transient concentrations induced by these releases with and without the 
sink effect. 

Scenario4 

The fourth scenario utilizes an unspecified source emitting a VOC at a constant rate. A 
ventilation rate of 1.0 air change per hour is assumed between 9 a.m. and 5 p.m. from Monday 
through Friday, while it is reduced to 0.1 air changes per hour during nights and weekends. A 
mass balance approach similar to that taken in scenario 3 is used to define the appropriate 
source functions. Figure 4 presents the concentration histories for styrene and naphthalene, 
respectively, in the presence of the hypothetical sink. 

Parametric analysis 

The model allows the influence of the key parameters on the predicted concentrations to be 
examined. For illustrative purposes, a constant Yin of 500 ppb is considered in equation (3). 
Figures 5 and 6 provide plots ofy(t) for values ofD varying betweeaO.Ol x 10-12 and 100 x 
10-12 m2/s, while K is fixed at 1000 and 100,000, respectively. Figure 5 demonstrates that for 
a K value of ~1000, which is typical for several VOC/indoor material combinations, a 
variation in D does not alter the y(t) profiles considerably. However, D becomes important 
when K is large as shown in Figure 6. 
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Figure 5. Plots ofy(t) forD varying between 
O.Olx10-12 and 100x10-12 m2/s at a constant K 
of 1000 and Yin of 500 ppb. 
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EMISSIONS OF ODOROUS OXIDIZED COMPOUNDS FROM CARPET 
AFTER OZONE EXPOSURE 
G C Morrison and W W Nazaroff 
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ABSTRACT 

We have conducted laboratory experiments on ozone interactions with carpets, measuring the 
ozone loss rate and changes in the emissions of volatile organic compounds that result from 
ozone exposure. Four different samples of residential and commercial grade carpet were aged 
in ventilated chambers for greater than 12 months ("airing"). After airing, we exposed them to 
100 ppb ozone in 10.5-L stainless steel chambers for 48-120 h. The rate of ozone uptake on 
the carpet was continuously monitored and the gaseous organic compounds emitted were 

· periodically sampled. In addition to the whole-carpet studies, we separately measured ozone 
uptake and oxidized-organic compound release for carpet backing and for carpet fibers. Three 
of the carpets released relatively small amounts of oxidized products. However, from one 
residential carpet we measured cumulative emissions of 186 mg m-2 of normal C4-:-C11 
aldehydes and 73 mg m-2 of 2-nonenal. Aldehydes have low odor thresholds and 2-nonenal 
has an especially low threshold of 0.8 J.lg m-3

. We predict that occupants could -smell these 
compounds for years after installation of this carpet in a typical home. 

INTRODUCTION 

Ozone is a very strong oxidant and can react with many surfaces. This results in reduced 
indoor ozone concentrations and can increase the gas phase concentration of reaction 
products, such as aldehydes. The emissions of a number of aldehydes and organic acids have 
been detected over carpet and painted surfaces upon ozone exposure [1 ,2]. Indoor aldehyde 
concentrations have also been correlated with ozone concentrations [3]. 

In this study, we revisited ozone interactions with carpeting to better understand the source of 
oxidized products and the impact on indoor environments. We aired out 4 different carpets in 
separate ventilated chambers for 12 to 15 months to reduce the emissions of volatile 
compounds. These carpets were then subjected to a controlled atmosphere containing ozone. 
We measured the release rates, and time-integrated releases of the oxidized products of ozone 
reactions with these surfaces. From this information, along with assumptions about the 
geometry and ventilation conditions of typical homes, we can predict how these ozone/surface 
interactions influence indoor concentrations of odorous compounds. The dynamic pattern of 
emissions also reveals information about the form of the precursor surface species. 

METHODS 

Four carpets were chosen for this study. Carpets CP1 and CP3 are residential, nylon fiber, cut 
pile carpets; CP2 and CP4 are commercial, olefin fiber, loop carpets. These were prepared by 
cutting squares (232 cm2

) from newly manufactured rolls, and placing them in 19 L chambers. 
Filtered air was allowed to ventilate the chambers at 10 L min- for greater than 6 months. 
This allowed most of the volatile compounds to be released from the carpet samples, thus 
simulating carpet emissions long after installation. Ozone induced emissions were measured 
from whole carpet, carpet backing and carpet fibers taken from each carpet sample. 

The experimental set-up was as follows. A 10.5-L electropolished stainless steel reaction 
chamber was placed inside a temperature-controlled cabinet along with spargers for 
humidifying the air in the chamber. The sample material was placed in a Teflon frame so that 
only the upper surface was exposed and this assemblage was placed on a Teflon shelf inside 
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the reaction chamber. Ozone was generated in the reactor inlet stream using ultraviolet light. 
A portion of the vented exhaust was sampled by a UV photometric ozone analyzer. An 
electromechanical 3-way valve was used to direct the air stream from the inlet to the ozone 
analyzer so that either supply air or chamber air ozone concentrations could be measured. The 
chamber was maintained at 23 ± 0.5°C and 50 ± 5% relative humidity based on an initial 
calibration using a Vaisala temperature and humidity probe. During the experiments, the 
chamber was continuously ventilated with a total of 1.2 ± 0.05 L min-I air. A feedback control 
loop was used to control the concentration of ozone in the chamber so that it remained at 100 
ppbv throughout the entire experiment, unless otherwise indicated. 

A different reactor was used to measure .emissions of VOCs from carpet fibers separated from 
the backing. We cut fibers from the carpet backing and randomized them with wool carders. 
These were then weighed and packed into a 15-cm long Teflon fixed-bed reactor with an 
inner diameter of 1.75 em. For the fixed-bed experiments, the flowrate was 1.2 L min-I. The 
upstream ozone concentration was maintained at about 100 ppbv. The downstream 
concentration was continuously measured. 

Gas samples for the analyses of individual volatile organic compounds (VOCs), were 
collected from the reactor exhaust stream at average elapsed times of 0, 24 and 48 hours. 
Intermediate samples were also obtained at various times as necessary, especially during the 
first 5 hours of ozone exposure. The 0-hour samples were collected in the absence of ozone 
after the chamber containing the sample had been ventilated for 0.5 hours. Samples for most 
VOCs were collected on Tenax-TA sor&ent tubes and were analyzed by thermal desorption 
gas chromatography/mass spectrometry. Details of this technique have been previously 
reported [4]. Individual VOCs were quantified using pure standards. Formaldehyde, 
acetaldehyde and propionaldehyde were collected on treated dinitrophenylhydrazine 
cartridges and analyzed by high-performance liquid chromatography [5]. An ozone denuder, 
constructed of tubing internally coated with potassium iodide, was used to eliminate 
interferences due to ozone in the sampling and analysis of C1 through C3 n-aldehydes[6]. 

The emission rate of an analyte from either whole carpet or backing samples was calculated 
by the following equation assuming that all environmental variables were constant, the 
reactor atmosphere was well mixed, and the emission rate was at steady state: 

(1) 

where E is the emission rate of the analyte per unit area of material, Q is the volumetric flow 
rate of the gas stream, C is the concentration of the analyte in the chamber exhaust, C0 is the 
chamber background concentration, and A is the exposed cross-sectional area of the carpet 
face. These assumptions are not strictly valid for the fixed-bed reactor because the ozone 
concentration decreases with distance down the bed of fibers. However, equation 1 was used 
to estimate of the average emission rate for the whole bed where A is replaced by Ap, the fiber 
surface area. The average measured fiber diameters, dp, (by light microscope) and fiber mat 
height, Hp, can be found in Table 1 . 

. RESULTS 

We found that ozone-induced emissions of aldehydes from most carpets were relatively low. 
However, one residential carpet, CP3, was found to release very large quantities of 
n-aldehydes. The emissions consisted primarily of n-nonanal, 2-nonenal, n-heptanal, and 
n-octanal. The emission rates of all n-aldehydes from C1 through C14, 2-octenal and 
2-nonenal increased upon exposure to ozone. The time-integrated mass emissions, MT, of 
aldehydes for each carpet is shown in Table 1. For carpets CP1, CP2, and CP4, MT is 
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calculated based on the whole carpet experiment, typically using 1, 4, 24 and 48-h average 
data to calculate a midpoint Riemann sum. For carpet CP3, MT is calcula,ted by integrating the 
emissions from the carpet backing and the fibers, 

(2) 

where Ms is the time integrated mass emissions from carpet backing, MF is the time 
integrated mass emissions from carpet fibers, and RF is the fiber surface area per superficial 
area of carpet. Also shown in Table 1 are the mean emission rates (E) of aldehydes for each 
carpet. Mean emission rate values for CPl, CP2 and CP4 are simply based on the integrated 
mass emissions (MT) divided by 48 hours. For sample CP3, E is based on a 120-h, whole 
carpet experiment (shown in Figure 1 a). Values for RF for all carpets are shown in Table 1. 
Mass emission and emission rate values have an error range of approximately ± 10%. The 
results for carpet CP3 are discussed in more detail below. 

Table 1. Carpet characteristics and emission results a 

Carpet sample dF (Urn) HF (em) Rp 0 MT (mg m-L) E (Ug m-2 h-1) 

CPl 60 ±5 9.4 ± 0.3 66 ±7 0.9 19 
CP2 70 ±5 5.5 ±0.6 33 ±3 5.9 123 
CP3 80 ±5 9.9 ±0.3 46 ±3 263 490 
CP4 70 ±5 3.7 ±0.6 30 ±3 4.2 88 

a dr= fiber diameter; Hp= fiber mat height; RF =normalized fiber area; MT= total emissiOns 
of aldehydes; E =mean emission rate of aldehydes. b Fibers assumed to be cylindrical. 

In Figure 1, we show how the emissions of specific aldehydes from CP3 evolve during 
exposure to ozone. The emissions profile from whole carpet and fibers are given as stacked 
area plots (a) and (b), respectively. The area between the curves represents the total emissions 
of the given compound over the period of the experiment. The label "other aldehydes" refers 
to the sum of the emissions of C4-C6, C 10, C 11 n-aldehydes and 2-octenal. Note that for the 
whole carpet experiment ozone was shut off after an elapsed time of 72 h, for a period of 22 h, 
then turned on briefly and shut off again. This was done to measure aldehyde decay in the 
absence of ozone, as well as the short-term increase in aldehyde emissions upon re-exposure 
to ozone. 

Nonanal and 2-nonenal are released in larger amounts than any other compound. Only 0.5 h 
after initiation of ozone exposure, n-nonanal is emitted at a high rate of 158 Jlg m-2 h- 1 that 
increases to a maximum of 247 Jlg m-2 h-1 by 51 h. In contrast, 2-nonenal has a barely 
detectable initial emission rate of 2 Jlg m-2 h-1 that rises more slowly to reach a maximum of 
235 J.lg m-2 h-1 at 75.5 h. The emissions from fibers show similar trends. In addition to 
aldehydes, small amounts of C4-C10 2-ketones were detected as secondary emission products 
from CP3. In the period between 72 and 94 hours, when the ozone concentration is zero, the 
aldehyde emissions drop relatively slowly. The emission rate of 2-nonenal drops slower than 
any other aldehyde. The emission rate of the summed aldehydes drops by approximately 50% 
over this period in which about 150 air changes take place. 

DISCUSSION 

Carpet CP3 emits a large quantity of aldehydes. We believe that the bulk of the emissions are 
coming from fibers. While the backing also emits compounds at a high rate, the tested 
backing samples are not completely separated from fibers. The fibers were sheared off level 
with the top of the carpet backing, but the fibers left below the surface could not be removed. 
However, we measure large emissions of aldehydes from the fibers, which can be completely 
separated from the backing. 
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Figure 1. Stacked plot of aldehyde emission rates for carpet CP3: (a) whole carpet 
(emission rate per area of carpet); (b) carpet fibers (emission rate per area of fibers). 
"Other aldehydes" include n-hexanal, n-octenal, n-decanal, and n-undecanal. 

In general, the dynamic emission profiles of n-aldehydes correlate well with each other (mean 
correlation coefficient, r = 0.78). On the other hand, the profile of 2-nonenal only correlates 
with n-heptanal (r = 0.7). This is to be expected if further oxidation of the 2-nonenal produces 
n-heptanal or if a single precursor compound produces both of these compounds. Based on 
typical gas-phase reaction rates of ozone with alkenes, little of the gaseous 2-nonenal should 
be oxidized during the plug flow reactor experiments with fibers. However, oxidation of 2-
nonenal adsorbed on the surface is a strong possibility. Based on the slow reduction in the 
emission rate of 2-nonenal in the absence of ozone, 2-nonenal may strongly adsorb to carpet 
elements. If these compounds derive from a single precursor compound on the fiber surface, it 
should have a pair of conjugated double bonds at the 7 and 9 carbon positions counting from 
the free end of a straight carbon chain. Other aldehydes should similarly come from 
unsaturated straight-chain compounds with the double bond in a different location. Weschler, 
et al.[l] suggested that carpets could be coated with vegetable oils which commonly consist of 
multiply unsaturated fatty acid esters. 

The pattern of compounds released from this carpet can be used to predict what oil may be 
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present, and in what quantities. Castor oil is a commonly used vegetable oil, but does not 
contain conjugated double bonds. However, castor oil can be dehydrated so that conjugated 
double bonds form, thus changing the properties of the oil [7]. Based on the ratio of 
compounds released, dehydrated castor oil (or a mixture of castor oil with other vegetable 
oils) is a likely candidate as a precursor species. For a given unsaturated fatty acid ester, only 
one volatile aldehyde would be released upon ozone oxidation (not including di-aldehydes). 
Other products of the ozone/double-bond reaction are likely to be much less volatile and 
would not be measured in this analysis. Making the assumption that a single aldehyde is 
derived from a single fatty-acid ester, we estimate that castor oil may present on the carpet at 
greater than 0.5 g m-2

. This leads to an oil thickness of about 10 nm on the fibers. Other 
possible precursors include isomerized sunflower, isomerized linseed oil, and unmodified 
tung oil.. 

The large quantities of unsaturated surface oils could adversely impact indoor air in locations 
where ozone concentrations are elevated. We can make an estimate of the indoor 
concentration of a given species based on the emission rate measured under laboratory 
conditions and extrapolation to conditions in indoor environments. In this estimate, the 
aldehyde emissions are assumed to be directly proportional to the rate of ozone removal at the 
surface of the carpet. For example, in the experiment shown in Figure 1 (b), the molar ratio of 
2-nonenal released to ozone reacted is 0.11 and for all quantified aldehydes is 0.39 mol 
aldehydes per mol ozone. The flux, F, of ozone to a flat indoor surface can be parameterized 
by the deposition velocity, Vct, 

(3) 

where, Cozone is the spatial average concentration of ozone indoors (usually measured at the 
center of a room). The concentration of ozone indoors can be estimated from a completely 
mixed flow reactor (CMFR) at steady-state [8], 

C = ACgzone 
ozone S 

'I - T 
~~..+vd-

V 

(4) 

where C~zone is the outdoor concentration of ozone, A is the air exchange rate, v d is the area
averaged deposition velocity, ST is the total indoor surface area, and V is the indoor volume. 

Under average conditions in Los Angeles, the annual average ozone value ranges from 20 to 
54 ppb [9]. We will take a middle value of 37 ppb, and combine this with an estimated surface 
area to volume ratio of 3 m- 1

, an air exchange rate of 1 h-1 and a mean deposition velocity of 
1.4 m h-1

• The resulting indoor ozone concentration is 7.1 ppb. Using these values, we can 
estimate the flux of ozone to carpet and multiply this by the aldehyde emission ratio to obtain 
an estimated emission rate, Ei (moles per carpet area per time), for compound i. The 
concentration of compound i indoors is then calculated using the same CMFR analysis as 
above, 

C- = EiSc 
I AV (5) 

where Sc is the area of the carpet. To derive this equation we assumed that outdoor air is free 
of compound i, and that there is no net loss of compound i from indoor air, e.g., by surface 
deposition. The indoor concentrations were estimated assuming SeN= 0.4 m-1 and A= 1 h-1

. 

The indoor concentrations for 2-nonenal and nonanal from carpet CP3 are estimated to be 2.6 
and 3.5 !lg m-3

. Odor thresholds for 2-nonenal and nonanal are 0.8 11g m-3 and 13 11g m-3 [10]. 
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We estimate that these levels would be maintained for over a year if the emission rate is 
constant. Under conditions where the average indoor ozone concentration is somewhat lower 
(2.2 ppb ), the concentration of 2-nonenal could be maintained at the odor threshold for greater 
than six years. These estimates are based on total emissions from the carpet elements over a 
limited experimental time period. Ultimately, the total emissions from the carpet could be 
higher and the odor may persist for an even longer period. 

We noted that the emission rate of aldehydes drops relatively slowly after the ozone 
concentration drops to zero. This is probably due to strong adsorption of aldehydes to the 
surface of the carpet fibers and backing. Using the CMFR model, the concentration of 
aldehydes should drop to about 5% of the 72 h value in only 0.4 h, if the emissions of these 
aldehydes are a direct result of ozone reactions, and there is no significant adsorption to the 
carpet and chamber surfaces. In experiments not reported here, we found minimal aldehyde 
adsorption to chamber surfaces. Thus, it appears that, carpets can act as a large reservoir of 
these odorous compounds, even in the absence of ozone. Outdoor and indoor ozone 
concentrations tend to follow a strong diurnal pattern, with the highest ozone concentrations 
occurring midday. Aldehyde emissions will also follow a diurnal pattern since they are 
formed by ozone reactions. However, the temporal emissions pattern might be smoothed, as 
the carpet stores aldehydes during the day, and releases them at night. 
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ABSTRACT 

The purpose of the study is to improve understanding of the dynamic behavior of the 
polycyclic aromatic hydrocarbons (PAH) in environmental tobacco smoke (ETS) as it ages. 
Gas/particle phase distributions of P AH were measured in ETS using a diffusion-based 
sampler. Simultaneously, the size distributions of particulate PAH were determined with a 
microslot impactor. Experiments were conducted in an environmental chamber (20 m3

, 16 :::; 
T :::; 25 °C) for two hours after smoking ceased. The particulate P AH fractions were 
significantly higher for ETS than for ambient indoor particles. Both gas/particle partitioning 
and depositional losses to chamber surfaces were highly dependent on PAH vapor pressures. 
The least volatile particulate PAH were associated with particles with mass median with 
aerodynamic diameters (MMAD) of less than 0.1 J..Lm. The more volatile PAH were 
distributed among particles up to 1.7 J..Lmeter in diameter. 

INTRODUCTION 

The purpose of the study is understanding the dynamic behavior of polycyclic aromatic 
hydrocarbons (PAH) in ETS sufficiently well to predict their behavior in realistic indoor 
environments. This work is part of a larger effort to improve exposure assessment by 
considering aging and deposition of semi-volatile components of ETS onto indoor surfaces. 
We examined gas/particle partitioning and particle size distributions of ETS components 
because they influence lung dosimetry. Gas-phase species deposit more efficiently than 
particles, and they impact the upper airways of the respiratory system where they are quickly 
cleared. ETS particles of 0.1 to 0.5 J..Lm diameter penetrate deeply into the lung and clear more 
slowly. Although the dosimetry of particulate organic compounds depends on their particle
size distributions, very little data exists for specific classes such as PAH in ETS. Even less is 
known about the behavior of the size distributions of PAH as the smoke dilutes and ages. 

METHODS 

Simulated ETS was generated in two environmental chambers (stainless steel, 20 m3 and 
painted wallboard, 36 m3

) using an Arthur D. Little smoking machine with an attached 12-, 
port programmable auto-igniting and extinguishing cigarette holder. Mainstream smoke was 
ventilated outside the chamber, while the sidestream smoke was emitted directly into the 
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room. In each experiment, two Kentucky reference type 1R4F cigarettes were smoked 
sequentially at one 35 mL puff per minute using a standard puff profile. The chamber was 
sealed, and the air exchange rate was monitored continuously by following the concentration 
of the tracer gas SF6. Five experiments were conducted at temperatures between 16 and 25 
oc. Integrated P AH measurements were made for 45-min sampling periods. Sampling began 
10 min after the cigarettes were extinguished. In two experiments conducted in the stainless 
steel chamber at 18°C and 25°C, respectively, a second set of integrated PAH measurements 
were made starting 2.5 hr after smoking. In one experiment at 24 oc in the 36 m3 chamber 
P AH were determined over four sampling intervals from 30 to 60 min, starting about an hour 
after smoking. 

Gas and particulate phase concentrations of P AH were determined from separate extracts of 
each of the components of the Integrated Organic Vapor Particle Sampler (IOVPS), a 
diffusion-based air sampler that minimizes the artifacts associated with sampling semi-volatile 
organic compounds [1]. The IOVPS operated at 10 L min-1

• PAH were determined using 
high performance liquid chromatography with selective fluorescence detection [2,3]. The 
relative precision at the 95% confidence level averaged 20% for particulate PAH [3]. 

Size distributions of twelve PAH were measured using a new impactor, the Size-Segregated 
Environmental Tobacco Smoke Sampler (SSETS) [4] that was co-located with the IOVPS. 
The SSETS has cutpoints at 0.1 0, 0.38, 0.84, 1.7 and 3.5 ~mat a flow rate of 36 L min-1

. The 
SSETS uses microslots, 100 ~m to 1.4 mm in width, that concentrate the sample and 
eliminate interferences between jets. The small orifice widths achieve a 0.1 ~m cutpoint 
without using low pressures, thus avoiding volatilization losses. The pressure drops for the 
smallest stage is 8 kPa [ 4]. Gravimetric mass and P AH were determined for each stage and 
for the afterfilter. The mass size distribution of ETS was also measured with a quartz crystal 
microbalance impactor in some experiments. 

RESULTS 

Gas/particle phase distribution. The particulate P AH fractions were significantly higher for 
ETS than those measured for ambient aerosol in indoor air [1]. This characteristic suggests 
that ETS is especially prone to the sampling artifact problems with semi-volatile species 
(especially "blow off' of PAH from particles) that the IOVPS has been designed to avoid. 
Higher particulate P AH fractions are probably due to differences in the nature and age of the 
particles. Chamber-generated ETS ·is a relatively fresh, liquid aerosol, compared to ambient 
particulate matter which usually contains insoluble solid carbonaceous material in addition to 
sorbed organic and inorganic species. 

Phase distributions of semi-volatile organic compounds (SVOC) in ambient airborne particles 
at equilibrium have been described by Yamasaki [5] and Pankow [6]. They define a partition 
coefficient, Kp, as 

(1) Kp = F I (A.P) 

where F is the semivolatile organic compound (SVOC) particulate phase concentration in ng 
m-3 (determined from a filter), P is the concentration of total suspended particulate matter in 
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J.Lg m-3
, and A is the SVOC vapor-phase concentration in ng m-:, determined from an 

adsorbent (here, the IOVPS denuder). Temperature is an important factor in determining the 
phase distribution. The temperature dependence of Kp for P AH in ambient air as formulated 
by Yamasaki [ 5] is 

(2) log Kp = mff + b 

where m and b are the slope and intercept of the Yamasaki plots, respectively, for each PAH. 
The value of m reflects the enthalpy of volatilization. Plots of - log Kp vs. T 1 for three P AH 
in ETS from our chamber studies at temperatures ranging from 16.1 to 25.1 °C are linear 
(Figure 1 ), demonstrating that the Yamasaki relationship can be used to predict P AH phase 
distributions and exposures to ETS over a range of temperatures. The data illustrated in Fig. 1 
were based on sampling during the first hour after smoking ended, for five separate 
experiments, three of which were conducted in the 36 m3 chamber. The other two took place 
in the 20 m3 chamber. 
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Figure 1. Arrhenius plots (-log Kp vs. 1000·T1
) for gas-particle partitioning in ETS over the 

temperature r<l;nge 16-25°C. Data from five experiments: phenanthrene, circles o; pyrene, 
diamonds <>; and benz[a]anthracene, squares . The solid lines are linear least squares 
regression lines. 

Aging of PAH in ETS. To investigate further the dynamic behavior of PAH in ETS, the phase 
distributions of several P AH were measured at half-hour intervals over a 3-hour period in the 
36m3 environmental chamber under static conditions (air exchange rate= 0.04 hf\ Within 
the experimental uncertainties of the measurement, particulate P AH losses via deposition to 
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surfaces were similar tQ those measured for ETS particles. Deposition losses of the vapor
phase semi-volatile PAH were highly dependent upon vapor pressure - more rapid losses were 
observed for the higher molecular weight PAH. Phenanthrene, pyrene and benz(a)anthracene 
exhibited much faster decay in gas phase concentration than the more volatile species such as 
naphthalene and its methyl derivatives, as shown in Figure 2. The effect of these differential 
deposition rates is to change the relative proportions of the different vapor-phase P AH in ETS 
and thereby, the overall chemical composition of ETS. The values of Kp also increased over 
time due to more rapid losses of vapor- than particulate-phase P AH. 
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Figure 2. Decay of 1-Methylnaphthalene and pyrene in ETS, measured with the IOVPS in the 
36 m3 environmental chamber. 

We applied the Tichenor model [7] to the concentrations of vapor and particle phase P AH 
measured over time. For the model, we used the sidestream smoke yields reported by Eatough 
[8] for the 1R4F cigarette to provide an estimate of the total (initial) emissions from the 
cigarettes. The dynamic behavior of some of the vapor-phase PAH appeared to fit this model, 
i.e., there was an initial rapid deposition to the chamber surfaces, and then concentrations 
reached a quasi-steady state over the three hour period of the experiment, as shown in the 
figure. 

Table 1. Size distribution of PAH in ETS at 18.3 oc 
size range, J..Lm < 0.1 0.1-0.38 0.38-0.84 0.84-1.7 < 1.7 

PAH, ng/m3 (18-62 min) Filter Stage 5 Stage 4 Stage 3 Sum 

Phenanthrene 4.63 2.0 3.7 1.0 11.3 
Anthracene 0.12 0.27 0.55 0.04 0.98 
Fluoranthene 3.4 5.2 10.4 1.0 20.0 
Pyrene 3.4 5.3 12.4 0.9 . 22.0 
Benz( a)anthracene 9.9 3.8 9.5 0.2 23.4 
Benzo(b )fluoranthene 10.2 1.7 5.4 ::;o.2 17.5 
Benzo(k)fluoranthene 2.8 0.60 1.3 ::;0.03 4.7 
Benzo( a )pyrene 3.2 . 1.3 2.2 ::;o.1 6.8 

Mass, J..Lg/m3 (18-62 min) 560 112 249 12 933 

Mass, J..Lg/m3 (149-194 min) 304 61 256 18 639 
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Size distributions. Apparent bimodal size distributions were observed for the particulate P AH 
and mass at the temperatures shown in Tables 1 and 2. The mass measured with the quartz 
crystal microbalance did not show bimodal distributions. More recent measurements with the 
Hering impactor did not show bimodal mass distributions, and we suspect that the gap for 
stage 5 was smaller than intended for the data reported in Tables 1 and 2, thus possibly 
skewing the size cuts for stages 4 and 5. Nevertheless, the higher the MW of the PAH the 
more they were associated with smaller particles. The reported MMAD for ETS particle mass 
is- 0.2 Jlm [5]. At 25 °C, the concentrations of particulate PAH < 0.8 J.lm were significantly 
lower than at 18 °C, and the vapor-phase concentrations were higher at 25 °C. 

Table 2 Size distribution of P AH in ETS at 25.1 oc 
size range, J.lm <0.1 0.1-0.38 0.38-0.84 0.84-1.7 < 1.7 

PAH, ng/m3 (23-68 min) Filter Stage 5 Stage 4 Stage 3 Sum 

Phenanthrene 10.6 1.1 3.8 ~0.5 15.5 
Anthracene 0.22 0.02 0.29 ~0.02 0.53 

Fluoranthene 1.9 1.1 3.2 1.2 7.4 

Pyrene 2.0 2.0 4.7 0.7 9.4 

Benz( a)anthracene 3.6 1.7 3.0 ~0.1 8.3 

Benzo(b )fluoranthene 5.8 0.8 2.8 ~0.2 9.4 
Benzo(k)fluoranthene 1.6 0.48 0.72 ~0.03 2.8 
Benzo( a)pyrene 1.2 0.39 1.0 ~0.1 2.6 

Mass, f..lg/m3 (23-68 min) 356 170 219 12 757 

Mass, f..lg/m3 (155-200 min) 237 97 231 44 609 

DISCUSSION 

Semi-volatile PAH in fresh ETS followed the general features of gas/particle partitioning 
equilibrium theory. However, as the smoke aged, depositional losses to interior surfaces 
depleted the gas phase more rapidly than the particulate phase semi-volatile PAH. 
Depositional losses of the vapor-phase P AH were highly dependent on the P AH vapor 
pressure. The effect of these differential deposition rates is to change the relative proportions 
of vapor-phase PAH in ETS and thereby, the overall chemical composition of ETS. The 
values of the measured partitioning constant Kp also increased over time due to more rapid 
losses of vapor- than particulate-phase PAH. 

