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Supervisor:  Richard L. Corsi 

 

Studies show that the use of cleaning products is related to adverse respiratory 

health effects ranging from irritation to asthma. Yet exposure to these chemicals is 

poorly understood. This dissertation summarizes the current state of knowledge of 

inhalation exposure to toxic chemicals in consumer cleaning products. An improved 

two-zone model that treats personal air space as distinct from bulk room air is 

presented. The model accounts for air exchange between the two zones, dynamic 

source characteristics (i.e., the time-varying liquid concentrations and emission rates 

of pollutants within a mixture), and the characteristics of chemical use (e.g., how 

frequently a cleaning chemical is applied to a new area). To assess exposure to 

cleaning products and validate the improved two-zone model twenty-three 

experiments, encompassing six cleaning scenarios, were completed in an 

environmentally-controlled chamber with a thermal mannequin. Then, the model was 

used to predict exposure for four hypothetical cleaning scenarios and compared 

against other models. The model’s applicability is restricted by limited data available 

for parameterization.  

At low air exchange rates gas-phase experimental results show concentrations 

in the breathing-zone of the mannequin exceeded concentrations predicted by the 
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well-mixed model by factors up to 2.1. Breathing-zone concentrations also exceed 

those measured at centralized room monitors by factors up to 6.1. Thus, studies that 

use the centralized room monitors or the well-mixed model as a surrogate for 

breathing-zone concentrations could potentially underpredict exposure at low air 

exchange rates.  

The two-zone model provides the best prediction of exposure to cleaning 

tasks, at low air exchange rates. The next best model is the well-mixed model with an 

exponentially decreasing emission rate, followed by the well-mixed model with a 

constant emission rate. At high air exchange rates the well-mixed assumption appears 

to be valid. The inner-zonal volume and inter-zonal air exchange were independent of 

fresh air ventilation rate. But both were dependant on the mannequin’s body position, 

with standing having the highest inner-zonal volume and lowest intra-zonal air 

exchange rate of the three body positions investigates (standing, bent over 45º, and 

hands and knees). 
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Chapter 1: Introduction 

1.1 PROBLEM STATEMENT 

Cleaning products are pervasive in American life. Over four million people are 

employed in the building cleaning sector and that number is expected to grow to 4.2 

million by 2018.(1) In 2005, residential consumers purchased roughly four billion dollars 

in cleaning products annually(2), and the average adult devotes 10-15 hours per month to 

home cleaning(3).  

While the use of cleaning products can improve the quality of indoor 

environments, research shows that some cleaning products can emit high levels of toxic 

air contaminants(4-8). Persons involved in cleaning by occupation or choice are at high risk 

of being exposed to concentrations of toxic chemicals above exposure guidelines(4, 5). 

Individual chemicals, and cleaning products as a group, have been linked to negative 

health effects in both epidemiological studies and by individual observations(4). Yet, a 

dearth of research characterizing exposure to cleaning products remains. Also, models to 

predict exposure during cleaning events have not advanced beyond an assumption of a 

well-mixed indoor air space. 

1.2 RESEARCH OBJECTIVES 

The goal of this research was to improve existing knowledge related to human 

inhalation exposure to toxic chemicals found in cleaning products. 

The specific objectives completed to achieve this goal were: 

• Experimentally assess inhalation exposure to chemicals emitted from 

cleaning products using an idealized source and mannequins as human 

simulators. 
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• Experimentally characterize the thermal plume using anemometers and a 

thermal mannequin placed in multiple cleaning positions, and assess 

effects of the thermal plume on inhalation exposure.  

• Develop a compartment model that treats personal air space as distinct 

from bulk room air to improve predictions of human inhalation exposure 

during cleaning events. 

• Apply the model to predict inhalation exposures during cleaning scenarios. 

1.3 SCOPE OF RESEARCH 

The current state of knowledge of inhalation exposure to toxic chemicals in 

consumer cleaning products is reviewed in this dissertation. Twenty-nine experiments 

were performed in an environmentally-controlled chamber with a stationary, non-

breathing, thermal mannequin and a simplified pure liquid chemical source to simulate 

emissions from a cleaning product. Gas-phase concentration measurements were taken in 

the bulk air, in the thermal mannequin’s breathing-zone, and in the chamber’s exhaust. A 

two-zone model was developed and parameterized using data from the literature and 

experimental air speed measurements. The model was evaluated using gas-phase 

measurements recorded during chamber experiments. The model’s applicability is 

restricted by limited data available for parameterization. Key components that are 

missing include composition data for consumer cleaning products and activity patterns 

during cleaning events. The effects of sorptive interactions and gas-phase chemistry on 

inhalation exposure were not considered in this dissertation. 

1.4 ORGANIZATION OF DISSERTATION 

Background information encompassing the currant state of knowledge of cleaning 

activity patterns, cleaning product composition, health effects, and modeling efforts 
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associated with chemicals found in cleaning products is presented in Chapter 2. Chapter 3 

covers the development of a two-zone model that is flexible enough to predict exposure 

during a wide variety of cleaning events. The experimental program, system and methods 

are described in Chapter 4. Experimental results are presented in Chapter 5 and are 

divided into gas-phase results, results of air speed measurements, and evaluation of the 

model. The model introduced in Chapter 2 and evaluated in Chapter 5 is then employed 

in two hypothetical situations and compared to other models in Chapter 6. Finally, the 

dissertation is summarized in Chapter 7. 
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Chapter 2:  Literature Review 

2.1 CLEANING ACTIVITY PATTERNS  

The behavior of those who clean can play an important role in their exposures to 

the chemicals in cleaning products. Habib et al. (9) studied the behavioral component of 

chemical exposure to cleaning products at the domestic level by combining in-depth 

interviews and observations of 28 Lebanese female participants who were responsible for 

cleaning chores in their households. Cleanliness and hygiene had a strong cultural value 

and were of utmost importance to women who prioritized them over excessive exposure 

to chemicals.  In general, women reported using large quantities of cleaning products, 

exceeding the manufacturers’ recommendations by a mean factor of 2.5. In addition, the 

participants employed certain strategies to get better cleaning results that increased their 

chemical exposure. They changed the water–cleaner mixture several times, mixed-

reactive products together, added a detergent with a pleasant odor in the final rinse, 

washed clothes manually, and used hot water in the cleaning activities.  Of 27 

participants, 96% leaned over at least 45° when cleaning, while 39% cleaned on their 

knees (9). In general, individual participants used nine different types of cleaning products 

in a whole-house cleaning event, thus leading to diverse chemical exposures and 

increasing the risk of mixing incompatible chemicals. 

Other cleaning activity pattern studies have been performed in preparation for 

previous environmentally-controlled chamber experiments. These small studies provided 

an activity guide for researchers to follow in later experiments. Bello et al.(8) performed 

onsite observations and video analysis of cleaning tasks in two hospitals and one 

university. They focused on bathrooms with multiple cleaning tasks. Three cleaning tasks 

were identified as primary routs of pollutant exposure: spraying glass cleaner on a mirror, 
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using a general purpose cleaner on a sink and cleaning a toilet with bathroom cleaner. It 

was observed that sprayed products were wiped with paper towels that remained in the 

space, while the toilet bowl cleaning was performed with a brush. Cleaning products left 

on towels in the occupied space continued to emit pollutants even after cleaning. The 

researchers also observed that the average task duration was 10 minutes and the time 

between tasks was three to ten minutes. They reported that it took approximately thirty 

minutes to clean the mirror, sink and toilet. 

Singer et al.(5) performed simulated use tests in the same environmentally-

controlled chamber that experiments were later performed in. The researchers invited 

guests into the chamber and asked then to clean a prescribed area of countertop, 

imagining it was moderately soiled. The weight of the product bottle and sponge was 

recorded before and after the event. 

The literature shows great variability in parameters that are key to predicting 

exposure to cleaning products. These parameters include the quantity of product available 

to volatilize, the amount of time spent in the same space as the cleaning product and 

proximity to the product. The literature also shows that people’s attitudes toward cleaning 

products are not geared toward protecting their health. 

2.2 PRODUCT COMPOSITIONS 

A significant challenge to understanding exposure to, and the health effects of, 

cleaning products is that their compositions are not readily available. No producers of 

cleaning products publish complete chemical compositions, while some publish 

concentration ranges of active ingredients on their Material Safety Data Sheets. Further, 

few studies exist in the literature to identify compositions beyond what has been 

published by the product manufacturers. Many of these studies are dated, reporting on 



 6 

cleaning products whose compositions may no longer correspond with those of current 

products(10). 

Another hurdle to understanding the composition of cleaning products is the 

regulatory structure in the United States. No law in the United States requires the 

disclosure of the individual chemical constituents in consumer products. Steinemann(11) 

performed an analysis of the limits of disclosure, as well as chemical composition tests 

for six products. She found that the Federal Food, Drug, and Cosmetic Act (FFDCA) 

requires that products containing fragrances must list the word “fragrance”, but listing the 

individual chemicals making up the fragrance is not required. But “fragrance” may not 

need to be listed at all, since more general rules that regulate products other than food, 

drugs, cosmetics, tobacco and pesticides fall under the Consumer Product Safety Act 

(CPSA). This act relies on voluntary product safety standards and only requires labeling 

of date and place of manufacture, identification of the manufacturer, and certification that 

the product meets all consumer product safety standards, if they exist.  

One of the goals of the CPSA is to make matching the product to its proper 

Material Safety Data Sheet(11) easier. Unfortunately the MSDS is not always helpful. 

Ingredients are not required to be included on the MSDS if the manufacturer deems that 

the ingredient is not hazardous. Further, ingredients deemed trade secrets are exempt 

from disclosure under the Freedom of Information Act, the FFDCA and the CPSA. A 

trade secret is anything not known to the public, provides independent economic value, 

and is the subject of reasonable effort by its owner to maintain its secrecy. These two 

points have lead the government to admit that the “accuracy and completeness of MSDS 

are vulnerable”(12). Surveys have found that most were “incomplete, inaccurate or 

both”(12). This is troubling because the MSDS is the main source of information for 

occupational exposure.  
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In the consumer realm, advocacy groups such as The Environmental Working 

Group and GoodGuide have developed product ranking systems to advise individuals 

concerned about the health effects of consumer products. Unfortunately, these rankings 

are based on the incomplete information listed on product labels. Dodson et al. (13) found 

the highest number of detected potentially harmful chemicals in a sunscreen that was 

favorably rated by a popular environmental health website and marketed for babies, 

children and sensitive adults. This finding illustrates the limitations of ratings based on 

listed ingredients.  

Few researchers have completed chemical composition analysis of cleaning 

products. Steinemann(11) determined the compositions of six cleaning products (3 air 

fresheners and 3 laundry supplies) using gas chromatography with mass spectrometry 

(GC/MS). A total of 98 VOCs (58 unique VOCs) were reported in tabular form for each 

of the cleaning products. They were arranged in order of strength of signal, but actual 

concentrations were not reported. Compounds with headspace concentrations below 300 

µg/m3 were not reported. The most commonly identified VOCs were the following: 

ethanol, d-limonene (in all six products); α-pinene, β-pinene (in five products); carene 

isomer, 2,4-dimethyl-3-cyclohexene-1-carboxaldehyde (Triplal 1) (in four products); 

acetaldehyde, benzyl acetate, 3-hexen-1-ol, and linalool (in three products). Five of the 

six products emitted one or more outdoor regulated Hazardous Air Pollutants 

(acetaldehyde, chloromethane, and 1,4-dioxane). For five of the six products, none of the 

chemicals found using GC/MS were listed on the label or the MSDS. In the final product, 

ethanol was the only chemical found by GC/MS that was listed on the MSDS; it was not 

on the label.  

Dodson et al.(13) characterized concentrations of 66 chemicals in 42 types of 

household products using GC/MS, focusing on cleaners and personal care products. A 
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total of 213 products (170 listed as “conventional”) were analyzed. They were identified 

as conventional products if certain endocrine disrupting or asthma-exacerbating 

chemicals were present on the label. Otherwise, they were identified as possible 

alternative products. The 170 conventional products were batched together into 42 

composite samples while the 43 alternative products were sampled individually to 

identify alternative products that were free of endocrine disrupting or asthma-

exacerbating chemicals. The most frequently detected compounds in the conventional 

products were methyl ionone, and diethyl phthalate, including 21 detects above 1000 

µg/g. The most frequently detected compounds in the alternative products were limonene, 

linalool, alkylphenol, methyl paraben and diethyl! phthalate! (DEP) with two detects 

above 1000 µg/g. This study’s main limitation was product selection; all the products 

analyzed were purchased at just two stores, one for conventional products and one for 

alternatives. 

Several researchers have identified constituents of cleaning products across a 

wide variety of product classes and have reported the constituents present but not their 

concentrations(14-17). Zhu et al.(18) and Singer et al.(5) reported chemical compositions for 

several individual cleaning products. A summary of these results is presented in Table 1. 

2-Butoxyethanol, α-pinene and limonene appeared in many product classes. Because of 

2-butoxyethanol’s prevalence in consumer products and the amount of attention it has 

garnered in the literature, an in-depth report on 2-butoxyethanol exposures was prepared 

by the author and is attached as Appendix 2 of this dissertation.  

The studies described above cover a wide range of cleaning products and serve as 

a strong foundation for the present study. However, they do not encompass the entire 

body of literature on cleaning product chemical compositions. Studies more than a 

decade old were excluded because cleaning product formulations frequently change. 
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Also, studies that investigated only one type of cleaner (floor wax, hair cleaner, etc.) were 

excluded because they did not represent cleaning products as a class. 

Table 1. Chemical constituents of common cleaning products 

Product Class Chemical 

Bleacha,b,f Acetone, bromodichloromethane, Bucinal, carbon tetrachloride, chlorobenzene, 
chloroform, 1,8-cineole, 1,2-dichlorobenzene, 1,4-dichlorobenzene, 1,1-
dichloroethene, 1,2-dichloroethene, dibromochloromethane, diethyl phthalate, 
diphenyl ether, isobornyl acetate, limonene, cis-limonene oxide, trans-limonene 
oxide, 4−t−nonylphenol, nonylphenol diethoxylate, nonylphenol monoethoxylate, 
α-pinene, β-pinene, tetrachloroethylene, trichloroethene 

Carpet cleanerf Benzylacetate, bucinal, 2−butoxyethanol, diethyl phthalate, hexyl cinnemal, 
isobornyl acetate, limonene, linalool, methyl ionone 

Dishwashing 
detergenta,f 

Bisphenol A, 1,4-dioxane, ethanol, ethyl acetate, 1-hexadecanol, limonene, methyl 
salicylate, β-myrcene, 3-pentanol, α-pinene, 1-propanol, 1-tetradecane 

Dish liquidf Benzylacetate, diethyl phthalate, hexyl cinnemal, isobornyl acetate, limonene, 
triclosan 

Disinfectantsa,b,c Ammonia, iso-amyl acetate, 2-butoxyethanol, camphene, chloroform, 1,8-cineole, 
iso-cineole, decane, ethanol, hexane, limonene, d-limonene, 3-methyl pentane, 
octane, nonylphenol diethoxylate, α–pinene, β-pinene, toluene, undecane 

Floor cleanersc,f Bucinal, 2-(2-butoxyethoxy) ethanol, n-butyl ether, hexyl cinnemal, isobornyl 
acetate, limonene, d-limonene, α-pinene, β-pinene 

General purpose 
cleanersa,d,h 

Ammonia, 2-butoxyethanol, camphene, chloroform, 1,8-cineole, iso-cienole, 
limonene, d-limonene, β-myrcene, octane, α–phellandrene, α-pinene, β-pinene, β-
terpinene, γ-terpinene, 1-terpineol, 4-terpineol, α-terpineol, β-terpineol, γ-
terpineol, terpinolene 

Glass cleanersa,c,d,f 2-Butoxyethanol, camphene, 3-carene, 1,8-cineole, ethanol, 2-hexyloxyethanol, 
limonene, d-limonene, monoethanolamine, β-myrcene, α-phellandrene, α-pinene, 
β-pinene 

Household 
cleaners and 
polishese 

Acetone, ethylbenzene, n-hexane, methylcyclohexane, methylene chloride, n-
octane, tetrachloroethylene, tetrahydrofuran, toluene, 1,1,1-trichloroethane, m-
xylene  

Laundry 
detergents a,f,g 

Acetone, benzene, benzyl acetate, bisphenol A, bucinal, diphenyl ether, 1-methyl-
3-(1-methylethyl)-cyclohexene, 2,4-dimethyl-3-cyclohexene-1-carboxaldehyde, 
1,4-dioxane ethanol, eugenol, hexyl cinnemal, isobornyl acetate, limonene, 
limonene benzylacetate. monoethanolamine, nonylphenol diethoxylate, 
nonylphenol monoethoxylate, 2,7-dimethyl-2,7-octanediol, α-phenylethyl acetate, 
α-pinene, β-pinene, β-terpinene, undecane  
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Laundry stain 
removersa,f 

Acetone, ammonia, decane, diethyl phthalate, 3,7-dimethyl-3-octanol bucinal, 
diphenyl ether, hexyl cinnemal, isobornyl acetate, limonene, phenethyl alcohol 

Oven cleanersa Ammonia, camphene, 1,8-cineole, iso-cineole, ethanol, limonene, β-myrcene, α-
pinene, sabinene, α-terpinolene 

Polish/waxf 2−Butoxyethoxyethanol, di−n−butylphthalate, diethyl phthalate, diphenyl ether, 
hexyl cinnemal, limonene, 2,2−methoxyethoxyethanol, octylphenol diethoxylate 

Scrubbing powerf Eugenol, hexyl cinnemal, isobornyl acetate 

Surface cleanerf Benzylacetate, bucinal, hexyl cinnemal, isobornyl acetate, limonene, nonylphenol 
diethoxylate, pinene 

Toilet bowl 
cleanerf 

Benzylacetate, bisphenol A, bucinal, diethyl phthalate, eugenol, hexyl cinnemal, 
limonene, llinalool, methyl salicylate, nonylphenol diethoxylate, phenethyl 
alcohol, pinene 

Tub and tile 
cleanerf 

Bucinal, 2−butoxyethoxyethanol, eugenol, isobornyl acetate, limonene, 
nonylphenol diethoxylate, 4−t−nonylphenol 

a) Kwon et al., 2008; b) Odabasi, 2008; c) Zhu et al., 2001; d) Singer et al., 2006; e) Sack et al., 1992; f) 
Dodson et al., 2012; g) Steinemann 2008; h) Bello et al. 2012 

 

There is a high prevalence of terpenes amongst cleaning products. Terpenes 

appear in every cleaning product category. Laundry supplies such as detergents and 

bleach show the highest variety of terpenes, which serve as both scenting agents and 

surfactants.  

Many products also contain 2-butoxyethanol (2-BE). Further, airborne 

concentrations from cleaning with 2-BE may be a concern in the workplace. 

Concentrations of 2-BE measured by Bello et al.(7, 8) ranged widely among tasks, with the 

highest value (21 ppm) obtained when a general purpose cleaner with 5 - 7 % 2-BE by 

weight was used in the small bathroom, This maximum concentration exceeds the 

California Proposition 65 Reference Exposure Limit(19) for 2-BE of 2.9 ppm for one hour 

of exposure. Researchers have measured 2-BE concentrations from cleaning products in 

laboratory chambers. Concentrations were reported by Zhu et al.(18) in an experimental 

study that determined 2-BE emission factors using a field and laboratory emission cell 
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(FLEC). One-hour concentrations of 2-BE ranged from 2.8-62 mg/m3 at 23ºC (0.57- 12.6 

ppm). Singer et al.(5) investigated emission profiles of 2-BE from several cleaning 

products and reported concentrations of 0.33-2.3 mg/m3 over one hour of exposure. 

There are very limited data available related to workplace exposure to 2-BE 

emissions during cleaning. But there are exposure standards from multiple agencies. The 

OSHA Permissible Exposure Limit(20) of 8 hr TWA is 50 ppm and NIOSH Recommended 

Exposure Limit(19) for 10 hr TWA is 5 ppm (24 mg/m3) for 2-BE.  

Ammonia and chlorinated compounds are also of concern. Several studies have 

associated inorganic gases such as ammonia and chlorine with irritation symptoms 

reported among cleaning workers (8, 19, 21). Concentrations of ammonia range from 0.6-6.4 

ppm with peaks over 50 ppm during domestic cleaning tasks(19). Lower concentrations 

were reported by Fedoruk et al.(22) who assessed airborne ammonia from a window and a 

bathroom tile cleaner. Bello et al.(8) concluded that standard cleaning solutions are 

unlikely to produce significant ammonia exposures, but the authors advise that 

application of more concentrated products (e.g. >3 %) in poorly ventilated areas may be 

of concern. 

The studies described in this section show the variability of product compositions 

and its affect on concentrations of cleaning-related chemicals indoors. Cleaning products, 

as pollutant sources, are a moving target, with ever changing compositions formulated to 

meet market demand. Any product can have an unknown number of constituents at 

unknown concentrations, and a cleaning product whose composition is measured today 

will likely change in the future. These constituents lead to gas-phase concentrations that 

can vary by four orders of magnitude. The health effects of these chemicals in the gas-

phase will be analyzed in the next section. 
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2.3 HEALTH EFFECTS  

Recent studies show that the use of cleaning chemicals is related to adverse 

respiratory health effects in humans(23), and that many of the chemicals found in cleaning 

products are known irritants and allergens(4). While many of the chemicals in cleaning 

agents are hazardous, some VOCs have the most toxicological significance to this 

dissertation because they are more toxic and have higher inhalation exposures than non-

volatile toxic substances(17). For example, Kwon et al.(14) found that more than two-thirds 

(n=29) of cleaning products contained tetrachloroethylene, which is a known respiratory 

tract irritant(24). 

 Zock et al.(23) demonstrated a direct relationship between cleaning chemicals and 

negative health effects. They analyzed data from 22 groups in 10 countries that 

participated in the European Community Respiratory Health Survey, and found a 

statistically significant correlation between the use of cleaning sprays in the home and 

new onset of wheeze, nocturnal attacks of shortness of breath, and/or asthma in adults. 

Their results show that the risk is associated with inhalation exposure potential, and that 

those using cleaning products in their homes at least four days a week and/or use more 

than three different types of products at least one day per week experience the greatest 

risk(23). 

The association between the use of cleaning products in the home and the onset of 

adult asthma is consistent with previous findings of adverse respiratory effects related to 

cleaning products. There have also been several epidemiologic studies, along with 

multiple individual case reports of workers who clean residential, commercial, or 

industrial facilities, that describe increased incidents of asthma and respiratory symptoms 

related to the use of cleaning products(4, 25). Wolkoff et al.(17) reported an association 

between VOC exposure from cleaning agents and increased reporting of symptoms, 
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especially eye symptoms among people that clean occupationally. Nazaroff and 

Weschler(21) compiled a list of 13 documented asthma and/or allergy associations related 

to cleaning products. Five of the cases were related to floor cleaners, and three were 

occupational exposures.  

Cleaning products also pose cancer risks. Singer et al.(5) conducted simulated 

cleaning scenarios in a 50 m3 chamber mocked up to resemble a residential room, and 

found that a single cleaning event could contribute 20-50% of the weekly average 

exposure allowable under California’s cancer exposure guidelines. Thus, more frequent 

cleaning by professional or fastidious house cleaners could lead to exposure that exceeds 

chronic weekly standards.  

Cleaning products can also lead to acute health risks. In the years leading up to 

2005, cleaning agents were responsible for 70,000 to 80,000 reports per year to either the 

American Association of Poison Control Centers or the Toxic Exposure Surveillance 

System. Accounting for roughly 10% of annual reports, cleaning products were among 

the top three most frequently reported poison exposures among adults(26).  

In addition to adult health risks, exposure to cleaning chemicals poses a health 

risk to children. A number of researchers have found a link between exposure in utero 

and the development of respiratory disease in early childhood. For example, Sherriff et 

al.(27) found a correlation between increased domestic household chemical use by women 

during pregnancy and an increased risk of persistent wheezing in young children. 

Furthermore, they identified cleaning products as the primary source of exposure to such 

chemicals. Henderson et al.(28) reported similar findings; however, they also found an 

increased prevalence of wheezing in non-atopic children who were exposed to cleaning 

chemicals while in the womb(28). This finding is troublesome, as it demonstrates a clear 

environmental factor in the aetiology of childhood respiratory disease. Recent research 
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has also revealed that during pregnancy women spend more time cleaning(29). Since these 

behaviors continue postnatally, they pose further exposure risk to newborns and young 

children(30).  

There is also concern that many of the constituents found in cleaning products can 

alter hormonal signaling in the endocrine system, i.e., endocrine disrupting compounds 

(EDCs). These EDCs have potential effects on developing reproductive systems, nervous 

systems, metabolism, and can cause cancer(31). Common constituents found in consumer 

products include antimicrobials that suppress thyroid hormone and are estrogenic in 

mammalian models, and phthalates that inhibit testosterone synthesis.  Some 

alkylphenols, cyclosiloxanes and synthetic musk fragrance compounds have also shown 

weak estrogenic activity in experimental models. Endocrine disrupting compounds are of 

particular concern because they challenge traditional toxicological concepts of dose 

response. Evidence is beginning to surface that EDCs are biologically active at extremely 

low concentrations.  

Vandenberg et al.(31) reviewed hundreds of studies over the past decade that show 

effects from EDCs observed at doses below those used for traditional toxicological 

studies, and present five detailed mechanisms for such phenomena to serve as examples. 

The authors also illustrate that dose response for EDCs is non-monotonic, meaning that 

there is a non-linear relationship between dose and effect where the slope of the curve 

changes sign somewhere in the examined dose range. This undermines the fundamental 

assumption in human health assessment, that effects at low dose can be predicted by 

extrapolating from effects observed at high dose. Several studies also indicate that 

exposure to two or more EDCs leads to additive, or possibly even synergistic, effects(31). 

Thus, complex mixtures in consumer products could have even more unexpected and 
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unpredictable health effect then would be predicted using the low dose response and non-

monatomic approach.  

Other chemicals impact just the nervous system and have been associated with 

autism spectrum disorders (ASDs). Studies linking ASDs and chemical exposures focus 

on ambient air around the birth residence and not specifically cleaning products. But, 

there has been a statistically significant potential association shown between ASDs and 

elevated ambient concentrations of trichloroethylene(32). Trichloroethylene has been found 

as a primary and secondary ingredient (resulting from a chemical reaction between bleach 

and organic matter) in cleaning products(33). There is no evidence of other solvents or 

fragrances being associated with ASDs, perhaps because such chemicals are listed as 

HAPs and are typically not included in product formulations. 

Collectively, these findings demonstrate that a clean indoor environment does not 

necessarily equate to a healthy one, as exposure to cleaning chemicals has clear negative 

health effects. Previous studies indict individual constituents, and cleaning products as a 

class, for endangering human health in both occupational and residential environments. 

Health effects were observed over a large range of exposures, some below typical 

detection limits. The next section addresses conditions around the body that can influence 

inhalation exposures 

2.4 PERSONAL CLOUD EFFECT 

The flow of air in the immediate vicinity of the body can have a large impact on a 

person’s exposure to air pollutant. Yet many studies neglect such flows because of their 

complexity and unpredictability. But multiple large field studies show that outdoor 

concentrations of VOCs are generally lower than indoor concentrations, which are 

generally lower than concentrations in the immediate vicinity of the human body, i.e., 
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“personal” concentrations(17, 20, 34-36). This is because when a chemical is emitted from a 

localized source, spatial variability occurs(34) and individuals are often in close proximity 

to the source where concentrations are high. 

The USEPA’s TEAM study involved measurement of 20 VOCs in the personal 

and outdoor air of 355 participants(20). Personal exposures were consistently higher than 

outdoor concentrations for VOCs, and were sometimes ten times higher than what would 

have been predicted from ambient monitoring alone. Indoor sources appeared responsible 

for much of the difference(20).  

Sexton et al.(36) measured personal, indoor, and outdoor air concentrations for 71 

adults in Minneapolis. Personal concentration measurements exceeded indoor air 

concentrations, which exceeded outdoor air concentrations for 13 of the 15 measured 

VOCs, with the exceptions being carbon tetrachloride and chloroform. Also, personal 

sampling of VOCs and airborne dust showed higher concentrations than stationary 

sampling(17). Rodes et al.(35) reported that ratios from personal monitors to those made by 

fixed micro-environmental exposure monitors are typically 1.2-3.3 for residential 

settings, and that the ratio is dependant primarily on the proximity of the occupant to the 

source.  

The near-source effect is particularly important for cleaning situations because a 

characteristic of the cleaning activity is that the people cleaning put themselves within an 

arms length of the cleaning product. The occupant’s orientation also plays a role in 

exposure. Habib et al.(9) showed that while cleaning people frequently bring their faces 

close to the area being cleaned by bending toward it. Of the 28 women surveyed in their 

study, 27 of them bent over at least 45° while cleaning the toilet bowl and mopping the 

floor. Eleven subjects cleaned on their knees, using a mop with no handle.  
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Depending on the orientation of the person engaged in cleaning, low-pressure 

areas can form around the body due to the thermal plume. It has been shown that low-

pressure areas within 0.5-1 meter of the body can draw pollutants into the breathing-

zone(35, 37).  