Particle mass size distributions measured in recent experiments in our laboratory [9] do not 
show a dip in mass between 0.1 and 0.4 Jlm, as do the some of the data collected with the 
SSETS. We suspect that the apparent bimodal distribution in mass and PAH size distribution 
may be an experimental artifact. However, if the 'distribution proves to be bimodal after 
further investigation, the results would suggest that lung deposition for particulate P AH, such 
as benzo(a)pyrene, may be greater than predicted from ETS particle mass alone, and that 
previous lung dosimetry calculations for ETS might underestimate the doses of the 
biologically active components. 
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ABSTRACT 
We measured the environmental tobacco smoke (ETS) emissions (diluted sidestream plus 
mainstream tobacco smoke) from three types of cigars: regular, small plastic-tipped, and large 
premium. Fifteen experiments (nine using cigars and six using cigarettes) were conducted in 
a well-mixed 20m3 chamber with stainless steel walls. The cigars and cigarettes were both 
smoked by machine at a rate of two 35-ml puffs a minute. For each experiment, we collected 
filter samples to obtain total particle mass concentration. Integrated nicotine samples were 
collected on Tenax sorbent tubes, and nicotine analyses were performed using thermal 
desorption followed by GC-FID. Size-resolved particle measurements were made using a 
differential mobility particle sizer with a 0.01 - 0.5 J..Lm diameter range. Emission factors for 
nicotine and total particle mass (for either milligrams emitted per gram of tobacco smoked or 
milligrams emitted per minute) were up to 6 times larger for cigarettes than for cigars. 

INTRODUCTION 
The characterization of emissions from sources of indoor air pollution is important in the 
fields of indoor air quality, exposure assessment, risk assessment, and epidemiology. A 
critical attribute of sources is the mass of pollutant emissions per unit of fuel consumed or per 
unit time. The latter is called the emission rate. Smoke exhaled by smokers and emitted from 
the burning end of a tobacco product, commonly called second-hand smoke or environmental 
tobacco smoke (ETS), is a major source of indoor pollution. 

ETS emission data have been reported for cigarettes by a number of researchers (1). 
However, the available information on cigar ETS emissions appears limited to three studies. 
Two investigators have reported cigar ETS emission factors for carbon monoxide (2) and total 
particle mass (TPM) (2, 3 as cited in 4) and another investigator has reported concentrations 
for several compounds emitted from cigars that were smoked in an unventilated chamber (5). 
The need for more emissions data for cigars motivates the current study. 

We conducted a series of controlled chamber experiments for the specific purpose of 
generating TPM and nicotine ETS emission data for three different types of cigars (premium, 
regular, and small). We measured the size distribution of ETS particles, since particle size is 
crucial in determining both the regional lung deposition and the dynamic behavior of particles 
in indoor air. All cigar results are compared to results for cigarettes smoked under identical 
conditions. 

METHODS 
Chamber Experiments. We conducted nine cigar (premium, regular, and cigarillo) and six 
cigarette (regular and lights) smoking experiments in an unventilated 20m3 chamber(< 0.1 
air changes per hour). The chamber's interior surfaces consisted entirely of stainless steel. 

II-7 



In addition, two 4' x 8' sheets of upright gypsum wallboard (a total of 12m2 of exposed 
surface area) were placed vertically in the center of the chamber. The cigars were smoked by 
machine (ADL/11, Arthur D. Little, Inc., Cambridge, MA) at a rate of two 35-ml puffs per 
minute. Both sidestream and mainstream tobacco smoke were freely emitted into the 
chamber where they were mixed thoroughly by 6 small fans. For each experiment, we 
collected TPM on Teflon-coated glass fiber filters (sampling at -18 liters/min), after smoking 
stopped over a sampling time period of between 30 and 60 min. Although nicotine in ETS is 
mostly in the vapor phase (6), we collected both particle and vapor-phase nicotine on a single 
Tenax sorbent tube (sampling at -100 cm3 /min) just after smoking stopped for sampling time 
periods similar to those for the filters. The nicotine samples were analyzed by thermal 
desorption onto a GC with a flame ionization detector. 

We determined TPM concentration gravimetrically by weighing the accumulated mass on 
each filter using a Cahn 25 precision electrobalance. Semi-continuous particle size 
measurements were made using a differential mobility particle sizer (TSI, Inc., St. Paul, MN), 
which scanned over 34 size bins in the range of approximately 0.01 to 0.5 Jlm in diameter. 

Calculation of Nicotine and TPM Emission Factors. Our goal is to calculate apparent 
emission factors for nicotine and TPM. Emission factors are defined as the mass of pollutant 
emitted per unit mass of tobacco smoked [mg/g] or per unit of time [mg/min]. We use a 
well-mixed reactor model with terms for source emission, pollutant removal by ventilation, 
and pollutant removal by deposition: 

(1) V dC(t) = E- AC(t)- KC(t) 
dt 

where Vis the volume of the chamber [m3
], C(t) is the pollutant concentration in the chamber 

at timet [mg/m3
], E is the pollutant emission rate [mg/min], A is the ventilation rate [m3/min], 

and K is the deposition rate [m3/min], which can be related to the deposition velocity, Vd 

[crn/s]. While ETS particles adhere to surfaces and are well described by the linear model in 
Equation 1, nicotine has been described by Van Loy et al. (7) using a nonlinear, reversible 
sorption model. They observed the nicotine concentration to decrease rapidly immediately 
following smoking, and subsequently begin a slower decay. Since Equation 1 neglects this 
initial, rapid nicotine loss, we expect our results for ETS to underestimate total nicotine 
emissions (see additional discussion below). 

Since E, A, and Kin Equation 1 are taken to be constant, the mass emitted, q, can be written 
as follows (for either TPM or nicotine): 

tz 
(2) q = E~2 -t1] = V[C(t2 )- C(t1 )]+[A+ K Jf C dt 

tl 

where t = t1 is the time that smoking begins and t = t2 is the time that smoking ends. In our 
case, we have t1 = 0 and C(O) = 0, so that C(t2) is the peak pollutant concentration, Cmax· In 
addition, the integral on the right-hand side of Equation 2 is equal to the average pollutant 

concentration, C , between t = t1 = 0 and t = t2 multiplied by t2 - t1 = t2 . With an elapsed 
smoking time t = t2: 

(3) q=VCmax +[A+K]C t2 
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Dividing q by the mass of tobacco smoked gives the mass-normalized emission factor [mg/g]. 
Dividing q by the source duration gives the emission rate [mg/min]. If the total removal rate 
(A+ K) is fairly low, the concentrations determined from our integrated samples (taken 
immediately after smoking) are approximately equal to Cmax, and the second term on the 
right -hand side of Equation 3 is likely to be small. We have included this term in our 
calculations by using half of the peak concentration, Y2 Cmax, to represent the mean pollutant 
concentration during smoking, C , since the increase in C during the smoking episode is 
nearly linear. 

RESULTS 
The smoking times and calculation of the mass of tobacco smoked are summarized in Table 1. 
We determined the mass of tobacco smoked on a length basis (i.e., we multiplied the length 
smoked by the mass of tobacco per unit length of tobacco in the fresh product) to eliminate 
errors produced by changes in density of the unsmoked tobacco column. Estimates of the 
measurement uncertainty for concentrations of TPM and nicotine are 3% and 5%, 
respectively. The total removal rate A +K, as determined by exponential decay constants (first 
order), ranged from 0.04 to 0.08 m3 /min (mean of 0.06 m3 /min) for TPM and 0.08 to 0.16 
m3/min (mean of0.12 m3/min) for nicotine. 

Table 1. Smoking Time and Mass Smoked for the Cigars and Cigarettes Used in This Study 

Tobacco Product 
(N) a 

Smoking Original Original Mass per Length Mass 
Time, Mass, b Length, b Length, Smoked, Smoked, c 

Ave (SD) Ave (SD) Ave (SD) Ave (SD) Ave (SD) Ave (SD) 
[min] [g) [mm] [glmm] [mm] [g] 

Regular Cigar (5) 12.6 (1.8) 6.2 (0.26) 133 (0.44) 0.047 (0.002) 34 (5.0) 1.6 (0.21) 

Premium Cigar (1) 13.2 (0) 16.3 (0) 181 (0) 0.09 (0) 14 (0) 1.3 (0) 

Cigarillo (3) 13.2 (2.7) 2.7 (0.39) 105 (0) 0.026 (0.004) 44 (12) 1.12 (0.21) 

Cigarette (5) 6.4 (0.8) 0.74 (0) 80.9 (0) 0.009 (0) . 79.3 (0.13) 0.72 (0.001) 

• Regular cigar= Swisher Sweets regular, premium cigar= Macanudo, cigarillo = Tiparillo (aromatic or mild 
blend), cigarette = Marlboro regular or Camel light. b These columns contain statistics for the mass and length of 
tobacco only- not including filters or plastic tips. c The mass smoked is calculated by multiplying the length 
smoked by the mass of tobacco per unit length of fresh tobacco. Abbreviations: N, sample size (number of 
trials); Ave, average; SD, standard deviation. 

Total Particle Mass (TPM) and Nicotine Emissions. The ETS TPM emissions per unit 
mass of tobacco smoked [mg/g] for premium cigars, regular cigars, and cigarillos are, on 
average, approximately 50% of those for cigarettes (see Table 2}. The nicotine emissions 
(mostly vapor) per unit mass of tobacco smoked for regular cigars and cigarillos are, on 
average, about one third of those for the cigarettes, and about one fifth of cigarettes for the 
premium cigar. The TPM emission rates [mg/min] for cigars are, on average, about one third 
to two thirds of those for cigarettes and the nicotine emission rates are, on average, about one 
sixth to one third of those for cigarettes. Since cigars typically contain more tobacco mass 
than cigarettes (up to 16 g for cigars and under 1 g for cigarettes; see Table 1), the TPM and 

II-9 



nicotine emitted by a fully smoked cigar is expected to be greater than that emitted from a 
single cigarette. ETS particles are all in the respirable size range ( < 2.5~m), so TPM can be 
considered equivalent to respirable suspended particle (RSP) measurements. 

Particle Size Distributions. The fitted geometric mean of the ETS particle-size distribution 
(the median particle size) measured just after smoking appears to be slightly smaller (by 0.025 
~m) for regular cigars than for cigarettes (see Table 3). Cigarettes and cigarillos appear to 
have comparable geometric means. These results are based on only three experiments and 
should be considered preliminary. All three distributions were approximately lognormal and 
had similar fitted geometric standard deviations (1.6 to 1.7). Both cigar and cigarette
generated particles were observed to coagulate with time. The observed GM of their 
respective size distributions was seen to increase by about 0.05 ~m during the two hours after 
smoking ceased. 

Table 2. Total Particle Mass (TPM) and Nicotine Emission Factors 
TPM Emission Factors, b Nicotine Emission Factors, b 

Ave (SD) Ave (SD) 
Tobacco Product [mglg] [mglmin] [mglg] [mg/min] 
{Nt m' Nnic) a 

Regular Cigar (5,4) 5.7 (1.5) 0.75 (0.23) 0.41 (0.25) 0.052 (0.032) 

Premium Cigar (1,1) 4.3 (0) 0.40 (0) 0.26 (0) 0.024 (0) 

Cigarillo (2, 1) 4.1 (0.45) 0.33 (0.11) 0.42 (0) 0.027 (0) 

Cigarette (3,2) 10.3 (1.7) 1.1 (0.11) 1.3 (0.25) 0.14 (0.0052) 

•Regular cigar= swisher sweets, premium cigar= Macanudo, cigarillo= Tiparillo (aromatic or mild blend), 
cigarette =Marlboro regular or Camel light. b Emission factors have the units of milligrams emitted per gram of 
tobacco smoked and milligrams emitted per minute. Abbreviations: Ntpm• sample size for total particle mass 
(TPM) determinations (number of trials); Nnic sample size for nicotine determinations (number of trials); Ave, 
average; SD, standard deviation. 

Table 3. Particle-Size Distribution Immediately After Smoking Stopped 

Particle Size [~m] 

Tobacco Product a Fitted GM b Fitted GSD b 

Regular Cigar 0.075 1.7 

Cigarillo 0.094 1.6 

Cigarette 0.10 1.6 

•Regular cigar= Swisher Sweets regular, cigarillo= Tiparillo (aromatic or mild blend), cigarette= Marlboro 
regular or Camel light. Distribution statistics represent measurements taken from a single experiment. b The 
statistics GM and GSD were obtained from the lognormal fit to binned particle count data. Abbreviations: GM, 
geometric mean; GSD, geometric standard deviation. 

DISCUSSION 
The emission factors reported in this paper can be used to model the ETS exposure that 
humans receive. Through knowledge of (l)source activity (i.e., when and how many 
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cigarettes or cigars are smoked), (2) source emission factors, such as those presented in this 
paper, (3) receptor proximity (i.e., when and where the exposed person is present during 
smoking), and ( 4) building characteristics, reasonable estimates of human exposure can be 
made. Since the smoking of cigars has recently become more popular (4), it is important to 
understand how ETS emissions from cigars and cigarettes differ. Rather than look at total 
emissions, in which case a single cigar would typically have greater emissions than a single 
cigarette, we use normalized quantities such as the amount of emissions per unit mass of 
tobacco smoked to compare the source strengths of different tobacco products. These 
quantities can be used to calculate the resulting emissions after an arbitrary portion of a cigar 
(or cigarette) has been smoked. 

In the present study, we have smoked cigars and cigarettes in an identical manner and under 
identical room conditions. This methodology increases our confidence in making 
comparisons between the two different sources. 

Calculations of apparent ETS nicotine emission factors that don't account for rapid sorption 
of nicotine, such as ours and those of Daisey et al. (1), underestimate nicotine emissions. For 
example, Daisey et al. (8) report total sidestream nicotine emissions of 5.35 mg/cigarette or 
about 7-9 mg/g (assuming 0.6-0.7 g of tobacco smoked per cigarette). However, while our 
apparent emission factors do not describe absolute nicotine emissions, they can still be useful 
for comparisons and predictions of exposure under conditions similar to those in our study. 

Table 4. Comparison of Particle Mass and Nicotine Emissions to Those from Other Studies 

Study Source Type b 

This Study 3 Cigars 

CPRT (3) 13 Cigars 

Klepeis et al. (2) 2 Cigars 

Nelson et al. (5) c 6 Cigars 

This Study d 2 Cigarettes 

Daisey et al. (1) 6 Cigarettes 

Particle Mass Nicotine 
Emission Factor, a 

Ave (SD) 

[mglg] 

5.2 (1.4) 

10.3 (2.4) 

8.1 (0.14) 

6.4 (4.1) 

10.3 (1.7) 

12.4 (1.3) 

Emission Factor, a 

Ave (SD) 

[mg/g] 

0.39 (0.20) 

0.13 (0.08) 

1.3 (0.25) 

1.4 (0.26) 
a Emission factors in this table have the units of milligrams emitted per gram of tobacco smoked. 6 The number of 
different types of cigars or cigarettes used in the study. c Mass emission factor obtained from presentation slides 
(5). Nicotine emission factor unavailable. ct Only 1 type of cigarette was used for nicotine statistics 
Abbreviations: Ave, average; SD, standard deviation. 

The normalized, apparent cigarette emission factors [mg/g] that we determined for both TPM 
and nicotine are comparable to those determined using a similar method by Daisey et al. (1) 
(see Table 4). The emission factors we determined for cigars are clearly much lower than 
those determined for cigarettes. The work by CPRT (3) suggests even lower nicotine 
emission factors for cigars than for cigarettes, but particle mass emission factors that are 
comparable to what has been obtained for cigarettes. In addition, Klepeis et al. (2) report 
particle mass emission factors for two premium cigars that are approximately 80% of those 
for cigarettes. 
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From the above comparisons between different studies, it appears as though cigar brand 
and/or smoking style (two principal variants within and/or between these studies) may be 
important factors in determining emissions of particles. While normalized nicotine emissions 
seem to always be lower for cigars than for cigarettes, particle mass emissions can range from 
being approximately equal to emissions for cigarettes to being half those of cigarettes. 
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VOCS AND "SICK BUILDING SYNDROME": APPLICATION OF A NEW 
STATISTICAL APPROACH FOR SBS RESEARCH TO U.S. EPA BASE STUDY 
DATA 

M.G. Apte and J. M. Daisey 

Indoor Environment Department, Lawrence Berkeley National Laboratory, Berkeley, CA, 
USA 

ABSTRACT 

Causal associations between "Sick Building Syndrome" (SBS) symptoms and specific 
environmental stressors were explored using a recently developed approach employing 
Principal Components Analysis (PCA) and Logistic Regression [1]. This approach was 
applied to data collected by the U.S. EPA from 1995 to 1996 in 28 large U.S. office buildings 
in the Building Assessment Survey and Evaluation study. PCA was used to apportion 
measurements of 13 VOC species and carbon monoxide into source-related vectors. A 
reduced set of four source-based exposure vectors, tentatively identified as photocopiers, 
automotive emissions, environmental tobacco smoke, and latex paints were derived from the 
data. Regression analyses indicate statistically significant associations between mucous 
membrane related symptoms and the PCA photocopier vector (odds ratio=l.2, p=0.04), after 
adjustment for age, gender, smoking status, presence of carpeting, and thermal exposure. 
Similar relationships (odds ratio=l.2, p=0.03) were found between sore throat symptoms and 
the PCA paint vector. Odds ratios are given per unit increase in PCA vector which range over 
5-6 units. 

INTRODUCTION 

Causal associations between "Sick Building Syndrome" (SBS) symptoms and specific 
environmental stressors have been elusive. Although volatile organic compounds (VOCs) are 
suspected to be significant contributors to SBS, field studies to demonstrate this relationship 
have not generally proven successful. Ten Brinke, et al. [ 1] recently reported a new approach 
to develop exposure metrics for VOCs that were statistically significant predictors of SBS 
symptoms reported in the California Healthy Buildings Study. The method utilizes Principal 
Component Analysis (PCA) to group correlated VOCs into a reduced set of Principal 
Component vectors (PCs) that are associated with sources. The PCs are then used in a logistic 
regression analysis to estimate the association between SBS symptoms and these exposure 
metrics (the calculated PC scores), while adjusting for other building-environmental and 
occupant-related covariates. This approach has now been applied to a second set of VOC 
measurements and self-reported SBS symptom data, a subset of the Building Assessment 
Survey and Evaluation (BASE) study, collected by the U.S. EPA in 1995 and 1996 in 28 large 
U.S. office buildings. 

METHODS 

The data analyzed in this paper were collected in 28 large U.S office buildings in 1995 and 
1996, a subset of 100 buildings studied from 1994-1998 by the U.S. EPA in the BASE study 
[2]. These 100 buildings were selected at random to be a representative sample of the 
nation's office building stock, however at the time that the analyses were conducted, only the 
'95-'96 data were available and suitable for this analysis. These 28 buildings are located in 
11 states (AZ, CA, CO, FL, LA, NE, NV, PA, SC, TN, and TX). Their individual studies 
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were carried out during one-week periods of the winter, spring, or summer months. The 
BASE protocol includes the collection of an exhaustive database on the physical 
characteristics of the buildings' construction and HV AC systems; extensive indoor and 
outdoor environmental monitoring data from a selected space within each building. Data 
were also collected via questionnaire from all study space occupants within each building. 
The questionnaire collected information on the occupants' perceptions of their workplace 
environments, job characteristics, and health and well-being (including symptoms associated 
with SBS). The BASE study protocol is described in detail elsewhere [2]. 

VOC samples were collected over 9-hours in canisters and analyzed by gas chromatograph
mass spectrometry for 56 VOC species. Thirteen of the VOCs (Table 1) were selected for 
inclusion in the present analyses, based upon literature of indoor or outdoor sources common 
to office buildings, and their similarity to those used in the analyses of Ten Brinke et al. [1]. 

Nine-hour time-weighted-average (TWA) indoor VOC and indoor minus outdoor CO (dCO) 
concentrations were averaged across the three indoor measurement sites for the Wednesday 
measurements at each building. A value of half of the limit of detection (LOD) was used to 
replace values reported as below LOD for individual VOC species. A value of 0.5 ppm was 
applied to CO data reported below LOD. Table 1 summarizes the VOC and dCO data. 
Thermal exposure (°C-hours) was calculated for each building, as the integrated difference 
between 5-minute-average-temperature and 20°C, averaged over 3 indoor locations and 2 
measurement heights, and normalized to 1 0-hours of exposure. 

Table 1. The geometric mean and standard deviation (GM,GSD), minimum, and maximum 
9-hr TWA indoor VOC concentrations for the 28 '95-'96 BASE buildings are shown. 
Common sources of these VOCs derived from the literature are listed. 

Compound CAS No. GM GSD Min Max Common 
(ppb) (ppb) (ppb) Sources a 

styrene 100-42-5 0.21 1.5 0.10 1.2 1,2,3,4,13 
a-pinene 2437-95-8 0.19 2.5 0.05 0.7 5,6 
2-butanone 78-93-3 1.4 2.5 0.23 9.0 7,11,12 
1 ,4-dichlorobenzene 106-46-7 0.13 2.7 0.05 2.4 6,8 
toluene 108-88-3 4.8 2.5 1.5 97 1,2,9,11 
ethylbenzene 100-41-4 0.38 2.5 0.14 2.6 1,2,3,9 
1 ,2,4-trimethylbenzene 95-63-6 0.63 2.3 0.12 4.7 1,2,4,9 
m&p-xylenes 1330-20-7 1.6 2.7 0.24 8.2 3,9,11 
n-undecane 1120-21-4 1.2 2.2 0.33 3.6 1,2,4,5,10,14 
4-methyl-2-pentanone 108-10-1 0.38 3.2 0.10 15 11 
butyl acetate 123-86-4 0.63 3.3 0.13 6.9 7,11,12,14 
d-limonene 5989-27-5 0.66 2.6 0.08 6.3 2,5,6,13 
ethyl acetate 141-78-6 0.70 2.7 0.11 7.1 7,14 
dCO (indoor-outdoor, ppm) 630-08-0 0.02 5.7 0.00 4.3 9,13,16 

a1=Carpet; 2=Undercarpet; 3=Photocopier; 4=Building Materials, 5=Cleaners; 6=Deodorants; 
?=Solvent; 8=Air Fresheners; 9=Automotive sources; 10=Latex Paint; 11=Solvent-Based 
Paints; 12=Spray Paints; 13=Environmental Tobacco Smoke; 14=Adhesives; 15=1nks; 
16=Unvented Combustion Sources. 

The BASE Study occupant questionnaire was used to derive SBS symptom prevalences 
(Table 2). These include upper respiratory and mucous membrane (MM) irritation, including 
the eyes, nose, and throat; chest tightness, difficulty breathing, cough, or wheezing; fatigue; 
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headache; eye strain; and dry or 
itchy skin. SBS symptoms are 
those which are reported to occur 
when the occupants are in the 
building and decrease when they 
leave. In order to qualify as a SBS 
symptom, the occupant must have 
reported it to have occurred at least 
1-3 days per-week during the 
month previous to the study. 

The approach using PCA to derive 
exposure metrics has been 
discussed thoroughly by Ten 
Brinke et al. [1]. In brief, the 
object of PCA is to convert a set of 

Table 2. Sick Building Syndrome (SBS) symptoms and 
average prevalence across 28 BASE '95-96 buildings. 

SBS Symptoms A vg. Prevalence(%) 
Mucous Membrane Symptoms (Combined) 30 

dry, itching, or irritated eyes 22 
sore or dry throat 8.3 
stuffy or runny nose, sinus congestion 15 

Chest Tightness or Difficulty Breathing 8.2 
chest tightness 2.2 
shortness of breath 2.3 
cough 5.9 
wheezing 2.4 

Fatigue or Sleepiness 
unusual tiredness, fatigue, or drowsiness 17 

Headache 18 

highly correlated variables (i.e., Tired or strained eves 5.1 
measured VOC species in office Drv or itchv skin 5.0 
buildings), into a reduced number _ 
of uncorrelated vectors which are linearized sums (principal components) of standardized 
individual variables (i.e., normalized between ±1). These PCs represent source types or 
building materials which emit VOCs, since species originating from the same types of sources 
tend to co-vary in concentration from one building to the next. Some VOC species can 
originate from more that one source, so it is possible that they will be associated with more 
than one PC. Thus, the PCA method is useful because it can apportion the VOC contributions 
from different source groups. It should be noted that since the PCs represent particular groups 
of sources, it is likely that they correlate with other (possibly unmeasured) compounds 
emitted from those sources. In these analyses, PCA correlation matrix eigenvalues of the PCs 
were used to determine the extent of the PCs interpretability, with a cutoff criterion of:?: 1.0 
used to determine the PCs to be kept in the analysis. 

Multivariate logistic regressions (MLR) [3] were used to assess associations between SBS 
symptoms and both individual VOCs and the PCA-based exposure metrics. Both crude 
bivariate and multivariate models were adjusted for other risk potential risk factors and 
confounders. The SBS symptom/environmental exposure associations are presented as odds 
ratios (OR). 

RESULTS AND DISCUSSION 

The average (min-max) of informative physical and demographic characteristics needed for 
this paper follow. Further details for BASE '95-'96 can be found elsewhere [2]. Occupied 
floor area of buildings (m2

): 17,000 (1, 700-54,000); typical building occupancy (persons): 
1460 (95-7130); average cooling degree days CC-days): 1000 (180-2200); average heating 
degree days (°C-days): 2000 (100-3500); gender of survey responders(% male): 29 (6-70); 
survey age group mode (years): 40-50; survey participants per building (N): 50 (23-123); RH 
(%): 33 (10-49); thermal exposure (°C-hours): 33 (7-49); overall prevalence of ever smokers 
( 42.3% ); overall prevalence of carpeted workspaces (21.1% ). All of the buildings had at least 
some air-conditioned spaces. The prevalence of operable windows in the buildings was as 
follows: 60% had 0% operable, 28% had at least 50% operable, and 17% had 100% operable. 
Some smoking areas were allowed in 32% of the buildings, 1 ( 4%) building had no smoking 
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Table 3. Results of Principal Components Analysis on VOCs and 
Carbon Monoxide from the 28 '95-'96 BASE Study Buildings 

Principal Components 
Compounds 1 2 3 4 Communality 

styrene 0.91 0.16 -0.08 -0.07 0.94 
a-pinene 0.19 -0.04 0.18 -0.11 0.98 
2-butanone 0.83 0.32 -0.18 -0.02 0.95 
1 A-dichlorobenzene 0.18 -0.02 -0.04 0.03 1.00 
oluene 0.83 0.45 0.07 0.00 0.94 

ethyl benzene 0.38 0.90 0.11 -0.01 0.98 
1 ,2,4-trimethylbenzene 0.66 0.64 0.25 -0.01 0.91 
~&p-xylenes 0.39 0.86 0.15 -0.04 0.95 
r-undecane 0.00 0.14 0.09 -0.08 0.99 
4-methyl-2-pentanone -0.07 -0.02 -0.05 0.97 0.97 
butyl acetate 0.25 0.63 0.40 0.52 0.90 
d-limonene 0.11 0.07 0.94 -0.01 0.93 
ethyl acetate 0.91 0.22 0.19 0.05 0.94 
Indoor- Outdoor CO (8CO) -0.08 0.25 0.91 0.00 0.91. 

Variance(%) 30 21 16 9 Total=66% 
Probable Identity of Source: Photo- Motor Tobacco Paint 

copier Vehicles Smoke 

restrictions, while smoking was observed in 3 ( 16%) of the buildings where it was prohibited. 

Table 3 presents the results of the PCA analysis for the VOCs in Table 1. Based upon the PC 
loading patterns and source information from the literature (Table 2), the sources were 
identified as emissions from photocopiers, motor vehicles outdoors, indoor environmental 
tobacco smoke (ETS), and latex paints for PC#s 1-4, respectively. PC #1 may also include 
emissions from under-carpeting or other building materials. PC #3 was identified as 
environmental tobacco smoke because of the clear correlation between elevated indoor CO 
and d-limonene levels. The BASE database showed that the buildings with elevated 8CO and 
d-limonene also either allowed smoking or had notations regarding observations of 
unsanctioned smoking activity. 

Relative humidity (RH) was found to be significantly correlated (r = 0.6, p= 0.0001) with 
1,2,4 trimethylbenzene (TMB) and PC#l. Humidity levels affect the rates of VOC emissions 
from materials. Also, due to the obvious dehydrating effects of low RH, especially on MM 
symptoms, humidity is likely an effect modifier in the VOC-symptom relationship. For these 
reasons it was deemed inappropriate to directly include RH in the statistical models. The 
various MLR analyses discussed below were conducted with RH < 20% excluded. The 
number of observations in these analyses averaged 820±18. 

MLRs of individual VOCs against the individual and grouped BR symptoms, after controlling 
for age and gender, were conducted, and only TMB and 2-butanone (2BU) showed significant 
positive associations. The TMB associations, per ppb increase, were: grouped MM, OR = 
1.14 (p=0.04); dry eyes, OR= 1.12 (0.08); wheezing, OR= 1.27 (0.1). 2BU was found to be 
associated with grouped MM, OR= 1.09 (0.03); and dry eyes, OR= 1.08 (0.09)). 

MLRs were conducted to investigate the association between the SBS symptoms and the PCA 
source emissions vectors. The models included the 4 VOC vectors (PC #1-4), categorical age, 
gender, thermal exposure, ever smoker, and presence of carpet in workspace. Statistically 
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significant (p ~ 0.1) results are presented in Table 4. The photocopier source is associated 
with the MM symptoms (OR= 1.17, p = 0.01), especially those of dry and irritated·eyes, and 
stuffy/runny nose and sinus congestion. The association between the photocopier source 
vector and MM symptoms is biologically plausible. This PC vector contains a number of 
constituents known to be highly irritating to the respiratory tract. The irritancy of styrene, 
ethyl acetate, TMB, and m&p-xylene, relative to toluene are 7.9, 7.6, 3.6, and 3.4, 
respectively [1]. 

The Latex Paint vector was found to be significantly associated with sore throat (OR = 1.22, p 
= 0.03), and with chest tightness (OR= 1.33, p = 0.08). Associations between the "Cleaning 
products & water-based paints" vector and these SBS symptoms was also observed in the Ten 
Brinke et al. analyses (Throat OR= 1.8, 95% CI = 1.1-3.1; Chest Tightness OR= 1.8, 95% CI 
= 0.8-4.0). The major component in this vector is butyl acetate, with irritancy relative to 
toluene being a factor of 6.3 greater. 

Statistically significant "protective" associatiOns (those with OR < 1) with a number of 
symptoms are observed for the ETS source vector. This may be due to some confounding 
effect or misidentification of the source. If the d-limonene vector actually represents cleaning 
and deodorizing agents, it is possible that the "protective" association may indicate a positive 
effect of cleaning activities in reducing overall symptoms. Finally, the analyses indicate an 
OR of 1.2 for the association between the "tired or strained eyes" symptom and the Motor 
Vehicle source metric. 

Table 4. Association1 between Principal Component-derived VOC Exposure Metrics and 
Sick Building Syndrome (SBS) Symptoms in the 28 '95-'96 BASE Study Buildings. 

SBS VOC Exposure Metric2 [Odds ratio (95% Confidence Interval)] 
Svmotom 1 (Photocopier) 2 (Motor Vehic.) 3(ETS) 4 (Latex Paint) 

MMCombined 1.17(1.04-1.33) 0.84(0.74-0.96) 
Dry eyes 1.13 (0.99-1.28) 0.83 (0.70-0.97) 
Sore Thrt. 1.22 (1.02-1.47) 
Nose/sinus 

Chest/breath. 
Chest tight. 
Short breath 
Cough 
Wheeze 

Fatigue 

Headache 

Tired eyes 

Dry/itchy Skin 

1.15 (0.99-1.33) 

1.31 (0.97-1.77) 

0.86 (0.73-1.02) 

1.22 (1.06-1.39) 0.82 (0.71-0.95) 

1 Controlled for Age, Gender, Thermal Exposure, Tobacco User, and Carpet in 
Workspace. All buildings with average relative humidity~ 20% 
2The listed VOC sources are tentative "best guesses" based on available information. 

It should be noted that as with the individual VOC analyses, gender was almost always a 
significant parameter in the models, with females 1.5 to 6 times more likely to report the SBS 
symptoms. Thermal exposure was significantly associated with the MM and respiratory 
symptoms, indicating that symptoms were slightly reduced (OR range = 0.95 to 0.99, p 
always< 0.1) with exposures above 20°C. 
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The above results should be interpreted with caution. The OR is defined by the ratio of odds 
of having a symptom to the odds of not having it, per unit change in exposure or risk factor. 
For the individual VOC analyses the units are merely per- 1 ppb increase in TWA (i.e. the 
odds of perceiving symptoms increase by a factor of l-OR per lppb exposure increase). For 
example the 95th percentile TMB concentration is 2.7 ppb, and the OR for wheezing increases 
from 1.3 to 1.9. In the case of the PCA-based exposure metrics where the unit change of the 
metric is a composite vector of standardized components, the interpretation is complicated. 
These vectors range over 5 to 6 units. A comparison with the magnitude of the ORs in the 
individual VOC analysis indicates that the unit change may be roughly of the same order for 
the PCA-based associations. Nonetheless, the associations observed help provide one line of 
evidence regarding specific VOC sources that may be factors in SBS symptoms. 

CONCLUSIONS 

The application of the new PCA-based technique for developing source-based exposure 
metrics was successfully applied to a second set of indoor VOC data. Four source-based 
exposure vectors, tentatively identified as photocopiers, automotive emissions, environmental 
tobacco smoke, and latex paints were derived from the data. These metrics, which collapsed 
data from 13 VOC species into four vectors, were useful in conducting logistic regression 
analyses to identify associations between exposure and SBS symptoms. The regressions 
indicate statistically significant associations between mucous membrane related symptoms 
and the PCA photocopier vector, after adjustment for age, gender, smoking status, presence of 
carpeting; and thermal exposure. Similar relationships were found between sore throat 
symptoms and the PCA paint vector. Although the PCA was able to apportion the measured 
VOC species into several meaningful vectors, exact source identification was difficult due to 
the wide use of organic materials in man-made environments. Further work in this area 
should include enlargement of the analyses to include all 100 of the BASE Study buildings, to 
apply irritancy factor weightings to the VOC analyses, and to further develop VOC source 
fingerprints for materials in order to better specify the identity of the exposure metrics. 
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ABSTRACT 

Existing information on indoor air quality (IAQ), ventilation, and building-related health 
problems in schools was critically reviewed. Asthma and "sick building syndrome" (SBS) 
symptoms were the most commonly reported health symptoms reported in the literature. 
Although there is evidence that ventilation rates in many schools do not meet minimum 
standards, ventilation rat~s and C02 concentrations have generally proven to be poor 
surrogates for assessing exposure to the specific agents causing health symptoms. Studies to 
date indicate that exposures to volatile organic compounds (VOCs) and to molds and allergens 
in schools are related to asthma, SBS and other respiratory symptoms. However, there have 
been very few studies in which relations between symptoms and exposures to multiple 
pollutants were investigated. 

INTRODUCTION 

Existing information on IAQ, ventilation, and building-related health problems in schools 
were critically reviewed and analyzed, with emphasis on U.S. (California in particular), 
Canadian, and European schools. The objectives of this review were to: 

1. Identify the most commonly reported building-related health symptoms for schools; 
2. Assemble and evaluate existing measurement data on ventilation rates and C02 

concentrations; 
3. Evaluate evidence for causal relationships between indoor pollutant exposures and 

symptoms in schools. 
A more detailed report on this review, with bibliography, is available upon request [1]. 

METHODS 

Over 600 publications were identified through computer searches of bibliographic databases. 
About 450 publications were obtained and reviewed, including 77 Health Hazard Evaluation 
Reports (HHERs) from the National Institute for Occupational Safety and Health (NIOSH) on 
investigations on IAQ and health complaints in schools. Seventy reports on IAQ 
investigations in California schools were obtained through requests for information to state 
authorities. 

III-7 



RESULTS AND DISCUSSION 

Building-Related Health Symptoms Reported in Schools 

The types of health complaints cited in requests for school investigations in 53 NIOSH 
HHERs and 35 California SGhool IAQ investigations were analyzed to identify the most 
common symptoms in complaint schools. Symptoms from the California school 
investigations were classified according to the NIOSH questionnaire. In general, the types of 
symptoms reported in the NIOSH HHERs and the California schools investigations were 
similar to those defined as SBS, i.e., eye, nose, throat irritation, chest tightness, headaches, 
fatigue, dry or itchy skin. This may be partially due to the type symptom questionnaires used 
in the HHERs. Symptom complaints for many of the school studies reported in scientific 
journals were also similar to SBS symptoms. In addition, studies reported in the scientific 
journals were often conducted to elucidate the school-related causes of asthma and of SBS. 

Ventilation Rates and C02 Concentrations 

Although "inadequate" ventilation has often been suggested as a cause of SBS symptoms, 
outside air ventilation rates have rarely been measured in schools. A minimum ventilation rate 
of 7 Us-person is recommended for classrooms, about 3 air changes per hour (ACH) for a 
typical classroom [2]. Carbon dioxide-concentration is commonly" used as a surrogate of the 
rate of outside air supply per occupant, with concentrations above -1000 ppm C02 generally 
regarded as indicative of inadequate ventilation rates. 

Nielsen [3] reported an average ventilation rate of 6.4 Us-person with a range of 1.8 - 15.4 
Us-person in a random selection of 11 Danish schools in 1984. This study indicated that a 
ventilation rate of about .1 0 Us-person is required for 80% of the pupils to describe the air 
quality as satisfactory. In 1989, Turk et al. (4]. reported that two out of six non-complaint 
schools in the U.S. Pacific Northwest had whole building ventilation rates below the current 
recommended minimum. The largest set of ventilation rate measurements was for 14 
California schools [5]. It is probably reasonably representative, although not a randomly 
selected set of schools. The median air change rate for these schools was 2.24 ACH and 
ranged from 0.6 to 7.49 ACH. Nine of the 14 schools had air change rates below 2.5 ACH. 
The schools built or retrofitted after 1987 had lower total air change rates (by an average of 
30%) than those built or retrofitted before that year. Ventilation rates reported for U.S. 
schools with high radon concentrations are also generally below the recommended rate. 

Concentrations of C02 have been measured more commonly than ventilation rates. Forty-four 
of the HHERs reported C02 measurements. In 32% (14/44) of these schools, half or more of 
the C02 measurements were greater than 1000 ppm. Twenty-one of the California school 
IAQ investigations reported C02 measurements, with a range of 300 ppm to 4,000 ppm C02, 

and one measurement of 11 ,500 ppm C02. The C02 concentrations were often in excess of 
1000 ppm in portable classrooms that had no outdoor air intakes or had ventilation systems 
that were off, with windows and doors closed due to fan or outdoor noise. Smedje, et al. [6] 
reported the average and range of indoor C02 concentrations for 96 classrooms in 38 Swedish 
schools, randomly selected from 130 Uppsala public schools. Sixty-one percent of the 
schools had mechanical supply and exhaust systems; the remainder had natural ventilation. 
The average concentration of C02 for the 38 schools was 990 ppm. C02 concentrations were 
above 1000 ppm for 41% of the measurements, with a maximum concentration of 2,800 ppm. 

III-8 

I I 



I \ 

Air Pollutants in Schools 

The most commonly measured air pollutants in schools were volatile organic compounds 
(VOCs), including total VOCs (TVOC), formaldehyde and microbiological pollutants. Very 
few of these studies involved investigations of the relationships between symptoms and 
measured pollutant exposures. TVOC measurements were reported in 27 of 77 HHERs. Many 
of these were below the limits of detection or were similar to typical indoor concentrations in 
homes, about 0.5 mg/m3

. In a only a few HHERs were TVOC concentrations reported that 
were in the range in which SBS symptoms might be expected, i.e.,~ 2-3 mg/m3 [7]. For the 
California schools, there were only a few TVOC measurements; the highest TVOC 
concentration was 2.9 mg/m3 for a portable classroom. Formaldehyde measurements were 
reported for only 15 of the 77 HHERs investigations. Of his set,< 20% exceeded 0.05 ppm. 
For 14 California schools, of the 57 measurements made using a method with an adequate 
lower limit of detection, only 4 were above 0.05 ppm; none was above 0.1 ppm. 

Table 1 summarizes the averages and ranges of TVOC and formaldehyde concentrations 
reported in scientific journals for some non-complaint schools. The median TVOC 
concentration was surprisingly high for the Italian nurseries and kindergartens and might have 
induced SBS symptoms [7]. Although average formaldehyde concentrations in the Italian and 
French schools were generally near 0.05 ppm, concentrations in some schools were high 
enough to cause irritant symptoms. 

Table 1. Some Measurements of TVOC and Formaldehyde Made in Non-Complaint Schools 

Measurements made in: TVOC, mg/m3 Formaldehyde, ppm 
6 Swedish primary schools, 36 Average Range of 6 
classrooms [8] 

10 Italian schools [9]: 
Nurseries & kindergartens ( 16 
samples): 
Primary & secondary (24 
samples): 
10 schools in Paris, 6 primary 
and 4 nursery schools [ 1 0] 

0.13 
Medians: 

3.6 

0.26 

Average: 
1.0 

averages 
0.07- 0.18 

Range: 
0.28- 11.3 

0.005- 13.6 

Maximum: 
1.7 

Average: Range: 
0.065 0.008-.137 

0.067 0.006-
0.171 

Average: Range: 
0.049 0.005-0.20 

The major classes of microbiological pollutants considered in this review were: (1) bacteria; 
(2) allergens, including house dust mite, cat and dog allergens, and (3) fungal spores. 
Commonly available sampling and analysis methods limit our ability to characterize 
exposures to these agents to adequately understand their influence on health outcomes. 

One of the largest databases of measurements of airborne bacteria is for 150 classrooms in 40 
California complaint schools [11]. The average airborne bacterial count for these classrooms 
when occupied was 2,345 colony forming units (CFU)/m3

, with a maximum of 18,432 
CFU/m3

. These data suggest that these schools did not have the ventilation rates needed to 
remove and dilute the indoor concentrations of airborne bacteria and viruses that can cause 
infectious diseases. 
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Most studies of health symptoms and pollutant exposures in classrooms have used surrogates 
of exposure (e.g., presence of molds on walls), have measured a single pollutant, or have 
assumed that whatever mitigation measures were taken were effective in reducing or 
eliminating symptoms. We found only three epidemiological studies in schools in which 
multiple logistical regression analysis was used to more rigorously examine relationships 
between health symptoms and measured exposures to more than one pollutant. Table 2 
summarizes key features of these studies. 

Table 2. School studies in which multiple regression analysis was used to investigate 
relations between health symptoms and pollutant exposures (statistically significant 
associations are shown in bold italicized print) 

[Reference] 
Type of Study 

[ 12] 
Longitudinal 

[6] 
Cross-sectional 

[13] 
Cross-sectional 

Schools/Subjects 

6 Swedish schools 
129 school employees 
38 Swedish schools, 96 
classrooms, 1410 school 
employees 

11 Swedish secondary 
schools, 28 classrooms, 
627 students 

Health 
Symptoms 

SBS 

Asthma 

Asthma 

Pollutant exposures 
measured: 

Formaldehyde1
, 

V0Cs 2
, RSP 3 

Formaldehyde1
, VOCs, N02, 

RSP, Total bacteria, Viable 
bacteria, Total molds, Viable 
molds, Microbial VOCs 4

, 

Endotoxin in settled dust, Cat & 
dog allergens in settled dust 
Formaldehyde1

, 14 VOCs 
(Sum), N02, RSP, Total & 
viable bacteria, Total & viable 
molds, Endotoxin in settled 
dust, Cat allergen & Dog 
allergen in settled dust 

1 Formaldehyde concentrations all low. 2 VOCs =sum of concentrations of 15 VOCs, as well 
as subsets of these: aromatics, alkanes, terpenes, and butanols. 3 RSP = respirable dust in air 
4 2-methyl-isoborneol, 3-methylfuran, 2-heptanone, 1-octen-3-ol 

Chronic SBS symptoms in 129 Swedish school employees were found to be significantly 
related to exposures to VOCs and to previous wall-to-wall carpeting in the schools; the 
incidence of new SBS was related to RSP [ 12]. In a larger study of asthma symptoms in 1410 
school employees, Smedje, et al. [6] found no statistically significant relationships between 
asthma and many commonly measured environmental factors, e.g., C02, air exchange rates, 
humidity. Higher concentrations of molds and of 4 microbial VOCs were significantly related 
to asthma in the 1410 school employees, even after controlling for other factors, i.e., allergies, 
stressful work situation and recent repainting of homes. More recently, Smedje, et al. [12] 
reported statistically significant relationships between current asthma in secondary school 
pupils and school exposures to formaldehyde, VOCs (sum of 14 compounds, 1 week sample), 
viable bacteria (in air), viable molds (in air) and cat allergen in settled dust. Evidence of a 
dose-response relationship with these variables was also reported. 

In other studies, carpeting in schools has been associated with increased prevalences or 
severity of health symptoms [13,14]. Significantly higher contents of allergens per gram of 
dust were found for carpeted than smooth floors in 10 Norwegian schools [15], indicating a 
possible causal relationship between health symptoms and allergens. House dust mite 
allergens have also been found in floor dusts in Florida schools [16]. 
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SUMMARY AND MAJOR CONCLUSIONS 

Asthma and SBS were the most commonly reported building-related health symptoms 
investigated in schools. The few studies in which exposure and symptoms were 
simultaneously investigated indicate that exposures to VOCs, to molds and microbial VOCs, 
and to allergens and molds in floor dust in schools are related to asthma, SBS and other 
respiratory symptoms. The particular pollutants causing symptoms may differ among schools. 

The available measurements of ventilation rates and C02 concentrations in schools suggest 
that many classrooms are not adequately ventilated. However, most studies have failed to 
show significant associations between SBS or asthma symptoms with ventilation rates or C02 

concentrations, indicating that C02 is a poor surrogate for exposures to the actual agents 
causing the symptoms. 

In general, there has been a dearth of studies in which relations between symptoms and 
measured exposures to multiple pollutants have been rigorously investigated. Furthermore, 
there is very little information on exposure-response relationships that would provide a sound 
basis for setting standards for schools or for insuring cost-effective mitigation measures. 
Improved methods for exposure measurements are also needed. 

ACKNOWLEDGMENTS 

This research was supported the California Environmental Protection Agency, Office of 
Environmental Health Hazard Assessments, Contract No. 94-E0076 and by the Office of 
Energy Efficiency and Renewable Energy, U.S. Department of Energy, Contract No. DE
AC03-76SF00098. 

REFERENCES 

1. Daisey, J.M. and Angell, W. J. 1998. A survey and critical review of the literature on 
indoor air quality, ventilation and health symptoms in schools. Report No. LBNL-41517. 
Lawrence Berkeley National Laboratory, Berkeley, CA. 

2. ASHRAE. 1989. Ventilation for Acceptable Indoor Air Quality, Standard 62-1989, 
Atlanta: American Society for Heating, Refri,gerating and Air Conditioning Engineers, Inc. 

3. Nielsen 0. 1984. Quality of air and the amount of fresh air in classrooms, In: Indoor Air: 
Buildings, Ventilation and Thermal Climate. B. Berglund, T. Lindvall, and J. Sundell, eds. 
Swedish Council for Building Research, Vol. 5, pp 221-226. 

4. Turk, B.H., Grimsrud, D.T., Brown, J.T., et al. 1989. Commercial building ventilation 
rates and particle concentrations, ASHRAE Transactions, Vol. 95, pp 422-433. 

5. Lagus Applied Technology. 1995. Air change rates in non-residential buildings m 
California, California Energy Commission, P400-91-034BCN. 

· III-11 



6. Smedje, G., Norback, D., Wessen, B. and Edling, C. 1996. Asthma among school em
ployees in relation to the school environment. Proceedings of the 1h International 
Conference on Indoor Air Quality and Climate - Indoor Air '96, Vol. 1, pp. 611-616. 

7. Molhave, L. 1990. Volatile organic compounds, indoor air quality and health, 
Proceedings of the 5th International Conference on Indoor Air Quality and Climate -
Indoor Air '90, Vol. 5, pp 15-34. 

8. Norback, D. 1995. Subjective indoor air quality in schools - the influence of high room 
temperature, carpeting, fleecy wall materials and volatile organic compounds. Indoor Air, 
Vol. 5, pp 237-246 

9. Cavallo, D., Alcini, D., de Bortoli, M., et al. 1993. Chemical contamination of indoor air 
in schools and office buildings in Milan, Italy, Proceedings of the 6th International 
Conference on Indoor Air Quality and Climate- Indoor Air '93, Vol. 2, pp 45-49. 

10. Laurent, A.M., Person, A., Petit-Coviaux, F., et al. 1993. Chemical characterization of 
indoor air quality inside schools in Paris, Proceedings of the 6th International Conference 
on Indoor Air Quality and Climate- Indoor Air '93, Vol. 3, pp 23-28. 

11. Gallup, J.M., Zanolli, J. and Olson, L. 1993. Airborne bacterial exposure: preliminary 
results of volumetric studies performed in office buildings, schools, and homes in 
California, Proceedings of the 6th International Conference on Indoor Air Quality and 
Climate- Indoor Air '93, Vol. 4, pp 167-170. 

12. Norback, D., Torgen, M. and Edling, C. 1990. Volatile organic compounds, respirabl~ 
dust, and personal factors related to prevalence and incidence of sick building syndrome in 
primary schools. British Journal of Industrial Medicine, Vol. 47, pp 733-741. 

13. Smedje, G., Norback, D., and Edling, C. 1997. Asthma among secondary school children 
in relation to the school environment. Clinical and Experimental Allergy, Vol. 27, pp 
1270-1278. 

14. Hansen, L., Bach, E., Kass Ibsen, K. and Osterballe, 0. 1987. Carpeting in schools as an 
indoor pollutant, Proceedings of 4th International Conference on Indoor Air Quality and 
Climate - Indoor Air '87, Vol. 2, pp 727 -7'J 1. 

15. Dybendal, T., Vik, H. and Elsayed, S. 1989. Dust from carpeted and smooth floors. 2. 
Antigenic and allergenic content of dust vacuumed from carpeted and smooth floors in 
schools under routine cleaning schedules. Allergy, Vol. 44, pp 401-411. 

16. Bates, J.M. and Mahaffy, D.J. 1996. Relationships of reported allergy symptoms, relative 
humidity and airborne biologicals in thirteen Florida classrooms. Proceedings of the 1h 
International Conference on Indoor Air Quality and Climate - Indoor Air'96, Vol., pp 
551-556. 

111-12 

' , .. 



INHALATION TRANSFER FACTORS FOR ASSESSING HUMAN 
HEALTH RISKS FROM AIR POLLUTANT SOURCES 

A C K Lail, T'L Thatcherl and W W Nazaroff1,2 

1 Indoor Environment Dept., Lawrence Berkeley National Laboratory, Berkeley, CA, USA 

2Dept. of Civil and Environmental Engineering, University of California, Berkeley, CA, USA 

ABSTRACT 

To facilitate routine health-risk assessments, we introduce the concept of an inhalation 
transfer factor (ITF). The ITF is defined as the pollutant mass inhaled per pollutant mass 
emitted. The concept is illustrated by computing the ITF for two pollutant release scenarios: 
(a) elevated (30m) point-source emission to outdoor air and (b) indoor emission into a small 
(60m3) well-mixed apartment. For case (a), individual ITFs are less than 3 x lQ-8, and the 
cumulative population ITF is in the approximate range lQ-6 to l0-3, depending on 
atmospheric stability, wind speed, and population density. For case (b), the individual ITF 
was found to be in the range 0.002 to 0.057 for typical ventilation and pollutant deposition 
conditions. Thus, the individual ITF for release of pollutants into an apartment can exceed by 
a large factor even the population ITF for outdoor release from an elevated source. 

INTRODUCTION 

Quantitative health risk assessments are routinely used to support environmental policy 
decisions. For toxic air pollutants, an evaluation of the human health risk caused by pollutant 
release may be required as part of a permitting process [ 1]. Considerable attention has also 
been given to health-risk evaluations for indoor pollution sources, such as environmental 
tobacco smoke [2]. 

Health risk assessments that focus on the impact of a single source or source category involve 
several steps. For outdoor air releases, pollutant emissions are estimated, often as the product 
of an emission factor times the intensity of an activity. The emissions information is supplied 
along with meteorological data to a dispersion model to predict downwind concentrations. 
Then, some information on the downwind population is provided to predict exposure and 
inhalation dose. Finally, the health risk is estimated, often by multiplying the exposure or 
dose by a unit risk factor. For indoor air releases, a similar set of steps can be carried out. 
Emissions data are combined with an indoor air quality model to predict indoor air 
concentrations from which exposure, dose, and risk are evaluated. · 

For most primary pollutants, i.e. those emitted directly from sources (rather than formed, for 
example, by chemical reactions in the atmosphere), concentrations, exposures, and doses are 
each proportional to emissions. That is, if all other variables are held fixed, then doubling the 
rate of emissions leads to a doubling of the inhalation dose rate. An example for which 
proportionality applies well is benzene, which is emitted from combustion sources (motor 
vehicles and cigarettes, for example) and evaporation (gasoline and solvents). Benzene is not 
formed nor degraded to a substantial degree by atmospheric reactions on the residence time 
scale of air in an urban air basin or an indoor environment. On the other hand, the 
proportional relationship between emissions and dose would not apply for ozone, a secondary 
pollutant whose concentration depends in a complex, nonlinear manner on emissions of 
hydrocarbons and nitrogen oxides. 
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The linear relationship between emissions and dose for many pollutants suggested to us the 
idea of an inhalation transfer factor (ITF) to facilitate the conduct of routine or preliminary 
health risk assessments. We define the ITF to be the dimensionless ratio of pollutant mass 
inhaled to pollutant mass emitted. Multiplying an appropriate ITF by expected pollutant 
emissions would produce an estimate of inhaled presented dose. Armed with tables of ITF 
values that correspond to different release and exposure scenarios, an estimate of health risk 
could be obtained as the product of three terms: rate or amount of emissions x inhalation 
transfer factor x unit risk factor. The virtue of the ITF concept is that it simplifies the analysis 
of the relationship between pollutant emissions and inhaled dose. 

In addition to introducing the ITF concept, the goal of this paper is to compute its value for a 
few sample cases. The results provide some insight into the importance of pollutant releases 
into indoor air. 

METHODS 

Inhalation transfer factor 

The inhalation transfer factor (ITF) is the fraction of an emitted pollutant that is expected to 
be inhaled for a given release and exposure scenario. The mass inhaled accounts for 
presented dose only; lung deposition efficiency is not considered here. The ITF is defined 
both for individuals and for populations. The individual ITF is the fraction of the released 
pollutant that would be inhaled by a single person at a particular location, evaluated as 

ITF = mass inhaled by an individual 
mass emitted 

I C(t)QB (t)dt 

f E(t)dt 
(1) 

where C(t) is the concentration of the pollutant caused by the particular source (g m-3), QB(t) 
is the breathing rate (m3 s-1), and E(t) is the pollutant emission rate from the source (g s-1). 
The breathing rate depends on the gender, age health condition and the activity level. For the 
present purposes, which focus on a magnitude comparison, the choice is not critical. In 
addition, it is easy to convert to a different breathing rate since the ITF is directly proportional 
to QB. For short-term pollutant release, the integrals would be carried out over a period 
sufficiently long for complete removal of the emitted pollutant from the environment in 
question. In an urban air basin this period might extend to a few days. For indoor 
environments, the typical integration period would be many hours. For continuous pollutant 
release at a constant rate, the ITF would be evaluated as the steady-state limit of equation (1): 
C QBIE. The pollutant concentration caused by a localized emission source will generally 
vary with position. Typically, the ITF would be computed for a hypothetical individual who 
remains at a fixed location and so the ITF would vary with position. 

For some purposes, it is of interest to consider not only the dose to individuals, but also the 
dose to an entire population. The population inhalation transfer factor is obtained by 
summing individual ITF values over a population of interest. 

Case (a): ITF for an outdoor point source 

Outdoor pollutant emissions have been the focus of traditional air pollution control programs. 
Sources are typically divided into stationary and mobile categories, with control measures 
varying for each type. We have investigated several different outdoor release scenarios. 
Here, we focus on one common case: continuous emissions from an elevated point source in 
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an urban air basin. This case could apply, for example, to toxic air pollutants emitted from an 
incinerator or a chemical refinery. 

The individual ITF can be expressed as 

ITF = Q8 C(x, y,O) 

E 
(2) 

where the ground-level concentration, C, is a function of coordinate position (x, y, 0) relative 
to the point of release, (0, 0, H). The overbar indicates that we seek the time-averaged 
concentration (thereby smoothing any turbulent fluctuations). (The difference bewteen the 
ground-level concentrations and the breathing height concentrations are negligible for the 
cases considered here). 

A Gaussian plume model can be used to predict pollutant concentrations for point source 
emissions [3]. The ground-level concentration is given by 

C(x,y,O) = E exp[-_!_(_LJ

2

] exp[-_!_(!!_J

2

] (3) 
1tUCJy(Jz 2 CJY 2 (Jz 

where U is the wind speed (assumed to align with the x coordinate direction), and o;. and crz are 
the dispersion parameters in the horizontal and vertical direction, respectively, which are 
functions of x [4]. 

The population ITF is obtained by substituting equation (3) into equation (2) and numerically 
integrating over a domain X min :::;; x :::;; X max and -Y max :::;; y :::;; Y max where dimensions X max 
andY max are selected to be representative of the domain of an urban air basin. The parameter 
Xmin is taken to be 0.1 km, because of an absence of dispersion data for smaller downwind 
distances. In these evaluations, population density is assumed to be constant at values 
appropriate for an urban air basin, typically in the range 1000-6000 persons km-2. 

Case (b): ITF for emissions into a well-mixed building 

A useful model for relating concentrations to emissions for the indoor environment is derived 
by applying a material balance for a completely mixed flow reactor [5]. Because oflarge 
surface-to-volume ratios encountered indoors, reaction and deposition of pollutants on indoor 
surfaces should be considered for reactive gases and particles. When transport and mixing 
within a building is poor, a more complex simulation model that accounts for interzonal flow 
may be required. We have calculated ITF values for nonreactive and reactive/depositing 
species in a single well-mixed indoor environment and in a six room, single-story residence. 
In this paper, we focus on the case of a single well-mixed environment. 

For a pollutant that is emitted from some indoor source and removed from indoor air by 
ventilation and first-order reaction/deposition on indoor surfaces, the individual ITF can be 
written as 

(4) 
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where Vis the indoor volume, Q is the ventilation rate (volume times air-exchange rate), and 
f3 is the loss rate coefficient for reaction/deposition on indoor surfaces (h-1). The loss rate for 
particles depends on particle size and for gases depends on their reactivity on surfaces. The 
loss coefficient also depends on the nature and intensity of air flow near indoor surfaces [6]. 

RESULTS AND DISCUSSION 

With the equations developed in the previous section, we can now evaluate ITF for both 
outdoor and indoor pollutant releases. For Case (a), we considered wind speeds (U) ranging 
from 1 to 10m s-1 and an individual breathing rate (Qs) of 1m3 h-1. In addition, we 
considered source heights between 0 and 100 m and three Pasquill stability classes: B 
(unstable), D (neutral) and E (slightly stable) [3,4]. The highest ITF values occur for stability 
class E with low wind speed. The maximum ITF always occurs along the central line 
downwind of the source, i.e. y = 0. Figure 1 shows a representative ITF contour plot. The 
maximum ITF in this case is 3 x 10-8 and occurs at (x,y) = (0.95 km, 0). For a densely 
populated area (6000 persons per km2), the population ITF in this case varies in the range 2 x 
10-4 for (Xmax, Y max)= (10 km, 10 km) to 10 x1o-4 for (Xmax. Y max)= (100 km, 10 km). The 
population ITF is directly proportional to population density. Lower values of population ITF 
occur if stability class B or D is assumed to prevail, if the wind speed increases, or if the stack 
height increases. 