Spatial variability of pollutant concentrations around the human body have been 

reported. Early studies related to exposure to lead showed variations of as much as 22% 

for samples taken at the belt versus the lapel(38). Measurements of xylene averaged 50% 

higher when taken on the right lapel of a right-handed worker than when taken on the left 

lapel(39). The ratio of concentrations of respirable particles between the nose and lapel of 

foundry workers were shown to be as high as three(40). These findings warrant further 

investigation and provide cause to move away from the assumption that the entire 

environment is well mixed. 

Previous experimental results show that disruptions of the convective flow along 

the front of a worker have an effect on exposure(41). Moving can be an important source of 

these disruptions, which can have differing effects on an individual’s exposure. When a 

mannequin is moved back and forth, the effectiveness of entrainment of clean air in the 

mannequin’s thermal plume decreases, resulting in lower personal exposure for a moving 

mannequin than for a stationary mannequin(41). Or, if the mannequin is moving fast 

enough, or in a specific direction, the flow that is acting as a protective barrier from the 

source can be destroyed, resulting in higher personal exposure(41).  

A moving thermal mannequin in a room with displacement ventilation provides 

mixing and thus lowers the near-source effect. Previous research has shown that a 

mannequin moving back and forth on a straight track lowers the gradient between the 

breathing-zone and the bulk space by 20% to 80%(42). Matsumoto and Ohba(42) showed 

that movement parallel and perpendicular to the flow field produced different responses 
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in the local air exchange rate, neither of them linear or monotonic. Although, as the 

velocity of the movement increases, the ratio of the age of air in the bulk space compared 

to the breathing-zone decreases. Mattson et al.(43) confirmed these results adding that it 

took the room fifteen to twenty hours to return to steady state after an occupant moved 

through. 

Lee et al.(44) performed experiments in an environmentally-controlled chamber 

with a localized gas pollutant source to analyze the effects of movement and proximity of 

source on personal exposure. Results show that exposure for the moving worker was 

consistently higher, ranging from 1.14 to 1.51 (p < 0.01) times greater than time-

weighted average exposure for the stationary worker standing still at designated stopping 

points. The same result was observed in a room with dilution ventilation. When the 

worker walked along a predetermined path, the natural convection boundary layer along 

the front of the worker was disrupted, allowing room air at breathing-zone height to 

penetrate to the breathing-zone. 

Spitzer et al.(45)performed experiments on particle transport to the breathing-zone 

of a heated mannequin. The mannequin sat in the middle of an environmentally-

controlled chamber on a chair that rotated back and forth. Particle concentrations were 

measured using doppler anemometry. Rotational motion caused a 56% decrease in total 

number concentration of particles in the breathing-zone. However, there was a 60% 

decrease in number concentration for particles under 1 µm and a 22% increase in 

particles larger than 1 µm. This discrepancy was attributed to artifacts of the 

measurement device and that the rotation motion increased mixing in the breathing-zone. 

Exhalation has varying results on the thermal plume, depending on the criteria of 

evaluation. Zukowska et al.(46) measured the volume flux through a horizontal plane 0.7 m 

above a seated mannequin and found that exhaling through the mouth expands the 
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thermal plume by 40%. But, Melikov and Kaczmarczyk(47) measured gas concentrations 

of a tracer pollutant and found that pollutant concentration in the inhaled air can be 

measured accurately with a thermal mannequin without simulated breathing as long as 

the measurement is taken at a distance of less than 0.01 m from the upper lip. However, 

Melikov and Kaczmarczyk(47) also reported that simulated breathing caused differences in 

concentration of up to 30% at a distance of 0.15 m in front of the face. Exhaling through 

the nose has no impact and can be disregarded(46, 47) 

Posture and clothing also have unique impacts on the thermal plume(46, 47). Loose 

clothing decreases the velocity and increases the width of the thermal plume(46). A wig 

also intensifies mixing above the head and increases convective flow at head level, but its 

impact on concentration in the breathing-zone was not analyzed(47). Finally, putting a 

heated mannequin against a surface such as a desk or counter causes a wider and stronger 

thermal plume above the head(46). 

Rooms are not always well-mixed. Large concentration gradients can occur over 

very short distances. These concentration gradients tend to lead to higher personal 

exposure than would be predicted if measured away from the occupant. It is hypothesized 

that proximity to the source and the thermal plume cause these higher concentrations 

around the body. The effect of movement has competing, and unpredictable, influences 

on air flow around the body. These competing influences make it difficult to define the 

general influence of movement on exposure. Breathing does not have an influence on 

exposure, as long as measurements are taken very close to the mouth. The next section 

addresses modeling approaches for predicting exposures. 
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2.5 MODELING  

Few field studies have dealt specifically with exposure to VOCs emitted from 

cleaning products(17). To fill this void several models have been used to predict exposure 

to cleaning products, of which the well-mixed box method is the most prevalent. 

Equation 1 assumes an instantaneous uniform distribution of pollutants across an entire 

indoor space, with constant air exchange and emission rates. These assumptions are 

invalid for an activity like cleaning, as they ignore the dynamic behavior of pollutant 

emissions and transport in an indoor space.  

The general form of the well-mixed reactor model applied to an inert, non-

sorptive, pollutant is: 

 

 Equation 1 

Where C is the concentration (µg/m3), V is the volume of the space (m3), Q is the 

volumetric air-flow rate between the indoor space and outdoor air (m3/hr), Cout is the 

concentration of the outdoor air (µg/m3), E is the emission rate (µg/hr), and t is the time 

(hr). 

Integrating Equation 1 with respect to time produces the following equation for 

the concentration at any given time: 
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Where Co is the initial concentration (µg/m3), λ is the air exchange rate with outdoor air 

(hr-1), and Cout is the concentration outdoors (µg/m3). 

To solve for exposure, Equation 2 is integrated with respect to time: 
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 Equation 3 

Where ex is exposure (µg/m3 hr). 

When a chemical is emitted from a localized source, spatial variability occurs (34). 

Girman et al. (48) showed that even at a high air exchange rate (3.2 hr-1) personal exposure 

to methylene chloride (CH2Cl2) during a simulated use experiment in a chamber was 22% 

higher than would have been expected from calculations based on the room air sampler. 

The same experiment showed that the well-mixed assumption underestimates the 

personal peak concentration by 36%.  Most researchers fail to report peak concentrations 

because passive samplers average exposure over long sampling times, up to 24 to 48 

hours.  

Beyond the well-mixed assumption, researchers frequently adopt the assumption 

of a constant air exchange rate. This assumption can produce valid results over long time 

periods because the uncorrelated short-term fluctuations above and below the average 

will cancel out. However, most cleaning events occur over short time periods where 

phenomena like wind gusts, HVAC system cycling, and the use of an exhaust fan can 

have a significant impact on indoor concentrations. Finally, the constant emission rate 

assumption is flawed because it ignores the fact that higher vapor pressure components 

will evaporate first, changing the composition of the remaining liquid, and thereby 

changing the emission profile associated with cleaning products.  

Another popular assumption is to conservatively estimate the emission rate by 

dividing the total liquid volume of the chemical by the emission duration(21). This method 

assumes that the entire chemical is dispersed and that the space is occupied for the entire 

emission duration, neither of which usually occurs while cleaning. Typically, excess 

chemicals (e.g., on rags, in mop buckets, etc.) are not used, and chemicals such as 2-

butoxyethanol emit very slowly, e.g., on the order of hours to days(7, 21). Another method 

€ 

ex = C(t)
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t
∫ !



 22 

of calculating emission rates is to assume the initial concentration at the interface 

(determined using head space analysis) is constant over the duration of an emission 

event(49). This assumption is typically made for pure chemicals, and ignores that the liquid 

composition of a mixture varies with time.  

To describe concentrations and dispersion in a space that is not perfectly mixed, 

Hemeon(50) introduced the two-zone model in early literature. He divided the space into 

two distinct zones, an upper and a lower zone where the air supply and exhaust were 

located in the upper zone. He treated each zone as well-mixed and limited the airflow 

between the zones with a simple mixing factor, even though the zones are physically 

continuous.  

Nicas(51) adapted the Hemeon(50) model to characterize personal exposure in 

industrial settings. He described the two zones as near field and far field, where the near 

field is the area immediately around the source and the remainder of the space is the far 

field. He treated the near field zone as a sphere with a radius of the distance between the 

source and occupant, and defined the volumetric exchange between the two zones as the 

product of the room random air speed and the surface area of the theoretical boundary 

between the two zones. Although this model does not describe the concentration at every 

point in the room, it provides an improvement over the well-mixed model.  

The two-zone model has since been used for a wide range of occupational 

scenarios as summarized by Sahmel et al.(52). The main variations between its 

applications are the geometry of the near field and how the air exchange between the two 

zones is calculated. Some researchers arbitrarily choose a “reasonable” value. Futaw(53) 

varied the inter-zonal air exchange rate by a statistical distribution. Others, such as 

Nicas(51) chose to use average room speeds, while others simply set the inter-zonal air 

exchange rate to the same value as outdoor air. Key similarities amongst all previous 
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applications are that each of the zones are well-mixed, the pollutant source is only in one 

of the zones, and the receptor is at the geometric center of the near field. Some previous 

applications of the two-zone model account for time-varying emission rates, air exchange 

between external air and the indoor space, and air exchange between the two zones(49). In 

this study the two zones are referred to as inner- and outer-zones. 

Models are useful tools to predict exposure when the resources for monitoring are 

not available. They have been developed and employed to predict exposure under a 

variety of environmental and occupational conditions. Over time they have been adapted 

to incorporate environments that are not well-mixed and emission rates that are not 

constant. But all of the factors needed to accurately predict short-term exposure during 

cleaning events have not yet been combined into a single, flexible, modeling tool.  
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Chapter 3: Model Development 

3.1 MODEL DEVELOPMENT 

The theoretical framework for a two-zone model is presented in this section. The 

model predicts concentrations of individual VOCs emitted from a cleaning product in 

inner- and outer-zones. The inner-zone consists of the air space immediately surrounding 

the person who is cleaning. It is assumed that air flows freely between the two zones(54), 

and is driven by the thermal plume generated by heat transfer from the occupant’s body. 

The outer-zone of indoor air is also exchanged with outdoor air.  

The liquid cleaning product is divided into portions, referred to as source cells. 

Each source cell represents the dispersal of a liquid cleaning product with each 

application, e.g., each time a mop is dipped in a bucket and cleaner spread on a floor. 

Source cells are assumed to be well-mixed liquid solutions and are added to the space at a 

constant frequency (f, in cells/cleaning event). The newest source cell emits directly into 

the inner zone, while all other source cells emit to the outer-zone. This is intended to be 

more representative of actual conditions, i.e., relative to previously published models, for 

which a person who is cleaning is in close proximity to the most recently applied product. 

The concentration of each VOC in the inner-zone is calculated using Equation 4: 

 

 Equation 4 

Where λin,i=(Qin/Vin) is the inter-zonal air exchange rate (hr-1), Qin is the volumetric flow 

rate into and out of the inner-zone (m3/hr), Vin is the volume of the inner-zone (m3), Cout 

and Cin are the concentrations of the VOC in the outer- and inner-zone (μg/m3), 

respectively, and Ein is the emission rate for the VOC in the most recent source cell 

(μg/hr). 
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The concentration of each VOC in the outer-zone is calculated using Equation 5: 

 

 Equation 5 

Where λout=(Qout/Vout) is the air exchange rate for the outer-zone (hr-1), Qout is the flow rate 

of outdoor air delivered to the outer-zone (m3/hr), λin,o =(Qin/Vout) is the inter-zonal air 

exchange rate with respect to the volume of the outer-zone (hr-1), ΣEout is the sum of all 

but the most recent source cell emissions (μg/hr) [the number of source cells can be 

obtained by dividing the model cleaning duration by the frequency of cleaning agent 

application (f)], and Vout is the volume of the outer-zone (m3). The outdoor concentration 

of the species of interest is assumed to be negligible.  

Emission rates for each VOC from each source cell are estimated based on single-

film theory for a dilute aqueous solution using Equation 6: 

 

 Equation 6 

Where kg is the mass transfer coefficient (m/hr), H is the Henry’s Law constant (Cgas/Cliq 

dimensionless), Cliq is the concentration of pollutant in the liquid phase (μg/m3), Cj is Cin 

or Cout depending on the location of the source cell (μg/m3), and A is the area of the 

solution film (m2). The term in parentheses in Equation 6 represents a concentration 

driving force from the equilibrium gas-phase concentration at the air-cleaner interface 

relative to the concentration in the outer or inner-zone air. 

The mass transfer coefficient for a laminar air boundary layer above each source 

is estimated using Equation 7: 
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Where Re is the Reynolds number for air flow over the source (dimensionless), Sc is the 

Schmidt Number (dimensionless), A is the area of a single source cell (m2), and D is the 

molecular diffusion coefficient for the cleaning chemical of interest in air (m2/hr).  

The Reynolds Number is defined by Equation 8:  

 

€ 

Re =
ρv A

µ
 Equation 8 

Where ! is the density of air at the room temperature (kg/m3), v is the air speed above the 

boundary layer (m/s), µ is viscosity of air (kg/m  s), and A is defined previously. 

The Schmidt number is defined by Equation 9: 

 

€ 

Sc =
µ
ρD

 Equation 9 

Where all terms are defined previously. 

Each source cell has it’s own boundary layer and Reynolds number to allow for 

more flexibility in the model. The Reynolds number was calculated to be less than 4,000 

based on Equation 7 and the air speeds measured above sources during experiments 

described in Chapter 4. As such, it is reasonable to assume a laminar boundary layer with 

a mass transfer coefficient defined in Equation 7. The initial concentration in both the 

inner- and outer-zones were assumed to be zero and Equation 4 through 7 were solved 

simultaneously using Matlab version R2008b with a time step of 6.25E-4 seconds. 

3.2 REQUIRED INPUT PARAMETERS  

The model developed for this study requires thirty input parameters. The 

definition and explanation of variables used in Equation 4 through 9 are listed below in 

alphabetical order starting with the variable name, and followed by factors that affect the 

parameter, values gleaned from literature, and reasonable ranges if applicable. None of 
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the parameters are adjustable, or were calculated by generating a best-fit curve to 

experimental data. All parameters are fixed, whether they were determined through 

experiments during this study or by previous researchers. The model is validated in 

Section 5.3 and used to predict exposure during hypothetical cleaning scenarios in 

Section 6.1. A summary table is presented at the end of this section for the parameters 

used for model evaluation. A summary table of parameters used for modeling the 

hypothetical cleaning scenarios can be found in Section 6.1. 
 

• Application area (A): Area covered by cleaning product for each source 

cell (m2). It could also be thought of as the total surface area cleaned 

during a cleaning event divided by the number of source cells applied 

during the cleaning event. This value, along with the other activity pattern 

parameters, is not reported in the literature. 

• Frequency of application (f): How many source cells were dispersed per 

cleaning event (e.g. sprayed or sponge dipped in bucket). Habib et al. (9) 

reported that the women in her study used six sprays of glass cleaner on 

average as an example. For the modeling evaluation portion of this study 

the frequency of application was one per cleaning event. For the 

hypothetical cleaning scenarios modeled in this study, it was assumed that 

the frequency of application was related to the room size, it varied from 

four to six per event. 

• Fresh air exchange rate (λout): Air exchange rate between the outer-zone 

and fresh outdoor air. This parameter is assumed to remain constant 

throughout the model duration, even though it is known to vary based on 

mechanical ventilation and outdoor meteorological conditions, especially 
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wind. Murray and Burmaster(55) provided an extensive study of residential 

fresh air exchange rates and reported that they range from 0.05-6.5 hr-1 

with a median of 0.5 hr-1. More recently, Howard-Reed et al.(56) published 

a study based on just two residences that compared fresh air exchange 

rates that ranged from 0.10-0.82 hr-1 with windows closed to 0.44-1.66 hr-1 

with windows open. Also, there is reason to believe beyond this newer 

publication that residential air exchange rates are decreasing due to an 

increased public consciousness of the energy implications of leaky houses. 

Previous research shows that 46% of individuals cleaned under poorly 

ventilated conditions, which can lead to elevated VOC concentrations and 

symptoms such as burning of the eyes(9). Air exchange rates determined 

experimentally were used for the model evaluation. Similar high and low 

air exchange rates were used for the hypothetical scenarios (0.8 hr-1  and 3 

hr-1). 

• Henry’s Law constant (H): Dimensionless Henry’s constant for chemical i 

(Cgas/ Caq). Henry’s Law constants are readily available for many, but not 

all, chemicals found in cleaning products. The constant represents a 

temperature specific concentration ratio between chemicals in air and 

dilute aqueous solutions at equilibrium. Henry’s Law constants from the 

literature were used for ethanol, 2-butoxyethanol, and d-limonene in either 

the model evaluation steps or the hypothetical cleaning scenarios. 

• Inter-zonal air exchange rate (λin): Air exchange rate between the inner- 

and outer-zone (s-1). As discussed in Section 2.5 researchers have used a 

variety of approaches to predict this parameter. For this study the inter-

zonal air exchange rate (λin,i) is defined as the flow between the two zones 
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that is driven by the thermal plume that draws air from the floor up the 

body to the breathing-zone, ultimately exhausting above the head. 

Previous research has shown that nearly 85% of exposure comes from 

airflow that passes near the floor and rises due to the thermal plume(57). 

The results of air speed measurements above the mannequin’s head, and 

calculations used to determine the inter-zonal air exchange rate in this 

study are reported in Section 5.1. 

While the inter-zonal air exchange rate is assumed to remain 

constant throughout the model time period, short periodic motions can 

result in variations of flow parameters(58, 59). Furthermore, the model is 

only valid for cases where the flow is buoyancy driven, i.e., convective air 

flows generally less than 0.2 m/s. Air speeds in the room above 0.2 m/s 

can interrupt the thermal plume(60). The inter-zonal air exchange rate was 

experimentally determined for this study. Results from Section 5.1.3 were 

used in both model evaluation and the hypothetical cleaning scenarios. 

• Mass transfer coefficient (Kg): Overall mass transfer coefficient in the gas-

phase (m/hr). The mass transfer coefficient is specific for each chemical 

and flow condition and is governed by a theoretical relationship involving 

the Reynolds number, Schmidt number, molecular diffusion coefficient of 

a chemical and area of application (Equation 7). Once the mass transfer 

coefficient is determined for one chemical (e.g., water) the mass transfer 

coefficient can be derived for the other chemicals of interest. A reasonable 

range from a synthesis of many sources is about 0.5-10 m/hr for indoor 

air(61, 62). Results of relevant air speed measurements are presented in 

Section 5.1 and were used for the purposes of modeling. Room geometry, 
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occupant interference, or ventilation can lead to spatially different air 

speeds. Thus, an independent Kg can be calculated for each source cell. If 

the mass transfer coefficients differ, the emission rates (E) differ. The 

emission rate is also time dependant because the liquid concentration 

changes over time as chemicals evaporate. The mass transfer coefficient 

was experimentally determined for this study; experimental results are 

presented in Section 5.1.1. Results show that the Reynolds number falls 

within the laminar regime. It is possible that the mass transfer coefficient 

could reach the turbulent regime, in which case the exponents in the 

equation for the mass transfer coefficient would need to be adjusted 

accordingly.  

• Relative humidity (RH): Relative humidity of room air (%). It is treated as 

a constant throughout the modeling period. Evaporation of liquid water is 

considered a negligible contributor to the humidity in the room. Relative 

humidity depends on season, time of day, temperature, meteorological 

conditions, geographical location, indoor sources, uptake by indoor 

materials, and nature/operation of HVAC. The relative humidity was not 

experimentally controlled. It was assumed to be 44% for the modeling 

evaluation and for the hypothetical scenario modeling. 

• Temperature (T): Air temperature in the room (K). The chamber 

temperature was used for the modeling evaluation . A temperature of 23 

ºC was used for the hypothetical scenario modeling. 

• Volume of inner-zone (m3): Previous literature has used a sphere with a 

radius of the distance between the source and the receptor with the center 

of the sphere being the source(51) or the center of the sphere being the 



 31 

receptor(53). Rhodes(35) advocated the use of a model more complex than 

the well-mixed model whenever the occupant is closer to the source than 

“an arm’s length”, implying that the characteristic length of the inner-zone 

should be based on the length of an arm. Past studies deal with point 

sources. Lewis et al.(63) determined that the boundary layer around a 

standing body is 3 cm thick at the knee, 5 cm thick at the mid chest and 

then becomes turbulent and widens into an inverted cone that continues 

above he head. The volume inside this boundary layer was assumed to be 

the inner-zone for this study. To represent it graphically an elliptical prism 

around the occupant was used up to the mid chest that then widened into 

an inverted cone that rose to 0.25 m above the mannequin’s head. This 

geometry was assumed for the inner-zone of this study. The calculation of 

the inner-zone volumes can be found in Section 5.1.2. These inner-zone 

volumes were used in both model evaluation and the hypothetical cleaning 

scenarios. 

• Volume of outer-zone (Vout): Volume of the occupied space minus the 

volume of the inner-zone (m3).  The volume of the environmental chamber 

(67 m3) was used for the model evaluation. Two different outer-zone 

volumes (10 m3 and 30 m3) were used in the hypothetical scenario 

modeling to represent a small room, such as a bathroom, and a medium-

sized room. 

• Volume of cleaning product (Vprod): Liquid volume of cleaning product 

dispersed. This parameter does not include the volume of the product that 

is not dispersed but still in the occupied space, e.g., product left in a 

bucket or on a mop. It is also a parameter that is not well understood in the 
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literature. Some manufacturers report how much surface area their 

cleaners will cover, but this is not indicative of how the product is actually 

used, as not all people read and follow directions on product labels. 

Nazaroff et al.(4) reports the mass dispersed of a few cleaning products but 

does not indicate which products they are, or the product composition or 

average density, limiting the usefulness of the data.   

A summary of the parameters used for the model evaluation are provided in Table 

2. The parameters used for the hypothetical scenario modeling are provided in Table 8. 

 

Table 2. Summary of parameters used for model evaluation 

 

 

This chapter highlights deficiencies in knowledge available to calculate exposure 

to toxic chemicals found in cleaning products. Specifically, more research is needed on 

cleaning activity patterns (frequency of application, area of application), product 

chemical compositions, volume of the inner-zone, and the inter-zonal air exchange rates. 

Assumptions were made about these parameters for the model evaluation step (reported 

in Section 5.3) and hypothetical modeling scenarios (reported in Section 6.1). 

Exp No. Position λout λ in Vin Etot T Time
(hr-1) (hr-1) (m3) (mg/min) (ºC) (min)

A1 Stand 0.84 933 0.17 506 18.1 64
B1 Stand 0.84 933 0.17 1009 23.0 50
C1 Stand 3.5 923 0.17 1422 20.8 35
D1 Stand 3.5 923 0.17 2433 21.4 30
E1 45º 0.84 1065 0.12 724 23.0 30

F1 Hands & 
Knees 0.84 1861 0.15 714 23.0 30
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Chapter 4: Experimental Methods 

Descriptions of the experimental program, system, sampling method, and quality 

assurance procedures are presented in this chapter. 

4.1 EXPERIMENTAL PROGRAM 

Experiments were performed in an environmentally-controlled stainless-steel 

chamber with a thermal mannequin and a simplified pure chemical source to simulate 

emissions from a cleaning product. Experimental variations included the orientation of 

the thermal mannequin with respect to the cleaning product, e.g., standing upright, 

leaning over the product, or on hands and knees. Either one or two source cells were used 

to represent source strength, proximity to source, and how much cleaning had been 

performed. The chamber air exchange rate was also varied between 0.84/hr and 3.5/hr.  A 

semi-factorial set of experiments was performed to ascertain the effects of these factors. 

The experimental scenarios for which gas-phase concentrations were measured are 

summarized in Table 3. A total of 23 experiments (six scenarios in at least triplicate) 

were performed. 

Table 3. Summary of experimental scenarios 

 Low ACH High ACH 
  2 Sources 1 Source  2 Sources 
Leaning at 45º   3     
Standing 4 3 3 4 
Hands & Knees   3     

     

4.2 EXPERIMENTAL SEQUENCE 

At the beginning of the experimental program the chamber was thoroughly 

cleaned by ozonation and wiping with distilled water to remove contamination from the 
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chamber walls. After cleaning, each experiment was performed with the following 

equipment in the chamber: a thermal mannequin, half cylinder displacement ventilation 

plenum, four photoionization detectors (PIDs), and 12 anemometers. Nine experiments 

had a fifth PID placed in the chamber’s exhaust stream. Throughout the experimental 

program, six more anemometers became available and were added above the mannequin 

to gain additional information about the thermal plume. 

The following methodology was followed for each experiment. 

1. Measure the background carbon dioxide (CO2) and total VOC (TVOC) 

concentrations inside and outside of the chamber. 

2. Mix the chamber with fans and perform a CO2 decay test to measure the air 

exchange rate for the chamber. This was compared against chamber setting for 

confirmation. 

3. Ensure that all analytical instruments are set to log data and that the thermal 

mannequin has reached a steady temperature with infrared thermometer.  

4. Gently pour liquid ethanol into the tray/s, record initial mass of ethanol and begin 

recording the airspeed measurements from the anemometers. 

5. After experiment, disable CO2 sources, record final mass of ethanol and flush 

chamber with fresh air. Also, collect data from all logging devices. 

Experimental data were used for two purposes, first to develop parameters for the 

model and second to validate the two-zone model. Model parameters that were 

determined through experimentation were the ethanol emission rate, inner-zonal volume, 

inter-zonal air exchange rate and mass transfer coefficient for ethanol. The procedure 

above was altered depending on the objective of each experiment as described later in 

this dissertation. If the objective of the experiment was to calculate the emission rate, gas-

phase measurements were not taken, but gravimetric and airspeed measurements were 
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recorded. If the objective of the experiment was to validate the model, the full procedure 

was followed. The 23 experiments (six scenarios in triplicate) used for model evaluation 

and parameterization are presented in detail in Table 4. 

Table 4. Summary of experiments used for model evaluation and parameterization. 

 

4.3 EXPERIMENTAL SYSTEM 

A diagram and a digital image of the experimental system are provided in Figure 

1. The experimental system consisted of a 4.5 m × 5.5 m × 2.7 m full-scale 

environmental chamber equipped with an air handling unit (AHU), a thermal mannequin, 

Exp 
No. λ Position Etot T No. of 

Sources Time

(hr-1) (mg/min) ( C) (min)
A1 0.84 Stand 506 18.1 1 64
A2 0.84 Stand 533 18.2 1 35
A3 0.84 Stand 544 18.4 1 38
B1 0.84 Stand 1009 - 2 50
B2 0.84 Stand - 17.5 2 43
B3 0.84 Stand - 20.1 2 43
B4 0.84 Stand - 22.5 2 41
B5 0.84 Stand 1209 - 2 30
B6 0.84 Stand 1189 - 2 35
B7 0.84 Stand 1172 - 2 38
C1 3.5 Stand 1422 20.8 1 35
C2 3.5 Stand 1038 20.9 1 52
C3 3.5 Stand 1364 21.9 1 34
D1 3.5 Stand 2433 21.4 2 30
D2 3.5 Stand 2613 - 2 42
D3 3.5 Stand 2703 - 2 42
D4 3.5 Stand 2621 21.5 2 37
E1 0.84 45º 724 - 1 30
E2 0.84 45º 750 - 1 30
E3 0.84 45º 672 - 1 33
F1 0.84 H&N 714 - 1 30
F2 0.84 H&N 661 - 1 32
F3 0.84 H&N 725 - 1 32
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and measurement equipment. The AHU was used to control the supply airflow rate, 

relative humidity and temperature in the chamber. Air was supplied at 21°C through a 

low momentum diffuser at floor level, and exhausted from the chamber 10 cm from the 

ceiling on a side wall. The experiments were performed at air exchange rates of 0.84/hr 

and 3.5/hr; ventilation was pass-through only with no recirculation. Laboratory air was 

filtered with activated carbon and a HEPA filter before being delivered to the AHU. It 

was exhausted outside through a vent hood to eliminate the possibility of reentry via 

laboratory air.  
 

 

Figure 1. Schematic and digital image of experimental setup  

The thermal mannequin was placed in the center of the chamber. The height of 

the standing mannequin was 1.52 m and the clothing surface area was 1.3 m2. The 

mannequin skin temperature was 26˚C to 29˚C depending on body location, confirmed by 

an infrared thermometer. The total heat flux released across the skin surface was 80 W 

and was controlled by a Variac transformer. The fitted clothes of the mannequin provided 

an overall clothing insulation value of 0.5 clo. The mannequin was not connected to a 

breathing apparatus.  
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The mannequin was positioned into three different body orientations, standing up, 

leaning over the product at a 45º angle, and on hands and knees. These positions can be 

seen in Figure 2. They were chosen because data are available in the literature on the 

fraction of women who clean in each position. For each position the mannequin was hung 

from a metal stand with a fabric strap running through the armpits and a hook at the 

mannequin’s rear beltline. The orientation of the mannequin was adjusted by raising or 

lowering the strap and hook independently, which adjusted the angle on the upper body 

to the legs and the body’s height above the ground. The fan depicted in the pictures was 

not on during any experiments.  

4.4 MEASUREMENTS 

Throughout the experimental program, measurements of the mannequin’s surface 

temperature, thermal plume airspeed above the head, gas concentrations, and pollutant 

mass (liquid source) were collected using five different instruments. Gas-phase 

concentration measurements of the surrogate cleaning chemical were taken every second 

and recorded as minute averages using photo-ionization detectors (PIDs) (ToxiRAE Plus 

model PGM-30PID) in the bulk air and in the thermal mannequin’s breathing-zone to 

evaluate the two-zone model. Airspeed measurements were taken around the thermal 

mannequin, near the source cells and in the bulk air with omni-directional anemometers 

(Sensor Electronic & Measurement Equipment, ThermoAnemometer Measurements 

System HT-400; Range 2.0 to 0.005 m/s; ±0.005! m/s) to measure model input 

parameters. The ethanol source was weighed before and after each experiment to 

determine an emission rate gravimetrically. Carbon dioxide was measured (Telaire 7001 

Carbon Dioxide Monitors) to confirm the air exchange rate and the mannequin’s surface 
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temperature was measured using an infrared thermometer to ensure it was constant over 

all experiments. 

 

Figure 2.  Digital images of the thermal mannequin, stand and breathing-zone monitor in 
three different orientations: standing, bent over 45º, and on hands and knees 

For gas-phase measurements, ethanol (95% ethanol; 5% isoproponol; Sigma-

Aldrich) was used to represent actual cleaning products to avoid the complexity 

associated with sampling a mixture of volatile chemicals on sorbent tubes for subsequent 

analysis using gas chromatography. Also, the use of a pure surrogate chemical avoids 
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fluid flow interferences that are associated with collecting samples using a pump, either 

across sorbent tubes or with a PID that has an internal sampling pump.  These fluid flow 

interferences could easily disrupt the flow field generated by the thermal plume. The PID 

used for this study worked on a diffusion principal. It did contain a fan, but the fan’s 

purpose was to keep the sensor cell mixed internally. 

Ethanol was used as the surrogate chemical because it is relatively safe to work 

with while having a high enough vapor pressure to reach concentrations above the 

detection limit of the PIDs that were used to measure its concentration in air. Preliminary 

experiments were completed with ethanol, isopropanol, and ethyl acetate to confirm 

ethanol’s usefulness as a surrogate chemical. These chemicals were chosen because of 

their vapor pressure, commercial availability, cost, and/or presence in cleaning products. 

Ethanol was ultimately selected because it’s emission rate exhibited the least variation 

over time. Also, its predicted vapor pressure from Antoine’s equation was the least 

sensitive to changes in temperature, reducing variation in emission rate with evaporative 

cooling. A detailed analysis of differences in emission rates for multiple surrogate liquids 

is presented as Appendix 4. 

The two primary factors that affect the emission rate of a pure chemical are the 

airflow conditions above the source and the liquid temperature. The airflow conditions 

affect the boundary layer above the source and corresponding gas-phase mass transfer 

coefficient. These conditions could change depending on the occupant orientation and/or 

ventilation conditions, each of which could affect the free stream air speed above the 

source. Furthermore, preliminary experiments showed that ethanol undergoes some 

evaporative cooling, which lowers the emission rate by reducing the vapor pressure. 

The response factor for PIDs with the surrogate source was evaluated 

experimentally. Each PID was calibrated at the beginning of a day involving experiments. 
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The calibration gas was 100 ppm of isobutylene (FarrWest Environmental Supply Inc.; 

Schertz, TX). Correction factors for the surrogate cleaning chemical were determined by 

sampling from a known concentration prepared in a 10-L Tedlar bag. Pure nitrogen was 

injected into the bag at a constant flow rate. The time of injection was recorded and 

multiplied by the flow rate to obtain the volume of nitrogen in the bag. A small volume 

(2.4µL) of the ethanol mixture was then injected using a micro syringe through the bag’s 

septa to achieve an ethanol concentration near 100 ppm (depending on the exact volume). 

The bag was heated in a 100 ºC oven for 30 minutes and then allowed to cool for at least 

two hours. Each PID was connected to the bag using the manufacture’s supplied 

calibration cap, and the bag was squeezed to pass the gas over the detector. It was found 

that the ethanol was sorbing to the inside of the Tedlar bag, so the process had to be 

repeated until the bag was saturated and replicate experiments converged to the same 

reading. Concentrations became steady on the 8th replicate, and average readings for the 

last two runs were recorded. Correction factors averaged 11.6 (σ=2.5; n=10). The 

manufacturer’s correction factor for ethanol was reported as 12. For the experimental 

results presented in Chapter 5, correction factors were applied instrument by instrument 

with the lowest being monitor 5 with a correction factor of 9.0 and the highest being 

monitor 2 with a correction factor of 15.  

To simulate a cleaning product, the ethanol mixture was gently poured to the lip 

(7 mm) of metal circular trays with diameters of 32.5 cm. The trays were weighed before 

and after each experiment to determine mean emission rates gravimetrically. The tray 

was placed on a digital balance (Acculab VA Series 16000; ±0.5 g) at ground level 9 cm 

in front of the thermal mannequin’s feet to represent a cleaning product dispersed onto 

the floor during mopping.  
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Gas concentrations were measured simultaneously at four locations in the 

chamber. Monitor 1 was placed in the breathing-zone with the sensor cap of the PID 

directly against the mannequin’s mouth. Monitor 2 was at the breathing-zone height but 

1.3 m to the mannequins’ left. Monitor 3 was 1.6 m in front of the mannequin at 

breathing-zone height. Monitor 4 was 1 cm in front of the front centerline of the 

mannequin at waist height. Monitor locations are described in Figure 3. The 

measurements provided information on the spatial distribution of ethanol around the 

body, in the bulk space and the level of inhalation exposure. 

 

Figure 3.  Chamber setup. The set-up source cells (circles) and measurement apparatus 
(triangles represent collocated PIDs and anemometers. The origin (0, 0, 0) is 
the front right of the chamber. Sampling locations are as follows in meters; S1 
breathing-zone (-2.25, 3.25, 1.35); S2 mannequin’s left (-0.95, 3.36, 1.44); S3 
mannequin’s front (-2.4, 1.77, 1.46); S4 waist (-2.25, 3.35, 0.95); S5 exhaust 
(0, 3.27, 2.6) 

Air speeds were measured above the mannequin’s head and at the same location 

as gas detectors. Omni-directional anemometers!were!used! to!measure!air!speed!and!

were!recorded!with!a!frequency!of!1!Hz!using!an!instranet!#inetQ100!system. The air 
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speed taken above the air boundary layer adjacent to the liquid sources were also used to 

calculate the mass transfer coefficient for the model as described in section 5.1.1.  

Experiments were used to evaluate the two-zone model. To accomplish this, the 

model was run with the newly calculated inner-zonal air exchange rate and mass transfer 

coefficient from the anemometers. Then, concentrations obtained from the PIDs during 

the experiments were compared to these model results. The comparison of the model and 

experimental data are presented in Section 5.3.  

4.5 QUALITY ASSURANCE PROCEDURES 

Several steps were taken to assure the quality of the experimental results. 

1. Each scenario was performed in triplicate because unpredictable variations 

in concentration and air speed occur due to heterogeneous mixing in the 

chamber.  

2. Air speeds from each experimental scenario were compared to ensure they 

remain constant for each occupant orientation. This is a key confirmation 

of the assumption that the inter-zonal air exchange rate is only influenced 

by the occupant orientation and not the air exchange rate or ventilation 

orientation. 

3. The emission rate calculated using mass transfer theory were checked 

against the gravimetrically-determined emission rate. 

4. A mass closure analysis was performed for each experiment. The 

experimental conditions listed in Table 4, the concentrations measured in 

the exhaust, and the final chamber concentrations were used to calculate 

the fraction of the total mass emitted that was not detected by the PIDs for 

each experiment. The gravimetrically-determined emission rate was used 
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to determine the total mass emitted. The integrated mass flow out of the 

chamber and the mass remaining in the chamber at the end of the 

experiment were subtracted from the total mass emitted. This calculation 

yields the mass that was unaccounted for in the air phase. The ratio of this 

value to the total mass emitted (Equation 10) was 4.3% ± 3.8% (n = 23).  

These results also verify that there were minimal sorption losses to 

surfaces. 

 

 
Equation 10 

 

Where E is the gravimetrically-determined emission rate (µg/hr), t is time 

(hr), V is the volume of the chamber (m3), C is the concentration measured 

in the exhaust of the chamber (or the average concentration of all PIDs in 

the chamber if only four PIDs were available) (µg/m3), and Q is the 

volumetric flow rate of air through the chamber (m3/hr). 

5. Measurement locations were identical for each experiment. 

6. A total of five PIDs were collocated in an environmental chamber after 

calibration. Measurements were within 14% of one another. 

4.6 STATISTICAL ANALYSIS AND UNCERTAINTY  

The primary statistical method for determining if scenarios showed differing 

results was the t-test. Statistical comparisons of different experimental scenarios with 

very small sample sizes (n=3) are difficult, but the t-test supplied more power than non-

parametric methods. The t-test is a method of comparing the means of two samples. For 

all t-tests used in this study, it was assumed that the samples were independent, and were 
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sampled from a normal distribution. Normality was assessed for the total sample size for 

each parameter. The ratio of the skewness and kurtosis to their standard error for the total 

sample for each parameter was between negative two and two. If the sample showed an 

equal variance using the Levenge Test of Homogeneity then a t-test with an equal 

variance assumption was employed. If the sample failed Levenge Test of Homogeneity 

then a t-test without an equal variance assumption was employed. All t-test were one-

tailed because it could be hypothesized whether the parameter should increase or 

decrease depending on the change in scenario. A confidence interval of 97.5% was 

needed for statistical significance. 

Uncertainty was calculated for each individual experiment through propagation of 

instrument error. But, this instrument error did not capture the true variability in the 

experimental results. Fluid flow conditions in the chamber create larger variance then 

instrument uncertainty. To address this uncertainty, the concentrations measured in the 

breathing zone were reported for each experiment (Table 7). The time-dependent 

variability was also presented for the scenario with the largest variation in breathing-zone 

concentrations. Further in real world scenarios occupant movement, ventilation 

conditions, and cleaning product delivery method can each produce more variability in 

results than the instrument uncertainty reported herein. Movement could affect multiple 

parameters. To assess the impact of changing parameters on exposure a sensitivity 

analysis was performed. Results show that concentrations in the breathing zone are most 

sensitive to changes in the inter-zonal air exchange rate (Appendix 6). The inter-zonal air 

exchange rate is expected to change, possibly substantially, with occupant movement, or 

if cleaning were performed under forced ventilation conditions. Thus, results from this 

study may not be applicable under those conditions.   
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Chapter 5: Experimental Results and Discussion 

In this chapter experimental results are presented and discussed in context of 

previous literature and the model developed in the previous chapter. The experimental 

results are divided into two different categories. Results of air speed measurements are 

presented in the first section. These air speed results are used to determine key model 

parameters such as the mass transfer coefficient, inner-zone volume and inter-zonal air 

exchange rate. The results of gas-phase measurements taken in the environmental 

chamber are presented in Section 5.2. These gas-phase concentration results are use to 

characterize human exposure during cleaning tasks and to validate the model presented 

above.  

5.1 MODEL PARAMETERIZATION 

The air speed measurements were taken throughout the experimental program at 

sixteen to twenty-one locations in the chamber. Results were used to define key 

parameters that are not defined in the literature, or for which the literature provides wide 

ranges.  

5.1.1 Mass Transfer Coefficients 

To determine the thickness of the convective boundary layer a series of 

experiments were performed where air speeds were measured at progressively higher 

points above the source (Figure 4). Measurements were taken every centimeter above the 

source to a height of 6 cm to characterize the velocity profile. This is because the primary 

experimental variable used to determine the mass transfer coefficient is the air speed 

above the boundary layer. The velocity profiles were also used to determine the height 

that the air speeds should be measured during the experiments listed in Table 4.  
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Figure 4. Digital image of anemometers used to characterize velocity profile over the 
downstream edge of Source Two 

The velocity profile was characterized in front of, and over, the downstream edge 

of both sources. Each experiment was completed in triplicate. The average air speeds for 

the three triplicate 40 min experiments are presented in Figure 5. Error bars represent the 

standard deviation of each set of triplicate experiments.  

Figure 5 shows that the speed of air above each sources levels off by the fourth 

centimeter of vertical rise. Therefore, mass transfer coefficients based on air speeds were 

measured five centimeters above each source. 

Each source cell has it’s own boundary layer and Reynolds number because air 

speeds can be different at different locations due to occupant movement or the ventilation 

configuration. The maximum Reynolds number was calculated as 3.77 x 103 using 

Equation 8, the air speeds measured above sources from Figure 5, and the characteristic 

length of the source dish. This value is within the laminar regime, so values for the 

laminar mass transfer coefficient were calculated for the model. But, different fluid 

conditions in the room, a different source cell area (characteristic length), or occupant 

movement could cause the flow over the source to become turbulent. If that occurred, the 
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exponents in Equation 7 would need to be changed to the correct values for the turbulent 

mass transfer equation. This could be achieved without major changes to any other part 

of the model. 

As a check for internal consistency, the air speeds presented in Figure 5 were 

substituted into Equation 11 to determine the mass transfer coefficient. This mass transfer 

coefficient was used in Equation 11 to predict the mass emission rate of a pure fluid in 

the absence of back-pressure effects: 

 

 

Figure 5. Velocity profiles over, or in front of, Source One (near body) and Source Two 
(away from body). Low exchange rate indicates 0.84 hr-1 while high air 
exchange rate indicates 3.5 hr-1. Standing heated mannequin present 

 

 Equation 11 

Where, E is the theoretically predicted emission rate (kg/hr), MW is the molecular weight 

of the liquid (g/mol), Kg is the mass transfer coefficient (m/hr), A is the area over which 
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emissions occur (m2), Psat is the saturation vapor pressure (bar), R is the ideal gas constant 

(m3 bar/ mol K), and Tl is the temperature of the liquid (K). 

The saturation vapor pressure was determined using the Antoine’s Equation: 

 

€ 

log10 Psat = A − B
T +C

 Equation 12 

Where A, B and C are Antoine coefficients (5.37229, 1670.409, -40.1910 for ethanol(64)) 

and T is temperature(K). 

Predicted emission rates were compared to the gravimetrically-determined emission rates 

discussed in section 4.4. Although the experiments to measure air speeds, and the 

experiments to measure emissions gravimetrically were performed at two different times, 

they were performed in the same chamber under identical conditions. Thus the 

comparison should be valid. Figure 6 shows the comparison of the theoretical emission 

rates to the gravimetrically-determined emission rates.  

 

 
Figure 6. Comparison of emission rates when derived theoretically from air speeds and 

vapor pressure vs. gravimetrically. Uncertainty bars represent one standard 
deviation 
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Predicted emission rates were lower than the emission rates determined 

gravimetrically for all scenarios; differences between predicted and measured emission 

rates ranged from 12% to 34%. This difference is important because it illustrates that 

relying on the theoretical prediction of the emission rate is the conservative approach 

when modeling exposure.  

5.1.2 Inner-Zone Volume 

To assess the effects of the buoyant thermal plume, the results from each of the 

anemometers were averaged for the three experiments performed for each occupant 

orientation (i.e., standing at both air exchange rates, hands and knees and bent over 45º). 

This yielded 192 thirty-minute average air speeds at points above the mannequin. The air 

speeds for locations between the measurement points were calculated using Matlab’s V4 

interpolation tool. This tool uses a fourth-order numerical method in two directions. The 

resultant air speeds were plotted as contours and surface plots for each occupant 

orientation. 

The contour and surface plots for air speeds 0.25 m above the head of a standing 

heated mannequin facing left are presented in Figure 7 and 8. These experiments were 

performed at an air exchange rate of 0.84 hr-1. The plots show a distinct air speed peak 

directly over the head. Air flowed up the legs and torso, becoming turbulent at the mid 

chest. From there, the plume widened into an inverted cone, growing in radius with 

height. The maximum air speed under these conditions in the plane of the anemometers 

was 0.17 m/s. Rim et al.(60) reported air speeds of 0.20 m/s at the same height above the 

head of a sitting mannequin, and Zukowska et al.(46) reported a maximum air speed of 

0.21 m/s at 0.7 m above the head of a seated mannequin. For this study, the cross-
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sectional area was defined as the area where air speeds were measured above the 

background airspeed at the height of the anemometers (2150 cm2 for these conditions). 

 

 

Figure 7. Air speeds above a standing 
mannequin (m/s), low ACH 

Figure 8. Air speeds above a standing 
mannequin (m/s), low ACH 

Contour and surface plots of the air speeds 0.25 m above the head of a standing 

mannequin facing left are shown in Figure 9 and 10. These experiments were performed 

at an air exchange rate of 3.5 hr-1. The plots show a distinct air speed peak above the head 

similar to the experiments performed at 0.84 hr-1. The maximum air speed under both the 

high and low air exchange rate was 0.17 m/s. The cross-sectional area of the plume at the 

high air exchange rate was 2470 cm2, compared with 2150 cm2 for the low air exchange 

rate, a difference of only13%. Neither the maximum velocity nor the mean velocity 

varied for the two air exchange rates, so it is safe to assume that the cross-sectional area 

would remain the same for the two air exchange rates.  
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Figure 9. Air speeds above a standing 
mannequin (m/s), high ACH 

Figure 10. Air speeds above a standing 
mannequin (m/s), high ACH 

Contour and surface plots of the air speeds 0.25 m above the head of the 

mannequin when it is bent over 45º facing left are shown in Figure 11 and 12. These 

experiments were performed at an air exchange rate of 0.84 hr-1. The plots show two 

distinct air speed peaks. These two peaks were most likely caused by the neck and head 

splitting the air that flowed up the front chest and back of the angled mannequin. The 

maximum air speed under these conditions was 0.18 m/s. Thus, it appears that the 45º 

angle of the mannequin does not affect the magnitude of the peak air speed relative to a 

standing or sitting mannequin. However, the cross-sectional area of the plume in the 

anemometer plane for the bent over mannequin was 1,450 cm2, a decrease of 48% 

relative to the standing mannequin. The angle of the mannequin seems to prevent the 

thermal boundary layer from widening into a cone until higher up the mannequin’s torso, 

thus giving the plume less distance over which to disperse.  
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Figure 11. Air speeds above the mannequin 

bent over 45º (m/s), low ACH 
Figure 12. Air speeds above the mannequin 

bent over 45º (m/s), low ACH 

Contour and surface plots of air speeds 0.25 m above the mannequin when it was 

positioned on hands and knees facing left are shown in Figure 13 and 14 respectively. 

These experiments were performed at an air exchange rate of 0.84 hr-1. The plots show 

two distinct air speed peaks, one over the mannequin’s head and one over the hips. The 

peak above the head was most likely caused by the air that flowed up the front chest and 

back of the torso while the peak over the hips was probably from air flowing up the legs 

and around the waist. The maximum air speed for this orientation was 0.12 m/s, lower 

than a standing or bent over mannequin. The difference in airspeeds was probably due to 

the difference in vertical contact length of the heated surface. For the standing mannequin 

there are 157 cm of vertical heated surface for the air to gain speed, while in the hands 

and knees position there were only 15 cm of vertical contact length. However, the cross-

sectional area of the plume in the anemometer plane for the mannequin on hands and 

knees was twice as big as the cross-sectional area of the plume for the standing 

mannequin. 
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Figure 13. Air speeds above the mannequin 
on its hands and knees (m/s), low 
ACH 

Figure 14. Air speeds above the mannequin 
on its hands and knees (m/s), low 
ACH 

The inner-zone is the volume of air immediately surrounding the occupant. 

Previous researchers have chosen a variety of geometries for the inner-zone, as discussed 

in Section 2.5. Some key differences between this dissertation and previous studies are 

that (1) the pollutant emits in both zones (inner- and outer-), (2) displacement ventilation 

is used, and (3) the mannequin is still. For a still mannequin in quiescent air, the 

predominate driver of airflow around the body is thermal convection. Thus, the thermal 

boundary layer was selected as the intra-zonal boundary. 

To calculate the volume of the inner-zone volume, the thickness of the boundary 

layer at different points on the body was added to the dimensions of the body. Lewis et 

al.(63) described the boundary layer around a body using a Schlieren optical system. They 

described the thermal boundary layer as 3 cm thick at knee height and 5 cm thick at mid-

chest, then widening into an inverted cone due to turbulence as the air flowed above the 

head. This description was simplified to a model shape of an elliptical prism from the 

floor to mid-chest height transitioning to an inverted conical frustum. The volume of the 

occupant was then subtracted; the volume of the occupant was assumed to be 70 L as 

derived from a 70 kg standard human with an assumed density of water.  
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The volumes of the inner-zone for each of the occupant orientations are 

summarized in Table 5. The volumes for the two standing mannequins are nearly 

identical, indicating that the air exchange rate does not affect the inner-zonal volume. 

Thus, when using the two-zone model, it is safe to neglect the air exchange rate when 

selecting the inner-zonal volume.  

While air exchange rate can be neglected when selecting the inner-zonal volume, 

the occupant’s body orientation cannot be ignored. As Table 5 shows, the inner-zonal 

volume can change by as much as 29% because of the occupant’s orientation.  

Table 5. Summary of inner-zone cross-sectional area and volume 

Occupant Position 
Cross-Sectional 

Anemometer Area  
Inner-Zonal 

Volume 
 cm2 m3 

Standing (0.84 hr-1) 2450 0.17 
Standing (3.5 hr-1) 2470 0.17 
Hands and Knees 4370 0.15 
Bent over 45º 1450 0.12 

5.1.3 Inter-Zonal Air Exchange Rate 

The inter-zonal air exchange rate represents the flow of air between the inner- and 

outer-zones. In general, the air exchange rate is the volumetric flow rate through a space 

divided by the volume of the space. As discussed in section 2.5, previous researchers 

have calculated the flow rate between the two zones and the inner-zonal volume in a 

variety of ways. For this study, buoyancy was the primary driving force for the flow 

through the inner-zone, so the air speeds in the thermal plume were used to calculate the 

flow rate between the zones. 

To calculate the inter-zonal air exchange rate, an array of anemometers was 

placed on a plane 0.25 m above the mannequin to measure the speed of air exiting the 
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inner zone. Only air speeds higher than the background air speed (0.05 m/s) were 

considered. The array of anemometers also provided the cross-sectional area of the top of 

the inner-zone. This area was used in conjunction with the mannequin’s physical 

dimensions and thermal boundary layer data to calculate the volume of the inner-zone. 

The cross-sectional area of the inner-zone was also multiplied by the integrated air speed 

of the anemometers to calculate the volumetric flow rate of air exiting the inner-zone. 

The error from the instruments (± 0.005 m/s) could not be propagated across the 

MATLAB interpolation tool. If this error were applied uniformly across the top of the 

inner-zone without changing its shape, it would lead to an approximate error of 0.025% 

in the inter-zonal air exchange rate. However, if the anemometers were reading arbitrarily 

low air speeds in error, then the inner-zonal volume would be arbitrarily smaller because 

the cross-sectional area of air speeds on the interpolated surface above the head would 

have a smaller shape. The opposite would be true if the anemometers were reading 

arbitrarily high in error. This however is only a minor source of error. The major source 

of uncertainty in this work comes from the assumptions of shape/volume of the inner-

zone, and the changes that would result from occupant movement.  

The inter-zonal air exchange rates for each of the occupant orientations are shown 

in Table 6. The integrated air speeds in the anemometer plane were the same for the first 

three orientations. But the cross-sectional areas differed for the standing and hands and 

knees case. The difference in cross-sectional area produced a greater volumetric flow 

rate. The inter-zonal air exchange rate is the volumetric flow rate normalized by the 

volume, so the higher volumetric flow rate for the hands and knees case produced an 

inter-zonal air exchange rate that exceeded the base case by a factor of two. 
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Table 6. Summary of inter-zonal air exchange rates 

Occupant Position 

Cross-Sectional 
Anemometer 

Area  

Inner-
Zonal 

Volume 

Inter-zonal 
Air Exchange 

Rate 
 cm2 m3 hr-1 

Standing (0.84 hr-1) 2450 0.17 933 
Standing (3.5 hr-1) 2470 0.17 923 
Hands and Knees 4370 0.15 1861 
Bent over 45º 1450 0.12 1065 

Results presented here are consistent with theoretical and previously measured air 

speeds above the head of mannequins (52, 54, 60, 65). Assuming that Rim and Novoselac’s(60) 

anemometer array had a cross-sectional area of 0.2 m2 and an inner-zonal volume of 0.1 

m3,  their study would have had an inner-zonal air exchange rate of 1520 hr-1. This value 

appears to indicate that as the body extends from hands and knees to sitting to standing 

there is a near linear increase in the inter-zonal air exchange rate. 

5.2 GAS-PHASE CONCENTRATIONS 

The results of the gas-phase measurements from chamber experiments are 

analyzed and discussed in this section. Concentrations measured in the breathing-zone of 

the mannequin were compared to several other parameters, (e.g., concentrations 

measured in the outer-zone, concentrations predicted by the well-mixed model, and 

concentrations predicted by the two zone model). Intake fractions and emission rates 

were also calculated and are discussed in this section. 

5.2.1 Personal Cloud Effect  

The personal cloud effect is well documented in the literature and involves 

concentrations near the body being higher than elsewhere in the bulk space (Section 2.4). 

Possible explanations for the personal cloud effect are that people situate themselves 

closer to sources of pollution and that the thermal plume delivers pollutants to the 
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occupant. The personal cloud effect was investigated through a series of experiments 

comparing concentrations near a thermal mannequin’s breathing-zone to concentrations 

in the bulk space of an environmentally-controlled chamber. 

5.2.1.1 Transient Gas-phase Concentrations 

Time dependant experimental data provided information on the level of inhalation 

exposure and the spatial pollutant distribution around the body. Gas-phase concentrations 

of ethanol were measured simultaneously at four or five locations in the chamber (Figure 

3). Monitor 1 was used to sample in the breathing-zone as defined by Rim and 

Novoselac(65). Monitor 2 was used to sample at the breathing-zone height but 1.3 m to the 

mannequin’s left. Monitor 3 was located 1.6 m in front of the mannequin at breathing-

zone height. Monitor 4 was located along the front centerline 1 cm away of the 

mannequin at waist height; this is inside the boundary layer. Monitor 5 was located in the 

chamber exhaust.  

A summary of 23 experiments involving a thermal mannequin and liquid sources 

is presented in Table 7. The average concentrations and standard deviation are 

approximate indicators of concentration throughout the chamber and/or homogeneity, but 

do not provide a complete description, as they are spatially specific. Thirty minutes was 

chosen for normalization because that is the length of the shortest experiment and the 

length of a typical cleaning event. Transient results for all chamber experiments are 

included in Appendix 5; selected results are presented and discussed here. 

For all experiments, the liquid ethanol was gently introduced into the source trays 

at time zero and the first reported concentration was at one minute. The concentration in 

the inner-zone tended to rise quickly while the concentration in the outer-zone lagged 

behind. For the low air exchange experiments, the outer-zone monitors took five to 
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fifteen minutes before reading any concentration at the beginning of the experiment. The 

high air exchange experiments only took two to three minutes. This indicated that the 

delay observed in the outer-zone relates to the mixing intensity (mixing time) in the 

chamber. Transient results are reported for the entire length of the experiment. However, 

since experiments differed in length the results were truncated after thirty minutes for the 

integrated analysis in the next section. This was done to assure that the delay due to 

mixing had a consistent proportional influence on for each experiment.  