Figure 2 shows the simulation results for the indoor emission scenario with Qs of 0.7 m3 h-1, 
Case (b). We determined the individual ITF for particles of different sizes, using a recently 
developed deposition model for f3 [6] and assuming a typical value of the friction velocity 
near room surfaces. The aerodynamic properties of the particle are evaluated based on unit 
density spherical particles. The ITF was calculated for a small residence (V = 60 m3, as, for 
example, in a studio apartment) with air-exchange rates of 0.2 h-1 and 2 h-1. As shown in 
Figure 2, the ITF for this case ranges from 0.002 for large particles at a high air-exchange rate 
to 0.057 for 0.03-1.0 11m particles at a low air-exchange rate. Figure 2 shows that increasing 
the air-exchange rate while holding the volume fixed tends to decrease the ITF. Likewise, 
increasing the indoor volume while holding the air-exchange rate fixed will decrease the ITF. 
As 60 m3 is a reasonable estimate of building volume per occupant in many cases, and 0.2-2 
air changes per hour is representative of typical ventilation conditions, Figure 2 is a fair 
approximation of the population ITF for a typical indoor air release of particles. It is 
noteworthy that the smallest ITF in this case, 0.002, exceeds by a factor of 2 the maximum 
population ITF reported in the previous paragraph for Case (a). Typically, the population ITF 
for an indoor air pollutant release is of order 10-2, about 2-4 orders of magnitude larger than 
the population ITF for outdoor air releases under typical circumstances (stability class D, 
wind speeds of 1-10 m s-1, release from ground level up to 100 m above the surface, and 
population density of 1000 persons km-2). 

CONCLUSION 

Risk assessments are frequently used to make environmental policy decisions. In this paper, 
we have introduced the concept of an inhalation transfer factor (ITF), a parameter designed to 
facilitate the conduct of preliminary or routine health risk assessments. The concept was 
illustrated by computing the ITF for two pollutant release scenarios. We found that the 
population ITF for release of pollutants into indoor air can exceed by several orders of 
magnitude the population ITF for pollutant release from an elevated outdoor stack. This 
finding echoes a statement by Wallace that the "hundreds of thousands of tons of benzene 
emitted annually by all outdoor sources provide only about 20% of the total population 
exposure, whereas the mere 30 tons per year delivered in mainstream cigarette smoke 
accounts for 50% of the total population exposure" [7]. In their development of a quantitative 
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scheme for determining health risk, Zartarian et al. [8] recognized that one of the key 
exposure assessment issues is determining the effectiveness of delivery "from the source to 
the target." To this end, we have proposed the use of an inhalation transfer factor and 
computed values for a few exposure scenarios. Further development of this concept can lead 
to more efficient and transparent health risk assessments associated with air pollution 
emissions. 

0.4 

6 =. 0.3 

0.1 

1 10 

downwind distance [km] 

Figure 1. Case (a) results: Contour plot of the individual inhalation transfer factor (ITF) as a 
function of downwind position for stability class E (slightly stable), wind speed U = 1 m s-1, 
and stack height H = 30 m. 

- ventilation rate 0.2 ACH 
-- ventilation rate 2 ACH 

------------------
0.001 0.01 0.1 10 

particle diameter [micrometer] 

Figure 2. Case (b) results: fudividual inhalation transfer factor (ITF) as a function of particle 
diameter for a small apartment (V = 60 m3) at two ventilation rates. 
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REDUCING UNCERTAINTIES IN QUANTIFYING SOURCE/EXPOSURE 
RELATIONSHIPS FOR PARTICULATE MATTER: AN ITERATIVE 
APPROACH BASED ON MEASUREMENTS AND MODELS 

T. E. McKone 
University of California, Lawrence Berkeley National Laboratory, USA 

ABSTRACT 

The specific aims of this research are (i) to develop an exposure model framework that addresses 
features unique to particulate matter (PM); (ii) to define the level of confidence required from 
this model to meet environmental performance objectives, and (iii) to calibrate and validate 
human exposure and source/exposure assessments using current and emerging data sets. To meet 
these aims, we have constructed an indoor/outdoor total human exposure (activity-pattern/micro
environmental) model for PM. In contrast to previous activity-pattern-exposure models, this 
model uses calibrated stochastic process sub-models instead of simple empirical concentration 
distributions to construct exposure distributions. Explicit treatment of uncertainty and variability 
within the modeling framework improves the way that decision-making needs are factored into 
the model. We use this model to define the value of measurements of particles at fixed 
monitoring sites to measured human exposures for particles of 2.5 11m diameter or less. 

KEYWORDS: Dust, exposure assessment, mass-balance model, particles, air infiltration 

INTRODUCTION 

Environmental health scientists frequently must assess exposures of human populations to a wide 
range of pollutants in indoor/residential environments, over a wide range of space and time 
scales. The models and measurements used for this purpose must often address multiple sources 
and multiple media. Controlling the exposure of human populations to environmental 
contaminants requires that we find and understand the links between cumulative intake and the 
multiple exposure pathways and multiple pollutant sources that most significantly contribute to 
cumulative intake. To advance the science of exposure analysis in a way that will be useful to 
health agencies, two essential scientific research tools, models and measurements, must be 
integrated. Models provide the means to integrate and interpret measurements, design 
hypothesis-driven experiments, and predict the effectiveness of risk management strategies. 
Measurements, in tum, provide tests of the models and "ground truth." 

In this paper I describe the development and early application at Lawrence Berkeley National 
Laboratory of a model designed to assess and rank the cumulative contributions of indoor and 
outdoor sources of PM to total human intake. The methods and criteria used to develop the 
model framework are presented first. Next I provide the resulting form of the model and 
examples of its capabilities and the types of insight provided. This is followed by discussion of 
results to date and consideration of future activities. 
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METHODS 

The specific aims of this research are (i) to develop an exposure model framework that addresses 
features unique to PM; (ii) define the level of confidence required from this model to meet 
environmental performance objectives, and (iii) to calibrate and validate human exposure and 
source/exposure assessments using current and emerging data sets. To meet these aims, we have 
constructed an indoor/outdoor total human exposure (activity-pattern/micro-environmental) 
model for PM. This model includes a mass.,balance model for each micro-environment 
considered; the use of inter-media (outdoor/indoor, soil/air, dust/air, etc.) transfer factors; and the 
explicit treatment of uncertainty and variability. Many existing models of total exposure to PM 
are based primary on sampling from empirical distributions of particle concentrations in various 
microenvironments [ 1, 2]. fu contrast our model uses a mass-balance approach similar to what 
has been used for persistent multimedia pollutants. Sources of PM are balanced with dilution 
and transport in each microenvironment needed to characterize cumulative exposure. 

Model framework 

The model used in this project is built around the concept of simulating a series of "exposure 
events." Exposure events are human activities that bring people in contact with PM 
concentrations in any microenvironment, To construct exposure events, one must link an 
individual or a population cohort with both a series of time-specific activities and with the 
microenvironments associated with those activities as illustrated in Figure 1. fu addition, it is 
necessary through a combination of databases and stochastic/process models to define PM 
concentrations in each microenvironment. Each microenvironment is represented by a stochastic 
process sub-model, in which random and uncertain events are modeled with parameters whose 
value range is defined by a probability density function. 

The first purpose of this model is to relate measurements of PM at fixed monitoring sites to 
actual human exposures. The principal focus of this model is currently on particles of 2.5 11m 
diameter or less; However, larger particle sizes have not been excluded from the model 
development. Model development has relied on validated sub-models of indoor 
microenvironments. Both ambient air and indoor air sources can be handled in our current 
prototype framework. 

Two novel features for the PM inhalation route have been added to the model. First is the use of 
breathing-rate adjusted exposure concentrations. Second is use of penetration factors that apply 
at different time scales. The inhalation exposure model follows a standard approach that divides 
a long-term exposure into a subset of exposure events that take place over discreet time periods 
(i.e. 1 hour). However, to make an appropriate link with ambient air concentration 
measurements, there is a need to have a penetration/infiltration model that can attribute indoor 
environment concentrations to the appropriately time-average ambient environment 
concentrations, and this has been added. 
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Figure 1. Approach for developing a time-activity-pattern exposure model for PM. 

Explicit treatment of uncertainty and variability 

The model has been set up so that each model input is a probability distribution. This facilitates 
uncertainty/sensitivity analyses. Sensitivity analysis methods for ranking the relative importance 
of parameters in complex models are well-established [3]. However, little information is 
available for actually identifying the minimum set of variables that are essential for a particular 
modeling scenario. We use classification and regression trees (CART) methods and the regional 
sensitivity analysis (RSA) method [4] to rank the source data, parameters, and model components 
in terms of their impact on model reliability 

RESULTS 
Our efforts to construct an indoor/outdoor model for aggregate human exposure to PM have 
provided important insight on the model development process, the relative importance of 
different PM sources, and the process for using data to calibrate model components. 
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Model development 

Each model component as well as the overall model framework have been developed as a 
prototype using either a spreadsheet system with imbedded programming or a simulation 
language. Advantages of this a approach are (a) the rapid building and editing of prototypes, (b) 
easy links to many of the available data bases (c) and the use of add-ins for Monte Carlo 
simulation, graphical analyses, and sensitivity analyses (such as elasticity tests and classification 
and regression trees). Spreadsheets also facilitate the early development and evaluation of the 
framework architecture. However, the disadvantage of the spreadsheet approach is that it can be 
computationally inefficient and slow. 

Modeling Procedures 

The basic exposure-event function defines the exposure as the product of a concentration and 
exposure duration during an exposure event: 

Ez,m(t) = Cpm(i,k,l,t) ETz(i,k,l,t) (1) 

where 
Ez,pm is the PM exposure experienced by person z during time step t, given that person z is at 

location i in micro-environment k conducting activity 1 during that time step. 
Cpm is the PM concentration at location i in microenvironment k, associated with activity 1, 

during time step t, mg/m3
. 

ET z,pm is the exposure duration of person z at location i in microenvironment k conducting 

activity 1 during time step t. 
i refers to geographical location in which the exposure takes place, i.e., exposure district. 
k refers to the microenvironment in which the exposure occurs. 
1 is an activity code that describes what the individual is doing at the time of exposure, e.g. 

resting, working, preparing food, cleaning, eating. 
During a relatively long time period, such as a day, week; or year, individuals have different 
time/activity budgets and occupy different microenvironments with different PM concentrations. 
To address exposure in such situations the standard approach is to use the model equations 

ECz,pm = L Cpm(i,k,l,t) ETz (i,k,l,t)/[L time steps] (2) 
t t 

In this model, ECz,pm is the average PM exposure concentration of person z over averaging time 

T where Tis given by T = L time steps. 

Case Studies 

The model framework is being calibrated and validated through a series of case studies. The 
purpose of the first case study is to build on experience with activity pattern data sets (e.g., 
NHAPS, CHAD), Monte-Carlo-based population exposure modeling, and indoor fate and 
transport models. Currently we are working with environmental tobacco smoke source models 
and outdoor-indoor infiltration models for sources such as wood smoke to determine the 
reliability with which one can model the variability in human exposures to PM. 
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Preliminary model results for PM, reveal that cumulative PM exposure cannot be assessed 
without explicit consideration of the indoor environment and residential source factors, such as 
tobacco smoke and cooking. We are also exploring the relative importance of tracked-in soil 
particles as a source of cumulative PM exposure. 

Bayesian updating and the inverse problem 

When both variability and uncertainty are explicitly modeled, iterative updating of the model can 
be carried out using a Bayesian approach [5] as illustrated in Figure 2. In a model where there is 
a lack of relevant and complete information, initial simulations have very wide confidence 
intervals. This is illustrated in the upper plot of Figure 2. Both parameter variability and 
uncertainty are 
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Figure 2. An illustration of how pathway-specific population exposure data can be used to 
reduce uncertainty in the variability of modeled exposure. 

included in the exposure simulations. Each simulation is carried out as a two-dimensional Monte 
Carlo simulation consisting of two calculation phases [6]. In the first phase, a single realization 
is obtained from the distribution of each uncertain parameter, followed by repeated sampling 
from the variable parameters. This process is repeated until a large number (- 500) of uncertain 
parameter value sets are taken in the outer phase and a larger number ( -1 000) of variable 
parameter values are selected in the inner loop. Large uncertainties in the selection of parameter 
values results in wide uncertainty bands as shown in the upper diagram of Figure 2. As more 
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data is collected and used to calibrate the models, the uncertainty bands are reduced and the 
ability to resolve variability of exposure increases as shown in the lower diagram. 

DISCUSSION 

There are two important issues that should be considered with regard to the uncertainty and 
variability of source-to-dose models for PM. First, there are large variations in the precision and 
accuracy of the information needed to characterized source-to-dose relationships. Second, this 
type of model is an open system. Therefore the influence from one stage to the next is not solely 
connected to the previous stage. For example, the concentration of PM indoors is not solely 
linked to the emissions from within the building, but could be attributable to several sources in 
the region. As has been pointed out by Oreskes et al. [7] such open-ended systems models, which 
are common in engineering and health sciences, cannot be fully verified or validated becausethe 
operative processes are always incomplete. Nevertheless, such models can be confirmed and can 
be used to put bounds on the likely range of outcomes. In this sense the models can offer 
something of value to the policy-making process. 
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ABSTRACT · 

In a double-blind crossover study in an office building without known complaints, enhanced 
particle filtration greatly reduced concentrations of submicron airborne particles and was 
associated with slight improvements in most questionnaire outcomes. However, chance effects 
could be excluded only for confusion, too stuffy, and too humid. Higher temperatures even within 
conventional comfort limits were related to significant worsening of many questionnaire outcomes. 

INTRODUCTION 

Previous evidence suggests unidentified indoor particulate contaminants may increase nonspecific 
symptoms and thermal dissatisfaction in office workers [1, 2]. The authors conducted a controlled, 
double-blind crossover study of enhanced particle filtration in an office building without known 
complaint history. Summary information on this study has been previously published [3, 4]. 

METHODS 

Standard filters (estimated 3% efficiency at 0.3 microns) in ventilation systems oftwo floors were 
replaced, ·on alternate floors weekly over four weeks, with highly efficient particle filters 
(estimated ~95% efficiency at 0.3 microns). Weekly questionnaires assessed worker symptom 
severity, performance indicators, and environmental dissatisfaction. Temperature, humidity, 
ventilation rate, particle concentrations, and microbiological parameters (endotoxin, ergosterol, 
and beta-1,3-glucans) were measured. Repeated-measures ANOVA analysis models were used. 

RESULTS 

Eighty percent (392) of eligible participants returned the initial questionnaire. Weekly response 
rates averaged 63% over the four crossover weeks; usable questionnaires averaged 58%. Baseline 
symptom prevalences were average and ventilation rates were typical for US office buildings. 
Microbiological parameters measured were very low. Temperature and relative humidity were 
mostly within accepted comfort limits. Enhanced filtration greatly reduced concentrations of 
submicron size particles, but not particles larger than 2 microns. Enhanced filtration was 
as~ociated with slight improvements in 13 of 16 worker outcomes (see examples in Table), but 
chance effects could be excluded only for the confusion scale, "too stuffY," and ''too humid" (p
values=O. 005, 0. 01, 0. 03 ). Higher temperatures even within the accepted comfort range (observed 
range 22.2-25.6°C) were strongly related to worsening of many outcomes (examples in Table). 
Temperature adjustment changed some filtration effect estimates substantially. 

· III-25 



T bl E f t d h l ct d t 'th nh a e. s I.Illa e c angesmse e e ou comeswt e ance dfilt t' d' ra 1on an mcrease dt em perature 

With enhanced filtration Per 1 o C temperature increase 

Outcome change in outcome* I p-value change in outcome* I p-value 

headache -3.6% 0.51 20.2% 0.02 

confusion scale -3.7% 0.005 8.9% 0.0001 

too stuffy· -6.1% 0.01 20.0% 0.0001 
* estimated m models mcludmg tenns for filtration and temperature; change expressed as percent of outcome mean 

DISCUSSION 

Enhanced filtration in this blinded study was associated with slight improvements in 13 of 16 
questionnaire outcomes, with three of these improvements unlikely to be due to chance. We can 
only speculate on mechanisms through which removal of submicron airborne indoor particles in 
a building without known contamination or occupant complaints could improve mental clarity and 
thermal comfort. Replication ofthis intervention will be necessary to confirm the findings in similar 
buildings and to assess potentially greater benefits in buildings with higher particulate contaminant 
levels or lower ventilation rates. Study findings also suggest that keeping summer office 
temperatures at the lower end of the current comfort range may substantially improve occupant 
symptoms and performance. Our analyses indicate that careful measurement of and adjustment for 
in~oor temperatures is critical in studying subtle effects or indoor environments. 

ACKNOWLEDGMENTS 

This work was supported by NIOSH/CDC, by theU.S. Department ofEnergy under contract no. 
DE-AC03-76SF00098, and by the Office ofResearch and Development, U.S. EPA. Any opinions 
expressed in this paper are those of the authors and do hot imply official endorsement by the 
sponsors. 

REFERENCES 

1. Mendell, MJ. 1993. Non-specific symptoms in office workers: a review and summary ofthe 
epidemiologic literature. Indoor Air. Vol3, pp 227-36. 

2. Leinster, P, Raw, G, Thomson, N, et al. 1990. A modular longitudinal approach to the 
investigation of Sick Building Syndrome. Proceedings of the 51

h International Conference on 
Indoor Air Quality and Climate -Indoor Air '90, Toronto, Vol 1, pp 287-92. 

3. Fisk WJ, Faulkner D, Sullivan D, et al. 1998. The Healthy Building Intervention Study: 
objectives, methods, and results of selected environmental measurements. Berkeley, CA: 
Lawrence Berkeley National Laboratory (LBNL-41546). 

4. Mendell MJ, Fisk WJ, Petersen M, et al. 1999. Effects on occupants of enhanced particle 
filtration in a non-problem office environment: preliminary findings from a double-blind 
crossover intervention study. American Journal of Industrial Medicine (in press). 

III-26 



PREDICTING AND MAPPING INDOOR RADON CONCENTRATIONS 
IN THE U.S., USING MONITORING DATA AND PREDICTIVE 
VARIABLES 
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ABSTRACT 

We describe results of the High-Radon Project at Lawrence Berkeley National Laboratory, a 
federally funded effort to develop methods of mapping radon distributions, using measured 
indoor radon concentrations along with various explanatory variables. The role of geologic 
explanatory variables is briefly discussed~ 

INTRODUCTION 

Radon is a naturally occurring radioactive gas that is known to cause lung cancer when high ·· 
concentrations are inhaled for a long period. The U.S. government, along with many 
individual states, ha.S programs to promote radon monitoring and remediation. An important 
aspect of many of these programs is radon risk mapping: locating areas in which a large 
fraction of homes are likely to have dangerously elevated radon levels. 

Many radon mapping efforts in the U.S. and elsewhere attempt to map "radon potential", a 
usually ill-defined parameter that is putatively related the expected indoor radon level in a 
conventional home built on a given site (but that does not actually provide a prediction for 
what thatlevel will be). 

METHODS 

An alternative approach is to attempt to predict or summarize quantitatively the distribution. of 
indoor radon concentrations within homes, as a function of location (e.g. census tract, county, 
etc.) Perhaps the ultimate realization of this latter approach is the radon maps of England [ 1 
that are b~ed on so many measurements that little processing required in order to make a map 
at a fairly detailed spatial resolution. Unfortunately, in the U.S. there is no suitable data base 
that allows duplication of the UK' s program. 

We instead used a statistical method for radon mapping that combines ·use of predictive 
variables with direct use of measured radon concentrations to predict radon distributions by 
area. Random-sample radon data were used, and results were calibrated [2] to predict annual
average living-area concentrations. Variables used for predicting geometric mean 
concentrations by U.S. county included measured surficial radium content, a climate variable, 
geology indicator variables, some building type information, and variables specifying which 
counties contain the measured homes. A Bayesian mixed effects regression model [3] was fit 
to determine the coefficients associated with these variables [ 4-5] while avoiding a statistical 
problem known as "overfitting". 
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RESULTS 

We have applied the statistical methods mentioned above to several sets of radon data, 
including data from most counties in the U.S. (along the same lines as [5]) and individual 
townships in New Hampshire [6]. The state of New York is currently using our methods (and 
computer programs) to map radon concentrations by township. In ·each of these cases, results 
of the research include estimates for the various model parameters (including geologic 
effects) as well as predicted indoor concentration distributions. 

Some of the radon maps and other results of our analyses can be seen at 
http://eande.lbl.gov/IEP/high-radon; some application of the maps to cost-benefit analysis of 
radon remediation strategies can be found at http://www.stat.columbia.edu/radon. 

DISCUSSION 

The analyses suggest that although a few high-radon areas are clearly associated with specific 
geologic features, most of the available geologic information in the U.S. has only modest 
predictive value in radon mapping at all spatial scales thus far investigated. Although geologic 
factors are obviously profoundly important in controlling indoor radon concentrations, 
available geologic data sets apparently do not provide substantial information on those 
particular parameters. At least, they do not adequately capture the spatial variation of the 
important geologic parameters, nor their variability. This is not to say that the geologic 
information is not useful, only that it does not have the overriding importance that has 
sometimes been assumed. Use of radon measurements in conjunction with other variables, as 
in our work [ 4-6], is thus essential if accurate radon maps are to be produced. 

REFERENCES 

1. Kendall, G M, Miles, J C H, Green, K D, et al. 1994. Exposure to radon in UK dwellings. 
Chilton, NRPB-R272. 

2. Price, P Nand Nero, A V. 1996. Joint analysis oflong- an'd short-term radon monitoring 
data from the Northern U.S. Environment International, Vol22. Suppl.l, pp. S699-S714. 

3. Gelman, A, Carlin, J B, Stern, H S, Rubin, DB. 1995. Bayesian Data Analysis. Chapman 
·and Hall: New York. 

4. Price, P N, Nero, A V, and Gelman, A 1996. Bayesian prediction of mean indoor radon 
concentrations for Minnesota counties. Health Physics, Vol. 71, pp. 922-036. 

5. Price, P N. 1997. Predictions and maps of county mean radon concentrations in the mid
Atlantic states. Health Physics, Vol72, pp. 893-906. 

6. Apte, M G, Price, P N, Nero, A V, and Revzan, K L. 1999. Predicting New Hampshire 
indoor radon concentrations from geologic information and other covariates. Environmental 
Geology, to appear. 

III-28 
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VENTILATION EFFICIENCIES OF TASK/AMBIENT CONDITIONING 
SYSTEMS WITH DESK-MOUNTED AIR SUPPLIES 
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ABSTRACT 

In laboratory experiments, we investigated the ability of two task/ambient conditioning 
systems with air supplied from desk-mounted air outlets to efficiently ventilate the breathing 
zone of heated manikins seated at desks. In most experiments, the task conditioning systems 
provided 100% outside air while a conventional ventilation system provided additional space 
cooling but no outside air. Air change effectiveness (i.e., exhaust air age divided by age of air 
at the manikin's face) was measured. Tracer gases simulated the release of pollutants from 
nearby occupants and from the floor covering, and the associated pollutant removal 
efficiencies (i.e., exhaust air concentrations divided by concentrations at manikin's face) were 
also measured. High values of air change effectiveness (- 1.3 to 1.9) and high values of 
pollutant removal efficiency (- 1.2 to 1.6) were measured when these task conditioning 
systems supplied 100% outdoor air at a flow rate of7 to 10 L s-1 per occupant. 

INTRODUCTION 

Task/ambient conditioning (T A C) is a method for providing occupants with control of a local 
supply of air so that they can adjust their individual thermal environment. Controlled 
variables can be the supply-air temperature, flow rate, direction and the ratio of room air to 
main air handling system supply air. T AC systems may provide all or part of the conditioned 
air to the occupied space. T AC systems have the potential to improve ventilation at the 
occupant's breathing zone because they can provide supply air (which is generally less 
polluted than room air) preferentially toward the breathing zone [1, 2, 3]. In addition, prior 
research has shown increased thermal comfort while using T AC systems [ 4, 5]. 

The objectives of this research were to determine ventilation efficiencies obtained through the 
use of two desk -mounted T AC systems operating in conjunction with a conventional (ceiling 
supply and return) heating ventilation and air conditioning (HV AC) system. In this paper, to 
characterize the improvement in ventilation at the breathing zone we use two "ventilation 
efficiency" parameters (see [6] for more details). The first is the air change effectiveness 
(ACE), defined as the age of air that would occur throughout the room if the air was perfectly 
mixed, divided by the average age of air where occupants breathe. Because the average age of 
air exiting the room is identical to the age of air that would occur throughout the room if the 
indoor air were perfectly mixed, the ACE is also the exhaust-air age divided by the average 
age of air where occupants breathe. A short-circuiting flow pattern decreases the exhaust-air 
age and causes ACE to be less than unity. Perfect mixing results in an ACE of unity . 
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Preferentially ventilating the breathing zone with outside air will cause the ACE to be greater 
than unity. 

The second ventilation efficiency parameter is the pollutant removal efficiency (PRE). We 
define the PRE as the time-average concentration of pollutants in the exhaust air divided by 
the time-average concentration where occupants breathe. The PRE is a function of the 
locations of pollutant sources, the indoor airflow pattern and the nature of the pollutant 
ernissionprocess, e.g., emitted with or without momentum. In many configurations, values of 
PRE may be correlated to the values of ACE. 

TASK/AMBIENT CONDITIONING SYSTEMS 

The first TAC system evaluated is the Personal Environmental Module (PEM). A mixing box 
with a fan, located underneath the desk, draws air from a dedicated air-handling unit (AHU) 
via a flexible duct connected directly to AHU supply ducts or to an under-floor supply air 
plenum. Normally (but not in our experiments) another stream of air enters the mixing box 
from beneath the desk. After passing through the mixing box, the mixture of AHU supply air 
and room air exits two air supply outlets located at the back comers of the desk. The air 
supply outlets on top of the desk can be rotated 360° in the horizontal direction and contain 
movable vanes which can be rotated ± 30° in the vertical direction. The PEM has a control 
panel from which the air flow rate, percent of room air that is mixed in the mixing box with 
air from the main AHU, and other parameters can be changed. 

The second T AC system is the Climadesk. A panel attached to the underside of a 
conventional desk is connected by a flexible duct to a portable fan-filter unit placed next to 
the desk. The fan-filter unit is supplied with air from the AHU or draws air from outdoors. 
Supply air exits two adjustable outlets underneath and close to the underside of the 
worksurface. These outlets are located close to a seated worker's knees and direct air 
horizontally above the seated worker's thighs and towards the torso. In the horizontal plane, 
the angle of air supply from these outlets is manually adjustable. There is an additional, non
adjustable outlet at the front edge of the desk, which directs air almost vertically upwards, but 
slightly away from a seated occupant. A proportion of the total airflow (0-1 00%) can be 
directed to this third outlet, as desired by the occupant. 

RESEARCH METHODS 

All experiments were performed in a: controlled environment chamber (CEC) with a 5.5 m by 
5.5 m floor and 2.5 m high ceiling. The CEC resembles a modem office space. Figure 1 
shows the floor plan of the workstations in the chamber. During experiments, two identical 
TAC systems were operated with heated manikins seated in workstations 2 (WS2) and WS3, 
while a conventional HV AC system supplied air through a perforated diffuser located in the 

. ceiling. All measurements were performed at steady state conditions. Air was exhausted 
from the chamber through a ducted ceiling-level return grill. 
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EXPERIMENTAL CONDITIONS 

Each workstation with the TAC system and manikin were configured identically·for each test. 
PEM air supply outlets were either pointed toward the occupant or parallel to the side walls of 
the workstation. The Climadesk supplied air either horizontally under the desk, vertically 
upward from the front edge of the desk or approximately equally from both the horizontal and 
vertical directions. Except as noted in Table 1, all of the outside air was supplied through 
either the PEM or Climadesk nominally at 10 Lis-occupant and 19 oc. The room temperature 
was controlled at -25 °C. The manikins were seated upright with their faces located about 15 
em back from the edges of the desks, except during four tests with the manikins leaning 
slightly forward with their faces in the vertical air supply jets exiting the Climadesks. 

I I I I I I 
I I I I I I I I 
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IWS31 I I lws4 1 I I 
I I I I I I I I 
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f\:71 Ceiling 
~Supply 

r-71 Ceiling 
IL_j Return 

l9J Manikin 

0 PEM Nozzle 

Airflow direction 
-- in most tests 

Figure 1. Plan view of CEC with workstations denoted WS1, WS2, WS3 and WS4. All sample points were 
1.1 m above the floor. Points 1 and 5 are 3 em below the tip of the nose; points 2 and 3 are immediately 
above each shoulder; point 4 is 15 em in front of the nose; points 6 and 7 are at the edge of the desk. 