For Scenario A, The mean time-integrated concentration in the breathing-zone 

was 2.6 (range = 2.0 to 3.1; n = 3) times higher than the time-integrated concentration in 

the outer-zone. This agrees with previous studies for which concentrations from 

personalized monitors exceeded concentrations from centralized monitors by a factor of 

1.2-3.3 (35, 38, 48). Also, the concentrations at the two monitor locations in the inner-zone 

(S1 and S4) were within instrument uncertainty (± 2 ppm or ± 10% of reading) at least 

half the time for all three experiments. The same was true for the two monitors in the 

outer-zone (S2 and S3), even though they were placed 2.1 m apart in the chamber. The 

concentration in the outer-zone never exceeded the concentration in the inner-zone for 

any of the experiments in this scenario (Experiments A1 – A3).  
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Table 7. Summary of gas-phase experiments 

 

Experimental results for time-varying ethanol concentrations for Experiment A1 

are presented in Figure 15. This experiment is a representative example of the three 

experiments performed with a standing mannequin at the low air exchange rate with only 

Exp 
No. Date λ Position Etot T No. of 

Sources Time No. of 
PIDs

Breathing-zone 
Conc at T=30

Mean Conc 
at T=30

StDev at 
T=30

(hr-1) (mg/min) ( C) (min) (ppm) (ppm) (ppm)
A1 3/25 0.84 Stand 506 18.1 1 64 4 174 98.5 60
A2 3/25 0.84 Stand 533 18.2 1 35 4 175 98.6 53.8
A3 3/25 0.84 Stand 544 18.4 1 38 4 156 106 29.9
B1 4/26 0.84 Stand 1009 - 2 50 5 405 292 181
B2 3/29 0.84 Stand - 17.5 2 43 4 281 271 105
B3 3/29 0.84 Stand - 20.1 2 43 4 265 279 149
B4 3/29 0.84 Stand - 22.5 2 41 4 278 244 67.2
B5 4/26 0.84 Stand 1209 - 2 30 - - - -
B6 4/26 0.84 Stand 1189 - 2 35 - - - -
B7 4/26 0.84 Stand 1172 - 2 38 - - - -
C1 3/30 3.5 Stand 1422 20.8 1 35 4 117 133 16.6
C2 3/30 3.5 Stand 1038 20.9 1 52 4 129 146 14.1
C3 4/13 3.5 Stand 1364 21.9 1 34 5 166 172 30.9
D1 4/6 3.5 Stand 2433 21.4 2 30 4 268 316 70.7
D2 4/14 3.5 Stand 2613 - 2 42 5 327 371 174
D3 4/14 3.5 Stand 2703 - 2 42 5 328 411 236
D4 4/13 3.5 Stand 2621 21.5 2 37 5 376 339 97.5
E1 5/11 0.84 45º 724 - 1 30 5 212 149 28.9
E2 5/13 0.84 45º 750 - 1 30 4 202 123 17.4
E3 5/13 0.84 45º 672 - 1 33 5 194 155 57.6
F1 5/22 0.84 H&N 714 - 1 30 4 216 173 45
F2 5/22 0.84 H&N 661 - 1 32 4 213 163 46
F3 5/23 0.84 H&N 725 - 1 32 4 142 140 44.6

Exp No.: letter indicates scenario, and number indicates the replicate
Etot: total ethanol emission during experiment
T: air temperature at start of experiment
Time: total duration of each experiment
Breathing-zone Conc at T=30: concentration measures ar S1 during each experiment
Mean Conc at T=30: mean of all monitors in chamber at minute thirty
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one source present.  This scenario was treated as the base case (Experiments A1 - A3). 

The results from all other experimental scenarios were compared to this scenario.  

 

 
Figure 15. Ethanol concentration during Experiment A1. S1 was located in the 

mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s 
waist 

Experiments B1-B4 were performed with a standing mannequin and two sources 

in a chamber at the low air exchange rate. These conditions were the same as 

Experiments A1-A3 except for the addition of another identical liquid source. As 

expected, the addition of this source increased the concentrations in the chamber by 

approximately a factor of two. But, the increase was not consistent for each sampling 

location and also varied over the experimental run. Results from Experiment B1 are 

presented in Figure 16. These results were close to what was expected. Results for 

experiment B1 show the clearest delineation between the inner and outer-zones of all the 

experiments performed for Scenario B. It was also the only experiment in this scenario 

set for which the monitor in the exhaust (S5) was available. Surprisingly, the 

!
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concentration at sampling point 2 (to the mannequin’s left) followed the curve for the 

other two sampling locations in the outer-zone (S3 & S5) for the first fifteen minutes. 

Then the concentration at S2 rapidly increased to the inner-zone concentration in a matter 

of five minutes where it remained for the rest of the experiment. This is most likely due 

to heterogeneous mixing e.g., an eddy in the chamber created by the thermal plume being 

pulled to the mannequin’s left by the exhaust at the ceiling of the chamber directly to the 

mannequin’s left.  

 

 
Figure 16. Ethanol concentration during experiment B1. S1 was located in the 

mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, S4 was located at the mannequin’s waist, 
and S5 was located in the chamber exhaust 

There was not the same consistency between the four experiments performed with 

two sources as there was between the three experiments performed with just one source. 

For Experiments B2-B4, the concentration in the breathing-zone (S1) was lower than the 
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concentration at the waist (S4) and sometimes, especially near the beginning of the 

experiment, it was lower than the concentration at S2. The readings from the sampling 

locations in the outer-zone did not agree with each other, differing by a factor of four at 

some timestamps. Furthermore, the peak concentration was recorded at a different 

sampling location for each of the four experiments. This variation was due to 

heterogeneous mixing in the chamber. 

But there was some meaningful agreement between Experiments B1-B4. The 

concentrations recorded at S3 (in front of, and upwind of the mannequin) were the lowest 

throughout all four experiments. And, the average concentration in the chamber at the 

end of each individual experiment ranges from 287 ppm-309 ppm.  

The air exchange rate for Scenario C was four times higher than the base case. At 

3.5 hr-1, this air exchange rate represented a cleaning scenario in a very leaky house or in 

a room with forced ventilation, such as an exhaust fan. The higher air exchange rate 

caused the concentration in the chamber to be more homogeneous than at the low air 

exchange rate (Figure 17). Although the breathing-zone monitor recorded the lowest 

concentrations, by fifteen minutes into the experiment its concentration was within the 

margin of error of three other monitoring sites. The experiments were also more 

consistent with each other. In all three replicates the monitors showed little variation 

throughout the chamber. The standard deviation at minute thirty of all thirteen monitors 

used in Experiments C1-C3 was only 25 ppm (mean concentration = 161 ppm). 

Experiments D1-D4 differed from the base case by both their air exchange rates 

and the number of sources that were present. While the mannequin was still in a standing 

position for the experiments, the air exchange rate was 3.5 hr-1 and there were two 

sources present. Figure 18 shows the results from Experiment D1. The defining 

characteristic of all the experiments conducted under Scenario D was a substantially 
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higher concentration at monitor S2 (to the mannequin’s left). This same phenomenon was 

observed in Scenario C to a lesser extent. All other monitors were very close to each 

other and reached steady state in about 15 minutes, much faster than expected.  

 

 
Figure 17. Ethanol concentration during Experiment C1. S1 was located in the 

mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s 
waist  

The most surprising result out of Scenario D was it’s comparisons to Scenario B. 

Both Scenario’s D and B had two sources but the air exchange rate for scenario D was 

about three times higher. Nonetheless, concentrations in Scenario D were higher than in 

Scenario B. This indicated that the emission rates for the two scenarios could not have 

been constant. As discussed in section 5.1.1, the airflow over source two with the high air 
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exchange rate must have caused an elevated emission rate from that source. When 

Scenario D was compared with Scenario C (constant air exchange) the comparison 

became more appropriate because the chamber was under similar flow patterns. The 

difference between these two scenarios was the number of sources. Theory dictates that if 

the number of sources is doubled, then the well-mixed chamber concentration at steady 

state will also double. While the experiment did not reach steady state, the concentrations 

at 30 min in Scenario D were 1.8 to 3.0 times higher than the concentrations in Scenario 

C.  

 

 
Figure 18. Ethanol concentrations for Experiments D1. S1 was located in the 

mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s 
waist  

The difference between Scenario E and the base case was the orientation of the 

occupant. In the base case the mannequin was in a standing position while in Scenario E 

the mannequin was arranged in a standing posture with the torso bent 45º from vertical as 

seen in Figure 2. Figure 19 shows the time varying concentration profiles for Experiment 
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E1. Since the environmental conditions between Scenarios E and A were similar, the 

resultant concentration profiles were similar as well.  

 

 
Figure 19. Ethanol concentrations for Experiment E1. S1 was located in the mannequin’s 

breathing-zone, S2 was located to the mannequin’s left, S3 was located in 
front of the mannequin, S4 was located at the mannequin’s waist, and S5 was 
located in the chamber exhaust 

The difference between the base case and Scenario F was the orientation of the 

occupant. In Scenario F the mannequin was arranged in a hands and knees position as 

presented in Figure 2. The concentration in the breathing-zone (S1) was elevated above 

the other monitors (Figure 20). This was observed in two of the three replicates. For the 

other replicate (F3), monitor S2 (to the mannequin’s left) had the highest concentration. 

The phenomenon of S2 recording the highest concentrations was seen in several other 

experiments and probably had to do with the configuration of the exhaust vent in the 

chamber. That the breathing-zone concentration was highest is important because that 

means that the exposure to the occupant was above what would have been predicted by a 

centralized monitor. The average concentration in the chamber 30 minutes into the 
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experiment was similar for Scenarios E and F, even though the breathing-zone monitor 

(S1) was significantly closer to the source (because of the body position) in Scenario F.  

 

 
Figure 20. Ethanol concentrations for Experiment F1. S1 was located in the mannequin’s 

breathing-zone, S2 was located to the mannequin’s left, S3 was located in 
front of the mannequin, and S4 was located at the mannequin’s waist 

Across all 20 transient experiments, the concentration in the breathing-zone had 

the highest concentration amongst the sensors in only six experiments. But, the 

concentration in the inner-zone (S1 or S4) was highest in 14 of the experiments. The 

highest concentration observed in any of the experiments was 956 ppm for Experiment 

D3 at sampling location S2. Scenario D had consistently higher concentrations than 

expected relative to the other scenarios. Elevated concentrations at location S2 could 

have been caused by the distinct flow characteristics of the chamber. These differences 

were not due to instrument uncertainty but resulted from unpredictable changes in the air 

flow pattern in the chamber. To illustrate the variability in results due to airflow in the 

chamber the breathing-zone concentrations measured in Experiments B1 and B3 were 
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plotted against each other (Figure 21). These two experiments were chosen because their 

breathing-zone concentrations differed the most within the same scenario. 

 
Figure 21. Breathing-zone concentrations of experiment B1 and B3 

Across the transient experiments, increasing the air exchange rate caused all of 

the concentration curves to converge toward the well-mixed result. It appears that the 

added ventilation provided enough momentum to the chamber to thoroughly mix the 

space. 

The number of sources present had a strong influence on concentrations. At the 

low air exchange rate, doubling the number of sources roughly doubled the emission rate; 

and therefore roughly doubled the concentration observed at thirty minutes. At the high 

air exchange rate, doubling the number of sources increased the concentration at 30 

minutes by an average factor of 2.6; the emission rate increased by an average factor of 

2.4. The increased emission rate is most likely due to the higher air flow rates over the 
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liquid source, which was located on the ground 1.75 m in front of the displacement 

plenum. 

5.2.1.2 Time Integrated Gas-phase Results 

While transient results are valuable for analyzing peak concentrations and small-

scale fluid dynamic phenomena around the body, time integrated results are needed to 

assess longer-term phenomena and to compare results of this study to previous 

monitoring studies. 

Results of each of the monitors for the first thirty minutes of each experiment 

presented in Table 7 were time-integrated to calculate the ratios presented in this section. 

Each integrated value was then used in Equation 13 through 15. 

The ratio of the concentration in the breathing-zone to the concentration in the 

outer-zone is presented in Equation 13: 
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 Equation 13 

Where Cbz is the concentration in the breathing-zone (μg/m3), Cout is the concentration in 

the outer-zone (μg/m3), and S1, S2, S3, and S5 are concentrations measured at locations 

described in Figure 3 (μg/m3). An over-mark indicates an average. The PID in the 

exhaust was used as the outer-zone concentration when it was available. Otherwise the 

outer-zone concentration was calculated as the average of the two monitors placed in the 

outer-zone. In this case, an average can be used in place of integration because the time 

step is constant.  

The ratio of the concentration measured in the breathing-zone to concentration in 

the inner-zone predicted using the two-zone model is presented in Equation 14: 
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Equation 14 

Where Cin is the concentration in the inner-zone determined by the two-zone model run 

under the experimental conditions (μg/m3), and S1 is the concentration measured in the 

breathing-zone (μg/m3). 

The ratio of concentration measured in the breathing-zone to the concentrations 

predicted by the well-mixed model is presented in Equation 15: 
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Where Cwm is the concentration predicted by the well-mixed model run under the 

experimental conditions (μg/m3), and S1 is the concentration measured in the breathing-

zone (μg/m3). 

The ratio of the integrated concentration measured in the breathing-zone to the 

integrated concentration measured in the bulk space of the chamber (Cb/Cout; Equation 13) 

for the experiments in Table 7 are presented in Figure 22. When this ratio is greater than 

one, the concentration in the breathing-zone is greater than the concentration measured in 

the bulk space of the chamber. If a centralized monitor in the bulk space under these 

conditions was used as a surrogate for exposure (breathing-zone concentrations), the 

exposure of the occupant would be underpredicted by the factor of the ratio. In 17 of the 

18 experiments the ratio was greater than one (Figure 22). The maximum value of the 

ratio (6.06 ± 0.07) is for the base case (standing mannequin with one source at the low air 

exchange rate). The minimum value of the ratio (0.87 ± 0.02) is for a standing mannequin 
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with one source at the high air exchange rate. The mean ratio over all 18 experiments was 

2.07 (σ = 1.25). 

 

 

Figure 22. Ratio of the integrated concentration in the breathing-zone to the integrated 
concentration in the outer-zone 

The influence of the air exchange rate on the ratio of the integrated concentration 

measured in the breathing-zone to the integrated concentration measured in the bulk 

airspace is shown in Figure 23. The mean ratio ranged from 4.28 (σ = 1.60) at the low air 

exchange rate to 1.06 (σ = 0.21) at the high air exchange rate. The average ratio for the 

low air exchange rate is statistically higher than the average ratio at the low air exchange 

rate (one tailed t-test; p = 0.024; α = 0.025). Higher air exchanges rates result in more 

homogenous concentrations due to more extensive mixing of the outer-zone and more 

mixing between the outer- and inner-zones. The results show that a centralized room 

monitor would be a good predictor of exposure for an occupant in a room at high air 



 71 

exchange rates while the centralized monitor would underestimate exposure at low air 

exchange rates. 

 

 

Figure 23. Ratio of integrated concentration in the breathing-zone to the integrated 
concentration in the outer-zone for the standing mannequin with one source at 
both air exchange rates. Each bar represents results from a single experiment. 
Replicates within each scenario are arranged in chronological order 

Figure 24 shows the influence of the number of sources on the ratio of the 

integrated concentration measured in the breathing-zone to the integrated concentration 

measured in the bulk space. The average ratio for scenarios when one source is present 

was 1.06 (σ = 0.21) while the average ratio for scenarios with two sources present was 

1.79 (σ = 0.27). The average ratio for the scenarios with two sources is statistically higher 

(one tailed t-test; p = 0.068; α = 0.025).  
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These results also help to distinguish the differing effects of the thermal plume 

and proximity. If proximity were the primary driver of the ratio, then the ratio with two 

sources should be closer to unity because there is a source in the outer-zone driving the 

bulk space concentration towards elevated concentration found in the inner-zone. But 

even when there is a second source present the ratio is greater than unity, because the 

thermal plume entrains the pollutants from the outer-zone and delivers them to the 

breathing-zone. It is also possible that the pollutant is delivered to the thermal mannequin 

by airflow from the diffuser since the second source is upwind of the mannequin. 

Unfortunately, the exact flow field of the chamber was not determined.  

The influence of the occupant body position on the ratio of the integrated 

concentration measured in the breathing-zone to the integrated concentration measured in 

the bulk space is presented in Figure 25. The ratios for the standing case, the 45° case, 

and the hands and knees case, respectively, are 4.28 (σ = 1.60), 2.40 (σ = 0.54), and 1.52 

(σ = 0.14). As the mannequin was lowered from standing to bent over 45°, to all the way 

down on hands and knees, the ratio of the concentration in the breathing-zone to the 

concentration in the bulk space decreases, but not significantly (largest difference was 

between standing and hands and knees; p = 0.0533; α = 0.025). This is counterintuitive 

because at lower positions the breathing-zone is closer to the source.  
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Figure 24. Ratio of integrated concentration in the breathing-zone to the integrated 
concentration in the outer-zone for the standing mannequin at the air exchange 
rate with one and two sources. Each bar represents results from a single 
experiment. Replicates within each scenario are arranged in chronological 
order 

The lack of a relationship between the ratio and proximity to the source provides 

further evidence that the near-source effect is caused by more than just proximity, but 

also by flow characteristics around the body. The competing influences of proximal 

effects and the thermal plume can de described by the anemometer results (Table 6), that 

show that the inter-zonal air exchange rate for the hands and knees case is twice as high 

as the inter zonal air exchange rate for the standing case. The lower inter-zonal air 

exchange rate for the standing case caused an elevation in concentration in the inner-zone 

that competed with the decreased proximity. This leads to an insignificant difference 

between the scenarios (p = 0.128; α = 0.025) 
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Figure 25. Ratio of integrated concentration in the breathing-zone to the integrated 

concentration in the outer-zone for the standing mannequin at the low air 
exchange rate with one source and all the occupant orientations. Each bar 
represents results from a single experiment. Replicates within each scenario 
are arranged in chronological order 

The ratio of the concentration in the breathing-zone to the concentration predicted 

by the well-mixed model (Cb/Cwm; Equation 15) is a metric that indicates the degree to 

which the common well-mixed model underpredicts exposure. The closer this ratio is to 

unity, the better the well-mixed model predicts exposure. Scenarios for which the well-

mixed model underpredicts exposure have ratios that are greater than unity. Inversely, 

scenarios for which the well-mixed model overpredicts exposure have ratios that are less 

than one. The ratio can be thought of as a correction factor for exposure predictions that 

are based on the well-mixed model. Baughman et al(66) indicated that once all the 

monitors in a space yielded results within 10% of each other, it is safe to assume that the 

space is well-mixed, this is also standard for ASTM E741. Thus, it would still be safe to 
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assume that the chamber was well-mixed for ratios between 0.9 and 1.1. When the well-

mixed model is appropriate, it should be used as the default for its simplicity of use. 

The well-mixed model underpredicts exposure in 17 out of 18 experiments. 

Fifteen of the experiments had a ratio higher than 1.1. The well-mixed model 

underpredicted exposure by a factor of at least two in three of the experiments. The ratio 

between the concentrations measured in the breathing-zone and the concentration 

predicted by the well-mixed model is less than the ratio between the concentrations 

measured in the breathing-zone and concentrations measured in the outer-zone.  This is 

because the concentrations predicted by the well-mixed model are higher than those 

measured in the chamber at the same timestamps. The most likely explanation for this is 

that the outer-zone was not instantaneously well-mixed, as the model assumes, and 

monitors were not in locations that were impacted by the source plume. The transient 

results show a lag time before the concentrations at the monitors in the outer-zone began 

to rise, while the concentrations in the inner-zone spike immediately. 

Figure 26 shows the influence of the air exchange rate on Cb/Cwm. The average 

ratio of the three experiments for the lower air exchange rate is 1.54 (σ = 0.45), while the 

average ratio of the three experiments at the high air exchange rate is 0.99 (σ = 0.27). As 

expected, these results indicate that higher air exchange rates result in more mixing, 

which destroys the thermal plume and breaks down the boundary between the inner- and 

outer-zone. 
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Figure 26. Ratio of integrated concentration in the breathing-zone to the integrated 
concentration predicted by the well-mixed model for the standing mannequin 
with one source at both air exchange rates. Each bar represents results from a 
single experiment. Replicates within each scenario are arranged in 
chronological order 

Figure 27 shows the influence of doubling the number of sources on the ratio of 

the breathing-zone concentrations to the concentrations predicted by the well-mixed 

model at a high air exchange rate. The average ratio for the three experiments conducted 

with one source present is 0.99 (σ = 0.27), while the average of the three experiments 

conducted with two sources present is 1.52 (σ = 0.033). A similar result is reported in 

Figure 24. The higher ratio for two sources was most likely caused by non0homogeneous 

mixing the in the chamber. It appears that the pollutant was delivered to the thermal 

mannequin by airflow from the diffuser since the second source is upwind of the 

mannequin.  
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Figure 27. Ratio of integrated concentrations in the breathing-zone to the integrated 
concentration predicted using the well-mixed model for the standing 
mannequin at the high air exchange rate with one and two sources. Each bar 
represents results from a single experiment. Replicates within each scenario 
are arranged in chronological order 

Figure 28 shows the influence of the body position of a person engaged in 

cleaning on the ratio of the breathing-zone concentration to the concentration predicted 

by the well-mixed model. The average ratio for the three experiments with a standing 

mannequin was 1.54 (σ = 0.46). The average ratio (Cb/Cwm) for the three experiments 

with a mannequin bent over 45° was 1.88 (σ = 0.23). The average ratio for the three 

experiments with a mannequin positioned on its hands and knees was 1.73 (σ = 0.15). 

While all of these results show a ratio of greater than 1.0 they indicate that the occupant’s 

orientation does not have an influence on the ratio of the breathing-zone concentration to 

the concentration predicted by the well-mixed model (p = 0.66; α = 0.05). Therefore, if it 
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is appropriate to use the well-mixed model for one occupant orientation it may be 

appropriate to use the well-mixed model under the same airflow conditions for different 

occupant orientations. 
 

 

Figure 28. Ratio of integrated concentrations in the breathing-zone to the integrated 
concentration predicted using the well-mixed model for the low air exchange 
rate with one and two sources for all three body positions. Each bar represents 
results from a single experiment. Replicates within each scenario are arranged 
in chronological order 

Ratios involving concentration in the breathing-zone do not increase as the 

breathing-zone is moved closer to the source, indicating that the near-source effect is 

caused by something other than just proximity. The most likely cause is air flow patterns 

associated with the thermal plume. Also, the occupant orientation does not affect the 

ratios of the concentrations in the breathing-zone to other areas. Thus, decisions about 
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which model to select should be made based on ventilation conditions and not body 

orientation. Finally, the comparisons between these ratios confirm that the outer-zone is 

not instantaneously mixed. There is a lag time before the bulk space becomes mixed. This 

was shown in the transient and integrated results. 

5.2.2 Ethanol Emission Rates  

While emission rates can be calculated using the airspeed above the source and 

the vapor pressure (section 5.1.1), all emission rates of ethanol reported in this section 

were measured gravimetrically by weighing the ethanol sources at the beginning and end 

of each experiment. Descriptions of the sources are presented in Chapter 4. 

The emission rate is a key factor for calculating human exposure. Generally, the 

higher the emission rate, the higher the exposure. However, as discussed above, other 

factors such as the location of the source and the air exchange rate also influence 

exposure. Emission rates were measured for eighteen experiments. The maximum 

emission rate was recorded with a standing mannequin at the high air exchange rate with 

two sources present (2,703 mg/min) (Figure 29). The average emission rate for Source 

One (near body) over all the low air exchange rate scenarios was 648 mg/min (σ = 94 

mg/min; n = 12), while the average emission rate for the scenario with the low air 

exchange rate with two sources present was 1190 mg/min (σ = 18 mg/min). These results 

were expected; doubling the number of sources doubles the emission rate. The same 

results hold true for the high air exchange rate.  

Another important characteristic of Figure 29 is the consistency of triplicate 

results for each scenario. While the concentrations at various points in the chamber varied 

from experiment to experiment, the emission rate remained similar for each scenario, 

with the exception of the high air exchange rate with one source present. The error is also 
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very small for each experiment. In relative terms, the errors averaged only 4% of the 

emission rates. 

 
Figure 29. Emission rate for chamber experiments. Uncertainty bounds represent 

instrument uncertainty propagated through calculation. Each bar represents 
results from a single experiment. Replicates within each scenario are arranged 
in chronological order 

Figure 30 shows the influence of the number of sources present on the emission 

rate. As can be seen, the average emission rate for the scenario at the high air exchange 

rate with one source is 1270 mg/min (σ = 207 mg/min) while the average emission rate 

for the scenario with two sources is roughly double (2645 mg/min; σ = 50 mg/min). Since 

the sources were the same (ethanol) and had the same surface area, the emission rate 

should scale with the number of sources present. 
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Figure 30. Emission rate for one and two sources. Each bar represents results from a 

single experiment. Replicates within each scenario are arranged in 
chronological order 

Figure 31 shows the influence of varying the air exchange rate on the emission 

rate. As can be seen, the average emission rate of the three replicates at the low air 

exchange rate was 528 mg/min (σ = 20) while the average emission rate for the high air 

exchange rate was 1274 mg/min (σ = 207). Under buoyancy driven flow it would be 

expected that these emission rates would be the same. But the anemometers show that the 

air speeds over Source Two (away from body) are higher for the high air exchange rate. 

Thus, the emission rate is higher (p = 0.0034; α = 0.025). Another phenomenon of this 

higher airflow is increased heterogeneous mixing which leads to more variation in the 

emission from replicate to replicate at the high air exchange rate. 
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Figure 31. Emission rate for varying air exchange rates. Each bar represents results from 

a single experiment. Replicates within each scenario are arranged in 
chronological order 

5.2.3 Intake Fractions 

The influence of incomplete mixing on intake fraction (iF) has been identified as 

an important research need(67). This dissertation fills this research gap by determining 

intake fractions based on tracer pollutant releases in a controlled environmental chamber. 

The intake fraction quantifies the emissions-to-intake relationship. The intake 

fraction is defined as the integrated intake of a pollutant occurring over a given exposure 

time per unit of pollutant emitted(68) (Equation 16): 
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Etot

 Equation 16 
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Where Minh is the mass inhaled over the period of interest (µg), Etot is the total mass 

emitted over the period of interest (µg), Qb is the breathing rate (m3/hr), and C is the 

breathing-zone concentration (µg/m3).  

In this dissertation, the period of interest was the first thirty minutes of the 

experiment. The concentration measured in the breathing-zone was used for the 

concentration inhaled. This concentration was integrated over the first thirty minutes of 

the experiments and multiplied by the volume of air inhaled during that period. The 

breathing rate of the average 16 - 40 year old doing moderate intensity activity (27 

L/min)(69) was used. This calculation yields the mass of the pollutant inhaled. The mass of 

the pollutant inhaled was divided by the mass emitted. The mass emitted was calculated 

by multiplying the average gravimetrically-determined emission rate for the entire 

experiment by thirty minutes.  

Intake fractions were calculated for fifteen experiments (Figure 32). The intake 

fractions for the low air exchange rate with two sources (Scenario B) had to be estimated 

from the average mass inhaled in the four experiments where concentration was 

measured (B1 and B5 – B7) and the average mass emitted in the three experiments where 

the emission rate was measured (B2 – B4). The average intake fraction over all fifteen 

experiments was 7.10 x10^-3 (σ = 2.95 x10^-3). The highest intake fraction was for the 

scenario with the mannequin bending over 45 º at the low air exchange rate with only one 

source present (11.5 x10^-3; σ = 2.99 x10^-3). The lowest intake fraction was 2.06 x10^-

3 (σ = 0.276 x10^-3) for the standing mannequin at the high air exchange rate with one 

source present. These results were expected because a higher air exchange rate destroys 

the thermal plume, and reduces transport of the pollutant to the breathing-zone.  
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Figure 32. Intake fractions for all scenarios. Each bar represents results from a single 

experiment. Replicates within each scenario are arranged in chronological 
order 
* = scenario where emission rates were not simultaneously measured with 
gaseous concentrations. iF calculated from average breathing-zone 
concentration and average emission rate 

Figure 33 shows the influence of the number of sources on the iF. The average iF 

for scenarios with two sources present is 5.64 x10^-3 (σ = 5.57 x10^-5) while the average 

iF for scenarios with one source present is 2.97 x10^-3 (σ = 1.22 x10^-3). Under truly 

well-mixed conditions the iF would not be affected by the number of sources present 

because the increased mass inhaled would be normalized by the increased mass emitted. 

Using a one tailed t-test, the iF for the scenario with two sources is statistically higher 

than the iF for the scenario with one source (p = 0.0195; α = 0.025). The scenario with 

one source was expected to have a higher iF because the source was closer to the 

occupant, causing more of the pollutant to be become entrained in the thermal plume and 
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be drawn into the breathing-zone. This surprising result was most likely caused by the 

emissions of the second source being transported to the mannequin by a stream of cold 

air running along the floor from the increased ventilation. 

 

 
Figure 33. Intake fractions for varying number of sources. Each bar represents results 

from a single experiment. Replicates within each scenario are arranged in 
chronological order 

Figure 34 shows the influence of the occupant orientation on the intake fraction. 

The average intake fractions for the three replicates of the standing mannequin, 

mannequin bent over 45º, and the mannequin on hands and knees were 8.16 x10^-3 (σ = 

2.39 x10^-3), 9.94 x10^-3 (σ = 1.22 x10^-3) and 9.13 x10^-3 (σ = 2.70 x10^-3) 

respectively. These results indicate that occupant orientation does not have a statistically 

significant effect on the intake fraction (p = 0.314; α = 0.05); if using the iF and emission 

rate to calculate exposure, the occupant orientation can be neglected. 
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Figure 34. Intake fraction for different occupant orientations. Each bar represents results 

from a single experiment. Replicates within each scenario are arranged in 
chronological order 

The air exchange rate also affects the intake fraction. When the air exchange rate 

is high more of the pollutant is swept out of the chamber and concentrations becomes 

more uniformly dispersed. This disrupts the thermal plume’s ability to deliver the 

pollutant to the breathing-zone. The influence of the air exchange rate on the intake 

fraction for experiments performed for this study is shown in Figure 35. The figure shows 

that the average intake fraction for the low air exchange rate was much lower at 8.16 

x10^-3 (σ = 2.39 x10^-3), while the intake fraction for the high air exchange rate was 

2.97 x10^-3 (σ = 1.22 x10^-3). Using a one tailed t-test, the iF for the high air exchange 

rate was statistically lower than the iF for the low air exchange rate (p = 0.0287; α = 

0.025). These results highlight an important attribute of the of the intake fraction concept, 

specifically that it is independent of source strength (emission rate)(15, 68). Even though the 
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emission rates were higher for the cases at the high air exchange rate (Section 5.2.2), the 

intake fraction was higher for the lower air exchange rate. 

 

 
Figure 35. Intake fraction for both the high and low air exchange rates. Each bar 

represents results from a single experiment. Replicates within each scenario 
are arranged in chronological order 

The intake fractions observed in this study were in good agreement with intake 

fractions reported in the literature. Previous research shows that inhalation intake 

fractions indoors range from 10-3 to 10-6, depending on building related factors (e.g., air 

exchange rate, ventilation type), occupancy, and pollutant dynamic factors (e.g., particle 

dynamics, sorption)(15, 67, 68, 70, 71). The results presented herein are on the high end of the 

range of intake fractions indoors, which was expected considering the proximity to the 

source, relatively non-reactive pollutant (ethanol), and much lower area to volume patio 
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than indoor spaces with furnishings. The latter leads to lower sorptive losses to surfaces 

in the experimental chamber. 

5.3 MODEL EVALUATION  

The two-zone model was run under experimental conditions for evaluation 

purposes and compared with a single representative experiment from each scenario. 

Model results are presented as solid and dashed lines. The gravimetrically-determined 

emission rates from Table 7 were used in place of Equation 6 because the equation 

represents emissions from a dilute aqueous solution while the experimental source was 

highly concentrated ethanol (95%). Since the source was close to pure, the emission rate 

was assumed to be constant throughout the experiment. Experimental concentrations 

detected at the monitoring locations were generally low for the first ten minutes when 

compared to the model, because the two-zone model assumes instantaneous mixing in 

each of its zones. This assumption was reasonably valid for the inner-zone because of its 

small size and high ventilation rate, but it did not hold for the outer-zone. Even at the 

high air exchange rate where the chamber was treated as near well-mixed, the 

instantaneous mixing assumption did not hold as it took about five minutes for the 

concentration at monitoring sites to begin increasing.  

A line drawing of the model that was employed for model evaluation is shown in 

Figure 36. 
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Figure 36. Model schematic for model evaluation 

For a standing mannequin at the low air exchange rate, the two-zone model 

predicted exposure much better than the well-mixed model. Figure 37 shows the 

experimental results for Experiment A1 compared against the two-zone model run under 

the same conditions. For this scenario, the time integrated ethanol concentration in the 

breathing-zone of the mannequin was 1.02 times the predicted time integrated 

concentration in the inner-zone. The predicted concentrations in the outer-zone were 

higher than the measured concentrations in the outer-zone, but the slopes were similar.  

The gas-phase measurements for Experiment B1 compared against the two-zone 

model run under the experimental conditions of B1 are shown in Figure 38. For this 

scenario, the time integrated ethanol concentration in the breathing-zone of the 

mannequin was 1.24 times the predicted time integrated concentration in the inner-zone. 

This still provided a better prediction of exposure for this experiment than the well-mixed 

model. The predicted concentrations in the outer-zone were higher than the measured 

concentrations in the outer-zone, but the slopes were similar.  
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Figure 37. Comparison of experimental results with a standing mannequin at the low air 

exchange rate with one source present (Experiment A1) with the two-zone 
model 

For experiments at the high air exchange rate, the well-mixed model provided a 

better prediction of exposure than the two-zone model. The concentration predicted in the 

breathing-zone by the two-zone model exceeded the measured concentration by a factor 

of four (Figure 39). For cleaning events performed under high ventilation conditions, the 

well-mixed model should be used because the thermal plume does not entrain the 

pollutant before it is mixed into the whole space. 
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Figure 38. Comparison of experimental results with a standing mannequin at the low air 

exchange rate with two sources present (Experiment B1) against the two-zone 
model 

As with Experiment C1, Experiment E1 confirmed that the well-mixed model 

should be employed to predict exposure at high air exchange rates. Figure 40 shows that 

when a second source is added, the two-zone model performed slightly better at 

predicting exposure, but still overpredicts exposure by 3.3 times. The experiment is an 

anomaly in that it is the only one that the two-zone model underpredicted exposure in the 

outer-zone. The only two possible explanations are variations in the emission rate or air 

exchange rate with fresh air.  
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Figure 39. Comparison of experimental results with a standing mannequin at the high air 

exchange rate with one source present (Experiment C1) against the two-zone 
model 

 
Figure 40. Comparison of experimental results with a standing mannequin at the low air 

exchange rate with two sources present (Experiment B1) against the two-zone 
model 
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The gas-phase measurements recorded at the low air exchange rate with the 

mannequin bent over 45º and a single source (Experiment E1) are compared to 

concentrations predicted by the two-zone model run under the experimental conditions in 

Figure 41. The predicted time-integrated concentration in the inner-zone was 1.3 times 

higher than measured concentrations. This was a better performance than the well-mixed 

model, which underpredicted exposure by a factor of 1.9. 

 

 
Figure 41. Comparison of experimental results with a mannequin bent over 45º at the low 

air exchange rate with one sources present (Experiment E1) against the two-
zone model 

Figure 42 shows the results of Experiment F1 and the two-zone model run at the 

same conditions. The ratio of the concentrations measured in the breathing-zone to 

concentrations predicted in the inner-zone by the two-zone model was 1.03. This was a 

better performance than the well-mixed model, which underpredicted exposure by a 

factor of 2.1. 
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Figure 42. Comparison of experimental results with a mannequin on hands and knees at 

the low air exchange rate with one sources present (Experiment F1) against the 
two-zone model 

This section used the gas-phase experimental results to validate the two-zone 

model developed in the previous chapter. The two-zone model consistently displayed 

better performance at the low air exchange rate. Ratios of the concentrations measured in 

the breathing-zone to concentrations predicted in the inner-zone by the two-zone model 

ranged from 0.73 to 1.2 at the low air exchange rate. At the high air exchange rate, the 

well-mixed model provided a better fit to the data. 

5.4 SUMMARY 

Experimental results indicate that the well-mixed model, and centralized room 

monitoring, fails to accurately predict exposure during cleaning events performed with 

low ventilation. The effect of elevated concentrations in the breathing-zone at low 

ventilation cannot be explained by proximity to source alone. The occupant’s thermal 

plume also draws pollutant up from the floor level and delivers it to the breathing-zone 

before it can be mixed throughout the space, amplifying the near-source effect.  A two-
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zone model with an inner-zone immediately surrounding the occupant better represents 

this phenomenon and thus better predicts exposure. For some experiments, the integrated 

breathing-zone concentrations were the same as the integrated concentration predicted by 

the two-zone model to three significant figures. Additional research is recommended to 

define a more refined cut-off air exchange rate, below which the well-mixed model 

should no longer be employed. 

Concentrations in the breathing-zone were directly compared to concentrations 

measured in the bulk space of the chamber. The concentrations in the breathing-zone 

ranged from 0.87 to 6.1 times the concentrations measured in the outer-zone. These 

outer-zone measurements represented centralized room monitors, which would 

underpredict occupant exposure by the same factor. The concentration in the breathing-

zone also exceeded concentrations predicted by the well-mixed model by factors up to 

2.1. Thus, studies that use the well-mixed model as a surrogate for breathing-zone 

concentrations during cleaning events would potentially underpredict exposure. These 

ratios can also be thought of as correction factors for exposure predictions performed 

with well-mixed models or centralized room monitors. When comparing both measured 

values and modeled values to the breathing-zone concentration, the highest ratios were at 

the low air exchange rate. The lowest values were at the high air exchange rate. This 

result indicates that well-mixed models and centralized monitors represent breathing-

zone concentrations at high air exchange rates.  

The inner-zonal volume was independent of air exchange rate, but the occupant 

position changed the inner-zone volume by 40%. The standing mannequin had the 

highest inner-zone volume, while the mannequin bent over 45º had the lowest (0.17 m3 

and 0.12 m3 respectively). These results are similar to what would have been calculated 

by other researchers if they defined the inner-zone the same way(65). The inter-zonal air 
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exchange rate is also independent of the air exchange rate. It showed a near linear 

dependence on the positions with the highest values being when the mannequin is close 

to the ground and the lowest when standing. 

Transient results indicate that the concentration in the inner-zone rises quickly 

while the concentration in the outer-zone lags behind. This effect was heightened for low 

air exchange rates and provided further evidence that the chamber was not well-mixed. 

However, the transient results showed that the two zones, inner- and outer-, appeared to 

be independently well-mixed, and that concentrations measured at a particular monitor 

were not exclusively related to that monitor’s proximity to the source. 

Emission rates ranged from 506 mg/min to 2703 mg/min with the lowest emission 

rates being at the low air exchange rate and the highest being at the high air exchange 

rate. Even though there were higher air speeds over Source Two (away from body) at the 

high air exchange rate, there was no statistical difference between the emission rates. 

The intake fractions calculated in this dissertation showed good agreement with 

other intake fractions reported in the literature. Previous research shows that intake 

fractions indoors range from 10-3 to 10-6 depending on building related factors (e.g., air 

exchange rate, ventilation type), occupancy, and pollutant dynamic factors (e.g., particle 

dynamics, sorption)(15, 67, 68, 70, 71). Results presented here are on the high end of the range of 

intake fractions indoors, which was expected considering the proximity to the source, 

relatively non-reactant pollutant (ethanol), and low surface area to volume ratio. 

The experimental results closely matched the concentrations that were predicted 

by the two-zone model. For the low air exchange rate, the average of the ratio between 

concentrations measured in the breathing-zone and concentrations predicted by the two-

zone model is 1.00 (σ = 0.21). This agreement did not extend to the high air exchange 

rate. At the high air exchange rate, the ratio of the concentration measured in the 
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breathing-zone to concentrations predicted by the two-zone model was as low as 0.23, 

indicating that the two-zone model overpredicted exposure by a factor of almost five.  

Thus, the well-mixed model should be used for predicting inhalation exposure at the high 

air exchange rate. 



 98 

Chapter 6: Application of Model 

The two-zone model was applied to several hypothetical cleaning scenarios and 

was also compared against other models. Scenarios were modeled with both the two-zone 

model and two types of well-mixed models. The difference between the two types of 

well-mixed models is the way emission rates were treated. One of them treated the 

emission rate as a constant value while the other treated the source as an exponentially 

decreasing mass emission rate as described in Keil and Nicas(49). 

6.1 MODELING HYPOTHETICAL CLEANING SCENARIOS 

 The cleaning scenarios were assumed to take place under representative indoor 

conditions, ranging from a small bathroom cleaning event with low ventilation, to a large 

room cleaning event with a high ventilation rate (Table 8).  Scenarios with the high air 

exchange rate did not employee the two-zone model. Each modeling scenario lasted 

fifteen minutes, representing the period of cleaning. Further, each cleaning scenario was 

split in half, with the occupant cleaning in two different positions for each half. The same 

mass (100 g) of cleaning product mixture, with typical concentrations of 2-butoxyethanol 

and d-limonene (Table 9), was dispersed in each scenario. The total mass was equally 

divided among the sources. Each source cell had a surface area of 1 m2 and was 

introduced at equal time intervals over the fifteen minute cleaning event. A constant 

relative humidity of 44% was assumed for all cases. 
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Table 8. Model inputs for each scenario  

Scenario 1 2 3 4 
λout  (hr-1) 0.8 3.0 0.8 3.0 
Vout  (m3) 10 10 35 35 
λin,1 (hr-2)* 726 - 745 - 
Vin,1  (m3) 0.17 - 0.12 - 
λin,2 (hr-2)** 1302 - 1302 - 
Vin,2  (m3) 0.15 - 0.15 - 
µ∞  (m/s) 0.11 0.11 0.075 0.075 
SAtot (m2) 4 4 6 6 
No. of sources  4 1 6 1 
* λ with respect to Vin, well-mixed model at high air exchange rate 
** λ for second half of cleaning event with respect to Vin 
 

Table 9. Physical properties of 2-butoxyethanol and d-limonene 

 Pvp (mm Hg) H (Pa*m3/mol) ρ (g/cm3) Liq. Mass Frac (%) 
2-butoxyethanol 0.88(24),* 0.551(72),* 0.901(24),** 6.20 
d-limonene 1.98(24),* 2.73E+3(73),* 0.840(24),* 7.0158E-4 
* 25 C, ** 20 C 

All three models were employed to predict exposure during Scenario One: the 

two-zone model discussed in Chapter 3; the well-mixed model with constant emission 

rate; and the well-mixed model with an exponentially decreasing emission rate that 

follows a first-order decay. The two well-mixed models were used in Scenario Two, but 

the two-zone model was not employed because it is not applicable at the high air 

exchange rate. The emission factor for the well-mixed model with a constant emission 

rate was determined from Equation 6 (606 mg/hr m2). This was similar to the average 

emission factor for the whole modeling period using the two-zone model (618 mg/hr m2). 

These values are within the range of experimental emission factors reported by Zhu et 

al.(18) for real cleaning products (145 mg/hr m2 to 938 mg/hr m2). The emission decay rate 

constant (Equation 17) was determined by empirically from the emission rate curve 

generated by the numerical solution to the two-zone model: 
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  Equation 17 

Where E is the emission rate (µg/hr), α is the decay constant (hr-1), Mo is the initial 

emission (µg), and t is time (hr). 

The fit of the first source cell of the two-zone model (Scenario One) is shown in 

Figure 43. An emission constant of 0.75 min-1 provides the best fit. This emission 

constant was employed in the analytical solution to the well-mixed model with an 

emission rate that follows first order-decay. 

 

 
Figure 43. Determination of the emission decay constant from the numerical solution to 

the two-zone model 

Figure 44 shows the results from all three models for the first two scenarios, while 

Figure 45 shows the same results for Scenarios Three and Four. The numbered subscripts 

represent the scenario. Scenario One and Two are assumed to be small spaces (10 m3). It 

was assumed that the occupant cleaned in a standing position for the first half of the 

scenarios, followed by cleaning on all fours for the second half. The key difference 

€ 

E = αMoe
−αt
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between Scenarios One and Two is the air exchange rate. Scenario One is modeled at a 

low air exchange rate (0.8 hr-1) while Scenario Two is modeled at a high air exchange 

rate (3.0 hr-1). The low air exchange rate (Scenario One) represents a room such as a 

bathroom with the windows closed and no forced ventilation. The high air exchange rate 

case (Scenario Two) is the same space but with a window open or an exhaust fan on. 

 

 
Figure 44. Modeling results for 2-butoxyethanol, Scenarios One and Two: where Cin and 

Cout are the inner- and outer-zone concentrations predicted by the numerical 
solution to the two-zone model presented in Chapter 3, respectively; Cwm 
Const. E is the concentration predicted by the well-mixed model assuming the 
emission rate was constant; and Cwm α is the concentration predicted by the 
well-mixed model with an emission rate that follows first order decay  

Modeling results shown in Figure 44 indicate that 1-h exposure concentrations are 

near the California’s acute REL of 14 mg/m3 for 2-butoxyethanol. Assuming negligible 

exposure to 2-BE outside the cleaning event, the 1-h TWA for the inner-zone of Scenario 

One would be 11.1 mg/m3. If this cleaning event were the only exposure in a ten-hour 

period, the time-weighted average exposure would be 1.11 mg/m3, while the 10-h NIOSH 
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TWA REL is 24 mg/m3. However, this event only represents fifteen minutes of exposure. 

Just one more cleaning event with exposure of this magnitude would exceed the Ca acute 

REL and cleaning under theses conditions for 5.4 hrs would exceed the NIOSH 10-h 

REL. Singer et al.(5) also reported that the 8-h OSHA TWA REL could possibly be 

exceeded with multiple cleaning events, and previous modeling accepted for publication 

in the Journal of Occupational and Environmental Hygiene (Appendix 1) confirms this 

possibility. 

Figure 45 shows the modeling results for 2-butoxethanol from Scenarios Three 

and Four. These cleaning scenarios took place in a room 3.5 times as large as Scenario 

One and Two, with air speeds lower than Scenarios One and Two. It was also assumed 

that the occupant cleaned in the bent over 45º position for the first half of the scenario, 

followed by cleaning on hands and knees for the second half. The models predicted lower 

concentrations for Scenarios Three and Four because a similar mass of product emitted 

from the liquid phase was diluted into a larger volume for all cases except the inner-zone 

concentration. The inner-zone volume remained unchanged, thus, inner-zone 

concentrations were similar.  

The results are in good agreement with previous modeling and experimental 

studies. Zhu et al.(18) predicted 1-h TWA 2-BE concentrations of 2.8 mg/m3 to 62 mg/m3 

for cleaning scenarios with 76 g of various products in a 17.4 m3 “standard room” at 0.5 

ACH with the well-mixed model with a constant emission rate. The 1-hr TWA for the 

outer-zone of Scenario One was 7.6 mg/m3, which is the closest representation of the 

conditions used by Zhu et al(18). Singer et al.(5) measured concentrations during and after 

simulated use experiments in a 50 m3 environmentally-controlled chamber at 0.55 ACH. 

Centralized monitors reported 1-h TWA 2-BE concentrations of 270 µg/m3 to 2,300 
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µg/m3. The 1-hr TWA for the outer-zone of Scenario Three was 2.08 mg/m3, which is the 

closest representation of the experimental conditions in Singer et al.(5). 

 

 
Figure 45. Modeling results for 2-butoxyethanol, Scenarios Three and Four: where Cin 

and Cout are the inner- and outer-zone concentrations predicted by the 
numerical solution to the two-zone model presented in Chapter 3 respectively; 
Cwm Const. E is the concentration predicted by the well-mixed model 
assuming the emission rate was constant; and Cwm α is the concentration 
predicted by the well-mixed model with an emission rate that follows first 
order decay  

As expected, chemical concentrations in the inner-zone are predicted to be higher 

than in the outer-zone (Figure 44 and 45). The concentrations for 2-butoxethanol, in each 

zone, are several orders of magnitude greater than those typically observed indoors(74) 

and reflect the potential for highly elevated short-term exposures during cleaning that are 

missed during multi-hour integrated exposure measurements. Typical geometric mean 

indoor concentrations for 2-butoxyethanol in small and medium buildings are 4.21 µg/m3 

(n = 40) while the maximum of the concentration range is 356 µg/m3 (74). for the 
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modeling scenarios presented here, mean concentrations in the breathing-zone for 2-

butoxyethanol were 35.7 mg/m3. This discrepancy is most likely the sampling procedure 

of the monitoring studies. Wu et al.(74) took four-hour integrated samples with centralized 

monitors during working hours in light commercial buildings, while the modeling 

presented here focuses exclusively on exposure during the cleaning event. Another 

possible explanation could be the variety of product compositions. Nothing is known 

about the product compositions, cleaning frequency, or if a cleaning product was even 

used in the monitoring study. If cleaning products with more dilute concentrations were 

modeled, the compositions would match the monitoring study better. 

Figure 46 shows the results of the two-zone model and well-mixed model with a 

constant emission rate for all four cleaning scenarios for d-limonene. The description of 

characters used in the legend and assumptions about each scenario are outlined above. 

Typical geometric mean indoor concentrations of d-limonene are 8.18 µg/m3 (n = 40) 

while the maximum of the concentration range is 1100 µg/m3 (74). In these modeling 

scenarios, mean concentrations in the breathing-zone and in the bulk space for d-

limonene were 46.1 µg/m3 and 14.9 µg/m3 respectively. The concentrations predicted in 

the bulk space of this modeling efforts are only 1.8 times higher than concentrations 

measured in the field providing further evidence of the model’s validity. 

Cyclic peaks in the inner-zone characterize the d-limonene concentration profile. 

Rapid emission of d-limonene from the newest source cell caused a concentration spike, 

which grew until all the liquid has been emitted. These concentration spikes were 

followed by an exponential decay until the next source cell was applied. A similar cyclic 

process occurred with 2-butoxyethanol, except the liquid concentration never fell to zero. 

Also, since the Henry’s Law constant of 2-butoxyethanol was considerably lower than for 

d-limonene, rapid air exchange between the two zones dampened the perturbations, and 
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the peak concentrations were lessened. Halfway through the modeling period, the 

occupant switched position to hands and knees. This increased the inter-zonal air 

exchange rate and thus lowered peak concentrations of each perturbation for both VOCs. 

 

 
Figure 46. Modeling results for d-limonene, all four scenarios: where Cin and Cout are the 

inner- and outer-zone concentrations predicted by the numerical solution to 
the two-zone model presented in Chapter 3 respectively and Cwm is the 
concentration predicted by the well-mixed model assuming the emission rate 
was constant 

Similarly, air exchange between the inner- and outer-zones was responsible for 

the mild perturbations in the outer-zone concentration curves of both 2-butoxyethanol 

and d-limonene. While concentrations of d-limonene leveled off, those of 2-

butoxyethanol continued to rise throughout the modeling period because sources 

continued to emit in the outer-zone. This is consistent with results reported by Singer et 

al.(5) who observed that 2-butoxyethanol did not peak within 30 minutes of a cleaning 

product’s application.  
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Increased ventilation in Scenarios Two and Four [bathroom exhaust; open 

window; or heating, ventilation and air conditioning (HVAC)] resulted in significant 

changes of both VOCs. For theses hypothesized scenarios it was assumed that the high 

air exchange rate (3 hr-1) produced high enough air speeds in the space to disrupt the 

thermal plume and to cause the flow regime around the body to shift away from 

buoyancy driven flow. The large change in concentrations for both VOCs between the 

inner-zone at the low air exchange rate (Scenario One and Three) and the well-mixed 

concentration at the high air exchange rate (Scenarios Two and Four) (factor of 2.38 to 

6.42) demonstrates the importance of increasing ventilation.  Figure 44 to 46 also show 

that increasing the outer-zone ventilation rate with an exhaust fan or open window is 

more efficient at decreasing exposure than simply providing mixing within the space 

(e.g., with an internal recirculating fan). While the two-zone model predicts higher 

occupant exposure levels, the inner-zone is largely affected by conditions in the outer-

zone and vice-versa. Strategies for reducing chemical concentrations in the outer-zone 

can result in meaningful reductions of chemical concentrations in the inner-zone. 

Not all of the 2-butoxyethanol volatilized before the end of the hypothetical 

cleaning scenarios.  Fractional emission (FE) is defined as the ratio of mass emitted to the 

total mass dispersed for a cleaning period. The lower FEs indicate a lower potential 

exposure for those performing the cleaning task, but persistent emissions can increase 

exposure for those who enter the space after a cleaning event. For 2-butoxyethanol the 

fractional emission is highest for Scenario Four (FE = 0.10). Fractional emissions are 

0.094 or 0.096 for all of the other 9 models. All of the d-limonene volatilized in each 

scenario, so its FE = 1.0. Singer et al.(5) reported FEs of 0.25 to 0.5 and 0.5 to 1.0 for 2-

BE and d-limonene respectively, one hour after the start of experimental cleaning events. 

The results reported here suggest that the factors affecting fractional emissions are the 
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frequency of application, the air speed over the source and the product composition. 

Frequency of application increases the fractional emissions. Also, higher air speeds 

increase the FE because they increase the emission rates of all constituents in the source 

by increasing the mass transfer coefficients (Equation 7). Dilution in water also reduces 

the emission rate. Assuming the total mass of cleaning product dispersed remains 

constant, the volume of water that the cleaning product is dissolved in, and therefore the 

concentration of the product, would vary. Lower liquid concentrations have a lower 

driving force into the air phase. Overall, the fractional emissions reported here are very 

high because of the nature of the experimental procedure. They would be lower for 2-

butoxyethanol in most environments. 

The well-mixed model’s simplicity can be an asset or a limitation. In some 

instances it predicts concentrations accurately, while in other cases its simplifying 

assumptions cause it to fail. The well-mixed model with constant emissions predicts 

nearly identical concentrations to the outer-zone of the two-zone model, but lower than 

the inner-zone in all scenarios for both VOCs (factor of 1.45 to 3.57). At low air 

exchange rates, the well-mixed model performs better in small spaces, but still 

underpredicts exposure by a factor of 1.58 for Scenario One. In the larger room, 

(Scenario Four) the well-mixed model underpredicts exposure by an average factor of 

4.0. Thus, predictions based on a single-zone well-mixed model with constant emission 

rate will underestimate exposure for the occupant engaged in a cleaning activity.  

The well-mixed model with an exponentially decaying emission rate provides 

improved performance over the constant emission rate assumption. At the low air 

exchange rate, in a small space, (Scenario One) the integrated concentration of 2-

butoxyethanol in the inner-zone was the same as the integrated concentration predicted 

by the well-mixed model with an exponentially decreasing emission rate. In a larger 
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space with the same air exchange rate, the integrated concentration of 2-butoxyethanol in 

the inner-zone is twice as high as the integrated concentration predicted by the well-

mixed model with an exponentially decreasing emission rate. This is a 32% improvement 

over the well-mixed model with a constant emission rate. The integrated concentration of 

the well-mixed model with a decaying emission is always higher than the well-mixed 

model with a constant emission (factor of 1.19 to 1.66). Thus, the well-mixed model 

utilizing a decaying emission rate is preferred over the constant emission assumption. 

6.2 QUALITY ASSURANCE 

In this section, the full two-zone model (defined in Chapter 3) is compared to a 

simplified scenario, for which an analytical solution is available. This differs from 

previous quality assurance where the two-zone model was run under experimental 

conditions and compared with experimental results for evaluation purposes (Section 5.3). 

There, experiments represented simple cleaning tasks with constant emission rates of a 

pure chemical in one or both zones. However, this chapter utilizes all the complexities of 

the two-zone model (e.g. changing boundary conditions, introducing new sources, mass 

transfer theory, a liquid mixture source with time varying liquid composition, and time 

varying emission rates). The analytical solution provided in Keil and Nicas(49) calculates 

concentrations in an inner- and outer-zone assuming a pollutant source with an 

exponentially decreasing emission rate in the inner-zone. This is very similar to the 

conditions of the two-zone model presented in Chapter 3 during the first source cell 

application. During the initial stages of the two-zone model application, only one source 

cell is present and emits exclusively into the inner-zone.  Once the second source cell is 

introduced the first source cell moves to the outer-zone, at which point there is 

simultaneous emission in both zones. Since the pollutant starts as a dilute aqueous 
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solution, and the concentration in the liquid phase decreases as the pollutant emits, it is 

safe to assume that the emission rate follows first order decay.  

The first source cell of Scenario One was modeled with the numerical solution to the 

model presented in chapter 3 and the analytical solution presented in Keil and Nicas(49) ( 

Figure 47). There was good agreement between the solutions (difference of 3.7% 

at 3.75 min, mean difference of 3.9%). The most likely explanation for the difference 

between the two solutions is that the numerical solution’s source was treated as a ternary 

mixture with a time varying emission rate, while the source for the analytical solution 

was treated as a pure chemical whose emission rate followed a first-order decay. Had the 

water and d-limonene been treated as non-volatile, the analytical and numerical solution 

would have reached better agreement. Cumulative error, propagated through the 

discretized timesteps as an artifact of the numerical method, could also explain the 

discrepancy. 

Mass closure analysis was also performed to ensure the model produced reliable 

results. For the mass closure analysis, the mass of product introduced into the chamber 

over the modeling period was compared to the mass that was transported out through 

ventilation, the mass in the liquid-phase at the end of the modeling period, and the mass 

in the gas-phase at the end of the modeling period to ensure the mass conservation. For 

Scenario One, 6.2 g of 2-BE was introduced into the chamber. Ventilation carried 70 mg 

of 2-BE out of the chamber during the modeling period. At the end of the modeling 

period there were 8.41 mg of 2-BE in the gas-phase of the inner-zone, 539 mg in the gas-

phase of the outer-zone and 5.58 g of 2-BE remaining in the liquid-phase. The sum of 

these masses is equivalent to the mass of product supplied to the chamber. A similar mass 

closure was achieved for both VOCs in all hypothetical scenarios 
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Figure 47. Comparison of the numerical and analytical solutions to the model for the first 

source cell  

6.3 LIMITATIONS 

The potential of the two-zone model improving human exposure estimates is 

described in this chapter. Before the model can become broadly applicable several of the 

input parameters require clarification or definition. One possible source for error in the 

model are the Henry’s Law constants. Henry’s Law constants for d-limonene are reported 

to range from 2.73 - 34.6 KPa m3/mol(24, 75). The sensitivity analysis in Appendix 6 

showed that when the Henry’s Law constant was increased while all other parameters 

were kept constant, the peak concentration in the inner-zone linearly increased.  