MEASUREMENT METHODS 

ACE was measured using a tracer-gas stepup procedure. After steady state test conditions 
were established, sulfur hexafluoride (SF6) tracer gas was injected at a steady rate into the 
supply or outside air duct. Concentrations were measured every fo:ur minutes at locations 
shown in Figure 1. Ages of air ('t) were determined from the SF6 tracer data via the equation 

1 fiend 
r = Jr [C(tend)- C(t)]dt 

C(tend) O 

(1) 

where C(t) is the tracer-gas concentration at the point in question, C(tend) is the steady-state 
concentration at the end of the stepup, and tis the time elapsed since the start of tracer-gas 
injection. The ACE is defined as the ratio, treturn I tbt. where treturn is the age of the 
return/exhaust air and tbi is the average age of air at the breathing level in WS2 and WS3. 
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Table 1 Experimental conditions and results 

TEST 

130 

132 
145 

131 
140 

141 
142 
143 
144 

135 
136 
137 

133 
139 
134 

138 

Ceiling Air 
Supply per 

From each TAC (TAC unit) 
Air Supply Manikin Flow Temp Flow 

TAC1 Direction Position2 %0A3 {Us) (C) %0A3 (Lis) 

c Vertical Upright 100 7 19.1 0 36 

c Vert/Horiz Upright 100 7 19.6 0 35 
c Vert/Horiz Upright 100 7 18.4 0 31 

c Horizontal Upright 100 7 20.2 0 35 
c Horizontal Upright 100 7 25.8 0 33 

c Vertical Lean 100 7 19.4 0 31 
c Vertical Lean 100 7 19.1 0 31 
c Vertical Lean 100 3 24.4 12 31 
c Vertical Lean 100 3 26.1 12 31 
p Parallel Upright 21 37 19.2 0 17 
p Parallel Upright 19 38 19.1 0 30 
p Parallel Upright 20 38 19.3 0 31 
p Toward Upright 100 10 19.7 0 33 
p Toward Upright 100 9 19.6 0 34 
p Toward Upright 100 10 19.5 0 34 
p Toward Upright 15 15 19.0 20 34 

1. C: Climadesk; P: PEM 
2. Upright: Manikin seated upright about 15 em from edge of desk. 
Lean: Nose of manikin in vertical jet from Climadesk. 
3. %0A: Percent Outside Air 

ACE PRE 
Floor Body 

Source Source 

1.03 0.88 1.04 

1.06 1.00 1.28 
1.15 1.14 1.47 

1.37 1.15 1.35 
1.33 1.17 1.31 

1.73 1.55 1.44 
1.83 1.49 1.52 
1.75 1.38 1.52 
1.94 1.35 1.58 

NA 0.92 1.11 
NA 0.93 1.08 
1.04 0.98 1.09 

1.63 1.25 1.54 
1.42 1.20 1.46 
NA 1.20 1.43 

1.17 1.00 1.07 

For the measurements of PRE, three different perfluorocarbon tracer-gases were used to 
simulate sources of indoor-generated pollutants. Passive emitters of the first tracer was placed 
on the floor in each of the four workstations simulating emissions from the floor covering. 
Passive emitters of the second and third tracer gases were placed on the manikins in WS2 and 
WS3, respectively. The PRE for the "Floor" and "Body" pollutants were calculated from the 
equations: 

cRetum 
PRE = Floor 

Floor I { BL2 BL3 ) 
2 \ C Floor + C Floor 

[

CRerurn CRerum J 
_ 1 Body2 Body3 

PRE Body -2 BL3 + BL2 
C Body2 C Body3 

(2) 

where the superscript denotes the measurement location (Return duct, Breathing Level in 
either WS2 or WS3) and the subscript denotes the location of the pollutant source (floor, 
manikin in WS2 or WS3). The values of PREaody indicate the efficiency of the ventilation 
process in controlling exposures to pollutants from the occupants in the adjoining workstation. 
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RESULTS 

The highest values of ACE and PRE were measured, with eit~er of the T AC systems 
supplying 100% OA at approximately 7- 10 Us per occupant, with the air supply directed 
toward the manikin's face. With the PEM, the nozzles were pointed toward the manikin's 
face and with the Climadesk, the manikin leaned into the vertical air jet exiting the front edge 
of the desk. In experiments with the Climadesk (Tests 141- 144), the high values of ACE and 
PRE were very localized at the mouth and nose, as measurements of ACE and PRE 15 em in 
front of the nose and mouth were close to unity. High values of ACE and PRE were not 
measured with the manikin seated upright (i.e., with the face not located directly in the 
vertical supply air jet) and air supplied through the vertical outlet of the Climadesk (Test 130). 

The Climadesk also produced high ACE and PRE values when the air supply was entirely 
horizontal (Tests 131 and 140), directed toward the manikin's torso from beneath the desk. 
Tests with a smoke tube suggest that some of the outside air supplied horizontally by the 
Climadesk was entrained in the thermal plume flowing upward along the body and carried 
into the region of the nose and mouth. Under these operating conditions, high values of ACE 
and PRE were also measured 15 em in front of the nose and mouth. 

With approximately equal amounts of air supplied vertically and horizontally from the 
Climadesk, the ACE and PRE values were not consistent. Results from Test 132 indicated 
little or no improvement in ACE or PRE, whereas results from Test 145 indicate enhanced 
ACE and PRE as expected. As discussed above, the improved ACE and PRE values with this 
configuration may be highly dependent upon the manikin position relative to the location of 
the vertical jet of air exiting the Climadesk. 

In two tests with the Climadesk, high values of ACE and PRE were maintained when 
approximately half of the total outside air supply was provided by the conventional overhead 
ventilation system. We anticipated a decrease in performance under these operating 
conditions. However, these results were obtained in tests with the manikin's head located 
directly in the vertical air supply jet. As discussed above, under these conditions the ACE and 
PRE will vary considerably with small changes in the position of the head and an optimal 
location of the manikin's head may have counteracted the expected performance decrease. 

DISCUSSION AND CONCLUSIONS 

In our previous research [ 1] with air supplied from the PEM at much higher flow rates ( 19 to 
94 Us), PREs and ACEs were significantly above unity only if 100% outside air was directed 
toward the occupants face- a condition that is not likely to be comfortable [7]. Directing the 
air away from the face made conditions more comfortable but resulted in ACEs and PREs 
close to unity. These prior results suggest that high rates of air supply from TAC systems may 
vigorously mix the air within the workstation, making it difficult to preferentially ventilate the 
breathing zone. With the lower supply flow rates employed in this current set of experiments, 
ventilation efficiencies were high and thermal comfort conditions were acceptable [8]. 

For the Climadesk unit operating with a vertical air supply jet, a superior ventilation 
performance was achieved with the occupant's head located precisely within the vertical jet of 
air. However, our data and understanding of system performance suggest that supplying air 
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horizontally toward the body's thermal plume is the more robust method of assuring high 
ventilation efficiencies. 

Our findings indicate that energy savings could be realized while maintaining a typical level 
of IAQ at the breathing zone by allowing rates of outside air supply to be reduced. Values of 
ACE from 1.3 to 1.9 translate to a 23% to 47% decrease in the design ventilation rate, 
assuming the airflow pattern is not significantly changed. Alternatively, IAQ at the breathing 
zone could be improved while maintaining typical rates of outside air supply. 
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PARTICLE CONCENTRATIONS IN AN AIR-CONDITIONED OFFICE 
BUILDING WITH NORMAL AND HIGH EFFICIENCY FILTRATION 
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ABSTRACT 

Indoor and outdoor particle concentrations and ventilation rates were measured versus time in 
a large office building without tobacco smoking. Periodically, high efficiency filters replaced 
the normal filters in air handling systems. For all particle sizes, indoor concentrations varied 
considerably with time. Even with the normal air filters, which have a low efficiency for 
subrnicron particles, number concentrations of submicron particles were a factor of three to 
six smaller indoors compared to outdoors. The high efficiency filters reduced the indoor
outdoor particle concentration ratio for submicron particles by 70% to 95%. For larger 
particles, the decreases in indoor concentrations were substantially smaller. Comparisons of 
model predictions with measured data indicate a large rate of removal of submicron indoor 
particles by some process other than ventilation or air filtration, and also provide evidence of 
significant indoor generation or resuspension of particles larger than 1 f.lm. 

INTRODUCTION 

There is evidence from epidemiological studies that increased morbidity and mortality are 
associated with increased exposures to small particles [1]. Although these studies have relied 
on outdoor particle data, most people's exposures to particles occur primarily indoors. Indoor 
air contains indoor-generated particles and particles that enter the building with outside air. 
The published literature provides very limited information on the time variation of particle 
concentrations and size distributions in large commercial buildings. Additionally, the 
effectiveness of high efficiency filters in reducing indoor particle concentrations has not been 
well documented. This paper presents and discusses such data, obtained during a study of the 
influence of high efficiency filtration on office workers' acute health symptoms. 

RESEARCH METHODS 

The study was performed on two floors of a large, urban, air-conditioned office building with 
sealed windows. The floor area and occupancy were 4130 m2 and 165 persons on Floor 2 and 
4840 m2 and 280 persons on Floor 4. The floors were almost entirely open plan, with 
extensive carpeting and fabric-covered partitions. Smoking was prohibited. Each floor had 
four identical air handling units (AHUs). For each AHU, outside air mixed with recirculated 
indoor air drawn from the mechanical room and the mixture passed through a bank of eight 
filters, each with nominal cross-sectional dimensions of 0.6 m by 0.6 m. The filtered air 
passed through the supply fan, cooling coils, and supply air ducts and entered the occupied 
space through diffusers in the suspended ceiling. Return air was drawn through grilles in the 
suspended ceiling and flowed through the ceiling plenum to the mechanical rooms. The rated 
maximum supply air flow from each set of four AHUs was 18.4 m3 s-1

. Outside air dampers 
were in the minimum open position during occupancy, except during one 0.5 h period. 
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Particle concentrations as a function of time were measured outdoors and at two indoor 
locations per floor at a height of 1.8 m. Laser optical particle counters measured number 
concentration in five size bins (0.3-0.5 Jlm, 0.5-0.7Jlm, 0.7-l.OJlm, l.0-2.0J..tm, >2.0 Jlm). 
Monitoring occurred during the workday periods of Thursdays and Fridays, for seven 
consecutive weeks during summer, .1996. There are a few periods of missing data. The 
particle counters were factory calibrated before and after the study. Additionally, all particle 
counters were intercompared twice and measured data have been "corrected" using one of the 
instruments as a reference. Many additional environmental parameters were measured, but 
only the ventilation rate measurements are pertinent to this paper. The tracer gas procedure 
used to measure equivalent steady outside air ventilation rates (ESVRs) is described 
elsewhere [2]. The ESVRs are averages for the workday periods of Thursday and Friday. 

During weeks three and five, high efficiency air filters were installed in the AHUs on Floor 4. 
During weeks four and six, these filters were installed on Floor 2. At other times, the 
building's normal air filters were utilized. At the start of the study, all air filters were new. 
Usingdata for filters with the same ASHRAE efficiency rating [3], the estimated efficiency of 
the normal filters is 3%, 15%, 40%, and 80% for particles with diameters of 0.3 Jlm, 0.85 Jlm, 
1.5 J...lm, and 3 Jlm, respectively. The high efficiency filters have an efficiency rating of 95% 
for 0.3 Jlm particles. From filter theory, their efficiency should be higher than 95% for 
particles either smaller or larger than 0.3 Jlm. Switching between the normal and high 
efficiency filters caused no discernible change in the supply air flow rate. Based on filter 
performance data, the loading of less than 10 g of dust on these filters during the study should 
not significantly change their air flow resistance or efficiency. 

To aid in interpretation of the experimental data, a steady state mass balance equation for a 
well-mixed space was employed for particles in each size range: 

where: S = indoor particle generation rate; Q0 = rate of outside air entry based on the tracer 
gas measurements; Qinf = rate of air infiltration flow through the building envelope (not 
filtered); E = the filter efficiency; Co = outdoor particle concentration; P = penetration factor 
for infiltrating particles; C = indoor particle concentration; Adep = a particle deposition 
coefficient that accounts for particle deposition on indoor surfaces; V = indoor air volume; 
and Qr is the rate at which recirculated indoor air flows through the filters; 
[ Qr = Qs - (Qo - Qinf) ], where Qs is the total supply air flow rate. Three of the model 

parameters can be only roughly estimated. A reasonable value of the product of Qinf and Vis 
- 0.1 h-1

; however, if the AHUs pressurizes the building (the design intent), Qinf may be 
negligible during AHU operation. For particles smaller than -0.7 Jlm, P may be very close to 
unity [ 4,5 ,6]. Table 1 provides reported values of Adep as a function of particle size. The base 
case values are based on a compilation of data from three papers [6, 7, 8]. Relative to the 
base-case values, Lewis [5] reported a factor of three to four higher deposition coefficients for 

· submicron particles under quiescent conditions and even higher deposition coefficients under 
turbulent conditions. Values for the particle generation rate S in large office buildings are not 
known; however, valuable information can be gained from modeling with S set equal to zero. 
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RESULTS 

Within each floor, the measured values of ESVR were relatively constant, ranging from 1.8 to 
2.1 m3 s-1 on Floor 2 and from 3.2 to 3.5 m3 s-1 on Floor 4. There were no significant 
correlations between particle concentrations and ventilation rates, presumably because of the 
small range in ventilation rates. However, the higher particle concentrations on Floor 4 
during normal filtration may be a consequence of the higher ventilation rates on Floor 4. 

Figure 1 provides an example of the time-averaged particle number concentrations in each 
size range. Three observations follow. First, the particle number concentration is dominated 
by the smallest particles. Second, even with normal filters, indoor concentrations of 
submicron particles are lower than outdoor concentrations by a factor of three to six. Third, 
number concentrations of submicron particles are much lower with high efficiency filtration. 

!I Outside Air 
li!l Floor 2, Normal Filters 
11 Floor 4, High Eff. Filters 
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Figure 1. Particle size distribution on 
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concentrations with normal filtration, Roor 2. 

The particle mass in each size bin was calculated using a particle density of 2.5 g cm-3 and 
particle sizes of 0.4, 0.6, 0.85, 1.5, and 3.0 ~m for the five bins. During normal filtration, the 
smallest and largest bins contained 70% to 86% of the particle mass. During high efficiency 
filtration, particles larger than 1.0 ~m accounted for 87% to 96% of the particle mass. 

There were large week-to-week and within-day variations in particle number concentrations. 
Indoor concentrations roughly tracked outdoor concentrations, at least with normal filtration. 
There were numerous spikes in indoor particle concentrations at specific locations. Episodic 
localized releases or resuspensions of particles are one potential explanation for the spikes. 
Figure 2 plots the estimated indoor-to-outdoor (I/0) particle mass ratios versus week for Floor 
2. Indoor mass concentrations track outdoor concentrations, although quite imperfectly. 
Considering particles smaller than 2 ~m, the I/0 mass ratios ranged by approximately a factor 
of two. The corresponding outdoor particle mass concentrations varied over a range of six. 

Table 1 provides measured ratios of indoor particle number concentrations to outdoor 
concentrations (I/0 ratios) from periods with normal filtration. The I/0 ratios are only 0.15 to 
0.55, thus, outdoor particle data are a poor direct measure of indoor particle exposures. The 
highest measured I/0 ratios occur for the largest particles. Table 1 includes predictions of the 
I/0 ratios for the three sets of particle deposition coefficients. For these predictions, we used 
the measured ESVRs and the previous estimates of filter efficiency. We assumed that supply 
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air flow rates were 66% of the maximum, that the product- Q;nf V- (i.e., infiltration rate) was 
0.1 h-1, and that the P was unity. Finally, the predictions assume negligible indoor particle 
generation, which is most likely to be a reasonable assumption for the smallest particles. 

For the subrnicron particles and the base-case or Lewis quiescent deposition coefficients, the 
predicted 1/0 ratios exceed the measured ratios by a factor of two to three. Accounting for 
indoor particle generation would increase the discrepancy. Doubling the air infiltration rate or 
decreasing P to 0.5 reduces this discrepancy insignificantly. Doubling the filter efficiency, 
which is probably unrealistic, leaves discrepancies near a factor of two. Therefore, the 
comparison of measured and predicted ratios suggests that particle deposition coefficients are 
underestimated or that there is some large unexplained removal process for subrnicron 
particles. For example, the discrepancy between the predicted and measured 110 ratios 
diminished substantially with the higher Lewis turbulent deposition coefficients in the model. 

T bl 1 M a e easure d d d" d an pre tete f"d d . 1 b t ratios o m oor-to-out oor partie e num er concen ratiOn. 
Floor Part. Filter Base Lewis Lewis Measured Predicted Predicted Predicted 

Size Eff. Case Quies- Turbu (Cin/Cout) Cin/Cout Cin/Cout Cin/Cout 
(J..Lm) Ad cent -lent With Base With Lewis With Lewis 

(h-1) Ad (h-1) Ad Case Ad Quiescent Turbulent 
(h-1) Ad Ad 

2 0.3-0.5 0.03 0.06 0.26 2.2 0.27 0.75 0.57 0.17 
2 0.5-0.7 0.1 0.09 0.26 1.4 0.15 0.52 0.43 0.20 
2 0.7-1.0 0.15 0.15 0.31 1.7 0.18 0.41 0.35 0.16 
2 1.0-2.0 0.4 0.35 0.43 2.0 0.23 0.17 0.16 0.09 
2 >2.0 0.8 0.80 0.72 3.1 0.52 0.05 0.05 0.03 
4 0.3-0.5 0.03 0.06 0.26 2.2 0.44 0.83 0.67 0.23 
4 0.5-0.7 0.1 0.09 0.26 1.4 0.26 0.65 0.56 0.28 
4 0.7~1.0 0.15 0.15 0.31 1.7 0.28 0.53 0.47 0.23 
4 1.0-2.0 0.4 0.35 0.43 2.0 0.38 0.25 0.24 0.13 
4 >2.0 0.8 0.80 0.72 3.1 0.55 0.07 0.07 0.04 

For particles larger than 1 J..Lm in size, the measured 1/0 ratios exceed the predicted ratios, 
regardless of the choice of particle deposition coefficients. For the largest particles, the 
discrepancy is about a factor of ten. Reasonable changes in the model inputs will not resolve 
these discrepancies. Substantial indoor particle generation or resuspension, for particles 
larger than 1 J..Lm, seems to be the most likely explanation for this discrepancy. Occasional 
periods with indoor concentrations of particles larger than 1 J..Lm exceeding outdoor 
concentrations provided additional evidence of indoor generation of these larger particles. 
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Figure 3. Influence of high efficiency filtration on VO particle concentration ratios. 
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To characterize the benefits of high efficiency filtration, the 110 ratios from periods of high 
efficiency filtration were divided by the 110 ratios from periods of normal filtration. The 
results in Figure 3 illustrate that high effiCiency filtration was associated with a very large 
reductions in the indoor concentrations for the smallest particles. As particle size increased, 
the benefits of the high efficiency filtration decreased, presumably because the efficiency of 
the normal filters increases with particle size. Averaging the results from both floors yields 
the following reductions in particle number concentrations: 94% for 0.3-0.5 Jlm; 84% for 0.5-
0.7 J.lm; 72% for 0.7-1.0 J.lm, 55% for 1.0-2.0 Jlm; and 16% for >2.0 Jlm particles. 

DISCUSSION 

Published comparisons of indoor and outdoor particle concentrations in large commercial 
buildings without smoking are limited. Field studies [9, 10] found that particle mass 
concentrations were generally smaller indoors. Another study [11] found number 
concentration of 17 to 700 nm particles in an office building to be 40% less than outdoor 
concentrations. Thus, our findings that indoor particle concentrations were smaller than 
outdoor concentrations are typical of findings from commercial buildings without smoking. 
Several prior studies have also reported large temporal variations in particle concentrations 
within commercial buildings [e.g., 11, 12]. These findings suggest that short-term particle 
concentration measurements, which are very common, have a limited utility for assessment of 
time average indoor particle exposures. · 

We identified few papers quantifying the effects of high efficiency filtration in commercial 
buildings. In a telecommunications building [13], high efficiency filtration was associated 
with 50% reduction in the J/0 number concentration ratios for particles larger than 0.5 Jlm. In 
model predictions of the benefits of high efficiency filtration, substantial reductions in indoor 
concentrations are generally predicted. 

Respirable size particles are thought to be the most likely cause of adverse health effects 
associated with particles [1]; thus, our findings suggest that using high efficiency filters in 
building AHUs may be beneficial for health. However, high efficiency filters would not be 
expected to decrease health effects associated with indoor particles larger than approximately 
two micrometers in size because normal filters are relatively efficient for these large particles. 
Many of the intact bioaerosols may be larger than two micrometers. 

CONCLUSIONS 

·The most important conclusions from this study follow: (1) Indoor concentrations of 
respirable size particles in large sealed mechanically ventilated buildings without tobacco 
smoking can be substantially lower than outdoor concentrations. (2) Indoor particle 
concentrations vary considerably with time. (3) High efficiency filters can dramatically 
reduce indoor number concentrations of submicron-size particles. (4) Comparisons of model 
predictions with measured data indicate a large rate of removal of submicron indoor particles 
by some process other than ventilation or air filtration,· and also provide evidence of 
significant indoor generation or resuspension of particles larger than 1 J.lm. 
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V. POLLUTANT BEHAVIOR IN BUILDINGS 



INDOOR TRANSPORT OF ETS PARTICLES AND TRACERS 

MG. Apte, LA. Gundel, B C. Singer, D P. Sullivan and R G. Sextro 

Indoor Environment Department, Lawrence Berkeley National Laboratory, University of 
California, Berkeley, CAUSA 

ABSTRACT 

A multi-room environmental chamber has been constructed for exammmg multi-zone 
transport and the behavior of environmental tobacco smoke (ETS) and its tracers. The 
chamber simulates a small home, and it has been constructed of common building materials. 
One room has been conditioned extensively with ETS, while two adjoining rooms remained 
smoke-free. When the doors between the rooms were slightly ajar the particles dispersed from 
the smoking room into the other rooms, eventually reaching the same concentration. On the 
other hand, nicotine quickly adsorbed on unconditioned chamber surfaces so that nicotine 
concentrations in these rooms remained very low, even during smoking episodes. The results 
suggest that when nicotine is used as a tracer of ETS particle concentrations, interpretation of 
exposure data can be complicated and possibly misleading. Ultraviolet-absorbing particulate 
matter (UVPM) traced the transport qf ETS particles into the non-smoking areas much better 
than did nicotine. Ongoing research includes investigation of the effectiveness of other 
chemical ETS tracers such as solanesol and fluorescent particulate matter (FPM). 

INTRODUCTION 

Environmental tobacco smoke - the smoke released from the burning end of the cigarette, 
along with exhaled mainstream smoke - is a comm~n source of environmental exposure to 
carcinogens and other toxic air pollutants by the general public [1]. However, little is known 
about the extent of exposures to ETS. The objective of this research is to improve the basis 
for estimating ETS exposures in a variety of indoor environments. The research utilizes 
experiments conducted in both laboratory and 'real-world' buildings to (1) study the transport 
of gas- and particle-phase ETS components from room to room, (2) examine the suitability of 
various chemical tracers for ETS, and (3) evaluate whether re-emission of ETS components 
from indoor surfaces increases ETS exposure. 

Our initial work has focused on pre-conditioning our room-sized chamber spaces so one room 
is similar to an area in which smoking occurs regularly, while other areas remain 'smoke
free'. Recent work at Berkeley Lab [2] has shown that the indoor behavior of nicotine- often 
used as an ETS tracer - is so complex that it may not always be a good mimic of ETS 
particles. Nicotine adsorbs to the walls and other surfaces during smoking until the surfaces 
are saturated. After smoking nicotine continues to desorb. Particles do not stick to the walls 
nearly as effectively as does nicotine. Therefore, the prior exposure history of indoor surfaces 
to nicotine influences ,its behavior (and hence its effectiveness as a tracer). 

An indoor nicotine model [3] was used as a tool for planning the experimental protocols. 
During chamber conditioning, extensive particle mass and tracer data were collected for 
improving and extending the nicotine model. The focus of these experiments is the transport 
of ETS particles and nicotine from the conditioned smoking chamber into the rooms that· were 
initially smoke-free. These data will be used to investigate whether measurements of various 
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chemical tracers, such as nicotine, solanesol, and ultraviolet-absorbing particulate matter 
(UVPM), can be used to predict ETS concentrations and potential exposures, as has been 
suggested by several investigators [2]. One goal is to provide data on which to base improved 
estimates of ETS exposures to the public. We also hope to show whether tracers can be used 
to examine how limiting smoking to certain areas of buildings influences ETS exposures in 
other parts of the building. An improved understanding of these phenomena is important for 
identifying and mitigating the environmental factors contributing to ETS exposures. 

METHODS 

Experiments in a 50 m3 multi-room chamber; a schematic is shown in Figure 1. The chamber 
contains a "smoking room" (SR), a "corridor" (COR), and a "non-smoking room" (NSR). The 
walls and ceilings of the multi-room chamber were constructed of painted gypsum wallboard, 
and the interior walls of the NSR were lined with plastic sheeting prior to installation of the 
wallboard to reduce the diffusion of nicotine (or other gas-phase species) into the wallboard 
from the neighboring rooms. The floors were covered with a nylon carpet, typical of that 
used in residences. The chamber air exchange rate was about 0.02 h-1

. 

The experimental work was conducted in two phases: the SR was first conditioned with 
cigarette smoke while the other two rooms remained unexposed. Experiments were then 
conducted to observe the movement of simulated ETS constituents from the SR, through the 
COR, and into the NSR. All cigarette smoking was done using an Arthur D. Little smoking 
machine, drawing one 35 cm3 puff per minute. The machine was attached to a multiple port 
'head' that permitted sequential smoking of up to 12 cigarettes, with programmed ignition and 
extinguishing. The sidestream smoke was emitted directly into the chamber, while the 
mainstream smoke -- the smoke drawn through the smoking machine -- was vented outside. 
The smoking machine was placed on a self-sealing drawer assembly mounted through one 
wall of the SR so that the smoking machine could be re-loaded without entering the room. 

The SR was not ventilated during the conditioning or experimental phase. Small fans located 
within each chamber ensured adequate mixing before measurements began. Particle samples 
were collected for periods of 30 to 60 min from each room on filters for gravimetric and tracer 
chemical analysis. These samples contained only respirable suspended particles (RSP) since 
the dominant source of particles in these experiments is ETS, which is mainly composed of 
sub-micron particles. Particle number and size distributions were determined in near real-time 
with an array instrumentation that we have discussed previously [4]. 

The experimental protocol for this project includes determination of nicotine and the particle
bound tracers solanesol, scopoletin, PPM, and UVPM. Nicotine samples were collected on 
Tenax sorbent tubes for periods from 3 to 60 min. The sorbent tubes were thermally desorbed 
into a GC with flame ionization detection. The ultraviolet absorbance of methanol extracts of 
the filters was determined from 210 to 350 nm. The same extracts are to be analyzed by high 
performance liquid chromatography for the other chemical tracers. 

Sulfur hexafluoride (SF6) tracer gas was injected into . the SR and the subsequent SF6 
concentrations were measured once every 5 minutes in all three chamber rooms, using a 
continuous GC monitoring system with electrochemical detection. These data were used to 
monitor the movement of gases throughout the chamber system and calculate ventilation 
rates, as shown in Figure 3. 
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Recently Van Loy et al. [3] examined the behavior of nicotine in a stainless steel chamber that 
contained common indoor surface materials such as painted wallboard and carpet. This work 
showed that the sorption and desorption processes are non-linear and are also dependent upon 
the previous nicotine 'exposure history' of the materials. We used the Van Loy nicotine 
model to devise a chamber conditioning procedure that emulates ETS behavior in a room 
where smoking occurs regularly. During a six-week period 36 cigarettes were machine
smoked each weekday in this room. The other rooms remained isolated with the connecting 
doors closed. Particle mass and nicotine concentrations were measured daily in each room 
during the conditioning phase. 

RESULTS AND DISCUSSION 

The observed and modeled gas-phase nicotine concentrations during the chamber 
conditioning period are shown for the SR as the solid line in Figure 2. The model uses a gas
phase nicotine source strength of 5 mg per cigarette [1]. Nicotine was measured either just 
after smoking (data points corresponding to the "spikes" in Figure 2), or at least 12 hours after 
the most recent cigarette (the lower set of data points). The spikes shown in the predicted 
nicotine concentrations are caused by the daily smoking pattern. 

These data provide an evaluation of the model which was developed using parameters that 
describe the sorption and desorption of pure nicotine in the presence of wallboard and carpet. 
As shown in Figure 2, the model and measurements are in reasonable agreement. The results 
also illustrate the gradual increase in background gas-phase nicotine concentrations in the SR 
as a result of the re-emission of the sorbed nicotine from the wallboard and carpet. Based 
upon the Van Loy model predictions, it would take several years for the nicotine to reach 
steady state concentrations in the SR, at a smoking rate of 36 cigarettes per day. 

In one experiment a single cigarette was smoked in the SR, while its door to the COR was 
open 2.5 em (the CORINSR door was wide open). Figure 3 shows particle and tracer gas 
(SF6) movement in the three chambers. It can be seen that ETS particles reached the same 
concentration in all three rooms in about 18 hours, while the SF6 concentrations equilibrated 
after only six hours. The difference is due to the deposition losses of the particles. 

Table 1 shows RSP, nicotine, and UVPM concentrations in the three chamber rooms before, 
immediately after, and 4 hours after the cigarette was smoked. The RSP/nicotine ratio is an 
indicator of the effectiveness of nicotine as an ETS tracer. This ratio changed greatly as the 
ETS particles migrated out of the SR into the other two rooms. In fact, no measurable change 
in nicotine concentrations was observed outside of the SR, even though RSP concentrations 
had risen by about a factor of five. Nicotine did not reach the COR or the non-SR, even when 
ETS particles were easily detected. UVPM traced the movement of ETS accurately over the 
four-hour time period of this experiment. However, alternate sources of ultraviolet absorbing 
particles, such as diesel exhaust, were not present. 

Particle size distribution data can be seen in Figure 3 and Table 1. The ETS particles were 
observed to coagulate as they aged. The geometric mean (GM) of the size distribution of the 
SR particle size distribution rose from 0.14 (GSD=l.8) just after smoking to 0.16 (GSD=2.0) 
after aging for 22 hours (see "t = 10:00" in Figure 3). 

In general, the results indicate the following points: (1) the dynamic behavior of nicotine in 
chamber studies of ETS can be predicted using the Van Loy model; (2) nicotine sorbs quickly 
and strongly to the surfaces of rooms where smoking does not occur regularly, so while ETS 
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particles build up in concentration, nicotine moves from the air into materials; (3) the strong 
interactions of nicotine with indoor surface materials mean that nicotine will only track 
concentrations of less reactive tracers such as RSP and UVPM in rooms with well conditioned 
surfaces and regular smoking; and (4) interpretation of exposure data that were derived from 
nicotine concentrations can be complicated and misleading. 

Planned future work on this project includes conducting additional transport experiments 
under static flow conditions, and under forced-flow conditions. The investigations will 
include analysis of a full array of ETS tracers (ultraviolet particulate matter including real
time UVPM, fluorescent particulate matter, solanesol, scopoletin). In addition, analyses of 
the collected data will include application of simple ventilation air-flow models to the data. 
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Table 1. RSP, Nicotine, and UVPM concentrations, and particle size distributions 
(GM and GSD) in the SR, COR, and NSR at three times after one cigarette was 
smoked by machine. The SR/COR door was open 2.5 em and the COR/NSR was 
wide open. Estimates of measurement uncertainty for RSP, nicotine, and UVPM are 
3%, 5%, and 6%, respectively. 

Location/Time Before Smoking Just After Smoking 4-hrs After Smoking 
ETS Paramter1 SR lcoRI NSR SR lcoRI NSR SR lcoRI NSR 

tN"icotine (J.Lg/m3
) 110 8.0 10 140 12 - 83 13 11 

pVPM (J.Lg/m3
) 480 - 24 900 28 - 230 100 200 

IR.SP (J.Lg/m3
) 500 17 36 930 30 - 230 87 190 

fart. Size GM (J.Lm) 0.14 - 0.16 0.14 0.14 0.11 0.14 0.14 0.13 
fart. Size GSD 1.8 - 1.8 1.8 1.7 1.7 1.9 1.7 1.8 

IR.SP/Nicotine 4.4 2.1 3.5 6.7 2.5 - 2.8 7.0 18 
IRSP/UVPM 1.0 - 1.5 1.0 1.1 - 1.0 0.9 1.0 

.. 
Note that the 1mt1al ETS concentrations m the SR were elevated due to prevwus smoking 

during chamber conditioning. 
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LBNL Multi-room ETS Chamber 
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Figure 1. Schematic of the LBNL multi-room environmental chamber. 
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COMPARISON OF MODELED AND MEASURED TRACER GAS 
CONCENTRATIONS IN A MULTIZONE BUILDING 

R.G. Sextro, J.M. Daisey, H.E. Feustel, D.J. Dickerhoff, C.Jump 

Indoor Environment Dept., Lawrence Berkeley National Laboratory, Berkeley, CA, USA 

ABSTRACT 

Few detailed comparisons of modeled and measured pollutant concentrations in multizone 
buildings have been published. The COMIS air flow and contaminant transport model permits 
simulation of the effects of building and HV AC operation, as well as the influence of the local 
meteorology, on air flows within the building. We have recently used this model to simulate the 
release of a gas-phase tracer in a three-story, multi-room building located at Dugway Proving 
Ground, Utah, USA. Following detailed leakage and flow-path characterization measurements of 
the building, experiments were conducted in which tracer gas concentrations were measured as a 
function of time in each room of the building. Comparison of the simulations with these detailed 
measurements showed reasonable -- and in some cases, quite good -- agreement. The paper 
describes some details of the experiments and modeling and discusses the differences between the 
observed and the predicted concentrations. 

INTRODUCTION 

In conjunction with a series of field tests to investigate the consequences of a domestic 
chemical/biological incident, transport of airborne pollutants within buildings has been examined 
both experimentally and theoretically. Measurements of tracer gas concentrations as a function 
of time were conducted in a multizone building to provide experimental data against which several 
interior air flow models could be evaluated. In our case, we have used the CO MIS air flow and 
contaminant transport model to simulate the transport and fate of inert gas-phase species in this 
multizone building. As there have been very few detailed experiments on the behavior of · 
pollutant or tracer gas species in multizone buildings reported in the literature -- particularly in 
cases where the buildings have been well characterized [1,2, 3] -- this was an important 
opportunity for model-measurement comparisons. 

COMIS is a modular model for simulating air flows among multiple zones in response to the 
complex, often interacting effects of building and HVAC operations and the influence of the local 
meteorology [4]. Among the effects simulated by COMIS are flows through cracks, large vertical 
openings (e.g. doors and windows), fans and duct systems [5]. Based on the assumption that the 
pollutant concentration within each zone is instantaneously well-mixed, COMIS also calculates, 
in response to the interzonal air flow, contaminant transport as a function of time via a series of 

· mass-balance equations. 

PHYSICAL CHARACTERISTICS OF THE TEST BUILDING 

The tests were conducted in one unit of a multi-unit building located at Dugway Proving 
Grounds, UT. Each three-story unit contains a set of three-rooms on the first and second floors, 
topped by a single-room, unfinished attic (see Figure 1). The staircase connecting the floors has 
landings on each floor through which the open staircase passes. The unit contains an air-handling 
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unit (AHU) that supplies air only to the first and second floor rooms. The AHU has a single air 
return - a wall-mounted grille located on the first floor in room 1.2a (Fig. 1 ). Unducted air return 
registers mounted in the walls connect the rooms on the first floor only; there is no explicit air 
return to the AHU from the second floor. The AHU does not provide fresh air; it is only for 
internal air circulation. 

Prior to the tracer gas experiments, LBNL researchers conducted extensive blower door tests on 
the building to determine interzonal flow parameters, leakage rates, AHU flows and operating 
conditions. The building characterization measurements suggest that the first floor rooms have 
relatively low leakage rates to the exterior and to the staircase while the second floor rooms and 
attic are very leaky. The large leakage rates between the rooms on the first floor are due to the 
presence of the air return registers, while the large leakage rates between the rooms on the second 
floor are due to large cracks in the floor and within the walls. The AHU air supply rates were 
measured with all doors open, including the entrance door into the unit. The pressure drops over 
the supply and return grilles are on the order of 20 Pa. 

TRACERGASRELEASEEXPE~NTS 

The twelve experiments explored different positions of the internal and stairway doors (open or 
closed), different release locations on the first floor, and different states of AHU operation (on or 
off). In nine experiments, tracer gas releases were made at the return plenum of the AHU (which 

. was always on for these tests) in room 1.2a, and in three experiments, the tracer gas was released 
in the center of room 1.3. The nine experiments were grouped into three sets, each set 
corresponding to a different position of the interior doors (all doors open, staircase doors closed, 
all doors closed). For the three releases in room 1.3 -- all of which were done with the staircase 
doors closed and the remaining interior doors open -- two were done with the AHU in operation 
and one with the AHU switched off. To capture the influence of the weather conditions on 
tracer gas transport, the three releases in each set were done at different times of the day 
(morning, mid-day, orafternoon) .. There were no mixing fans to provide tracer gas mixing within 
each zone, apart from the mixing induced by the air flow from the AHU. 

During the experiments, measurements of indoor air temperatures and propylene tracer gas 
concentrations were performed at 30-second intervals at the center of each room and on each of 
the three stairwell landings. Two measurement stations were located in room 2.2 - in the center 
of each half (i.e., at 2.2a and 2.2b in Fig. 1). Weather data were recorded at 15-minute intervals at 
two fixed sites within 2 - 3 km of the test building. The modeling groups used the weather and 
interior temperature data, along with the building characterization information, as input to their 
simulations, and reported the calculated indoor· propylene concentrations before gaining 
knowledge of the measured concentrations. . 

The tracer gas was released by bursting a propylene-filled balloon containing approximately 20 g 
of material. However, the exact the mass of tracer gas released in each experiment was not 
measured, so it was necessary to adjust the predicted concentrations to facilitate model
measurement comparisons. We used the total amount of measured tracer gas within the building 
between five and ten minutes after tracer release as our normalization period. 

Because of space limitations we only discuss in this paper the results of experimental trials 1 and 
13 (one experiment had to be repeated), as they yield the best and worst results of the model
measurement comparison. 
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DISCUSSION OF RESULTS 

Triall (all doors open; release at AHU return; AHU on): 

Figure 2 shows the measured and predicted tracer gas concentrations as a function of time for 
room 1.2a (the tracer release room). In this room, both mixing and transport times are fairly rapid 
with the AHU running and the measured and calculated concentrations differ very little. 
Comparing the measured and calculated tracer gas concentrations for the attic (room 3.1) provides 
a somewhat different picture (see Figure 3). COMIS overestimates the time-dependent tracer gas 
concentration. We believe this may be due to lack of mixing in the attic so that the large air 
leakage of the attic will exhaust the tracer gas entering through the staircase door before the gas 
can reach the sensor. 

Trial13 (staircase doors closed; release in room 1.3; AHU off): 

In this trial the mixing of tracer gas in the unit and the transport into the upper floors is reduced 
because the staircase doors are closed and the AHU is off. The predicted and measured 
concentrations in room 1.2a are shown in Figure 4. The predicted and measured peak 
concentrations occur at about the same time, though the modeled concentration is lower than the 
measured for the first thirty minutes. The differences between measured and calculated 
concentrations for room 3.1 are shown in Figure 5, where the predicted and measured peak 
concentrations occur at about the same time. However, for almost three hoill"s after tracer gas 
release there is more total transport of tracer gas into the attic than the model ptedicts. After that 
time COMIS over-predicts the concentration. As before, the lack of good mixipg within the attic 
and the possibility that some of the tracer may be exhausted from the attic b~fore reaching the 
sensor could explain the difference between the observed and predicted concentration decay. 

Comparison of 'exposures': 

Figure 6 shows the differences in exposure (i.e. the product of concentration and time between 
the modeled and measured values (as a fraction of the measured value) at various times after-the 
tracer gas release for trial 1. The largest differences are seen for rooms 1.3 and 3.1 within the first 
five minutes after tracer release. After twenty minutes differences stay below +50 and -15% for 
all rooms of the unit. After an hour, exposure differences are reduced to less than 20% for all 
rooms but the attic. The large differences at the beginning of the decay period are again due to the 
modeling assumption of perfect mixing. In the case of the attic, the tracer gas needs some time to 
travel within the staircase from the first floor to the third floor landing. CO MIS assumes that the 
tracer gas concentrations equalize immediately within the staircase. 

The relative differences in exposure for trial13 are shown in Figure 7. Because the AHU was off 
for this experiment, comparisons in exposure for 5, 10 and 20 minutes after tracer release are not 
very useful due to the lack· of mixing. After 40 minutes, the largest differences are between the 
observed and predicted exposures in the second floor rooms. In contrast, the first floor rooms 
show differences of less than 25%. The are several possible explanations for the overpredicted 
exposure values on the second floor, including more rapid actual removal of tracer via ventilation 
to the outside than the model predicts. 
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CONCLUSIONS 

The COMIS model performed well in the Dugway experiments when the model assumption of 
rapid mixing within a zone was met. Differences between measured and modeled values were 
largest in the 10 to 20 minutes immediately after the release, illustrating the lack of adequate 
mixing time. Leakage characterization and pressure distribution of the attic and roof may not have 
been adequate due to the unusual shape of the roof. The assumption of perfect mixing is more 
difficult to meet when the AHU is not operating. particularly for zones which either have a large 
vertical dimension (staircase) or have high leakage values to the outside (attic). 
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Figure 1: Plan and elevation views of the multizone unit. 
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DETERMINING TRANSFER FACTORS FOR OUTDOOR AEROSOL 
PLUMES ENTERING BUILDINGS 

1 2 I T L Thatcher, W W Nazaroff and R G Sextro 

1 Indoor Environment Dept., Lawrence Berkeley National Laboratory, Berkeley, CA USA 
2 Dept. of Civil and Environmental Engineering, University of California, Berkeley, CA USA 

ABSTRACT 

An important component for predicting the effects of outdoor air pollutant releases is to 
determine the relative protection offered by buildings. A set of experiments has been designed to 
evaluate the rate at which particles enter a building under different release conditions. 
Experimental results are parameterized in terms of an inhalation transfer factor: the fraction of 
the released pollutant that would be inhaled by a typical occupant of the building. The 
experiment involves generating an aerosol plume upwind of a test building. Indoor and outdoor 
particle concentrations are measured continuously during and after plume generation. The air
exchange rate and plume entry rate are measured using two tracer gases. Mass balances are used 
to determine particle deposition and penetration rates as functions of particle size. Data from 
initial experiments will be presented at-Indoor Air '99. 

INTRODUCTION 

The amount of protection offered by sheltering within a building during incidents of industrial 
accident and other sudden pollutant releases is a critical factor in predicting health effects and in 
developing response plans. In the event of a release, information may be available on the 
maximum amount of material discharged and the chemical or physical nature of that material. 
No experiments have been reported that investigate the relationship between the amount and 
condition of pollutant release outdoors and the resulting indoor concentrations. We have 
designed experiments to investigate the entry of airborne particles into a building after upwind 
release. Initial experiments will be performed without mechanical ventilation, mimicking a 
"sheltering in place" response. An inhalation transfer factor (ITF) will be calculated for each 
experimental run based on measurement data. The ITF represents the fraction of the generated 
pollutant which would be inhaled by a building occupant. The experimental data will also be 
used to estimate indoor deposition velocities and penetration factors for the building shell as 
functions of particle size. 

METHODS 

Test aerosols will be generated using an atomizing spray nozzle (Spraying Systems, Inc., Model 
SU13) directly upwind of a small conference facility located in Richmond, California. The 
facility is a single-story, flat-roofed building with plan dimensions of approximately 15 x 15m. 
The spray atomizer will use a solution consisting of three components: (1) a highly volatile 

· liquid (isopropyl alcohol) which will evaporate quickly to reduce the droplet size, (2) a low 
volatility liquid (oleic acid) which will remain to form droplets whose size (a broad distribution 
centered at about 5 ~m) is constant over time, and (3) a fluorescent tracer (fluorescein) which 
will facilitate sensitive filter-based measurements of total particle. Particles will be measured 
continuously both indoors and outdoors using two cross-calibrated real-time multi-channel 
particle counters (TSI, model APS 3320). The air-exchange rate and plume entry rate will be 
measured simultaneously at a central location indoors. Integrated filter samples of airborne 
particles will be taken at several locations inside and outside the building and analyzed 
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fluorometrically to determine the concentration of generated particles at each sampling location. 
After 2 hours, particle generation will be halted. The decay in indoor particle and tracer gas 
concentrations will continue to be monitored for one additional hour. Meteorological conditions 
will be monitored throughout the experiments. 

Experimental results will be analyzed to determine the inhalation transfer factor (ITF), defined as 
the fraction of the generated pollutant which would be inhaled by a typical occupant (presented 
dose). The inhalation transfer factor (ITF) can be expressed mathematically as: 

mass inhaled 
ITF = mass emitted = 

f Cj(t) QB(t) dt 

f G(t) dt 
(1) 

where Ci is the concentration of generated particles in indoor air (g m-3), QB is the occupant's 
breathing rate (m3 h-1), and G is the particle generation rate, g h-1

• By measuring the time 
integrated indoor air concentration and particle generation rate, the ITF can be experimentally 
evaluated for any given constant breathing rate and particle size. The effective dose could be 
calculated based on expected uptake as a function of particle size. In addition, transfer rates for 
size ranges (PM10 or PM2.s) can be calculated by consolidating data for all particles within the 
range. However, these values may depend on the specific size distribution of the particles. 

To predict inhalation transfer factors for different situations, we need to improve our 
understanding of particle transport into buildings. A well-mixed, single box model can be used 
to describe the indoor environment. Since the building studied in these experiments will be 
unoccupied, no resuspension or generation will occur inside. Under these conditions, the particle 
concentration within the building is governed by the following equation: 

(2) 

where Cin is the concentration of a specific size particle in indoor air (# m-3), ltv is the air 
exchange rate (h-1), Pis the size-dependent fraction of infiltrating particles which penetrate the 
building shell (unitless), C0 is the size-dependent particle concentration in the infiltration air(# 
m-3), Ad is the indoor surface area for deposition (m2), and vd is the area-averaged indoor 
deposition velocity (m h-1). This equation can be used to interpret the time-dependent 
experimental measurements of indoor and outdoor particle concentration and air-exchange rate to 
infer the size dependent deposition velocity (vd) and penetration factor (P). 

CONCLUSIONS 

Developing appropriate emergency response plans for industrial accidents and other unexpected 
releases requires an understanding of the effect of such a release on building occupants. The 
proposed experiments aim to improve our knowledge of the intake dose that would occur for 
specific release characteristics and meteorological conditions. The results will increase our 
general understanding of indoor particle exposure resulting from outdoor sources and will serve 
as a basis to improve the effectiveness of emergency response plans. 
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MODELING PARTICLE PENETRATION THROUGH CRACKS IN 
BUILDING ENVELOPES 
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ABSTRACT 

Particle penetration through rectangular, smooth-walled cracks is modeled. Steady-state 
airflow is determined from crack geometry and the pressure difference across the building 
envelope. Three particle deposition mechanisms are considered: gravitational settling, 
Brownian diffusion, and impaction. Predictions are made for particle diameters over the range 
0.001 to 100 J.lnl, pressure differences of 4-10 Pa, crack heights ofO.OS-1.0 nun, and a crack 
length of 3 em. Particle size and crack height strongly affect particle penetration. Particles 
with diameter in the range 0.1- 1.0 J.ln1 are predicted to have the highest penetration factors,~ 
0.85 for a crack height of0.25 nun or larger. Gravitational settling controls the deposition of 
large (supermicron) particles and Brownian diffusion controls deposition of small. (submicron) 
particles. The contribution of impaction to particle deposition is insignificant under the 
conditions analyzed. 

INTRODUCTION 

Particle inhalation is an important pathway for human exposure to toxic substances. People 
spend most of their time indoors, so a sound understanding of particle penetration through 
building envelopes would improve our knowledge of the contribution of ambient particles to· 
total human exposure. . 

In some studies, the penetration factor (F, also known as fractional penetration) has been 
evaluated simply as the ratio of indoor to outdoor particle concentrations [1]. In this case, the 
resulting penetration factors were found to be significantly less than one. However, even in 
the absence of indoor emissions, the indoor-outdoor concentration ratio depends on 
penetration through the building envelope and on particle deposition rates to indoor surfaces. 
Accurate field assessments of particle penetration require that other mechanisms of particle 
loss from indoor air and indoor generation be either negligible or properly taken into account 
[2]. The penetration factor is defined to be the fraction of particles in infiltrating air that 
remain airborne as air passes through cracks in a building's shell. The penetration factor is 
expected to be a function of particle diameter, crack geometry, and pressure drop across the 
crack. 

In this paper, we evaluate the particle penetration factor for an idealized single rectangular 
crack, based on the published information on airflow characteristics in cracks and available 
knowledge on particle deposition mechanisms. 

METHODS 

The study of particle penetration through building cracks starts by postulating three idealized 
slot configurations -straight-through, L-shaped, and double-bend- which represent the 
cracks commonly found in buildings (Figure 1 ). Such cracks can occur where dissimilar 
materials are joined, and around windows and doors. The crack height and flow length are 
denoted as d and z, respectively. Airflow through the cracks is driven by the pressure 
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difference (M') across the building envelope, induced by imbalanced fan-induced flows, wind, 
and indoor/outdoor temperature differences. Under ordinary conditions, M' is less than about 
10 Pa. For the present analysis, it is assumed that the crack geometry is regular, the surface is 
perfectly smooth, and the airflow within a crack is steady. It is also assumed that the extent 
of the crack ( w) in the third dimension (into the page in Figure 1) is much larger than either d 
or z and so the system can be treated as two-dimensional. 

-- .... 1 ~-d 

I 

I l_i _.. ~._---------z---_-_-_-_..,.. ... 
v 1 r-. ~! 

_..~----- z 
I v 
d 

straight-through L-shaped double-bend d 

Figure 1. 1bree types of idealized crack configurations. 

In a study ofleakage through windows, it has been reported that the pressure drop (LiP) and 
volumetric flow rate (Q) are related by a quadratic expression of this form [3]: 

L1P=m Q+n Q2 (1) 

where m and n are related to crack dimensions and fluid characteristics. In another study, m 
and n were determined from theoretical derivation [ 4]: 

12 J;t z 
m=wd3 

Kp 
n=2d2w2 

(2) 

(3) 

where Jl is the dynamic viscosity of air, pis the air density, and K is the loss coefficient of the 
crack. The loss coefficient (K) for straight-through, L-shaped, and double-bend cracks was 
experimentally determined to be 1.4, 2.3 and 3.3, respectively [4]. 

The average flow velocity through the crack (V} equals airflow rate (Q) divided by cross
sectional crack area (wd). For a given pressure drop (AP) and crack geometry (d and z), the 
average flow velocity (V} can be evaluated by substitution and rearrangement after solving for 
the positive root of(Q) from equation (1): 

-12 J.lz+ ~ (12pz)2 + 2 K pAP ci4 V= - . . 
Kptfl 

(4) 

Particle penetration was determined by separately analyzing deposition according to three 
mechanims: Brownian diffusion, gravitational settling, and impaction. Impaction was only 
considered for the acceleration around bends in the L-shaped and double-bend cracks. In the 
analysis, particles were assumed to be spherical with a density of 1 g cm-3. Particle diameters 
from 0.001 to 100 J..Un were considered because of growing interest in the health effects of 
ultrafine particles [5], as well as the possibility of exposure by ingestion caused by 
nonrespirable large particles. 
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Assuming homogeneous particle concentration at crack inlet, the penetration factor as a result 
of gravitational settling alone (Fg) is obtained by [6]: 

Fg= I- r (5) 

where r= (Vs z)l(d V) and Vs is particle settling velocity. For r ~ 1, there is complete 
deposition and no particle penetration at all (Fg = 0). 

For particle loss due to Brownian diffusion, the penetration factor (F d) is determined by [7]: 

Fd= 0.915 exp(-1.885 t/J) + 0.0592 exp(-223 f/J) + 0.026 exp(-152 t/J) + ... (6) 

where tfJ is given by: 

(7) 

Here D is particle diffusion coefficient. 

Particle deposition due to impaction is expected to be a function of particle Stokes number 
(St) which is a ratio of particle stopping distance to the characteristic ·length associated with 
the accelerating flow (d/2). The penetration factor Fi (1-collection efficiency) was estimated 
from a collection efficiency curve for rectangular impactor nozzles [8]. 

By assuming that the three particle deposition mechanisms occur independently, the overall 
penetration factor was estimated by multiplying the penetration factors from each individual 
mechanism: 

(8) 

In addition to information about air flow through cracks and particle deposition mechanisms, 
realistic crack dimensions have to be considered in evaluating penetration factors. One 
investigation of air infiltration through gaps around windows suggested that the range of crack 
thickness of air paths is normally less than 2.5 mm (0.1 in.) [3]. The dimensions tested in that 
study were in the range 0.13-2.54 mm. In the present analysis, the airflow length (z) was 
fixed at 3 em and various crack heights (d = 0.05, 0.1 0, 0.25, and 1.0 mm) were considered. 

RESULTS AND DISCUSSION. 

The average airflow velocities are identical for the three crack configurations given the same 
dimensions of crack height (d), airflow length (z), and pressure difference (L1P). Some 
parameters associated with crack flow characteristics are presented in Table 1. For the crack 
dimensions in our study, it is reasonable to state that the airflow is laminar and fully
developed due to the small flow Reynolds number (Re) and the small ratio of entrance length 
to crack airflow length (xefz). 

Figure 2 presents the particle penetration factor as a function of particle diameter, crack 
height, and pressure difference for straight-through cracks. The result show that accumulation 
mode particles (0.1-1 J.Lm) have the highest penetration efficiency. This is expected, because 
particles in this size range diffuse and settle slowly compared with smaller particles (for 
which diffusion dominates transport) and larger particles (for which settling dominates). The 
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·penetration factors for L-shaped and double-bend cracks are very similar to the curves in 
Figure 2. As indicated in Figure 2, the penetration factors approach one for accumulation 
mode particles for crack heights exceeding 0.25 mm. For a crack height of 1 mm, particle 
penetration is essentially complete(~ 90%) for particle diameters between 0.01 and~ 7 f..liD· 
Similar calculations were also carried out for a 3.0 mm crack height, and it was found that the 
penetration factors are just only slightly higher than those for a 1.0 mm crack. It appears that 
there is a threshold crack height; and the penetration scenarios would be very similar above 
this threshold. 

Table 1. Characteristics of air flow through a crack, given an airflow length of z = 3 em and a 
pressure difference of L1P = 10 Pa. 

crack height air speed Reynolds no. 
d(mm) V(cm/s) Re 

0.05 0.4 1.3 X 10-2 

0.10 1.5 1.0 X J0-1 

0.25 9~6 1.6 

1.0 132 88 

0.8 

0.01 0.1 1 

particle diameter (~m) 

entrance length 

10 

xefz 

8.6 X 10-? 

1.4 X 10-5 

5.4 X l0-4 

1.2 X 10-1 

LW,Pa 

--4 
7 

10 

100 

Figure 2. Calculated particle penetration factors with respect to particle size, crack height and 
pressure difference for an idealized straight-through crack. 
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For cracks smaller than 1 mm, penetration varies significantly with crack height For crack 
height of 0.25 mm, particles of 0.1-1.0 j..tm have penetration factors greater than 0.85. For a 
crack height of0.1 mm, only about half of the 0.3 pro particles penetrate and the penetration 
is essentially zero for diameters smaller than 0.04 pro or greater than about 1.2 fliD. Particle 
penetration is essentially zero(< 2%) for crack heights of0.05 mm, independent of particle 
size. 

With regard to particle loss in L-shaped and double-bend cracks due to impaction alone, the 
collection efficiency is essentially zero for particles with St smaller than 0.36 [8]. Particles 
with St greater than 0.36 are large enough to deposit because of gravitational settling. As a 
result, impaction does not enhance deposition in bent cracks in these model calculations. 

In real building cracks, however, the roughness of the crack surface as well as irregularities in 
crack geometry would alter the detailed influence of particle deposition mechanisms and thus 
could change the penetration results. Further studies are needed to address these complexities. 
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MODELING AEROSOL BEHAVIOR IN MULTIZONE INDOOR 
ENVIRONMENTS 

ABSTRACT 
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Lawrence Berkeley National Laboratory 

Berkeley, CA 94720-0001, U.S.A. 
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A publicly available aerosol dynamics model, MIAQ4, is coupled to a widely used multizone 
air flow and transport model, COMIS, to better understand and quantify the behavior of 
particles in indoor environments. MIAQ4 simulates the evolution of a size and chemically 
resolved particle distribution, including the effects of direct indoor emission, ventilation, 
filtration, deposition, and coagulation. COMIS predicts interzonal air-exchange rates based 
on pressure gradients (due to wind, buoyancy, and HV AC operation) and leaks between the 
zones and with the outside. The capabilities of the coupled system are demonstrated by 
predicting the transport of particles from two sources in a residence: environmental tobacco 
smoke (ETS) and particles generated from cooking. For ETS, MIAQ4 predicts particle size 
distributions that are similar to the emission source profile because ETS particles, 
concentrated in the size range 0.1 - 1 J.Lm, are transformed by coagulation and deposition 
slowly compared with the rates of transport. For cooking, MIAQ4 predicts that the larger
sized particles will settle rapidly, causing a shift in size distribution as emissions are 
transported to other rooms. 

INTRODUCTION 

Understanding the dynamic behavior of indoor aerosols is essential for accurately predicting 
the concentrations and fates of these species within a building. Processes such as coagulation,· 
deposition, and removal by filtration are strongly dependent on particle size, which can alter 
the particle size distribution in building air and ultimately affect lung deposition in exposed 
individuals. In addition, predicting indoor particle concentrations also requires a sound 
understanding of the building's airflow characteristics· and its effects on particle transport. 

State-ofthe-art particle dynamics models can simulate particle interaction processes in great 
detail, but do not incorporate a predictive capability for simulating building airflow 
characteristics. Conversely, existing multizone indoor air flow and transport models are 
capable of simulating interzonal air flow in great detail, but have limited ability to address 
complex pollutant dynamic behavior, usually relying, for example, on average settling rates 
without honoring the influences of particle size. In this work, we report the coupling of an 
aerosol dynamics model, MIAQ4, to a widely used multizone indoor air flow and transport 
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model, CO MIS. The coupled models are capable of predicting in detail the relationship 
between particle emissions and indoor air concentrations, and will permit detailed study of the 
factors governing inhalation exposures and dose. 

MIAQ4 [ 1, 2] simulates a size and chemically-resolved particle distribution, tracking the 
particle as it is affected by inter-room transport, ventilation, filtration, emission, coagulation, 
and deposition onto indoor surfaces. Evaporation, condensation and homogeneous nucleation 
are not included in the model. The model has been successfully used to study the 
concentration and fate of particles from cigarette smoke in a single chamber [ 1] and the 
concentration of particulate matter in museums [2]. In addition, it has been experimentally 
validated in a two-room study of environmental tobacco smoke [3]. In simulating these 
interzonal transport, MIAQ4 requires that the air flows be provided as inputs. 