The inter-zonal air exchange rate also needs further investigation. This study only 

investigated four potential inter-zonal air exchange rates. Many other variables could 

affect the inter-zonal air exchange rate (e.g. movement, clothing, or obstructions near the 

body). These effects remain areas for future research. Further, this model is only 

applicable in spaces with low air speeds. If there was forced ventilation, or an open 
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window, the two-zone model presented here would likely not accurately predict 

exposure. 

6.4 SUMMARY 

The predicted concentrations in the inner-zone shown in Figure 44 and 45 should 

raise concern. Many of the chemicals found in cleaning products are known irritants and 

allergens(4). Several specific constituents increase incidence of asthma in adults(4, 6, 25) or 

trigger asthma attacks(76, 77). Also, previous epidemiological studies show that repeated 

use of cleaning products leads to the greatest risk of adverse health effects(23). The 

modeling reported in this chapter confirms this result by showing the possibility of 

exceeding the recommended exposure limit of 2-butoxyethanol with repeated cleaning 

events. People that clean often or those that clean occupationally are particularly at risk 

because of their propensity to repeat cleaning tasks in short periods of time. 

Multiple models were run for each scenario to compare the efficacy of each type 

of model under different conditions. Analysis of the results shows that the two-zone 

model provides the best prediction of exposure to cleaning tasks at low air exchange 

rates. If the two-zone model is unavailable due to a lack of key parameters, or if the event 

being modeled takes place at a high air exchange rate, the well-mixed model with an 

exponentially decreasing emission rate should be used. The well-mixed model with a 

constant emission rate showed the worst performance and should be avoided when 

modeling aqueous cleaning products unless the parameters necessary to run the other two 

models (i.e. inter-zonal air exchange rate, decay rate constant α) are unavailable. 

The results of the modeling effort presented in this chapter show that increasing 

the outer-zone ventilation rate with an exhaust fan or open window is more efficient at 

decreasing exposure than simply making the room well-mixed. Other methods of 
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decreasing exposure are to limit the amount of product applied to the space, or use of 

dilute product. 
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Chapter 7: Summary, Conclusions and Recommendations 

7.1 SUMMARY 

The research described herein includes experimental and computational 

investigations. Twenty-six chamber experiments were completed to assess the influence 

of an individual’s body orientation and air exchange rate on personal exposure during 

cleaning events. These experiments were conducted with a pure ethanol source to mimic 

a consumer cleaning product. The ratio between the integrated concentration measured in 

the breathing-zone and the integrated concentration measured in the bulk space is 

presented for each experiment as a measure of the degree to which centralized monitoring 

underpredicts personal exposure. Results of this research have improved the 

understanding of exposure to cleaning products by indicating that the thermal plume 

plays a significant role in raising concentrations in the breathing-zone above background 

concentrations.  

A significant contribution of this research is the improved prediction of dynamic 

gas-phase concentrations in the breathing-zone and bulk air space using an upgraded two-

zone model. The improvements made to the two-zone model include (1) introducing the 

source in discrete elements (source-cells) as opposed to a complete instantaneous release, 

(2) placing source cells in both the inner- (near person) and outer-zones concurrently, (3) 

treating each source cell as an independent mixture of multiple constituents, and (4) 

tracking the time-varying liquid concentration and emission rate of each constituent in 

each source cell.  

Gas-phase concentrations predicted by the two-zone model are in good agreement 

with experimental results, which suggests that the model captures the essence of the near-
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body effect. The influences of several key parameters on personal exposure were studied 

by applying the improved two-zone model to hypothetical cleaning scenarios. Finally, the 

results of the improved two-zone model were compared to the results of two-different 

models based on a single well-mixed zone. 

Many uncertainties are still unresolved. For example, the effects of movement on 

the inter-zonal air exchange rate were not investigated. Further, sorption, heterogeneous 

reactions, and homogenous reactions could significantly impact the results for some 

cleaning chemicals. However, it has been shown, in principal, that it is possible to 

enhance model predictions in complex environments by using the improved two-zone 

model. 

7.2 CONCLUSIONS 

The results of this research lead to the following conclusions: 

1. The well-mixed model, and centralized room monitoring, tends to underpredict 

inhalation exposure for cleaning scenarios in which the body’s thermal plume is 

not disturbed by convective mixing. These conditions include low ventilation or 

large rooms where the occupant is far from a momentum source.  

2. The effect of elevated concentrations in the breathing-zone at low ventilation 

cannot be explained by proximity to the source alone.  

3. The occupant’s thermal plume can entrain pollutant and deliver it to the 

breathing-zone prior to the pollutant completely mixing throughout the space. 

4. Of the models tested, the two-zone model provides the best prediction of exposure 

to cleaning tasks at low air exchange rates. The next best model is the well-mixed 

model with an exponentially decreasing emission rate, followed by the well-

mixed model with a constant emission rate. 
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5. Studies that use centralized room monitors as a surrogate for breathing-zone 

concentrations potentially underpredict exposure by a factor of up to six during 

cleaning events. 

6. Studies that use the well-mixed model as a surrogate for breathing-zone 

concentrations potentially underpredict exposure by a factor of up to two. 

7. The well-mixed assumption is more likely to be valid at high air exchange rates.  

8. The inner-zonal volume and inter-zonal air exchange rate are independent of fresh 

air ventilation rate. But both are dependant on occupant position. 

9. Intake fractions for cleaning events are on the high end of the range of those 

typically found indoors. 

10. Increasing the outer-zone ventilation rate is more efficient at decreasing exposure 

than making the room well-mixed.  

7.3 RECOMMENDATIONS 

Results of this research have enhanced the current knowledge base related to 

exposure to toxic chemicals in consumer cleaning products. However, further research is 

still needed in the flowing issues: 

1. Defining the airflow around a moving person and person in positions other than 

standing or sitting. 

2. Evaluation of cleaning product compositions and Henry’s Law constants for 

cleaning product constituents. 

3. Determination of the threshold ventilation, below which the well-mixed model 

should no longer be employed 



 116 

4. Determination of the inter-zonal air exchange rate for positions not commonly 

associated with cleaning but where there is still a potential for near-source 

exposure (e.g. sleeping, driving, or sitting at a desk). 

 



 117 

Appendix 1: Journal Paper 

C. Matt Earnest & Richard L. Corsi (2013): Inhalation Exposure to Cleaning 
Products: Application of a Two-Zone Model, Journal of Occupational and 
Environmental Hygiene, 10:6, 328-335 
 
Research performed and presented by C. Matt Earnest. Richard L. Corsi provided 
supervision. Refences for this work are provided at the end of this abstract. 

 
Estimating Exposure to Cleaning Products Using a Two-Zone Model 
 
 
ABSTRACT 

Over four million Americans clean for a living and are exposed to a wide 

spectrum of potentially harmful chemicals. However, exposure models have been shown 

to underpredict exposure to chemicals in cleaning products. In this study, modifications 

were made to previously applied two-zone models to address important factors that can 

affect exposures during cleaning tasks. Specifically, we expand on previous applications 

of the two-zone model by (1) introducing the source in discrete elements (source-cells) as 

opposed to a complete instantaneous release, (2) placing source cells in both the inner- 

(near person) and outer-zones concurrently, (3) treating each source cell as an 

independent mixture of multiple constituents, and (4) tracking the time-varying liquid 

concentration and emission rate of each constituent in each source cell. Three 

experiments were performed in an environmentally-controlled chamber with a thermal 

mannequin and a simplified pure chemical source to simulate emissions from a cleaning 

product. Gas phase concentration measurements were taken in the bulk air and in the 

breathing zone of the mannequin to evaluate the model. The mean ratio of the integrated 
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concentration in the mannequin’s breathing zone to the concentration in the outer-zone 

was 4.3 (standard deviation, σ = 1.6). The mean ratio of measured concentration in the 

breathing zone to predicted concentrations in the inner-zone was 0.81 (σ = 0.16). Intake 

fractions ranged from 1.9 x 10-3 to 2.7 x 10-3. Model results reasonably predict those of 

previous exposure monitoring studies and indicate the inadequacy of well-mixed single-

zone model applications for some but not all cleaning events. 
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INTRODUCTION  

Surface cleaning is a frequent and necessary activity associated with everyday life 

and carries the potential of exposure to irritating and toxic chemicals. It is performed by a 

large fraction of people, including many who are employed as cleaning workers. In the 

United States alone, documented workers who clean buildings held about 4.1 million jobs 

in 2008, and employment in the cleaning sector is expected to increase 5% in the next 

decade (1). Further, US adults devote an average of 10-15 hours per month to house 

cleaning(2).  

The use of synthetic cleaning chemicals has become pervasive in buildings. The 

two primary exposure pathways to toxic chemicals found in cleaning products are dermal 

and inhalation exposure(3). Inhalation intake of airborne organic compounds emitted from 

cleaning products is estimated to be of the order of 10 mg d−1 person−1 in California (4), 

and is likely much greater for those who clean for a living. Because they are used indoors 

and at close proximity, it is estimated that the population inhalation exposure to organic 

chemicals in cleaning products rivals that of organic compounds emitted from all outdoor 

sources combined (4).  

Previous studies have shown that ratios of personal concentrations to centralized 

indoor monitors range from 1.2-3.3 for volatile organic compounds (VOCs). 

Furthermore, substantial gradients in chemical concentration can exist near the human 

body (5-7). For highly volatile constituents of cleaning products, emission rates are highest 

when they are first applied(8), a period when the breathing zone can be in close proximity 
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to the cleaning product. In one study, 96% (n=27) of participants leaned over at least 45° 

when cleaning, while 39% cleaned on their knees (9). These body positions may 

contribute to the observations that VOC concentrations are higher near the receptor than 

they are in the open room space (5, 10).  

The well-mixed approximation should describe exposure conditions reasonably 

well only when the characteristic mixing time is much lower than the inverse of the air 

exchange rate and where the exposure duration is much longer than the release time(3). 

Measured concentrations in the breathing zone have been observed to be a factor of 2 

higher than those predicted by the well-mixed model (11, 12).  

This paper expands on previous models for estimating inhalation exposures when 

conditions conducive to the well-mixed model are not met. To balance the technical 

complexities of simulations involving computational fluid dynamics (CFD) with the 

oversimplification of the well-mixed model, we employ a two-zone model that treats 

personal air space immediately surrounding the body as distinct from bulk room air. The 

two-zone model was described in early literature by Hemeon(13). It was reintroduced forty 

years later with further conceptual development, independently, by Nicas(14) and Furtaw 

et al.(11). It has since been used for a wide range of occupational scenarios as summarized 

by Sahmel et al.(15). The two-zone model can account for time-varying emission rates(8), 

air exchange between external air and the indoor space, and air exchange between the 

two zones. In this study we refer to the two zones as inner- and outer-zones.  

We expand on previous applications of the two-zone model. Specifically, (1) the 

source is introduced in discrete elements referred to here as source cells as opposed to a 
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complete and instantaneous release, (2) source cells are placed in the inner- and outer-

zones concurrently, (3) sources are liquid mixtures of multiple constituents, and (4) the 

time-varying liquid concentrations are tracked for the purposes of emission calculations. 

These features were used to model human exposure to chemicals during cleaning 

activities. Experiments involving a thermal mannequin and a simplified pure chemical 

source in a large chamber were used for preliminary evaluation of the model. 

METHODS 

Model Development 

The model predicts concentrations of individual VOCs emitted from a cleaning product 

in inner- and outer-zones. The inner-zone consists of the air space immediately 

surrounding a person who is cleaning and is assumed to be well-mixed. It is assumed that 

air flows freely between the two zones, driven by the thermal plume generated by heat 

transfer from the occupant’s body(16). The outer-zone of indoor air is also assumed to be 

well-mixed and is allowed to exchange with outdoor air.  

The liquid cleaning product is divided into portions, referred to here as source 

cells (Figure 48). Each source cell represents the dispersal of a liquid cleaning product 

with each application, e.g., each time a mop is dipped into a bucket and cleaner spread on 

a floor. Source cells are assumed to have uniform concentration at any point in time and 

are added to the space at a constant frequency (f, in cells/cleaning event). The newest 

source cell emits directly to the inner-zone, while all other source cells emit to the outer-

zone. This is intended to be more representative of actual conditions for which a person 

who is cleaning is in close proximity to the most recently applied product. 



 122 

The concentration of each VOC in the inner-zone is calculated using Equation 18. 

        (18) 

Where λin,i=(Qin/Vin)   is the inter-zonal air exchange rate (hr-1); Qin is the volumetric flow 

rate into and out of the inner-zone (m3/s); Vin is the volume of the inner-zone (m3); Cout 

and Cin are the concentrations of the VOC in the outer and inner-zone (µg/m3), 

respectively; and Ein is the emission rate for the VOC in the most recent source cell 

(µg/hr). 

 

The concentration of each VOC in the outer zone is calculated using Equation 19: 

     (19) 

Where λout=(Qout/Vout)  is the air exchange rate for the outer zone (hr-1); Qout is the flow 

rate of fresh, outdoor or conditioned, air delivered to the outer zone (m3/s); λin,o 

=(Qin/Vout)  is the inter-zonal air exchange rate with respect to the volume of the outer 

zone (hr-1); ΣEout is the sum of all but the most recent source cell emissions (µg/hr) (the 

number of source cells can be obtained by dividing the model cleaning duration by the 

frequency of cleaning agent application (f)), and Vout is the volume of the outer zone 

(m3). The outdoor concentration of the species of interest is assumed to be negligible.  

 

Emission rates for each VOC from each source cell are estimated based on single-film 

theory for a dilute aqueous solution using Equation 20: 
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          (20) 

Where kg is the mass transfer coefficient (m/hr); H is the Henry’s Law constant (Cgas/Cliq 

dimensionless); Cliq is the concentration of pollutant in the liquid phase (µg/m3); Cj is Cin 

or Cout depending on the location of the source cell (µg/m3); and A is the area of the 

solution film (m2). The term in parentheses in Equation 20 represents a concentration 

driving force from the equilibrium gas-phase concentration at the air-cleaner interface to 

the concentration in the outer or inner-zone air. Different emission source terms could be 

applied for concentrated, non-aqueous or non-ideal solutions. 

A mass balance is also completed on each source cell in accordance with Equation 21: 

        (21) 

Where Vliq is the volume of liquid of each component in the source cell (l) and all other 

variables are as described previously. Each source cell is integrated over different time 

periods dependant on the initial application time of the cell. The concentrations of liquid 

VOCs in each cell are adjusted in accordance with their own mass transfer to adjacent air. 

The loss of water evaporation is simultaneously adjusted in each source cell. In the case 

of water the concentration in the room (Cj) is based on relative humidity of 44 % and air 

temperature of 25ºC. 

 For this analysis the initial concentration in both the inner- and outer-zones were 

assumed to be zero. Equations 18-20 were solved simultaneously using Matlab version 

R2008b with a time step of 0.25 seconds. 
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Parameter Estimation 

The model employs two air exchange rates, λin and λout. The inter-zonal air exchange rate 

(λin,i) accounts for the flow between the two zones. It is assumed to be driven by the 

thermal plume that draws air from the floor up the body to the breathing zone, ultimately 

exhausting above the head. Previous research has shown that nearly 85% of exposure 

comes from airflow that passes near the floor and rises due to the thermal plume (17). Rim 

and Novoselac (18) measured air speeds above a thermal mannequin under buoyancy-

driven flow conditions in a large environmental chamber. Measurements were taken at 8 

locations, 0.25 m above the head. The average air speed from the thermal plume was 0.2 

m/s. This value is consistent with theoretical and previously measured air speeds above 

the head(15, 16).  

For this study, a circular cross-sectional area of 0.5 m2 over the body was assumed 

to be the top surface of the inner-zone, which was treated as a cylinder that extended 2 m 

to the floor. The cross-sectional area was multiplied by 0.2 m/s to estimate a volumetric 

air flow rate (Qin) of 0.1 m3/s through the inner-zone. The flow rate out of the top of the 

inner-zone was divided by the cylinder volume (Vin=1 m3) to obtain the inter-zonal air 

exchange rate (λin,I = 0.1/s = 360/hr) . While this parameter is assumed to remain constant 

throughout the model time period, short periodic motions can result in variations of flow 

parameters (19, 20). Furthermore, the model is only valid for cases where the flow is 

buoyancy driven, i.e., convective air flows generally less than 0.2 m/s. Air speeds above 

0.2 m/s can destroy the thermal plume(18).  
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Buoyancy flow conditions also affect the mass transfer coefficient for the 

chemical source. Mass transfer coefficients indoors typically range from 0.5-10 m/hr (21, 

22). Since this model is intended for use at low convective air speeds, 1.0 m/hr was used 

for each constituent for purposes of illustration here. In reality, the mass transfer 

coefficient will vary between constituents and should generally be higher for smaller 

molecules. Previous research shows that 46% of individuals cleaned under poorly 

ventilated conditions, which can lead to elevated VOC concentrations and symptoms 

such as burning of the eyes (9). For this study we assumed an outdoor-to-indoor air 

exchange rate (λout) of 0.84 hr-1 to represent a realistic condition, but also for consistency 

with chamber experiments discussed below. 

Even though cleaning is preformed with hot water 14% of the time (9), the fluid 

used in experiments and assumed for modeling was dispersed at 25 °C.  A list of model 

parameters for the examples used in this study is presented in Tables 11 and 12. 

EXPERIMENTAL METHODS 

The experimental system consisted of a 4.5 m × 5.5 m × 2.7 m full-scale environmental 

chamber equipped with an air handling unit (AHU), a thermal mannequin, and 

measurement equipment. The AHU was used to control the supply airflow rate, relative 

humidity and temperature in the room. Air was supplied at 25°C through a low 

momentum diffuser at floor level exhausted from the chamber 10 cm from the ceiling on 

a side wall. The experiment was performed at a fresh air exchange rate of 0.84/hr; 

ventilation single pass, i.e., no recirculation.  
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The thermal mannequin was placed in the center of the chamber. The height and 

surface area of the standing mannequin were 1.52 m and 1.3 m2, respectively. The 

mannequin skin temperature was 26˚C to 29˚C depending on body location. The total 

heat flux released across the skin surface was 80 W. The fitted clothes of the mannequin 

provided an overall clothing insulation value of 0.5 clo. For these experiments the 

mannequin was not connected to a breathing apparatus. 

Gas concentrations were measured with photoionization detectors (PIDs) 

(ToxiRAE Plus model PGM-30PID), selected for their small, unobtrusive size. Each PID 

was calibrated at the beginning of the day with 100 ppm of isobutylene. Correction 

factors for the surrogate cleaning chemical (95% ethanol; 5% isoproponol) were 

determined by sampling from a known concentration prepared in a Tedlar bag. 

Correction factors averaged (n=5) 11.6 (σ=2.5). The manufacturer’s correction factor for 

ethanol was reported as 12. 

To simulate a cleaning product, the ethanol mixture was poured to the lip of a 

shallow circular trays with diameters of 32.5 cm. The tray was weighed before and after 

each experiment to determine mean emission rates gravimetrically. The tray was placed 

on a digital balance (Acculab VA Series 16000; ±0.5 g) 10 cm above ground level and 9 

cm in front of the thermal mannequin’s feet to represent a cleaning product dispersed 

onto the floor during mopping.   

Gas concentrations were measured simultaneously at four locations in the 

chamber (Figure 49). Monitor 1was used to sample in the breathing zone as defined by 

Rim and Novoselac (23). Monitor 2 was used to sample at the breathing zone height but 
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1.3 m to the mannequins’ left. Monitor 3 was located 1.6 m in front of the mannequin at 

breathing zone height. Monitor 4 was located 1 cm in front of the front centerline of the 

mannequin at waist height. Experimental data provided information on the spatial 

pollutant distribution around the body, in the bulk space and the level of inhalation 

exposure. 

RESULTS AND DISCUSSION 

Experimental Results and Model Validation 

Experimental results for time-varying ethanol concentrations in air are presented in 

Figure 50 for one example experiment.  The concentrations at the two monitor locations 

in the inner-zone were within instrument uncertainty (± 2 ppm or ± 10% of reading) at 

least half the time over all three experiments. The same was true for the two monitors in 

the outer zone, even though they were placed 2.1 m apart in the chamber. The 

concentration in the outer zone never exceeded the concentration in the inner-zone, and 

the mean time-integrated concentration in the breathing-zone was 2.6 (range = 2.0 to 3.1 

over the three experiments) times higher than the time-integrated concentration in the 

outer zone. This agrees well with previous studies for which concentrations from 

personalized monitors exceeded concentrations from centralized monitors by a factor of 

1.2-3.3 (5-7).  

The two zone model was run under experimental conditions for validation 

purposes and compared with each of the triplicate experiments. Model results are 

presented as solid lines in Figure 50. The gravimetrically-determined emission rate was 

used in place of Equation 20. The mean ethanol emission rate over the three experiments 
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was 0.52 g/min (range = 0.50 to 0.54 g/min). Experimental concentrations detected at the 

monitoring locations were low for the first ten minutes when compared to the model. We 

attribute this to the fact that the well-mixed model and the two zone model each assumes 

instantaneous mixing.  

Over the triplicate experiments, the mean time-integrated ethanol concentration in 

the breathing zone of the mannequin was 0.81 (range = 0.68 to 0.86) times the predicted 

time integrated concentration in the inner-zone. To account for the lag time due to mixing 

in the chamber we also calculated the time-integrated ethanol concentrations in the 

breathing zone of the mannequin and the predicted time integrated concentrations in the 

inner-zone excluding the first 3 minutes of data.  The ratio of mean breathing zone 

concentration to the mean predicted inner zone concentration after mixing was 1.1 (range 

= 0.99 to 1.3). The mean time-integrated ethanol concentration in the breathing zone of 

the mannequin was 1.2 (range = 0.91 to 1.4) times as large as the time-integrated 

concentration predicted by the well-mixed model. The intake fraction, based on 

experimental data over a 40-minute exposure period and assumed breathing rate of 0.75 

m3/hr(24), ranged from 2.0 x 10-3 to 2.8 x 10-3 over all three experiments.  

Simulation Results 

The model was applied to four hypothetical scenarios involving multiple independently 

introduced sources emitting in both zones concurrently. Sources were assumed to contain 

two common cleaning chemicals, 2-butoxyethanol and d-limonene, in an aqueous 

solution. Properties of each chemical are listed in Table 10. Scenarios and model inputs 

are listed in Tables 11 and 12, respectively.  
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Modeling results for 2-butoxyethanol are shown in Figure 51 Peak 1-h exposure 

concentrations are predicted exceed California’s acute REL of 14 mg/m3 for this 

chemical for scenarios 1 to 3.  

As expected, chemical concentrations in the inner-zone are predicted to be higher 

than in the outer zone for both VOCs (Figures 51 and 52). The concentrations for both 

chemicals, in each zone, are greater than those typically observed indoors. Concentrations 

for 2-butoxyethanol are several orders of magnitude higher then for d-limonene and 

reflect the potential for highly elevated short-term exposures during cleaning that are 

missed during multi-day integrated exposure measurements. Wu et al. (25) report typical 

geometric mean indoor concentrations for 2-butoxyethanol and d-limonene as 4.2 and 8.2 

µg/m3, respectively, with maximum concentrations of 356 and 1100 µg/m3, respectively. 

Predicted peak concentrations are short lived, lasting only tens of seconds before 

decaying to outer-zone concentrations. With a high emission rate and high λin  (360 h-1), 

concentrations in the two zones converge after application of the final source cell, which 

is not depicted in Figures 51 and 52; by that time it is presumed that the occupant has left 

the space. 

Henry’s Law constants are often not measured, but rather calculated as the ratio of 

a chemical’s vapor pressure to aqueous solubility. Henry’s Law constants for d-limonene 

are reported from 2.67 to 34.6 KPa m3/mol. When this range was substituted for Henry’s 

Law constants in scenario 2, while all other parameters were kept constant, the peak 

concentration in the inner-zone ranged from 0.120-146  (g/m3). However, across this 

range of Henry’s Law constants the ratios of the integrated concentration in the inner-
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zone relative to integrated concentration using the single-compartment well-mixed model 

only ranged from 5.5-6.5.  

The d-limonene concentration profile is characterized by cyclic peaks in the 

inner-zone. Rapid emissions of d-limonene from the source cell causes a concentration 

spike that grows until all the liquid has been emitted. These concentration spikes are 

followed by an exponential decay until the next source cell is applied. A similar cyclic 

process occurs with 2-butoxyethanol, except neither the liquid concentration nor gas ever 

falls to zero. Also, since emission rates of 2-butoxyethanol are considerably lower than 

for limonene, rapid air exchange between the two zones dampens the perturbations, and 

the concentration is lessoned. Similarly, air exchange between the inner- and outer-zones 

is responsible for the mild perturbations in the outer-zone concentration curves of both 2-

butoxyethanol and d-limonene. While concentrations of d-limonene level off, those of 2-

butoxyethanol continue to rise throughout the modeling period. This is consistent with 

results reported  by Singer et al.(26) who observed 2-butoxyethanol concentrations to not 

peak within 30 minutes of a cleaning application. 

The predicted concentrations in the inner-zone shown in Figures 51 and 52 should 

raise concerns. Many of the chemicals found in cleaning products are known irritants and 

allergens (3). Several specific constituents increase the incidence of asthma in adults (3, 27, 

28) or trigger asthma attacks(29, 30). Zock et al. (31) found a statistically significant 

correlation between the use of cleaning sprays and new onset of wheeze, nocturnal 

attacks of shortness of breath, and/or asthma in adults. Their results show that those using 

cleaning products at least four days a week and/or use more than three different types of 
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products at least one day per week experience the greatest risk (31). Those who clean for a 

living typically fall within this category. Researchers have also found a link between in-

utero exposure to cleaning sprays and the development of respiratory disease in early 

childhood(32, 33). 

A bathroom exhaust fan being switched on (scenarios 2 and 4) is predicted to 

result in significant changes in concentration in both the inner- and outer-zone (Figures 

51 and 52). For these scenarios it was assumed that the high air exchange rate (2.4 hr-1) 

did not produce high enough air speeds in the space to disrupt the thermal plume and 

cause the flow regime around the body to shift away from buoyancy-driven flow. Had the 

plume been destroyed, the inner-zone concentration would have fallen even lower and 

approached a predicted well-mixed single-zone concentration. In either case, the large 

drop in inner-zone concentrations for both VOCs demonstrates the importance of 

increasing ventilation in the outer zone. As the duration of cleaning increases, the effect 

of outer-zone ventilation on inner-zone concentration increases to the point that the inner-

zone concentration is less than the outer-zone concentration with the exhaust fan off. 

While the two-zone model predicts higher occupant exposure levels, the inner-zone is 

largely affected by conditions in the outer zone and vice-versa. Strategies for reducing 

chemical concentrations in the outer zone can result in meaningful reductions of chemical 

concentrations in the inner-zone. 

Not all of the 2-butoxyethanol volatilizes before the end of the hypothetical 

cleaning scenarios.  Fractional emission (FE) is defined as the mass emitted divided by 

the total mass dispersed for a cleaning period. All of the d-limonene is volatilized in each 
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scenario, so its FE=1.0. For 2-butoxyethanol the fractional emission is highest for the full 

strength case and decreases with more dilution. For the full strength application (Scenario 

1) the FE=0.82. Fractional emissions are less that 0.065 for the other three scenarios; 

dilution in water reduces the emission rate. This is because the total mass of cleaning 

product dispersed is the same for all scenarios but the volume of water that the cleaning 

product is dissolved in, and therefore the concentration of the product, varies for different 

scenarios.  The low FE for 2-butoxyethanol indicates a lower potential exposure to those 

who do cleaning, but persistent emissions can increase exposures of those who enter the 

space after a cleaning event. 

The well-mixed model predicts slightly higher concentrations than predicted for 

the outer-zone in the two-zone model, but much lower than the inner-zone in all scenarios 

for both VOCs. Thus, predictions based on a single-zone, well-mixed model may 

underestimate exposure for an occupant engaged in a cleaning activity.  