COMIS [4] predicts interzonal air flows based on pressure gradients (due to wind, buoyancy, 
and HV AC operation) and leaks between the zones and with the outside. It is a multizone 
infiltration model that assumes that air acts as an ideal gas (transport is affected only by 
temperature and pressure gradients) with transport based on interzonal conservation of mass. 
Transport components include flow through cracks, large openings, and duct-work. It has 
been used to predict. the airflow in single-family houses, test cells, flats, and small office 
buildings [5, 6, 7]. 

For the present purposes, the two models have been coupled using text transferring script 
files. We are in the process of more completely integrating MIAQ4 into the COMIS modeling 
framework to improve processing time and reducing the number of input and output files that 
must be handled. 

ILLUSTRATIVE APPLICATION 

The attributes of an integrated model are demonstrated using a hypothetical single-floor 
residential building with an attic space that spans the entire floor area (Figure 1). Interior and 
exterior temperature distributions are set to represent typical conditions found in a poorly 
insulated single-family home during a Pacific-coast winter. Wind is assumed to blow from 
the west at a steady rate of 3 rnls. The exterior doors and windows are closed, the interior 
doors are open and no HV AC system is operating. Representative air leakage characteristics 
were estimated from data compiled by Lidament [8] to represent a moderately tight building. 
Figure 1 summarizes the predicted inter-room flow rates. 

Two aerosol pollutant releases are considered: ( 1) environmental tobacco smoke particles 
(ETS) and (2) particles emitted during cooking. Both are released in the kitchen for ten 
minutes with approximate release rates of 1.32 mg/min and 100 mg/min for ETS and cooking, 
respectively. Figure 2 shows the particle size distribution for the two sources. The normalized 
emission rate profile is used to illustrate the distributed emission rate as a function of particle 
size and will be used to compare the predicted concentrations to the emissions. Development 
of the source profiles are based on literature estimates (see [9] for ETS and [10, 11] for 
cooking) and engineering judgment. 

Figure 3 illustrates the predicted transport for all rooms. Predicted peak concentrations are 
approximately 4-6 times greater in the kitchen than the other rooms. The bedrooms and 
bathroom exhibit similar time-series profiles as the living room. Figure 4 illustrates the 
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predicted eight-hour average concentration in the living room, normalized by dividing by the 
largest average concentration in a particle size bin. Similar trends are observed in the other 
rooms so are not presented. For ETS, the eight-hour average predicted concentration (Figure 
4a) has a particle size distribution similar to the source distribution (Figure 2a). Unlike ETS 
particles, large amounts of cooking particles are generated in the supermicrometer size range. 
Because of rapid deposition, the eight-hour average concentration shows fewer particles 
greater than lflm than are present in the source profile (compare Figures 2b and 4b). 

Kitchen 
Living Room 410 13 

433 12 
... 11 593 617 

120 594 r 
~ 
~14 1 

Bed2 
617 597 3 

Bath Bed 1 t 
N 

5 3 ,, 
6.0m 3.2m 1.7m 4.3m 

Figure 1: Floor plan for the residential building studied in this paper. A single-zone attic is 
located above the floor plan and is topped by a gable-end pitched roof. The height of the 
rooms is 2.7 meters. Wind blows from the west at a steady 3 m/s at 10°C. The flow rates are 
in units of m3/hr. Flows into the attic from each of the rooms are approximately 20m3/hr. 
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Figure 2: Particle size distribution for (a) ETS and (b) particles generated during cooking 
emissions. The emission rate profiles are normalized by dividing the emission rate by the 
largest rate in a given particle size bin. Smoking corresponds to a single standard commercial 
cigarette. Cooking is based on pan-flying meat. 
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Figure 3: Time series plots of (a) ETS and (b) particles generated from cooking. The releases 
were in the kitchen and persisted for ten minutes, beginning at time t = 0. The bedrooms and 
bathroom exhibit profiles similar to the living room. 

CONCLUDING REMARKS 

These results demonstrate the benefits of integrating a particle dynamics model with a 
multizone transport model to better understand the indoor air quality impacts of particle 
emissions. For particles that are in the size range 0.1 - 1 ~m, like ETS, predicted particle 
concentrations do not indicate significant size-dependent effects. In this case, a qualitative 
first-order settling value used in a transport model may yield reasonable predictions.(although 
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COMIS does not have this capability, such first-order decay models are readily available). 
However, when larger or smaller particles are considered, size-dependent particle dynamics 
necessitates an advanced dynamics model to accurately predict particle concentrations. 
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Figure 4: Eight-hour averaged concentration of (a) ETS and (b) particles generated from 
cooking for the living room. The concentrations are normalized by dividing by the largest 
concentration in a given particle size bin. The 8-hour averaged particle concentration is 10 
J..Lg/m3 and 450 J..Lg/m3 for (a) ETS and (b) cooking, respectively. 
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ABSTRACT 

Particle deposition from turbulent duct flow is modeled and related to particle penetration of a 
ventilation system for a commercial office building. Three published turbulent deposition 
models capable of accommodating surface roughness are compared to experimental data and 
used to determine the penetration of 0.1-10 J.Lm spherical particles through a sample duct run. 
Depending on the model employed, penetration fractions varied from 0.40-0.94 for 0.1 J.Lm 
particles and 0.28-0.73 for 10 J.Lm particles. Penetration is predicted to be independent of 
particle size for particle diameters less than 2 J.Lm. Almost all the deposition is predicted to 
occur in short sections of the duct runs where the wall roughness is larger than in other duct 
sections because of the duct construction material. 

INTRODUCTION 

Exposure to airborne particles may contribute to human health effects including impairment 
of the respiratory system, lung tissue damage, and mortali~y. Particulate matter less than 10 
11m in diameter (PM10) is a criteria pollutant in the United States with an ambient air quality 
standard of 50 11g!m3 on a yearly average basis and 150 11g/m3 on a 24-hour average basis. 
No analogous U.S. standard exists for particles in indoor air. Epidemiological evidence 
suggests a positive correlation between outdoor PM10 concentrations and mortality in urban 
areas. This finding is surprising because most exposure to airborne particles occurs indoors 
and exposure does not correlate well with ambient concentrations [1]. In buildings with 
ducted air handling systems, particle deposition in ducts is a potentially important factor in 
influencing human exposure to particles. 

A typical air supply system in a commercial building consists of an air handling unit which 
draws outside air through a filter and into a very large diameter duct, followed by a series of 
successively smaller, branched ducts which transport the air to different locations in the 
building. Generally, ducts are made of galvanized steel or aluminum and may be lined with 
fiberglass on the interior to reduce noise. Airflow in ventilation ducts is turbulent. Table 1 
shows the range of duct dimensions and air velocities encountered in most commercial 
ventilation systems. Filter efficiencies at the air intake for particles less than 10 11m in 
diameter are low, commonly less than 10% for particle diameters ranging from 0.1 to 3.0 11m 
[2]. Thus, particle deposition from turbulent flow in the ventilation system is important for 
evaluating penetration into buildings and exposure of building occupants to outdoor particles. 

T bl 1 A a e "pprox1mate range o fd d" uct 1mens1ons an dfl d". ow con 1t10ns 
Duct Diameter Wall Roughness Air Velocity Reynolds No. 

Minimum value 0.15 m 0.001 mm 1 rn/s 104 
Maximum value 1.5 m 5mm 10 rn/s 106 
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Particle deposition to walls from turbulent airflow in a tube has significance in many 
engineering applications and has been widely studied. Experimentally, particle deposition has 
been observed to depend most strongly on particle size [3], surface roughness [4], and flow 
Reynolds number [5]. Mechanisms by which a particle may move in turbulent flow and can 
be captured at a solid surface include Brownian diffusion, turbulent diffusion, gravitational 
settling, inertial impaction, electrophoresis, thermophoresis, shear-induced (Saffman) lift, and 
interception. Several empirical and mechanistic models of deposition from turbulent duct 
flow have been proposed. 

In this paper, three published models of particle deposition from turbulent pipe flow are 
evaluated and used to predict the fraction of particles which penetrate a single duct run of a 
ventilation system from a representative five-story commercial office building. 

METHODS 

The modeled duct run is from the ventilation system of a five-story commercial office 
building. The duct run begins at the air intake located on the roof of the building and 
terminates at a third floor office. Air traveling this path is carried in eight distinct duct 
sections, the characteristics of which are summarized in Table 2. Airflow rates are assumed 
to be constant at the-designed rates. The flow path also includes two T-junctions, five 90° 
bends, and flow past numerous T -junctions and is selected to be representative of a typical 
duct run for a commercial office building. Analysis suggests that inertial impaction at the 
flow bends contributes a negligible amount to the overall deposition, thus, impaction at bends 
has been ignored in all simulations. · 

Table 2. Characteristics of modeled duct run 
Hydraulic Air 

Section Orientation Material Roughness Diameter Length Velocity 
# (-) (-) (mm)· (m) (m) (rnls) 
1 Horizontal Steel 0.15 1.50 1.1 10.6 
2 Vertical Steel 0.15 1.06 4.9 9.1 
3 Horizontal Fiberglass Liner 0.5 0.78 6.1 5.3 
4 Horizontal Steel 0.15 0.71 6.7 4.4 
5 Horizontal Steel 0.15 0.67 5.5 3.4 
6 Horizontal Steel 0.15 0.54 5.8 3.6 
7 Horizontal Steel 0.15 0.25 22.9 2.0 
8 Horizontal Flexible Aluminum 1.0 0.25 2.0 2.0 

Three models have been used to evaluate particle penetration through the duct run: the 
modified free-flight model of El-Shobokshy and Ismail [6], the empirical free-flight model 
recommended by Wood [7], and the empirical correlation of the sublayer model presented by 
Fan and Ahmadi [8]. All three models predict dimensionless deposition velocity as a function 
of the particle dimensionless relaxation time to both smooth and rough surfaces. Input 
parameters are the particle diameter and density, duct diameter and roughness, and air 
velocity. Particle deposition velocity is defined as follows: 

~=N/C (1) 

where N is the particle flux to the surface and C is the average particle concentration in the air 
stream. Deposition velocity is nondimensionalized by dividing by the friction velocity, u*: 
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(2) 

Particle dimensionless relaxation time is calculated by: 

(3) 

where Cc is the slip correction factor, pp is the particle density, dp is the particle diameter, f..l is 
the dynamic viscosity of air, and u is the kinematic viscosity of air. For the airflow velocities 
and duct sizes of interest here, 't + is in the range of 5 x 1 o-5 to 5 for 0.1 < dp < 10 11m. If the 
deposition velocity is known, the fraction of a given sized particle penetrating a duct is: 

(4) 

where f is the fraction of particles that pass through the duct, P is the duct perimeter, L is the 
duct length, U is the average air velocity, and A is the duct cross-sectional area. 

All three models considered account for Brownian diffusion, turbulent diffusion and 
interception, and ignore electrophoresis and thermophoresis. The effect of gravity in 
horizontal ducts has been accounted for by the method outlined in Anand and McFarland [9]. 
The models of El-Shobokshy and Ismail [6] and Wood [7] are based on the free-flight concept 
which theorizes that particles attain a radial velocity while entrained in turbulent eddies, then 
deposit to the tube wall after being ejected from the eddy and coasting across the laminar 
boundary layer due to inertia. The sublayer model of Fan and Ahmadi [8] involves solving 
the Lagrangian equations of particle motion in a turbulent flow field, which accounts for 
turbulent bursts and fluid downsweeps at the tube wall. Fan and Ahmadi's model includes the 
shear-induced lift force. This phenomenon is theorized to account for the rapid increase in 
deposition with particle size which has been observed for particles in the range 1 < 't+ < 10. 
Surface roughness elements shorten the distance for inertial coasting in the free flight models 
and increase the fraction of particle trajectories that encounter the wall in the sub layer model. 

For the simulations, the duct wall is assumed to be a perfect sink for particles, and all 
roughnesses are assumed to be three-dimensional sand-grain type roughness. Turbulence is 
assumed to be fully developed. The particles considered are spherical with a density of 1.0 
g/cm3 and a diameter range from 0.1 to 10 11m. 

RESULTS AND DISCUSSION 

Comparisons of the three models to experimental data on particle deposition from turbulent 
pipe flow are presented in Figures 1 and 2. Figure 1 shows data collected from flow through 
small diameter(:::::: 1 cm),vertically oriented, smooth and rough tubes at a Reynolds number of 
104

. The data of Liu and Agarwal [3] are considered the best available data for deposition in 
smooth tubes and the investigation by El-Shobokshy [ 4] is one of the few to thoroughly 
investigate and report the effects of surface roughness. The data collected by Shimada and 
Okuyama [5] are for verysmall diameter particles (dp = 0.01-0.04Jlm) that are influenced by 
Brownian motion. All deposition models show a general U-shaped trend. Starting at the left, 
the initial decrease in deposition velocity is due to the decreasing importance of Brownian 
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diffusion as particle size, or 't+, increases. As particle size increases further, deposition is 
expected to increase as a result of turbulent diffusion and interception. All the models show a 
decrease in the particle size dependence of deposition velocity as roughness increases, and all 
models predict roughness has less influence on particle deposition as particle size increases. 
The models ofEl-Shobokshy and Ismail [6]and Wood [7] show good agreement with the 
smooth pipe data over the entire range of 't+, while that of Fan and Ahmadi [8] underpredicts 
V/ in the range 0.1 < 't+ < 10. All three models predict a dramatic increase in V/ with 
surface roughness in the range 5 x 10-3 < 't+ < 3, with the model of Fan and Ahmadi [8] 
predicting the strongest effect. All model predictions for deposition to rough surfaces lie 
below the bulk of the equivalent experimental data. The model of El-Shobokshy and Ismail 
[6] agrees most closely with the experimental data over the range of roughnesses considered. 
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Figure 1. Model comparison to experimental data collected in vertical, 
small diameter tubes at Re = 10,000 and various wall roughnesses 
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Figure 2. Model comparison to experimental data collected in large, smooth, 
horizontal ducts at 4.4 x 104 < Re < 105 
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Figure 2 displays data obtained from smooth, larger diameter (15-60 em), horizontally 
oriented ducts at Reynolds numbers ranging from 4.4 x 104 to 105 [10, 11], which is more 
representative of conditions in a real ventilation duct. The models give similar predictions 
over the range 10-4 < 't+ < 4. The agreement between models in the range 0.01 < 't+ < 4 is the 
result of gravitational settling being the controlling deposition mechanism. The effect of the 
shear-induced lift force is seen to be important in Fan and Ahmadi's [8] model only for 't+ > 
4. All three models are observed to underpredict the experimental values of V d + by one to two 
orders of magnitude. In.addition to smooth wall deposition data, Lai [11] collected deposition 
data for different roughness arrangements in a large, horizontal duct. However, because the 
models are only able to accommodate sand-grain type roughness, a valid comparison between 
model and experiment is not possible. 

The fractional penetration of particles through the modeled duct run as calculated by each 
model is shown in Figure 3. All three models predict that penetration is essentially 
independent of particle size for particles less than 2 Jlm in diameter. A decrease in particle 
penetration due to the effect of gravitational settling is predicted for particles greater than 2 
Jlm by all three models. The model of Fan and Ahmadi [8] yields the lowest penetration 
fractions and the model of Wood [7] yields the highest penetration fractions for all particle 
sizes. All three models predict the majority of particle deposition to occur in sections 3 and 8 
of the duct run. These ducts have higher surface roughness than the rest of the system 
because section 3 is acoustically lineq with fiberglass and section 8 is a flexible aluminum 
.duct with repeated ribbed roughness elements. Although these two duct sections comprise 
only 15% of the total length of the duct run, deposition in these ducts is expected to account 
for almost 99% of the total deposition in the system for particles smaller than 2 Jlm. These 
results indicate that deposition may significantly modify the particle concentrations in air 

· flowing through ventilation ducts. In general, deposition models are observed to agree poorly 
with one another and with the experimental data, especially when rough surfaces are 
considered. More experimental data on deposition to large duct walls with quantified 
roughness are required for more complete model validation. 
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CHARACTERIZING INDOOR AIRFLOW AND POLLUTANT 
TRANSPORT USING SIMULATION MODELING FOR 

PROTOTYPICAL BUILDINGS. 1. OFFICE BUILDINGS 

ABSTRACT 

M.D. Sohn, J.M Daisey, H.E. Feustel 
Indoor Environment Department 

Lawrence Berkeley National Laboratory 
Berkeley, CA 94720, U.S.A. 

This paper describes the first efforts at developing a set of prototypical buildings defined to 
capture the key features affecting airflow and pollutant transport in buildings. These buildings 
will be used to model airflow and pollutant transport for emergency response scenarios when 
limited site-specific information is available and immediate decisions must be made, and to 
better understand key features of buildings controlling occupant exposures to indoor pollutant 
sources. This paper presents an example of this approach for a prototypical intermediate
sized, open style, commercial building. Interzonal transport due to a short-term source release, 
e.g., accidental chemical spill, in the bottom and the upper floors is predicted and 
corresponding HV AC system operation effects and potential responses are considered. Three
hour average exposure estimates are used to compare effects of source location and HV AC 
operation. 

INTRODUCTION AND MOTIVATION 

Buildings are constructed and operated in many different ways. Unfortunately, this 
complexity makes understanding and predicting a building's air flow and pollutant transport 
patterns a site-by-site evaluation process. However, in the event of a hazardous pollutant 
release in or near a building, decisions must be made quickly with little or no information on 
how the pollutant is likely to be distributed within the specific building. For example, a 
cleaning solvent spill in an office building's printing shop can result in a sudden chemical 
release that can result·in exposures to occupants in other parts of the building. Unfortunately, 
emergency response personnel must make appropriate decisions despite the limited 
information about the building and its operating conditions. One approach to providing useful 
information for these responders and building operators is to model airflow and pollutant 
transport on a set of prototypical buildings defined to capture key features of the building 
stock. The prototypical buildings can then be used to evaluate possible pollutant release 
scenarios and identify possible responses prior to such an event. The simulations can also be 
used to train the first-responders and building managers to react to similar incidents and to 
identify information that should be gathered prior to and during an incident. This approach 
can also be used to more quantitatively understand key building features affecting the 
transport of indoor pollutants in multizone buildings. The purpose of this paper is to 
demonstrate this approach and provide examples of effects of source location and HV AC 
operation and.of possible responses. Specifically, the paper describes an intermediate-sized 
prototypical office building, the results of simulations for two pollutant release locations and 
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three HV AC system operations, and their implications for emergency response and for pre
planning mitigation measures. 

METHODS 

In defining prototypical office buildings, we first considered the features of office buildings 
most important for determining transport and fate of a released toxic agent. These include 
floor heights, number of floors, floor plan layout (e.g., open plan versus closed individual 
rooms), HVAC system layout and operation, size and number of shafts (e.g., elevator and 
utility), and leakage between zones. Many of the parameters defined for prototypical office 
buildings were selected using the EPA Building Assessment Survey and Evaluation (BASE) 
study database [1]. The BASE database includes responses to questionnaires and experimental 
monitoring data to assess current indoor air quality in large commercial office buildings. As 
of this date, 70 U.S. buildings, from 10 regions across the United States, have been sampled 
and additional buildings are in the process of being investigated. A summary of the 
information for the first 40 buildings is provided in Table 1. Additional information about the 
sampling procedures, questionnaires, and new/updated data are available at 
http://www .epa.gov/iedwebOO/baselbase.html. 

Table 1 Summary statistics (arithmetic averages) for office buildings in BASE study 
database. 
Classification No. of No. of Floors Gross Floor Occupancy Ceiling Height 

Buildin_gs Above Grade Area (m2) (m2/person) (m2) 

High Rise 13 19 49,500 27 2.7 
lnterm. Rise 23 5 22,000 28 2.7 
Low Rise 5 2 8,700 14 2.9 

The prototypical building used in the simulation and analysis procedure was an intermediate
sized, open-style, five-floor, commercial building with a total floor area of 22,000 m2 (see 
Table 1 and Figure 1). The open style floor plan is characterized by a single central zone that 
is surrounded by zones along its perimeter. The central well-mixed zone represents office and 
conference spaces, hallways, and general interior building area which are all believed to 
exhibit reasonably similar building flow conditions. Connected to this zone are perimeter 
facade zones that represent office spaces facing the exterior windows. A facade zone 
encompasses all of the ,offices on a perimeter wing since they are believed to exhibit similar 
flow communication with the outside and the interior. A small zone located within the central 
zone represents the elevators, stairs, and utility shafts and is connected to adjoining floors to 
represent the stairwell/shaft system. 

The COMIS multizone flow and pollutant transport model [2] was applied to the prototypical 
building to predict and evaluate pollutant transport from possible release scenarios and 
alternative responses. Flow characteristics for each zone were estimated by summing the 
number of doors, cracks, and windows likely in each room that is characterized by the well
mixed zone and estimating representative parameters for the flow and transport modeling 
from data compiled by Lidament [3] to represent a moderately tight building. Since the 
purpose of this approach is to understand the general trends of the inter-zone and inter-floor 
flows representative of typical flow patterns in this size and style of building, only general 
estimates of flow and transport parameters are used and do not represent the actual flow in a 
specific building. Hence, not all specific parameters for the modeling are presented here. 
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However as an estimate of the overall building tightness, 7.2 air changes per hour (ACH) are 
predicted if the building was pressurized to 50 Pa (:::::0.36 ACH normalized leakage). 
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Figure~: Open-style floor plan for a five-floor prototypical office building. The temperature 
of each zone is 20°C; the outside temperature is 15°C. Wind blows from the west at 3 m/s. 
The floor plan is identical for each floor. The HV AC unit is located on the roof of the 
building with a single air handler supplying each floor and zone. 

Two scenarios were considered, release of a pollutant in the central zone of the (1) first and 
the (2) fifth floor for ten minutes at 1 g/s. The incident could represent a chemical spill, e.g., 
ammonia from a spill of cleaning solution that volatilizes but is quickly contained or 
intermittent emissions from a malfunctioning photocopier. The pollutant transport was 
predicted under three alternative HVAC operating conditions: (1) no HVAC operation, (2) 
HVAC with 100% air recirculation at 4 building ACH, and (3) HVAC with no air 
recirculation at 4 ACH (i.e., once-through ventilation). A general HV AC system layout was 
assumed at this stage of the analysis, i.e., a single air handler located on the roof that serves all 
of the floors (and zones) with complete mixing of outlet and return air. 

RESULTS AND DISCUSSION 

Figures 2 and 3 illustrate the pollutant transport in the central zone of the first and fifth floors 
for a source release in the first floor and the fifth floor, respectively. The zones adjacent to the 
central zone on a given floor exhibited approximately 30% lower concentrations but with 
similar time-series profiles. 

Table 2 summarizes the three-hour time-averaged exposure (concentration x time) to building 
occupants in the central zone of the first and fifth floors. The average exposure is used to 
compare the differences in exposure from the alternative HV AC operating conditions. In both 
source release scenarios, as expected, the exposure for occupants in both the first and fifth 
floors is least with the HV AC system operating with no recirculated air. Contaminated air is 
removed from the building and is replaced by outside air. Hence, under this open-style 
building configuration, HV AC system operation with no recirculated air reduces the exposure 
regardless of the location of the source. 
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Figure 2: Predicted concentration profiles in the central zones of the first (a) and fifth (b) 
floors from a pollutant released in the central zone of the first floor. The· pollutant is released 
for ten minutes at 1 g/s. Note that the scale for concentration differs by a factor of :::::10 
between the two figures. 

If the HV AC system is recirculating some of the indoor air, and/or a switch-over to all outside 
air requires a considerable amount of time, then an alternative decision between shutting 
down the HV AC system or continuing to run with air recirculation must be made. With the 
HV AC system not operating, the pollutant mass is slowly transported to the other zones and 
floors such that exposure is high in the source zone and much less elsewhere. However, if the 
HV AC unifoperates with recirculated air, the mass of the pollutant is more quickly dispersed 
in the building but will dilute the building wide average concentration. Hence lower exposure 
is observed in the source zone and higher exposure is observed elsewhere than without HV AC 
operation. These results suggest that the toxicity of the pollutant released may dictate the 
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appropriate response. For example, if the pollutant is toxic at relatively high concentrations, 
then possibly diluting the pollutant concentration (e.g., while evacuation was being 
conducted) may be the most prudent immediate response. However, if the pollutant is toxic at 
relatively low concentrations, then containment of the pollutant to the source zone by shutting 
down the HVAC system may better protect the most building occupants (and possibly 
individuals outside and down-wind of the building). Hence response recommendations may 
be made according to chemical toxicity in conjunction with building operation. 
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Figure 3: Predicted concentration profiles in the central zones of the first (a) and fifth (b) 
floors from a pollutant released in the central zone of the fifth floor. The pollutant is released 
for ten minutes at 1 g/s. The curves for "No HV AC" and "HV AC (no recirculation)" in (a) 
are effectively at zero concentration so are not apparent on the figure. Note that the scale for 
concentration differs by a factor of"" 10 between the two figures. 
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Table 2: Summary of source scenarios, alternative HV AC operating conditions, and 
corresponding three-hour exposure estimates. The source locations are in the central zone of 
th . d. t d fl d HV AC t t 4 ACH em 1ca e oor an opera ton ts a ·-

Scenario Exposure (mg-min/m3
) 

Source Location Type ofHVAC First Floor Fifth Floor 
First floor None 1600 80 

II II Full recirculation· 890 280 
II "' No recirculation 640 10 

Fifth floor None 0 1900 
II II Full recirculation 250 950 
II II No Recirculation 0 670 

CONCLUSIONS 

The prototypical buildings will be used as a base framework for understanding pollutant 
transport through buildings and for evaluating possible emergency responses and control 
options. The example presented here illustrates the approach and indicates the general scope 
of the work. In subsequent work, efforts will be made to better characterize the link between 
building operation, environmental conditions, and exposure. In addition, the prototypical 
building development will also assist in identifying and quantifying other features of a 
building that are not well known to affect the air flow and pollutant transport by comparing 
the effects on transport and exposure if various building features are adjusted. Hence a fully 
characterized prototypical building system will provide a baseline by which other systems or 
operations can be compared. 
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MEASURING DISPERSION OF GASES IN A LARGE SCALE INDOOR 
ENVIRONMENT 

USING AN OPEN PATH TUNABLE DIODE LASER 

T L Thatcher, M L Fischer, P N Price, W J Fisk, A J Gadgil, R G Sextro 

Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, CA USA 

ABSTRACT 

Occupants of buildings can experience time and location dependent exposures to pollutants 
released transiently from indoor point sources, such as chemicals used in laboratories and 
chemical plants. We describe the design of an experiment to measure 30 path integrated gas 
concentrations in a large indoor space (7m x 9m x 11m) using a tunable diode laser, sampled 
at a rate of 30 paths every 6 seconds. The open path measurements can then be used to 
reconstruct a time dependent image of the evolving pollutant plume. To verify the 
reconstructed concentrations, the experimental design includes the rapid measurement of local 
samples using a short path (10 to 50 em) tunable diode laser system with 30 points sampled 
over a six seconds interval. 

INTRODUCTION 

Exposures to transient indoor releases are strongly influenced by advection and dispersion of 
the pollutant in the indoor space. However, accurately measuring changing concentrations in 
a large indoor space requires a sampling method with a fine spatial and temporal resolution. 
Achieving this with conventional point sampling techniques involves a large number of 
sampling locations sampled at a high frequency. Even for a relatively sparse sample grid, this 
process presents a significant obstacle in terms of required equipment-, sample management, 
and personnel time. A single experiment can easily generate hundreds of samples which need 
to be stored, managed, and analyzed. Open path infrared measurement followed by computed 
tomographic reconstruction has been proposed as a methodology for overcoming these 
obstacles [1]. To date, studies performed using steerable FTIR systems have been limited to 
steady state or slowly moving plumes due to the relatively long time required for a complete 
scan (6 or more minutes) [2]. We have designed a tunable diode laser (TDL) system using an 
optical multiplexer which will allow measurement of the entire array of 30 sample paths 
within a six second sample period which can then be used for computed tomography 
reconstructions. Since this type of reconstruction is a relatively new methodology, 30 
localized samples will be collected to validate the reconstructed concentrations. The localized 
samples will be taken using short ( 10 to 50 em) open path cells placed at strategic locations 
within the room. This system will also utilize a TDL source with an optical multiplexer, 
allowing concentration measurements at all 30 locations within a six second sample period. 

METHODS 

Experiments will be performed using methane as a tracer gas. Methane is a conservative 
tracer with a suitable absorption band in the range of conventional TDL systems. Below the 
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lower explosive limit of 5%, methane has no known health or safety concerns. All 
measurements will be performed using a single tunable diode laser spectrometer (LasiR, 
Unisearch Associates, Ontario, Canada) at a wavelength of 1.65 microns. The laser output will 
be split into two channels and provide radiation for both the short path and long path 
measurements. Each channel will be fed to a 32 port solenoid driven multiplexer. The 
multiplexers have the capability of completing an entire 30 port scan in 6 seconds with a 
minimum integration time of 150 msec. The system will have a lower detection limit of 5 
ppm-m for a 150 msec integration time. 

For the long open path measurements, the signal from the multiplexer will be fed 
consecutively to 30 individual telescopes via fibre optic cable. The telescopes will be 
mounted at various locations around the room. Each telescope will be aimed at its own 
detector, thereby allowing maximum flexibility in the ray arrangement for the room. The 
source/detector system has a maximum path length of approximately 30 m. Alignment is 
performed by connecting a visible diode laser light source to the fibre optic cable and 
centering the visible beam on the detector. 