The ratios of the time-integrated concentration in the inner-zone relative to 

integrated concentration using the single-compartment well-mixed model are presented in 

Table 13. This metric represents the degree to which the single-compartment well-mixed 

model under-predicts exposure for each hypothetical cleaning scenario.  The smallest 

ratios are for the scenarios with the smaller room volume. For these conditions, exposure 

predicted by the two-zone model is approximately the same, i.e., 1.1 times, as exposure 

predicted by the single compartment well-mixed model. The differences in the ratios 

between scenarios and chemicals illustrates the complex and competing influences of the 

room volume, initial product concentration, air exchange rate and Henry’s Law constant. 
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Limitations 

While this study presents a model that can be employed to some scenarios, there 

remain limitations to its widespread use. A crucial parameter to the model is the inter-

zonal air exchange rate, which is driven by the thermal plume. The thermal plume’s 

intensity will vary with occupant movement, breathing and body posture. These 

variations were not accounted for here. The emission source also plays an important role 

in predicting exposure. For typical cleaning events the surface area of the liquid product 

will change as it dries. Our model is based on the assumption that cell area remains 

constant and that only liquid cell thickness changes as the chemical and water evaporate. 

Finally, cleaning products are complex mixtures of many individual constituents such as 

surfactants, salts, polymers, etc.. These factors add complexity to emission estimates. 

CONCLUSION  

In this paper we extend a two-zone model to address important features of cleaning tasks. 

Specifically, we address the way sources are introduced, where they are located and how 

they emit. Three experiments were performed using a thermal mannequin to evaluate the 

model. Ratios of integrated concentrations in the inner- and outer-zones with respect to 

each other, as well as with respect to concentrations predicted by the two-zone model and 

the single-zone well-mixed model were presented. Hypothetical examples were used to 

compare the two-zone model and the single-zone well-mixed model for typical cleaning 

scenarios beyond the experimental scenarios. The two-zone model reasonably predicted 

results of experiments performed here and by others. 
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Results of this study suggest that models based on a single well-mixed zone may 

significantly underpredict exposure for cleaning scenarios in which the body’s thermal 

plume is not affected by convective mixing. Furthermore, for cleaning chemicals with 

relatively low Henry’s Law constants, such a 2-butoxyethanol, fractional emissions 

during cleaning may be low, thus prolonging exposures after cleaning events. 

Methods for reducing exposure to chemicals in cleaning products include 

increasing mixing in the room, increasing ventilation with outdoor air, using less cleaning 

product, diluting the cleaning product, and cleaning when the space is otherwise 

unoccupied. 

Future research needs include a better understanding of airflow around a moving 

occupant and an occupant in positions other than standing. Improved understandings of 

cleaning product compositions, Henry’s Law constants, and emissions behavior of 

complex mixtures is also needed. 
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Figure 48. Schematic showing airflow, inner-and outer-zones and source cells 
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!
Figure 49. Chamber setup: The set-up source cells (circles) and measurement apparatus 
(triangles represent collocated PIDs and anemometers).  The origin (0, 0, 0) is the front 
right of the chamber. Sampling locations are as follows in meters; S1 breathing zone (-
2.25, 3.25, 1.35); S2 mannequin’s left (-0.95,3.36,1.44); S3 mannequin’s front (-2.4, 
1.77, 1.46); S4 waist (-2.25, 3.35, 0.95); S5 exhaust (0, 3.27, 2.6) 
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!
Figure 50. Single experimental results and two zone model predictions of time-varying gas phase concentrations. Uncertainty 
bounds represent instrument uncertainty 
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!
Figure 51. 2-Butoxyethanol concentrations vs. time for all 4 modeling scenarios. The number represents the scenario (see 
Table 12) “i” is the inner-zone and “o” is the outer-zone 
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!

Figure 52. d-Limonene concentrations vs. time for all 4 modeling scenarios. The number 
represents the scenario (see Table 12) “i” is the inner-zone and “o” is the outer-zone. All 
spikes are inner-zone concentrations, and inner- and outer-zone concentrations converge 
by the end of the modeling period 
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Table 10. Physical properties of 2-butoxyethanol and d-limonene  
 Pvp (mm Hg) H (Pa*m3/mol) ρ (g/cm3) Liq. Mass Frac (%) 
2-butoxyethanol 0.88,* 0.551* 0.901** 6.20 
d-limonene 1.98,* 2.73E+3,* 0.840* 7.02E-4 
* 25 ºC, ** 20 ºC 

 
Table 11. Scenario definitions 
Scenario 1 2 3 4 
Vout (m3) 10.7 10.7 34.8 34.8 
λout (hr-1) 0.8 2.4 0.8 2.4 
Vdil * 0 0.5 0.5 1 
f 2 4 8 16 

*Total liquid volume of dilution water, Scenario 1 is full strength (no additional dilution) 
 
Table 12. Global model inputs 
Variable Name  Label Value 
Fresh air exchange rate (Fan Off) λout 0.8 h-1 
Fresh air exchange rate (Fan On) λout 2.4h-1 
Inter-zonal air exchange rate λin* 360 h-1 
Volume of room Vout** 10.7 m3/34.8m3 

Volume of inner-zone Vin 1 m3 
Total cleaning area for entire event A 3.9m2 

Relative humidity (%) RH 44 
Total mass distributed Mtot 100 g 
* λ with respect to Vin..**Vout for bathroom/large room. 
 
Table 13. Predicted time integrated concentration ratios 
 2-butoxyethanol d-limonene 
1 1.1 1.1 
2 1.4 1.7 
3 1.2 1.7 
4 1.4 2.6 
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Appendix 2: 2-Butoxyethanol (2-BE) 

 
Introduction 

While the use of cleaning products can improve the quality of indoor 

environments, research shows that some cleaning products can yield high levels of toxic 

air contaminants that are regulated in the outdoor environment. The populace introduces 

astounding quantities of these products to occupied spaces, some of which are sensitive, 

under the assumption that the products’ effects are only beneficial. Persons involved in 

cleaning, particularly those who clean by occupation or who clean often, are especially at 

risk of being exposed to excessive concentrations. This paper specifically addresses 

personal exposure to 2-butoxyethanol (C6H14O2 CAS number 111-76-2) (2-BE), a 

common glycol ether. The properties and health effects of 2-BE are considered. 

Regulatory analysis, exposure and pharmacokinetic considerations are also discussed. 

Chemical Background and Properties 

2-BE is colorless with a mild ester-like smell. Due to its exceptional solvency, 

chemical stability, and miscibility in water and organic media, glycol ethers are good 

solvents for a wide array of applications. In 1983 (the most recent data available) 2-BE 

was the most produced glycol ether, with total production topping 1.23E9 kg (Toxnet, 

2007). 2-BE became the most popular glycol ether when it was discovered that shorter 

chain glycol ethers such as methoxy- and ethoxyethanol (ME, EE) exhibited 

developmental and bone marrow toxicity. The discovery of this toxicity prompted 

chemical manufacturers and industry to simply add another carbon to the chain and phase 
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out the shorter chains’ production and use, and is precisely what happened with both ME 

and EE. Currently, some manufacturers have abandoned 2-BE while some still consider it 

safe enough to profitably continue its production and use. Current manufacturers in the 

U.S. include Dow Chemical USA, Eastman Chemical Co., Equistar Chemicals LP and 

Shell Chemical Co. (Toxnet, 2007). 

Industrial applications include use as a solvent in both water and organic based 

mixtures. Explicit uses include, in no particular order: hydraulic fluid; solvents for 

protective coatings such as lacquers, varnishes, nitrocellulose resins, and enamels; 

synthesis ingredients of acetate esters, of di(2-butoxyethyl) phthalate, and other stearate 

plasticizers; coupling agents to stabilize immiscible ingredients in metal cleaners, textile 

lubricants, cutting oils, and household products (Toxnet, 2007). 

2-BE is used extensively in consumer products ranging from:  hard surface 

cleaners for use of glass, plastic, tile, porcelain, chrome, painted surfaces, aluminum, 

countertops, stove tops, ovens, bathroom fixtures and kitchen appliances; other cleaners 

for use on carpets, fabrics and upholstery; ingredients in caulking, sealant, linoleum, 

permanent hair color, nail polish remover and cosmetics. It can also be found in 

disinfection agents that require leaving the product on the surface for up to 15 minutes 

before wiping it away, giving 2-BE ample time to volatilize. Some of the products can be 

used pure or diluted. Dispersion methods include trigger spray bottles, aerosol cans and 

capped bottles. The actual concentration of 2-BE in these products is unlisted but Singer 

et al. (2006) found concentrations ranging from 6 to 62 mg/ml in six common products. 
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Environmental fate 

2-BE’s industrial production and use result in its release to the environment 

through various liquid and vapor waste streams. At standard conditions, a vapor pressure 

of 0.88 mm Hg indicates 2-BE will exist solely as a vapor if exposed to air (Toxnet, 

2007). 2-BE in the vapor-phase will readily degrade in the outdoor environment via 

reaction with photochemically-produced hydroxyl radicals. The half-life for this reaction 

is approximately 16 hours. Based upon an estimated Koc of 67, 2-BE is expected to have 

high mobility if released to soil. Volatilization from moist soil interfaces and water 

surfaces is expected to be an important environmental fate process based upon a Henry’s 

Law constant of 1.60E-6 atm m3/mol. This Koc also indicates that 2-BE will not adsorb to 

suspended solids or sediments in aqueous environments. More chemical properties can be 

found in Table 14.  

Table 14: Physical and chemical properties of 2-BE (Vapor pressure, Henry’s Constant 
and Diffusion Coefficient in air are measured at 25 ˚C) 
Molecular weight 118.2 Toxnet, 2007 
Boiling point 444.2 K Toxnet, 2007 
Vapor pressure  0.88 mm Hg  Toxnet, 2007 
Heat capacity 274.1 J/mol K NIST Webook 2007 
Henry’s constant  1.6E-6 atm m3/mol Toxnet, 2007 
Vapor density 4.1 (air=1) Toxnet, 2007 
log Kow 0.83 NIST Webook 2007 
Odor threshold 9.3 mg/L Toxnet, 2007 
Flashpoint 353.15 K Toxnet, 2007 
Koc 67 Toxnet, 2007 
Diffusion Coefficient in air 0.0249 m2/h NIST Webook 2007 
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Health Risks 

2-BE itself is not toxic but its metabolites are. There are two main oxidative 

pathways of metabolism following either alcohol dehydrogenase or cytochrome P450. 

Alcohol dehydrogenase is the most important pathway. It leads to the formation of 2-

BE’s main metabolite, butoxyacetic acid (BAA). Cytochrome P450 produces ethylene 

glycol and finally carbon dioxide. Unfortunately, genetic polymorphism affects both of 

these pathways, making 2-BE metabolism difficult to predict and model (Haufroid et al 

1997). 

Non-human animal evidence 

2-BE has expressed toxicity in non-human animals via hemolysis (rupturing of 

the red blood cell membrane causing the release of hemoglobin and other cellular 

components, illustrated in Figure 53) through a direct action on erythrocytes (red blood 

cells) rather than on the bone marrow. The National Toxicity Program reports equivocal 

evidence of carcinogenic activity in female F344/N rats and little evidence of 

carcinogenic activity in males of the same spices (Toxnet, 2007). Decreased body weight 

gains, liver and kidney toxicity are considered secondary to hemolysis (Corley et al., 

1994). However, Haufroid et al. (1997) reports no evidence of kidney toxicity. 

Regardless, these expressions seem to be limited to non-human animals. Both in vitro and 

in vivo studies on human erythrocytes exposed to 2-BE or BAA did not show any 

response (Haufroid et al 1997). This is because human erythrocytes are less susceptible to 

the hemolytic action of BAA than the animals that are historically used for toxicity 

evaluation such as rats, mice and rabbits (Corley et al., 1994). 
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Figure 53. Illustration of hemolysis. (Cells with hemolysis appear asymmetrical and 
misshapen) (http://www.med-ed.virginia.edu, 2007) 

 
Human evidence 

2-BE is not mutagenic, nor is it a reproductive or developmental toxicant. It is 

fetotoxic only at maternally toxic dose levels. There is considerably less risk of hemolysis 

in humans than would have been predicted solely from toxicity studies on non-human 

animals, highlighting the need for human toxicity testing (Corley et al., 1994). 

Occupationally exposed individuals do attest that 2-BE is a skin irritant (Jones and 

Cocker, 2003), and 2-BE has been listed as a class A3 carcinogen (confirmed animal 

carcinogen with unknown relevance to humans) (Toxnet, 2007). 

Regulatory analysis 

United States’ regulatory environment and history 
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The United States Environmental Protection Agency (USEPA) classified glycol 

ethers as hazardous air pollutants (HAP) under the 1990 Clean Air Act. In November 

2004 the USEPA delisted 2-BE after it determined “emissions, ambient concentrations, 

bioaccumulation or deposition of [2-BE] may not reasonably be anticipated to cause 

adverse human health or environmental effects” (USEPA, 2004). To support this finding 

the USEPA offered an exposure assessment. Unfortunately, the exposure assessment only 

considered inhalation exposure due to emissions to ambient outdoor air and does not 

consider the higher concentrations, and therefore exposure, associated with emissions 

indoors (Singer et al., 2006). Although 2-BE is no longer a HAP, it still has a federal 

reference concentration for chronic inhalation exposure (RfC). Several other agencies, 

including The National Institute for Occupational Safety and Health (NIOSH) and The 

American Conference of Governmental Industrial Hygienist (ACGIH) have published 

limits that can be found in Table 15. Both the NIOSH and ACGIH values were published 

with a “skin” notation indicating that they were based on dermal absorption. Dermal 

absorption is the main exposure route (Toxnet, 2007). More discussion of this can be 

found in the Exposure Analysis section of this paper. 

The California Air Resources Board (CARB) lists glycol ethers as toxic air 

contaminates (TAC). Within the TAC list, CARB establishes reference exposure limits 

for several specific glycol ethers. 2-BE’s RfC and REL are comparable and are reported 

in Table 15. 
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Table 16: Regulatory and recommended levels for 2-BE 
Federal reference concentration for chronic inhalation exposure (RfC)  13 mg/m3 
Reference exposure limits for acute (1-hr.) exposure  14 mg/m3 
ACGIH 8-hr Time Weighted Avg (TWA) 9.8 mg/m3 
Permissible Exposure Limit 8-hr TWA 24.5 mg/m3 
NIOSH Recommended Exposure Limit: 10-hr TWA 2.45 mg/m3 
NIOSH Immediately Dangerous to Life or Health (IDLH) 343 mg/m3 

 

Canada’s regulatory environment and history 

 The Canadian government has been reviewing 2-BE under the Priority Substances 

List assessment program in accordance with the Canadian Environmental Protection Act 

since 1995. It is currently under the risk management phase of the review. Indoor air 

exposure research is being included in their risk management process (Zhu et al., 2005). 

United Kingdom’s regulatory environment and history 

 Europe has been leading the charge against 2-BE. The United Kingdom (UK, in 

particular, is taking decisive action in the area of pharmacokinetic modeling and in vitro 

human testing. The UK occupational exposure standards are 25 ppm (8-hr TWA) and 50 

ppm (15-min Short Term Exposure Limit). Their government has also set maximum 

recommended urinary monitoring values for occupationally exposed people (Franks et 

al., 2006). 
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Exposure analysis 

 2-BE readily absorbs into the body following inhalation, dermal contact, or 

ingestion. Occupational exposure occurs through inhalation and dermal contact. In 1983 

NIOSH estimated that approximately 2,100,000 workers were potentially exposed to 2-

BE in the United States. According to the National Ambient VOC Database (1988), the 

median workplace atmospheric concentration of 2-BE was 0.075 ppb (Toxnet, 2007). 

Inhalation exposure 

Inhalation is the easiest exposure pathway to model. It received the most attention 

in the early years but recent findings have shifted the research focus away from inhalation 

to dermal exposure.  

Zhu et al. (2001) used small chamber experiments to characterize emissions of 2-

BE from selected consumer products, including some cleaning agents. They also 

measured headspace concentrations of 2-BE in several cleaning products ranging from 

7.9 to 90.7%. They also studied the effect of dilution on emission and found that the 

emission rate of 2-BE from diluted solutions can be estimated with good accuracy by 

applying a dilution factor to the emission rate of the initial product. That is, emission 

rates of 2-BE are proportional to the product’s mole fraction in water. Emission rates 

ranged from 145 to 938 mg m-2 h-1 with the highest rates coming from concentrated floor 

cleaning agents and the lowest coming from trigger spray glass cleaners. Using their 

experimentally derived emission rates, they calculated possible human inhalation 

exposures ranging from 0.048 to 0.001 mg (kg b.w.)-1 day-1 under normal indoor 
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conditions and multiple cleaning scenarios. For their exposure values they assumed 2-BE 

followed first order decay and no surface deposition. 

I developed a simple emissions model that takes emission and ventilation into 

account. Details can be seen in the appendix. I timed myself cleaning my bathroom to 

determine the time each task took and measured the surface areas and volume of the 

room. I used emission factors from Zhu et al. (2001). Time dependent concentrations in 

my small apartment bathroom of 2-BE from three cleaning tasks (glass, hard surface and 

floor) are presented in Figure 54. The model predicts concentrations an order of 

magnitude above REL for acute 1-hr exposure. The dose for this hour-long cleaning 

event was 115.5 mg, which yields an intake fraction of 0.0127. 
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Figure 54.Time dependent concentrations of 2-BE from three cleaning tasks in a small 
bathroom. 

 
Singer et al. (2006) conducted emissions experiments in a large chamber designed 

to simulate a typical residential environment using six consumer products. Via simulated 

use experiments, including rinsing with a sponge and wiping with a towel, emissions of 

full strength and diluted mixtures were characterized. Fractional emissions (mass 

volatilized/mass dispersed) were also calculated. When the towel or sponge was left in 

the chamber after the cleaning event, fractional emissions were 50 to 130%. Fractions 

over 100% are due to volatilization of 2-BE from chemicals that were not dispersed, 

either from rags or unsealed dilution mop buckets left in the chamber. Fractional 

emissions of 25 to 50% were recorded when the towel or sponge was removed. Even 
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lower fractions (2 to 11%) resulted from diluted use. With an air exchange rate of 0.5/h 

and a chamber volume of 50 m3, full strength application yielded 1-hr concentrations of 

300 to 5000 ug/m3 for normal use.  

Using emissions calculated in their study, Singer et al. (2006) modeled cleaning 

scenarios. They proposed a possible cleaning scenario with typical air exchange rates, 

surface area to volume ratios, use patterns and product concentration in which 

concentrations of 2-BE could reach CARB’s REL of 14 mg/m3. A similar scenario is 

posed at the end of this paper. 

Singer et al. (2006) also showed time dependence of peak concentrations. For 

most experiments, concentrations reached their peak within 30 minutes of application. 

However, the peak concentrations for the experiments where the towel or sponge was left 

in the chamber were not reached until 4 hours after application. This further illustrates the 

potential to decrease exposure by removing cleaning supplies after cleaning events. 

Further study should be done to determine the impact of rinsing the towel or sponge after 

use. 

 

Inhalation models 

 A double-exponent model often characterizes emissions from wet materials and 

products. These models usually have a high, or fast, decay emission in the first phase 

which represents the chemical’s rapid initial volatilization from the liquid phase (Zhu et 

al., 2005). The second phase has a relatively low, or slow, decay rate. The initial emission 

rate, signifying the emission rate at the instant the emission process begins, is one of two 
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parameters (the other being the decay constant) used to describe the first phase of 

emission. Zhu et al. (2005) extended the vapor pressure boundary layer model from 

petroleum based surface coatings to aqueous based surface coatings such as 2-BE to 

describe emissions in the first phase. These water-based coatings are more complicated to 

model because, unlike non-polar chemicals in petroleum-based products, the hydroxy 

group in polar or semi-polar compounds has strong hydrogen bonding interactions with 

water. Using equilibrium headspace concentrations, Zhu et al. (2005) predicted several 

products’ initial emission rates for application in the model discussed above. Typically 

the ratio of headspace concentration to liquid concentration is the saturated vapor 

pressure of the pure component. This is Raoult’s law. However, Zhu et al. (2005) showed 

that headspace concentrations were closely dependent on water content in the liquid 

phase. Such dependence indicates that 2-BE does not follow ideal behavior and that 

Raoult’s law does not apply. Consequently, Zhu et al. (2006) performed dynamic 

chamber experiments to determine initial emission rates. Through these experiments, they 

found a correlation between the initial emission rate and headspace concentration. Thus, 

they proved headspace concentrations can predict initial emission rates. These rates were 

then inserted, along with previously determined mass transfer coefficients, into the model 

to predict exposure. Their results are significant because headspace analysis is simpler 

and more cost effective than dynamic chamber test. Thus, emissions from building 

materials and consumer products’ emissions could be easily calculated from simple, 

inexpensive headspace tests. 
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Dermal exposure 

Dermal uptake is an often overlooked exposure route, but in many cases it plays 

an important role.  In 2-BE’s case it can be the predominate means of exposure in certain 

situations. Traynor et al. (2007) reports that a 1-hr exposure of the human forearm to a 

50% 2-BE/50% water mixture can exceed the body burden which would be caused by an 

8-hr inhalation exposure to the threshold limit set by the ACGIH. During full body 

occupational exposure, dermal uptake can account for 75% of the total exposure 

(Haufroid et al. 1997). Traynor et al. (2007) hypothesizes this level of dermal uptake can 

be achieved because of 2-BE’s rapid transport through the skin. They explain that 

although the epidermis has been shown to contain alcohol and aldehyde dehydrogenases, 

no local metabolism is observed, indicating transport across skin is fast. The barrier to 

chemicals like 2-BE in skin lies in the stratum corneum, the outermost layer of the 

epidermis, shown in Figure 55. The organized structure of lipid layers and corneocytes 

within the stratum corneum are responsible for the skin’s normally low permeability. 

However, perturbation of this highly ordered structure can result in increased 

permeability. 2-BE is a good solvent for lipophilic and hydrophilic compounds, so it may 

have a solubilizing effect on the stratum corneum lipids. Pure 2-BE is dehydrating which 

leads to less flux. However, when dehydrating solvents are mixed with water, increased 

flux of both the solvent and water is observed. Also, at certain concentrations 2-BE 

molecules can cluster together to form pseudo micelles. If these come in contact with 

skin, they might preferably partition out of the mixture and into the lipid rich skin. 

Further, the solvent does not need to be mixed with water at the time of dermal contact 
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for flux to be increased. The lipid rich layers of the skin can be disturbed by contact with 

water alone. Later exposure to 2-BE (within a few hours) can still result in fluxes up to 

three times the flux of pure 2-BE (Traynor et al., 2007). 

 

 
Figure 55. Diagram of stratum corneum. Each globule at top is a corneocyte and 2-BE 

follows the intercellular route. (http://www.ijpr-
online.com/Docs/20041/IJPR226_files/image002.jpg, 2007) 

 
The Traynor et al. (2007) study applied 2-BE in different concentrations to the 

human forearm in infinite and finite doses. They found that the maximum flux of pure 2-

BE through human skin was 0.64±0.9 mg/cm2 /hr. The greatest flux occurred with a 50% 

2-BE/50% water mixture. The flux of 2-BE in this case was six times higher than pure 2-

BE. Additionally, the flux of water from the mixture was higher than the flux from pure 

water. This non-linear relationship between flux and concentration is not accounted for in 

current predictive models based on quantitative structure activity relationships. These 
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models predict permeability coefficients (kp) for substances for which experimental data 

is not available. Exposures predicted by these coefficients will be wrong for water-

miscible, lipophilic solvents like 2-BE, which further emphasizes the need for in vitro 

human studies. More discussion about the need for human studies can be found in the 

section on pharmacokinetic modeling. 

Ingestion exposure 
 

Large oral doses would be required to reach toxic levels because conditions in the 

stomach readily destroy 2-BE and there is not enough uptake between the mouth and the 

stomach to reach toxic levels (Corley et al., 2007). Small amounts of 2-BE have been 

found in food because of its use as a solvent in food grade adhesives, however few 

studies about exposure to 2-BE via ingestion exist (Toxnet, 2007). These quantities, 

which are negligible compared to the inhalation or dermal exposure, combined with the 

need for large oral doses to reach toxic levels, are likely to be the reason for lack of 

studies.  

Exposure monitoring 
 
 Given the prevalence, wide range of dermal contact, absorptive behavior and 

complex metabolism of 2-BE, biological monitoring is favored for a complete exposure 

assessment. A number of biological markers have been tested to determine the body 

burden caused by exposure to 2-BE, including 2-BE in the blood, BAA (2-BE’s major 

metabolite) in the blood, 2-BE on the breath, and free and total (free + conjugate) BAA in 

the urine (Jones and Cocker, 2003; Haufroid et al., 1997; Corley et al., 1994). Due to 

sampling difficulties, invasiveness, and different rates of metabolism, 2-BE and BAA in 
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the blood are unsuitable biomarkers for the determination of the extent of exposure. Also, 

due to minute levels on exhaled breath, 2-BE’s polar nature and lack of instrument 

sensitivity at low levels, 2-BE on the breath is a poor marker (Jones and Cocker, 2003). 

Urine testing is preferred because it is less invasive and cost effective.  Free and total 

BAA in urine are currently used for determination of exposure. The UK has established a 

biological monitoring guidance value for BAA of 240 mmol/ mol creatinine in urine. 

Creatinine is a breakdown product of phosphate in muscles and is produced at relatively 

constant rate. Germany has set a biological tolerance value of 100 mg/l for BAA in urine. 

Both countries based their guidance on free BAA and both recommend sampling post 

shift towards the end of the work week (Haufroid et al., 1997). This period was picked 

because peak excretion does not occur until 6 to 12 hours after exposure. With repeated 

exposure throughout the work week, accumulation becomes possible and only end of 

week testing will indicate overall exposure. Germany stated that measuring the conjugate 

BAA levels, in addition to the free BAA, is advised but not required (Jones and Cocker, 

2003). 

 As discussed previously, 2-BE is metabolized into BAA in the body. BAA 

excreted in urine appears in free and conjugated forms which are measured 

independently. Of the many conjugation pathways, BAA may only be conjugated to 

glutamine. The extent of conjugation varies markedly from person to person and 

exposure scenario to exposure scenario. Only when saturation occurs in the kidney is 

BAA exceeded. Compounding the problem is the fact that saturation points are difficult 

to predict because the saturation point differs based on genetic polymorphism and 
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environmental factors such as injury, stress or disease. The scientific consensus in 1994, 

the time when monitoring values were established, was that free BAA was the best 

marker. They chose free BAA because it would best predict risk, as free BAA is the 

active metabolite that causes hemolysis. However, occupational exposure levels are likely 

to be much lower than those needed to actually cause a risk of hemolysis. Currently, both 

Jones and Cocker (2003) and Haufroid et al. (1997) agree that total BAA is a better 

marker because it indicates exposure to 2-BE.  Also, Jones and Cocker (2003) showed 

that monitoring free BAA alone may underestimate the absorbed doses of workers 

because of the wide and unpredictable variability in conjugation of BAA. 

Methods for reducing exposure 
 
 Although 2-BE is not proven to be toxic in humans, it is an irritant and exposure 

should be minimized. Adequate ventilation with air flow patterns that direct vapors away 

from people could significantly reduce dermal and inhalation exposure in many 

occupational settings. Simply wearing gloves while cleaning, especially with diluted 

aqueous solutions, could reduce dermal exposure to zero which would reduce the overall 

body burden by up to 75%. Prompt removal of cleaning supplies such a sponges, rags, 

and mop buckets is another means to reducing inhalation exposure. These precautions are 

easy, inexpensive, and could provide health and quality of life increases.  

Pharmacokinetic analysis  
 

A physiologically based pharmacokinetic model (PBPK) that describes uptake 

through dermal and inhalation exposure, metabolism and the disposition of 2-BE and 
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BAA is useful for simulating concentrations of BAA in the blood for most exposure 

scenarios. 

The seminal study addressing PBPK modeling of 2-BE was published by Corley et al. 

in 1994. They developed a PBPK that included all routes of exposure, competing 

metabolic pathways, and previously measured partition coefficients of both 2-BE and 

BAA in both rats and humans. This was the first pharmacokinetic study of 2-BE to 

address the difference between rat and human physiology. Corely et al. also included 

equations in their model for protein binding of BAA in the blood and saturable 

elimination of BAA by the kidneys. Although their model predicted that rats eliminate 

BAA from their bodies quicker than humans, the rats had higher predicted peak BAA 

concentrations in the blood than humans. Also the area under the BAA blood 

concentration time curve was higher for rats than humans. This can be explained by 

physiological differences between the species. These species differences coupled with the 

fact that human blood is less susceptible to hemolysis showed, for the first time, that 

humans were at less of a risk than rats from exposure to 2-BE. It also showed the need for 

human study before adequate determinations of toxicity can be made. 