The localized measurements will be performed using 30 monitors consisting of a co-located 
telescope and detector with an adjustable mirror to reflect the beam, achieving total path 
lengths between 20 em and 1 m. These monitors will be connected to the second multiplexer 
and can be placed at any desired location within the room. All data will be collected by a 
single control computer. Data files will contain the point or ray designation, mean value, and 
variance during the 150 msec sample interval. 

CONCLUSIONS 

A concentration measurement system has been designed which will allow rapid point and ray 
sampling over a large space. The system will be used to investigate advection and dispersion 
of transient releases in a large space. This system can be used to improve our understanding 
of pollutant dynamics, develop improved computed tomography methods for describing 
indoor concentration profiles, and validate computational fluid dynamics modeling. 
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ADVANCES IN ALGORITHMS FOR MAPPING INDOOR GAS 
CONCENTRATIONS USING OPTICAL REMOTE SENSED DATA 

Phillip N Price, Marc L Fischer, Elizabeth U Finlayson, Ki-Hyuck Hong, Carrie A Schwalbe, 
Ashok Gadgil. 

Indoor Environment Program 
Ernest Orlando Lawrence Berkeley National Laboratory 
Berkeley, CA 94720 USA 

ABSTRACT 
We are testing and improving algorithms for mapping gaseous pollutant concentrations using 
optical remote sensing. These algorithms will be put to use in mapping data in an experimental 
chamber beginning in mid-1999. Algorithms are tested using simulated concentration data 
generated by a computational fluid dynamics model. Algorithmic improvements discussed in this 
paper will allow rapid, accurate mapping of pollutant plumes that change slowly in the time it 
takes to make a measurement along each optical path. A possible approach to solving the time
dependent problem is briefly discussed. 

INTRODUCTION 

It is sometimes desirable to map gas concentrations in indoor air. For instance, tracer gases can be 
tracked in order to map airflow speed and direction, or air pollution may be traced back to its 
source. In our particular application, we wish to collect spatial concentration data in order to 
evaluate the accuracy of computational fluid dynamics models of airflow in large indoor spaces 
such as auditoriums and subway stations. We will refer to the gas of interest as the "pollutant", 
although it inay actually be a tracer gas. 

Conventional methods of performing such mapping involves methods that sample air at specific 
points, often through "pump-and-tube" sampling or through direct sample collection into balloons 
or syringes. Obtaining a reasonably high-resolution map with such methods is very problematic, 
even in a single plane. For instance, in a room 10 meters on a side, one needs to make 100 
measurements in order to obtain a map with 1-meterresolution. Some air must be pulled through 
the tube in order to purge it before each measurement, which results in a time overhead for each 
tube. Depending on the experimental conditions the volumetric air flow through the tubes might 
be a substantial perturbation to the normal airflow, as might the presence of the sampling tubes 
themselves. Finally, because point-sampling methods require the placement of experimental 
apparatus throughout the space being studied, there is no reasonable way to perform such 
sampling in public spaces while they are being used. 

An alternative approach, not yet fully developed, is to use optical remote sensing methods to 
collect path-integrated concentration data along a number of paths, and to process these data in 
order to derive a tomographic reconstruction of the concentration map-a sort of "CAT scan" of 
the room. The general procedure is as follows: 

1. An array of infrared sources and detectors is set up (see figure 1 for an example). 
2. The absorption in one or more wavelength bands is measured along each beam, and thus 
one determines the total amount of a given gas that is intersected by the beam-the path
integrated concentration. If a broadband source and a suitable detector are used, then a full 
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spectrum can be taken and the concentration of many gases can be determined from this 
spectrum. Otherwise, a narrow-band source such as a tunable diode laser can be used, in 
which case it must be tuned to the absorption line of a particular chemical of interest. 
3. Given the path-integrated concentration along each path, one must solve the inverse 
problem: what spatial distribution of pollutants gave rise to the observed path integrals? 

Optical tomographic methods will allow rapid measurements of pollutant concentrations without 
requiring that intrusive apparatus be placed throughout the interior of the room being studied, and 
without interfering with the natural airflow of the space. However, we still face substantial 
computational challenges in solving the inverse problem. In this paper we will discuss the 
experimental setup and the resulting computational challenges, and will describe our work to date 
in addressing these challenges. 

In our planned experiments, we will use 30 telescopes and 30 infrared detectors. The output of a 
single tunable diode laser will be directed via a multiplexer and fiber-optic cables to each of the 
30 telescopes in tum, so that path-integrated concentrations will be determined for 30 optical 
paths. The laser will be tuned to the absorption line of methane, which will be used as the tracer 
gas. This multiple source-detector system allows great flexibility in setting up the geometry, in 
contrast to previously investigated systems involving a single infrared source [3-6]. 

The system will take about 0.2 seconds to make a measurement along a ray; thus it will take about 
6 seconds to measure all of the rays (see [7] for more information on the experimental apparatus). 
Since some of the anticipated experimental conditions will involve variation in concentrations 
over a 6 second period, we will almost certainly need to explicitly include the time variation in 
our tomographic models. However, in the present paper, we discuss only our investigations into 
algorithms and computational techniques to generate planar reconstructions from essentially 
stationary pollutant distributions. Methods of handling the time-dependent problem are still 
being developed, as are methods of performing 3-D reconstructions. 

METHODS 

In medical applications such as CAT scans, computed tomography is performed using methods 
based on pixels (or, in three-dimensional problems, volume elements commonly called 'voxels'). 
Unfortunately, pixel-based methods have so far not been found to be successful in gas 
concentration mapping. The problem is that the gas concentration mapping involves a very 
different realm of parameter space: medical imaging usually involves measuring path-integral 
data along thousands or tens of thousands of rays, whereas experimental constraints restrict gas 
mapping to a few dozen rays. If path integrals are measured along, say, 30 rays, then even a map 
based on a 6x6 grid of pixels will be very underdetermined: there may be a large or infinite 
number of pixel reconstructions that duplicate the path integrals perfectly. Standard pixel 
methods [1,2] such as those used in the medical field yield poor reconstructions with such data 
[3,4]. 

An alternative approach that has shown great promise in tomographic reconstruction of air 
pollutant profiles is Smooth Basis Function Minimization (SBFM) [4-6]. The idea of SBFM is to 
assume that the concentration distribution can be written as a superposition of a small number of 
smooth basis functions: 
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C(x,y) = LG(x,y;y;), (1) 

where i numbers the basis functions G, and y represents the parameters for the basis function. 
For example, we might assume that the concentration in a plane can be written as a sum of i=2 
Gaussian distributions, each described by a location (x,y), an amplitude A, a width in the u and v 
directions, and an angle between the u axis and the x axis .. The tomographic inverse problem then 
becomes: find the sets of parameters for which the observed path integrals best match the path 
integrals under the predicted distribution C(x,y). The usual approach is to search for the 
parameters for which the sum of squared residuals in the path integrals is minimized, though 
other measures of goodness of fit can also be used. 

In analysis of both actual and simulated experimental data, SBFM has been found to produce 
good reconstructions for gas concentration distributions [5,6]. However, in contrast to standard 
pixel-based methods, there is no known prescription for finding the best-fit parameters. Starting 
with an initial guess at the parameters and using a technique such as the "steepest descents" 
method usually leads to a local, rather than global, minimum error. In the past, a computational 
technique known as simulated annealing has been .used to attempt to find the global best fit, but 
this method (a type of monte carlo search of parameter space) requires a great deal of computer 
time. Thus it is not practical for real-time pollutant mapping, and indeed, for the type of time
dependent problem we ultimately wish to address, it is not clear that it is workable at all. 

We have recently been investigating a hybrid approach: we first use standard pixel-based methods 
to generate a reconstruction, and use this reconstruction to obtain one or more "first guesses" at 
the Gaussian parameters. We then use this first guess as a start for a simulated annealing search, 
but the simulated annealing parameters (notably the "temperature") are set so that the search is 
restricted to an area of parameter space fairly close to the initial guess, greatly reducing the 
computational demands. After a short simulated annealing run, the steepest descent method IS 

used to converge to the final answer. 

As an example, we used a computational fluid dynamics (CFD) code to generate the pollutant 
distribution as a function of time for a particular release scenario. We considered the release of 
one cubic meter of diluted methane into a room (approximately 7.5 mona side, with a high 
ceiling), with the release occurring directly in front of an air supply vent that is expelling air at 
about 2 m/s. The room dimensions are those of an experimental chamber that will be used for the 
experimental component of this work. For purposes of trying different computational algorithms 
and ray geometries, we will treat the CFD-generated distributions as the "true" pollutant 
distributions as a function of time. 

In contrast to the actual experimental situation, we assumed that all of the path integrals were 
measured simultaneously, at t=6 s after the initial release. The calculated concentration in the 
release plane at that time is shown in the upper left plot of Figure 2. (The pollutant release 
occurred at t=O near x=7.5, y=7.5; the plume has been blown almost all the way to the wall at 
x=O). 

From these simulated concentrations, we calculated the ray integrals (the path-integrated 
concentrations) for the arrangement of 30 optical paths shown in Figure 1. 
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RESULTS 

The lower plots in .Figure 2 show pixelreconstructions based on the path integrals, using two 
standard reconstruction algorithms. Even with only 64 pixels, the problem is substantially 
underdetermined, as there are only 30 ray integrals. Both of the reconstructed maps differ 
substantially from the "actual" distribution. However, they do both place the bulk of the pollutant 
within the right part of the room, and they both generate about the right peak height at a location 
near the actual maximum. 

From the first of the two pixel reconstructions, we obtained (by eye) rough guess starting 
parameters for a smooth basis function fit: two Gaussians distributions, located at (3,2) and (2,3), 
with width in both directions of 0.75. We then performed a simulated annealing fit to try to 
converge to a better solution, using a low initial "temperature" so as to prevent the parameters 
from wandering too far from the initial guesses. After several hundred simulated annealing 
iterations, we switched to a steepest descents fit to converge to a final fit (upper right plot in 
Figure 2). The final fit is excellent, though the estimated has a slightly lower peak height than the 
"true" distribution, and has a somewhat less pronounced asymmetry. 

The total computer time taken to perform the reconstruction was a few minutes on a 300 MHz 
PC, running the Mathematica programming language. This is more than a factor of 10 
improvement over our previous approach of performing the entire fit using simulated. The ability 
to obtain a useful initial guess of the distribution parameters using a pixel reconstruction allows 
us to skip most of the initial, "high-temperature" simulated annealing steps, and use of a steepest 
descent algorithm to do the final convergence similarly saves a great deal of computer time. 
Interestingly, even very small changes in the starting point for the steepest descent algorithm lead 
to different solutions: the goodness-of-fit function has many local minima. In practice, though, 
all such cases that we have found are very close to each other in parameter space (and apparently 
close to the global minimum), and generate nearly identical final concentration reconstructions, 
so as a practical matter these local minima do not cause a problem. 

DISCUSSION 

Even without further algorithmic improvements, our current system should allow excellent 
reconstruction of plumes that do not change very much during the 6 seconds or so that it takes to 
sample all of the rays. However, we are still searching for algorithmic improvements. We are 
also trying to evaluate which arrangements of optical paths lead to the best reconstructions. 

A bigger challenge is to map rapidly moving plumes that both move and change shape 
substantially in a few seconds. That is a much more difficult problem, but it is one that we do 
think we can solve, again with smooth basis function minimization. As a simple example, 
consider again the plume shown in the upper left plot of Figure 2. This plume is moving fairly 
rapidly: just six seconds earlier, the pollutant was released at a point near (7.5,7.5). Since the 
time of release, the plume has moved and spread, and the peak concentration in the plane shown 
has decreased substantially as the pollutant has spread vertically. All of this can be modeled 
using time-dependent smooth basis functions: 

C(x,y,t) = LG(x,y;yJt)), (2) 
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For instance, we might model the concentration in the experiment with one or more Gaussian 
distributions that are moving, spreading, and changing in height, with all of these parameters 
varying linearly in time. This will add several more parameters to the minimization problem, and 
thus dramatically increase the computational challenge, but will not require a fundamentally 
different approach: the concept of a plume is built into SBFM. This contrasts with pixel-based 
methods, where it would be very difficult to specify constraints so that the reconstructions vary 
smoothly in time, let alone actually find a good fit subject to those constraints. 

As we write this paper in early 1999, we are still awaiting delivery of our specially designed 
experimental apparatus, and we have barely scratched the surface as far as algorithmic 
development. Please contact us at Indoor Air '99 for an update on our research during the year. 
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Figure 1: Thirty optical paths used in the reconstructions (top view). X and y units are 
meters. 

Figure 2. Upper left: Tracer gas concentration in a plane, as a function of location, 
calculated using computational fluid dynamics. Lower plots: two different pixel-based 
reconstruction me~hods. Upper right: smooth basis function reconstruction using two 
Gaussian distributions, with an initial parameter guess determined from the 
pseudoinverse reconstruction, followed by a simulated annealing search, followed by a 
steepest descents search. 
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COMMERCIAL CFD SOFTWARE CAPABILITIES FOR MODELING A 
PULSE RELEASE OF POLLUTANT IN A LARGE INDOOR SPACE 

A J Gadgil, E U Finlayson, K H Hong, R G Sextro 
Indoor Environment Program Lawrence Berkeley National Laboratory Berkeley, CA USA 

ABSTRACT 

It is of technical interest to predict the evolution and dispersion of the pollutant plume from a 
short-term point release inside a large indoor space (e.g., an auditorium). Such predictions 
would allow us to assess the variability and time dependence of occupants' exposures in such 
releases. Because we are interested in modelling a pulse release in an imperfectly mixed 
room, we have chosen a CFD approach. Results, obtained for a variety of release scenarios, 
will be used to quantify the plume development and dispersion under a range of HV AC 
configurations for a given space. The CFD predictions will also be compared with results 
from a series of experiments that we plan to conduct. In this paper, we describe our problem, 
identify desirable CFD modelling criteria, and evaluate a few of the available commercial 
CFD codes against these criteria. 

INTRODUCTION 

Computational fluid dynamics (CFD) has been used for many years to model temperature 
distributions and airflow in buildings with mixed success [1, 2]. We are interested in the early 
phase of the release when the spatial distribution of concentration in the room is still evolving. 
Much of the research on pollutant dispersion has relied on the assumption of a well-mixed 
room [3]. This assumption can lead to inaccurate prediction of the exposure of occupants 
near the release [4, 5]. CFD offers a solution approach free of the well-mixed assumption. A 
recent literature review [6] discusses the use of CFD to model pollutant dispersion in large 
indoor spaces. The results can be used (in conjunction with experimental results) to 
determine optimal sensor location, develop rapid response strategies, and quantify pollutant 
dispersion under various release scenarios. Our project has three phases: (1) selection and 
application of a suitable commercial CFD code and its experimental verification in the 
laboratory, (2) enhancement of CFD model capabilities and experimental verification of CFD 
predictions in the field, and (3) application of the enhanced CFD model to provide guidance 
for response strategies. 

This paper and its companion papers [7, 8] are based on the first phase of this work. In this 
paper we discuss the prominent features of the problem and identify the capabilities needed in 
a CFD package. We also discuss how several commercial CFD packages fared in terms of 
these criteria. 

METHOD 

Problem Definition 

A release in a public space will expose large numbers of people to the pollutant. We assume 
that the pollutant (heavy vapor, gas, or aerosol cloud) release occurs over a short period (on 
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the order of seconds). It is important to predict the detailed early behavior of the transport 
and dispersion of the release because of the implied risk to the health and safety of the 
occupants. We defined an example space and obtained preliminary predictions of airflow to 
evaluate several commercial CFD packages. 

Our example space, an auditorium, is roughly 20 m long, 40 m wide and 10 m high. A 
computational mesh for an empty room with a resolution of 0.25 m (resolving a few breathing 
volumes) in the core region and further refinement of the boundary layers in near-wall regions 
requires about a million cells. More cells are needed to model flow around occupants, 
furniture, and equipment. The auditorium is mechanically ventilated with low velocity 
conditioned air (between 0.2 and 2 m/s). Heat plumes caused by people and equipment also 
affect the room airflow. The square root of the Grashof number is an order of magnitude 
greater than the Reynolds number in this problem, indicating a mixed convection regime. The 
possibility of unsteady laminar, transitional, and fully turbulent flow in various parts of the 
room further complicates the simulation. 

We are primarily interested in the transient pollutant transport and dispersion. We suspect 
that large turbulent eddies will significantly affect pollutant transport. The room has regions 
of anisotropic turbulence due to jets and thermal plumes. This leads us to explore the 
applicability of a large eddy simulation (LES) model. LES simulation will require an order of 
magnitude higher resolution than the present 0.25 m. The present resolution is adequate for a 
k-epsilon eddy viscosity turbulence model. Such models may offer an approximate guide to 
the plume development and dispersion although k-epsilon models have been shown to be 
inadequate to accurate! y model all aspects of the flow field in a room [9-11]. 

Based on the air velocities in the auditorium, the pollutant will remain in a computational cell 
from 0.1 to 1.0 seconds, which is the order of the temporal resolution needed. We are 
interested in making predictions during the first 2 air changes after release. Assuming the 
room has 2 to 4 air changes per hour (ACH), the simulation will cover between 0.5 and 1 
hour. Thus a typical simulation will require about 30,000 time steps. 

CFD Requirements 

We identified seven desirable criteria for a CFD code to model pollutant dispersion and 
deposition in a large single room. Other aspects of the codes were evaluated but received 
lower weighting in our decision process. We need a code that: 

• Handles large problems efficiently. Due to the large problem size, easy supercomputer 
access, and need for fast tum around, we gave preference to codes that can run in a 
massively parallel mode. 

• Allows for local grid refinement. Error estimators and other tools to evaluate the quality 
of the mesh are also considered advantageous. 

• Utilizes second order discretization schemes. This is required for LES analysis. Control 
of numerical diffusion is also desirable. 

• Implements different turbulence models. Codes with an LES model or with a capability to 
incorporate one are favored. 

• Simulates mixed convection typical of large indoor spaces. Ideally the code has a library 
of predefined HV AC components. A track record of applications in the buildings field is 
desirable. 
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• Models aerosol clouds, heavy vapors and gases using appropriate mass transport models. 
Ability to model settling, coagulation and. deposition of aerosol particles is desirable, as is 
a variety of wall boundary conditions. 

• Allows for user modification. As a research organization, we need some means of 
modifying key apexes of the analysis such as turbulence and deposition modeling. This 
can be accomplished either by access to the source code or through application of user 
subroutines. 

Commercial Codes 

There are many commercial CFD codes available, and most are listed in the popular 
engineering literature [e.g., 12]. Based on an internal review and discussions with colleagues, 
we identified seven potentially suitable commercial CFD codes. Subsequent discussions with 
vendors led to a short list of four finite volume commercial CFD codes. In principle, finite 
element codes are just as capable of addressing our problem. Comparison of finite element 
and finite volume codes can be found in the literature [e.g., 13]. Preference for finite volume 
codes probably reflects our research bias. 

This paper is not an endorsement of any commercial code. Therefore, we refer to the four 
codes and their vendors as A, B, C, and D. We saw demonstrations of the codes and 
determined how their features matched our criteria. All four codes can model multispecies 
vapor transport. All four codes have the standard k-epsilon model; all but A also offer other 
turbulence models. All four codes have ease of use that is rarely found in the research codes 
to which we are accustomed. They all have automated or computer assisted grid generation, 
user-friendly graphical interfaces, beautiful post-processing capabilities and graphics outputs. 
All codes, except A, can import tetrahedral and hybrid meshes created by third party software. 
All codes, except A, allow user defined subroutines. All codes, except A, can run in a parallel 
mode. We then supplied each vendor with specifications of our example space to simulate its 
airflow. We summarize of capabilities of the codes and discuss their performance in 
modeling the example auditorium. 

Code A is an industry specific code. It was developed to model airflow in rooms and is 
presently used primarily for simulating industrial clean rooms. The code is geared towards 
HV AC professionals who are more interested in clean room design than in CFD research. It 
uses a fully structured Cartesian grid (the only one among the four to do so). In a fully 
structured grid, closely spaced grid lines needed for local refinement must extend throughout 
the entire domain. This makes for inefficient distribution of elements. Code A has been used 
to model flow in large rooms and the vendor has good in-house buildings expertise. Code A 
provides built-in boundary conditions for common HVAC components. Accurate modeling. 
of these boundary conditions is obviously desirable and was identified in a previous review as 
a key element for accurate modeling of room airflow [6]. Aerosol transport can not be 
modeled at this time. 

Code B is a general-purpose CFD code initially developed to model turbomachinery. The 
code uses a hexahedral multiblock mesh. A wide variety of turbulence models is offered 
including several two equation models, the algebraic stress model and the Reynolds stress 
model. There are no near term plans to develop LES capabilities. A consulting group has 
been modeling large indoor spaces for many years using Code B. The grid structure of Code 
B, suitable for turbomachinery, was considered cumbersome by this consulting group for 
buildings applications. Code B can model aerosol particles including gravitational settling. 
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Code C was developed as a general-purpose code. It is currently the most used CFD code 
· worldwide. Its mesh generator automatically creates a tetrahedral mesh and allows for semi

automated hexahedral meshing. Hybrid grids are also possible. Code C has the same full 
range of turbulence models available in Code B and also has LES capabilities. We were 
shown an example of a large auditorium modeled with Code C. The vendor has four 
technicians on staff to help users with HV AC applications. The code can model aerosol 

. particles including inertial slip and gravitational settling. There is a range of options for wall 
boundary conditions such as reflection and escape. Deposition can also be modeled including 
the effects of surface reaction, and wall concentration. This is a significant strength of the 
code. 

CodeD is a general-purpose code used extensively in the automotive industry. The code has 
been optimized and widely used to simulate large and complex problems, and is the only code 
among the four that runs in a vectorized massively parallel mode. Code D has a semi
automated hexahedral mesh generator. There are quality checks for the mesh and an error 
estimator to help determine where local grid refinement is necessary. Code D does not 
contain an Algebraic or Reynolds stress turbulence model but does have a variety of two 
equation models as well as LES. There is a second order spatial discretization scheme offered 
in Code D that controls numerical diffusion. A major architectural firm has been using Code 
D for many years to satisfactorily model airflow in large spaces. The aerosol model includes 
gravitational settling. CodeD has a easy-to-use framework for implementing the user defined 
subroutines. 

Example Auditorium 

Each of the venders was given the specifications of the auditorium to model. The room was 
modeled assuming symmetrical airflow about the v~rtical center plane of the room. There 
are two seating areas in the model, one on the ground and one in a small rear balcony. Heat 
sources representing people are arranged in rows. Exhaust vents are located on the floor near 
the heat sources. Mechanical ventilation provides 13°C supply air at the rate of 8 ACH. We 
specified the mesh resolution at approximately 500,000 elements. The vendors modeled only 
the airflow using a standard k-epsilon model. Although we tried to fully specify the problem, 
each vendor did something a little different making direct comparison of the results 
impossible. Two vendors directly solved the steady-state equations, one vendor used false 
transients to obtain a steady-state solution, while one vendor solved the time dependent 
equations with time-marching to try to reach the steady state solution. We examined the 
simulation predictions for "reasonableness," based on our engineering judgement. 

RESULTS 

Vendor A produced the first results. They modeled the entire room, rather than impose a 
symmetry boundary condition as suggested. They provided us with an animation of the results 
and an informative report including suggestions on how to better represent the inlet 
conditions. Their results seemed reasonable. Code A certainly meets the criterion of having 
a track record modeling airflows in buildings. However, it did not meet any of the other 
decision criteria and so we eliminated Code A. 

VI-12 



I 

The remaining three codes appeared to be comparably strong candidates. Each met most of 
the criteria. Ultimately our experience working with each of the vendors was as important to 
the decision process as the technical capabilities of the codes. 

Vendor B provided a quick tum around and sent us converged steady state results. An 
examination of the results suggested a problem in the boundary conditions. Nothing was 
exiting through the ground floor exhaust grills, modeled as pressure boundary conditions. 
Simulations by all other vendors showed exhaust through these grills, as expected. There 
were also counter-intuitive distortions in the streamlines in the core region. At our request the 
vendor reviewed the results. They reported back that they had every confidence in their 
results. Our faith in Code B was inversely proportional to the vendor's confidence. 

Vendor C made a faulty first attempt based on a misunderstanding of the boundary conditions. 
They subsequently presented us with a converged steady state solution. The vendor also ran 
the problem on a coarser mesh to demonstrate the grid independence of the solution. Vendor 
C solved the problem in two stages. In the first stage (300 iterations), they obtained a 
converged solution to the isothermal froblem assuming only mechanical ventilation. The sum 
of the velocity residuals was then w- . In the second stage (150 iterations), they turned on the 
heat sources untiLthe sum of the velocity residuals reached a level of 10-2

. The flow solution 
seemed to make physical sense although we remained skeptical of claimed full convergence at 
the high level of the velocity residuals. 

Vendor D reported trouble getting the problem to converge to a steady state solution. The 
vendor finally asserted that the flow in the room was steadily oscillating and that no time 
invariant solution existed. They sent us an animation showing an oscillation between two 
vortex structures, one in the balcony and one on the ground floor. The animation showed the 
heat building up on the floor and periodically injecting hot air into the room. These results 
also seemed reasonable. Vendor D performed a numerical experiment, halving the time step, 
to show that the period of the oscillation was independent of the time step. This led us to 
believe that the oscillation reflected the nature of the flow rather than a numerical artifact. 

DISCUSSION 

It was a close choice, but we finally chose Code D. The decision was based on apparent 
reasonableness of predicted air flow for the example auditorium, optimization of the code for 
massively parallel vectorized computing, willingness and ability of the vendor to work closely 
with our research staff, and features of the code allowing ease of user defined subroutines. 
We plan to use this last feature of Code D to implement our own detailed pollutant transport 
models, and overcome any deficits in the prepackaged pollutant models. · 

The true test of the commercial CFD code will come when predictions are compared to our 
experimental results [7]. Preliminary CFD predictions, modeling a methane pulse release in 
our experimental facility, are presented in our paper on computed tomography reconstructions 
[8]. 

ACKNOWLEDGMENTS 

This work was funded through the U.S. Department of Energy, Contract No. DE-AC03-
76SF00098. 

VI-13 



REFERENCES 

1. Chen, Q. 1997. Computational Fluid Dynamics for HVAC: Successes and Failures. 
ASHRAE Transactions. Vol. 103 (1), pp 178-187. 

2. Baker, A J, Kelso, R M, Gordon, E B, et al. 1997. Computational Fluid Dynamics: A Two
Edged Sword. ASHRAE Journal. Vol. 39 (8), pp 51-58. 

3. Nazaroff, W W, Gadgil, A J, and Weschler, C J. 1993. Critique of the Use of Deposition 
Velocity in Modeling Indoor Air Quality. In Modeling Indoor Air Quality and Exposure 
(ed. Nagda, N L). STP 1205, ASTM. pp 81-104. 

4. Nicas, M. 1996. Estimating Exposure Intensity in an Imperfectly Mixed Room. American 
Industrial Hygiene Association Journal. Vol. 57, pp 542-550. 

5. Behar, J V. 1996. Modeling Indoor Air Concentrations Near. Emission Sources in 
Imperfectly Mixed Rooms. Journal of the Air and Waste Management Association. Vol. 
46, pp 861-868. 

6. Emmerich; S J. 1997. Use of Computational Fluid Dynamics to Analyze Indoor Air 
·Quality Issues, NISTIR 5997. National Inst. of Standards and Technology. Gaithersburg, 
MD, USA. flame.cfr.nist.govlbfrlpubslbuild97 /artO 16.html. 

7. Thatcher, T L, Fischer M L, Price P N, et al. 1999. Measuring Dispersion of Gases in a 
Large Scale Indoor Environment Using an Open Path Tunable Diode Laser. To be 
published in the Proceeding of the 8th International Conference on Indoor Air Quality and 
Climate. Edinburgh August 1999. 

8. Price, P N, Fischer, M L, Finlayson E U, et al. 1999~ Recent Advances in Mapping Gas 
Concentrations with Optical Remote Sensing. To be published in the Proceeding of the 8th 

International Conference on Indoor Air Quality and Climate. Edinburgh, UK. August 
1999. 

9. Murakami, S, Kato, S, Ooka, R. 1994. Comparison of Numerical Predictions of 
Horizontal Nonisothermal Jet in a Room with Three Turbulence Models- k-E EVM, ASM 
and DSM. ASHRAE Transactions. Vol. 100 (2), pp 697-704. 

10. Chen, Q, Chao, N-T. 1996. Prediction of Buoyant Plume and Displacement Ventilation 
with Different Turbulence Models. Proceedings of the th International Conference on 
Indoor Air Quality and Climate- Indoor Air '96, Vol. 1, pp 787-792. 

11. Nielsen, P V. 1998. The Selection of Turbulence Models for Prediction of Room Airflow. 
ASHRAE Transactions. Vol. 104 (lB), pp 1119-1127. 

12. Grummon, A D. ·1997. Resource Guide FENCFD Software. Desktop Engineering. Vol. 4 
(1), pp 46-50. 

13. Freitas, C J. 1995. Perspective: Selected Benchmarks from Commercial CFD Codes. J. of 
Fluid Engineering, Transactions of the ASME. Vol. 117, pp 208-218. 

Vl-14 

I 



@•J~I~:;tU' ~ ~EI:i!~13]i; @l:i!EI:i!!:i!~ ~ ~ 

~~~~~()~·~~~ 