 Franks et al. (2005) extended Corley’s findings to predict concentrations of BAA 

in urine. They developed equations that described the saturable elimination of BAA in the 

kidneys that took into account glomerular filtration (the process by which blood is 

filtered in the kidney) and acid transport (an important biological function of the kidney 

is to maintain the blood’s pH by transporting acid from blood to urine). They added a 

bladder compartment to the model to imitate urination at discrete intervals. This allows 
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the model to simulate fluctuations in BAA concentration cause by urination. A schematic 

of their PBPK model can be found in Figure 56 below. These additions to Corley’s model 

allowed accurate prediction of post-shift urinary concentration of BAA. Using their 

model they derived a biological monitoring guidance value of 250 mmol/mol creatinine 

of total BAA in urine. This corresponds to 8-hr exposure of 25 ppm 2-BE at resting 

working conditions. 

 

Figure 56. PBPK model describing the kinetics of 2-BE and BAA for human exposure 
developed by Franks et al. (2006). Corley et al. (1994) developed the 
schematic inside the dotted line. 
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Summary 

 2-BE is the most abundant glycol ether and can be found in a plethora of 

consumer products. It has been proven to be toxic in non-human animals but no evidence 

of human toxicity exists. While it is not regulated in the United States other nations have 

established regulatory guidelines, including biological monitoring levels. Dermal 

exposure is far more important than inhalation. Recent pharmacokinetic models have 

been developed that accurately predict both blood and urinary levels of 2-BE major 

metabolite butoxyacetic acid. Using simple controls, such as ventilation and personal 

protection like long gloves can significantly reduce exposure. 
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Appendix 3: Modeling Code 

% Name: C. Matt Earnest 

% Date: 12/12/12 

% Desc: This Code was written in MATLAB_R2008b as the analytical solution to the 

differential Equations for the two compartment model presented in this paper 

% Usage: The user inputs the input values listed at the beginning of the code and outputs 

predicted concentrations in the inner- and outer-zones. 

%%%VARIABLE DEFINITIONS 

%%INDEXS 

% i=chemical index  

% j=time index; the actual time is Delta_t *j 

%k=source index (each source is a two dimensional matrix in the 3D 

%%VECTORS AND MATRIX 

% liqmol= mols in liquid phase of chemical i  

% e=emissions matrix (mg/s) 

% cmol_inter=conc. at interface (mol/cm^3) 

% c_inter=interface concentration (mg/cm^3) 

% c_in=conc. in the inner box (mg/cm^3) 

% c_out=conc. in the outer box (mg/cm^3) 

% kg=mass transfer coeif. vector (cm/s) 

% MW=molecular weight (g/mol) 

% roh=density (g/cm^3) 
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%%SCALORS 

% A=area of each application (cm^2) 

% delta_t=time step (s) 

% end_time= model duration (s) 

% H=dimensionless hennery’s constant (c_aq/c_gas) 

% Vdil=volume of dilution water added to chemical (cm^3) 

% V_in=volume of inner box (cm^3) 

% V_out=volume of outer box (cm^3) 

% Vtot=total liqid volume remaining in source cell (cm^3) 

% Lambda_in=air exchange rate between inner and outer box (1/s) 

% Lambda_out=air exchange rate outer box and fresh air (1/s) 

% f =frequency of application (s) 

% T=temperature (k) 

% RH=relative humidity (fraction 

% R=ideal gas constant (cm^3 mmHg/(K*mol)) 

% Preliminary alterations and conversions 

jmax=ceil(end_time/delta_t)+1; 

imax=length(MW); 

avgMW=sum(massfrac_int.*MW); 

avgrho=sum(massfrac_int.*rho); 

for i=1:imax 

    liqmol(i,1)=total_mass_product/MW(i)*massfrac_int(i); 
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    if i==1 

        liqmol(i,1)=liqmol(i,1)+Vdil/18;  

    end 

    liqmol(i,1)=liqmol(i,1)/ceil(end_time/f); 

end 

A=A/ceil(end_time/f); 

t=0; 

k=1; 

kmax=ceil(end_time/f); 

j=1; 

frequency=f; 

vp=10^(8.10765-1750.286/(T-273.15+235));  

Vtot=Vdil+total_mass_product/rho*massfrac_int; 

% Preallocation 

liqmolconc=zeros(imax,jmax,kmax); 

liqmolfrac=zeros(imax,jmax,kmax); 

cmol_inter=zeros(imax,jmax,kmax); 

c_inter=zeros(imax,jmax,kmax); 

c_in=zeros(imax,jmax); 

c_out=zeros(imax,jmax); 

e=zeros(imax,jmax,kmax); 

kmax=1; 
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for i=1:imax; %this loop calculate 1st time step(j=1 AKA t=0)values 

    liqmolfrac(i,1,1)=liqmol(i)/sum(liqmol);  

    liqmolconc(i,1,1)=liqmol(i,1)/Vtot; 

    if i==1  

        vp_inter=liqmolfrac(i)*vp; 

        cmol_inter(i,1,1)=vp_inter/(R*T); 

        c_in(i,1)=(RH*vp/(R*T))*MW(i)*1000; 

        c_out(i,1)=(RH*vp/(R*T))*MW(i)*1000; 

    else  

        cmol_inter(i,1)=liqmolconc(i,1)*H(i); 

        c_in(i,1)=0; 

        c_out(i,1)=0; 

    end 

    c_inter(i,1)=cmol_inter(i,1)*MW(i)*1000; 

    e(i,1,1)=kg(i)*(c_inter(i,1)-c_in(i,1))*A; 

end 

for j=2:jmax;  

    for i=1:length(MW); 

        t(j)=delta_t*j-delta_t;  

        if t(j)>=f;  

            f=f+frequency 

            kmax=k+1; 
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            liqmol(:,j-1,kmax)=liqmol(:,1,1); 

        end             

        for k=1:kmax; 

            liqmol(i,j,k)=liqmol(i,j-1,k)-e(i,j-1,k)/1000/MW(i)*delta_t;  

            Vtot=(MW./rho)'*liqmol(:,j,k); 

            liqmolconc(i,j,k)=liqmol(i,j,k)/Vtot; 

            liqmolfrac(i,j,k)=liqmol(i,j,k)/sum(liqmol(:,j,k)); 

            if i==1 

                vp_inter(i,j,k)=liqmolfrac(i,j,k)*vp; 

                cmol_inter(i,j,k)=vp_inter(i)/(R*T); 

            else 

                cmol_inter(i,j,k)=liqmolconc(i,j,k)*H(i); 

            end 

            c_inter(i,j,k)=cmol_inter(i,j,k)*MW(i)*1000; 

        end 

        if i==1 

            c_in(i,j)=(RH*vp/(R*T))*MW(i)*1000; 

            c_out(i,j)=(RH*vp/(R*T))*MW(i)*1000; 

        else 

            c_in(i,j)=c_in(i,j-1)+delta_t*(e(i,j-1,kmax)/V_in+Lambda_in*(c_out(i,j-1)-

c_in(i,j-1)));%-Vd_in(i,:)*SA_in.'/V_in*c_in(i,j-1)-k_o3(i)*c_in(i,j-1)*c_o3_in(j-1)); 
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            c_out(i,j)=c_out(i,j-1)+delta_t*(sum(e(i,j-1,1:kmax-1))/V_out-

Lambda_out*c_out(i,j-1)+Lambda_in*V_in/V_out*(c_in(i,j-1)-c_out(i,j-1))); 

        end 

        for k=1:kmax; 

            if k==kmax 

                e(i,j,k)=kg(i)*(c_inter(i,j,k)-c_in(i,j))*A; 

           else 

               e(i,j,k)=kg(i)*(c_inter(i,j,k)-c_out(i,j))*A; 

           end 

        end 

    end 
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Appendix 4: Tracer Chemical Selection  

Methods 

 A stainless steel test chamber was used to simulate a small room. The 

chemical source, representing a cleaning product, was placed in a tray on the floor in the 

center of the chamber. A digital manometer was used to balance the pressure in the 

chamber of the room. Ventilation was once through with all entering air undergoing 

HEPA and Activated Carbon Filtration.  The decay of Carbon dioxide was measured to 

determine the air exchange rate in the chamber. Photo Ionization Detectors (PIDs), were 

located in the exhaust, two meters over the source, and in a corner about one meter away 

from the source, in order to measure the concentration of any volatile organic chemical at 

these locations.  An infrared thermometer measured the temperature of the source.  

Anemometers were placed 3 cm above the source in order to obtain the air velocity that 

was used to calculate mass transfer coefficient.  

 

Results and discussion 

Emissions  

 The volatile organic chemical was poured onto an 8 inch diameter tray 

until it was filled to the brim. The reason it was filled to the brim was to avoid a lip where 

the emissions would have to diffuse onto the lip then diffuse onto the chamber. The 

experiments were conducted for 30 minutes.  The change of mass of the chemical was 

measured in intervals of 3 minutes as it volatized in order to obtain the emission of the 

chemical. The emission rates of acetone and ethyl acetate decreased over time where 

ethanol has a consistent emission  (See Figures 57 through 59). The explanation for the 
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inconsistent emissions is evaporative cooling. The average emission rate is the same for 

the low and high air exchange rates as shown in Table 16. Over three minutes ethanol 

drops only one gram so there could be error associated with the scale. 

 
Figure 57. Emissions for Acetone in high and low air exchange rates   

 

 
Figure 58. Emissions for Ethel acetate in high and low air exchange rates   
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Figure 59. Emissions for Ethanol in high and low air exchange rates   

 
Table 16. Volatile Organic Chemical, VOC result. 

λ" Emissions" Δ"Temp"
Chemical/!!!!!!!!!!!!!!

air!exchange! 1/hr!
grams/!
min!

deg!C!

Acetone!High! 3.744! 1.22! 10.4!
Ethyl!Acetate!
High!

3.99! 0.82! 6.4!

Ethanol!High! 4.134! 0.35! 3.9!
!! !! !! !!

Acetone!Low! 0.798! 1.37! 11.4!
Ethyl!Acetate!
Low!

0.822! 0.82! 5.4!

Ethanol!Low! 0.618! 0.33! 3.5!
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from the tray onto the chamber. Based on the experimental data the temperature appears 

to decay exponentially. Acetone has a higher vapor pressure causing it to drop its 

temperature faster than the other chemicals used. Accordingly, acetone decreases 

approximately 10oC and converges to 8.7oC, after 20 minutes as shown in Figure 60. 

Ethanol has a lower temperature decay rate, decreasing approximately 3.7oC, converging 

to 18.8oC after 20 minutes, as shown in Figure 62. Ethyl acetate decreases approximately 

6oC and converges to 16oC also after 20 minutes as shown in Figure 61.  
 

 
Figure 60. Recorded temperature for Acetone in high and low air exchange rates   
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Figure 61. Recorded temperature for Ethyl Acetate in high and low air exchange rates   

 

 
Figure 62. Recorded temperature for Ethanol in high and low air exchange rates   
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Conclusions 

• Acetone had an inconsistent emission rate over time, and its temperature 

dropped significantly.  

• Ethyl acetate emissions dropped over time, but did not change with 

different air exchange rates.  

• Ethanol’s emission rates were low but consistent.  

• Acetone and ethyl acetate both had variation in their temperature and 

emissions, making them erratic which would complicate their use in future 

experiments.  

• Ethanol is a more reliable emission source during tests because its 

temperature did not drop as much as the other volatile organic chemicals, 

meaning its vapor pressure does not change as greatly.   
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Figure 63. Temperature decay of acetone at high air exchange rate 

 

 
Figure 64. Temperature decay of acetone at low air exchange rate 
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Figure 65. Temperature decay of ethyl acetate at high air exchange rate 

 

 
Figure 66. Temperature decay of ethyl acetate at low air exchange rate 
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Figure 67. Temperature decay of ethanol at high air exchange rate 

 

 
Figure 68. Temperature decay of ethanol at low air exchange rate 
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Appendix 5: Transient Results 

Experiments were performed in an environmentally-controlled chamber with 

measurement location indicated in Figure 69. The experimental scenarios are described in 

Table 17. Gas-phase experimental results for the experiments that are not presented in 

Section 5.2.1.1 are presented in Figure 70 - 83 

 

 

Figure 69. Chamber setup. The set-up source cells (circles) and measurement apparatus 
(triangles represent collocated PIDs and anemometers. The origin (0, 0, 0) is 
the front right of the chamber. Sampling locations are as follows in meters; S1 
breathing-zone (-2.25, 3.25, 1.35); S2 mannequin’s left (-0.95, 3.36, 1.44); S3 
mannequin’s front (-2.4, 1.77, 1.46); S4 waist (-2.25, 3.35, 0.95); S5 exhaust 
(0, 3.27, 2.6) 
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Table 17. Summary of experiments used for model validation and parameterization. 

 
 

Exp 
No. λ Position Etot T No. of 

Sources Time

(hr-1) (mg/min) ( C) (min)
A1 0.84 Stand 506 18.1 1 64
A2 0.84 Stand 533 18.2 1 35
A3 0.84 Stand 544 18.4 1 38
B1 0.84 Stand 1009 - 2 50
B2 0.84 Stand - 17.5 2 43
B3 0.84 Stand - 20.1 2 43
B4 0.84 Stand - 22.5 2 41
B5 0.84 Stand 1209 - 2 30
B6 0.84 Stand 1189 - 2 35
B7 0.84 Stand 1172 - 2 38
C1 3.5 Stand 1422 20.8 1 35
C2 3.5 Stand 1038 20.9 1 52
C3 3.5 Stand 1364 21.9 1 34
D1 3.5 Stand 2433 21.4 2 30
D2 3.5 Stand 2613 - 2 42
D3 3.5 Stand 2703 - 2 42
D4 3.5 Stand 2621 21.5 2 37
E1 0.84 45º 724 - 1 30
E2 0.84 45º 750 - 1 30
E3 0.84 45º 672 - 1 33
F1 0.84 H&N 714 - 1 30
F2 0.84 H&N 661 - 1 32
F3 0.84 H&N 725 - 1 32
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Figure 70. Experiment A2. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 71. Experiment A3. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 72. Experiment B2. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 73. Experiment B3. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 74. Experiment B4. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 75. Experiment C2. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 76. Experiment C3. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, S4 was located at the mannequin’s waist, and S5 was located in the chamber exhaust 
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Figure 77. Experiment D2. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, S4 was located at the mannequin’s waist, and S5 was located in the chamber exhaust 
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Figure 78. Experiment D3. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, S4 was located at the mannequin’s waist, and S5 was located in the chamber exhaust 
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Figure 79. Experiment D4. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 80. Experiment E2. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 81. Experiment E3. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 82. Experiment F2. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Figure 83. Experiment F3. S1 was located in the mannequin’s breathing-zone, S2 was located to the mannequin’s left, S3 was 
located in front of the mannequin, and S4 was located at the mannequin’s waist 
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Appendix 6: Sensitivity Analyses 

1.1. Sensitivity Analysis 

A univariate sensitivity analysis, similar to the analysis used by Liu et al. (2006), 

was performed on the two-zone model with emission of a pure chemical. All parameters 

were varied independently. Typical distributions were used if they are defined in the 

literature. However, in many cases a range was chosen that extends roughly equally on 

both sides of the value for a typical bathroom cleaning scenario. The absolute change in 

Cin, Cout, number of moles remaining in the liquid phase, and emission rate after varying 

each parameter independently was studied. Then, the relative change in Cin, Cout, number 

of moles remaining in the liquid phase, and emission rate were studied for the variable 

that the model was most sensitive to, inter-zonal air exchange rate.  

The analysis was performed by varying each parameter independently, even though 

several of the input parameters are coupled with other input parameters. For example, as 

mixing in the room increases the mass transfer coefficient and chemical emission rate 

increases.  

The model’s predicted sensitivity to changes in the Henry’s Law constant are 

presented in Figure 84. The Henry’s Law constant was varied from 0.1 to 0.5 

((mg/m3)gas/(mg/m3)liq). As can be seen in (a), the concentration in the inner-zone of a 

pollutant will be higher for chemicals with higher Henry’s Law constants. This result is 

expected, as the Henry’s Law constant is the concentration in the gas phase divided by 

the concentration in the liquid phase at equilibrium. The Henry’s Law constant could also 

be thought of as an indicator of the chemicals affinity for the gas phase. 
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As can be seen in (b), the higher Henry’s Law constants also lead to higher 

concentrations in outer-zone air but, the differences are far less dramatic than the results 

for the inner-zone. This is also expected because the volume of the outer-zone is much 

larger than the volume of the inner-zone. Following this logic, the amount of the 

chemical remaining in the liquid phase (c) is inversely related to the Henry’s Law 

constant. Note that the scale on the x-axis of (c and d) is shortened to show more detail of 

what happened with the application of each new source cell. The pattern of the first 

source cell was not discernibly different from any other. The relationship between 

Henry’s Law constant and emission rate as seen in (d) is not as straight forward. 

Essentially, a higher Henry’s Law constant translates to a higher initial emission rate, but 

this higher initial emission rate drives down the concentration in the liquid product. If the 

liquid were considered an infinite source the emission rate would remain constant and the 

higher Henry’s Law constants would produce higher emission rates at all time steps.  

Figure 85 depicts the model’s sensitivity to changes in the mass transfer coefficient. 

The mass transfer coefficient was varied from 10 to 800 cm/hr (0.1 to 8 m/hr). As 

illustrated in (a), the concentration in the inner-zone of a pollutant was higher for a higher 

mass transfer coefficient. This was expected. In fact, once the mass transfer coefficient 

got above 100 cm/hr there was nearly instantaneous volatilization of the chemical, 

explaining the dramatic spikes that were seen when the mass transfer coefficient was set 

at 8 m/h. This is supported by Figure 85 (c), where it can be seen that the moles of a 

chemical with a mass transfer coefficient of 8 m/hr left the liquid phase in mere seconds. 

Figure 85 (b) shows a similar trend but, as with Figure 84, there were no perturbations 
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and the difference between the curves was smaller. This was because the outer-zone’s 

volume was much larger.  

The most sensitive output parameter to changes in the mass transfer coefficient was 

the emission rate. This was expected since the mass transfer coefficient is a key variable 

in the equation governing the emission rate and is only tied to the other output variables 

indirectly. The window plot inside (d) shows a magnified view for more clarity, and to 

draw further similarity to the effects of varying the Henry’s constant. It was expected that 

the two responses would be similar, since one governs how a chemical transports from 

the liquid phase to the interface and the other governs how quickly the chemical 

transports from the interface to the bulk room air. 

The four plots in Figure 85 show that the model is especially sensitive to changes 

made at the lower end of the range of mass transfer coefficient. As the mass transfer 

coefficient got larger, changes of 0.05m/hr represented a much smaller relative change in 

the parameter and this translated into a much smaller change in the output variables of the 

model 
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Figure 84: Sensitivity to Henry's Constant where (a) shows the time varying 

concentration in the inner-zone, (b) shows the time varying concentration in the outer-

zone, (c) shows the number of mols in the liquid phase and (d) shows the time varying 

emission rate. 
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Figure 85: Sensitivity to mass transfer coefficient where (a) shows the time varying 

concentration in the inner-zone, (b) shows the time varying concentration in the outer-

zone, (c) shows the number of moles in the liquid phase and (d) shows the time varying 

emission rate. 

Figure 86 depicts the model’s sensitivity to changes in the molecular weight of a 

component. The molecular weight was varied from 80 g/mol to 140 g/mol. As illustrated 

in (a), the concentration in the inner-zone of a pollutant was higher for a higher molecular 

weight, everything else being equal. Of course vapor pressure typically decreases with 
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increases in molecular weight and would offset the trends shown here. 

Figure 86: Sensitivity to Molecular Weight where (a) shows the time varying 

concentration in the inner-zone, (b) shows the time varying concentration in the outer-

zone, (c) shows the number of moles in the liquid phase and (d) shows the time varying 

emission rate. 

The model was run with four different values for total mass dispersed ranging from 

50 g - 200 g. Figure 87 (a and b) show that higher concentrations resulted in both the 

inner- and outer-zones when more chemical was dispersed. They further illustrate that as 
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time proceeded the concentrations diverged. This is explained by the way the source cells 

were applied. The total mass dispersed was divided by the number of source cells, and 

then the source cells were applied one by one with a frequency of f. For the first source 

cell the differences in liquid mass were not as great and therefore gas concentrations were 

more similar. At longer times the difference in mass dispersed increased and thus the 

concentration curves diverged. Figure 87 (c and d) show that higher masses dispersed 

resulted in higher emissions and more moles in the liquid phase, as was expected. The 

number of moles in the liquid phase dropped off faster than the emission rate. There are 

two explanations for this. First, liquid phase curves do not all start at the same value. It is 

natural that those starting off lower would drop faster, since Figure 87 shows only 

absolute changes. The second reason is that the emission rate is based on the molar 

concentration, and thus the emission rate would fall slower than the molar concentration. 
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Figure 87: Sensitivity to total mass dispersed where (a) shows the time varying 

concentration in the inner-zone, (b) shows the time varying concentration in the outer-

zone, (c) shows the number of moles in the liquid phase and (d) shows the time varying 

emission rate. 

The model’s sensitivity to changes in the area of applications are shown in Figure 88. 

The model was run with four different values of the area of application parameter ranging 

from 400 cm2 - 850 cm2 per source cell. As can be seen in Figure 88 (a and b), the 

concentrations in the inner- and outer-zone were not particularly sensitive to variations in 
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the area of application. But they do show that larger areas resulted in higher 

concentrations. This is because the area is an important term in the emission equation. 

The differences between the curves remained constant, they neither converged nor 

diverged. The reason that the differences were not as dramatic as with other parameters 

was because the area variable was the only variable being changed. The correlation 

between area of application and the total mass dispersed is poorly understood. The mass 

dispersed per area will vary depending on how soiled the surface is, the type of cleaner 

being used, the dispersion method and the methods of the person cleaning. In Figure 88, 

the mass of chemical dispersed remained constant for all four curves. This is an important 

finding that has real world applications. If people spread cleaning products out over a 

larger area they could clean more area without increasing their exposure to toxic 

chemicals found in their cleaning products.  

Figure 88 (c and d) show more variation. Variations here were similar to those of the 

Henry’s Law constant and mass transfer coefficient because all three played similar roles 

in the calculation of the emission rate. Changes in the mass transfer coefficient and the 

area led to identical results because they are equally weighted in the emission equation. 

The only reason that the plots for the two parameters appear different is because the 

range over which the mass transfer coefficient was varied is substantially larger than the 

range over which the area was varied. 
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Figure 88: Sensitivity to area where (a) shows the time varying concentration in the 

inner-zone, (b) shows the time varying concentration in the outer-zone, (c) shows the 

number of moles in the liquid phase and (d) shows the time varying emission rate. 

Figure 89 shows the model’s sensitivity to changes in the frequency of application. 

The frequency of application was varied from 25 s – 200 s. As can be seen in Figure 89 

(a), longer frequencies of application did not result in higher average concentration, but 

resulted in greater variation around the average concentration. Essentially, longer 

frequencies of application caused more dramatic perturbations in the concentrations in 
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the inner-zone. This was also true, but to a lesser extent, for the outer-zone as is 

illustrated in Figure 89 (b). The take home point of Figure 89 is that frequency does not 

greatly impact integrated concentrations. On the other hand, it does impact the peak 

concentration. Unfortunately, little is known about health effects of the peak 

concentrations that occur on short time scales. Also, little is known about the distribution 

of the frequency parameter.  

Figure 89: Sensitivity to application frequency where (a) shows the time varying 

concentration in the inner-zone, (b) shows the time varying concentration in the outer-
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zone, (c) shows the number of moles in the liquid phase and (d) shows the time varying 

emission rate. 

Figure 90 shows the model’s sensitivity to changes in the outer-zone volume. The outer-

zone’s volume was varied between 10,000,000 cm3 – 5,000,000,000 cm3 (10 m3 - 5,000 

m3). Figure 90 (a) shows no difference in the inner-zone concentration over a wide 

variety of room sizes. Figure 90 (b) shows concentration curves diverged as time 

proceeded indicating that the size of the room is an important parameter for occupants 

that are not near the source for longer cleaning scenarios. Figure 90 (c and d) show that 

the volume of the outer-zone had no effect on either the emission rate or the amount of 

the chemical remaining in the liquid phase. While results presented in Figure 90 were 

unexpected. Cleaning smaller rooms does not lead to greater near-body concentrations 

during the cleaning event. This is because even in small rooms, the outer-zone accounts 

for the majority of the volume. Thus, the concentration will be much lower in the outer-

zone than the inner-zone, even in small rooms. Sensitivity to outer-zone volume where 

(a) shows the time varying concentration in the inner-zone, (b) shows the time varying 

concentration in the outer-zone, (c) shows the number of moles in the liquid phase and 

(d) shows the time varying emission rate. 
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Figure 90: Sensitivity to volume of outer zone where (a) shows the time varying 

concentration in the inner-zone, (b) shows the time varying concentration in the outer-

zone, (c) shows the number of moles in the liquid phase and (d) shows the time varying 

emission rate. 

The model’s sensitivity to changes in the inner-zone volume is displayed in Figure 

91. The inner-zone volume was varied from 50,000 cm3 - 1,000,000 cm3 (0.5-10% of the 

outer-zone volume). As expected, the largest effect was on concentrations in the inner-
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zone, as can be seen in (a). The other model outputs were not sensitive to changes in the 

inner-volume. Unlike the volume of the outer-zone, the volume of the inner-zone is an 

adjustable parameter not fixed by the geometry of the room. But it is coupled 

mathematically to the inter-zonal air exchange rate. If the inner-zone volume changes 

then the boundary between the two zones changes and the inter-zonal air exchange rate 

changes. This change is very complex and cannot be described by a normal function 

because the airflow across the boundary between the two zones is irregular.  

Figure 92 shows the models sensitivity to changes in the inter-zonal air exchange rate. 

The inter-zonal air exchange rate was varied between 7.5 hr-1 - 50 hr-1. While this range 

does not encompass the entire possible range of the inter-zonal air exchange rate, it does 

provide a qualitative comparison. Further analysis is presented below. 
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Figure 91: Sensitivity to volume of inner zone where (a) shows the time varying 

concentration in the inner-zone, (b) shows the time varying concentration in the outer-

zone, (c) shows the number of moles in the liquid phase and (d) shows the time varying 

emission rate. 
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Figure 92: Sensitivity to inter-zonal air exchange rate where (a) shows the time varying 

concentration in the inner-zone, (b) shows the time varying concentration in the outer-

zone, (c) shows the number of moles in the liquid phase and (d) shows the time varying 

emission rate. 

Because of the importance of the inter-zonal air exchange rate, further sensitivity 

analysis was performed. The results of this analysis are presented in Figure 93. The 

relative effect of changing the inter-zonal air exchange rate was determined by doubling, 

quadrupling, halving and quartering the base case of 170 hr-1, and analyzing the change in 
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each of the four output parameters relative to the base case. The curves were found by 

dividing the output values at each time step by the input value from the base case at that 

time step. This calculation yields the change in the output variable relative to the base 

case and is why the curve for the base case is a horizontal line at one. 

As can be seen in Figure 93(a - c), the relative difference was greater at early time 

periods than at late ones, indicating that the contributions to exposure at early times needs 

more in-depth analysis as it could be underrepresented by the current model. Figure 93 (a 

and b) were rearranged to highlight the effects of doubling and quadrupling the inter-

zonal air exchange rate in  

Figure 94. 

Figure 94 and Figure 93 show the same predicted values rearranged to highlight 

different things.  

Figure 94 illustrates the effect of increasing the inter-zonal air exchange rate. As 

would be expected, increasing the inter-zonal air exchange rate can have a profound 

effect on exposure. The top plot shows that increasing the inter-zonal air exchange rate 

by a factor of 4 can decrease the concentration in the inner-zone almost tenfold at the 

start of the cleaning event. Increasing the inter-zonal air exchange rate increases 

concentrations in the outer-zone, but due to the difference in volume the relative increase 

is not as dramatic. 
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Figure 93: Relative sensitivity to inter-zonal air exchange rate where (a) shows the time 

varying concentration in the inner-zone, (b) shows the time varying concentration in the 

outer-zone, (c) shows the number of moles in the liquid phase and (d) shows the time 

varying emission rate. 

 
Figure 94 illustrates the importance of the inter-zonal air exchange rate, which can 

greatly influence the concentration in the inner-zone. The inter-zonal air exchange rate 

will be affected by occupant movements, the thermal plume, and mixing intensity in the 

room. The latter is affected by whether a forced air ventilation system is cycling on or 
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off, the design of the systems vents, the placement of the vents in relation to the source or 

occupant, and the presence of fans or open windows.  

The mixing intensity in the room will also affect the mass transfer coefficient in the 

room. A higher mixing intensity will cause a higher mass transfer coefficient. As can be 

seen in Figure 87, when the mass transfer coefficient increases emissions increase as 

well. So, there is a balancing between increased emission and increased inter-zonal air 

exchange rate, both of which are caused by increased mixing intensity, which is not 

addressed in either Figure 87 or Figure 94. 

 

Figure 94: Relative sensitivity to inter-zonal air exchange rate 
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