CE 5326:
Indoor Air Pollution

The Perception of Indoor Air Quality  Poor indoor air quality rarely, clinically or sub-clinically, results (or have not been concluded to result) in serious adverse health effects, which of course does not include accidental releases of natural gas, mobile exhaust, toxic chemicals.  However, many factors cause the sum of the sensations leading to the total perception of the indoor air quality.  These factors are:

· Thermal Environmental

· Air temperature (T)

· Mean radiant temperature (mrt, or the average temperature of surfaces that surround a person)

Stuffy: 
T - mrt >3 oC

Fresh:

mrt - T >0 oC

· Rate of air movement (v)
<0.3 m/sec

· Relative humidity (H)

between 40 to 60 %

· Insulation value of clothing worn

· Metabolic rate of task being performed

· Sensory Perception

· Skin sensory

· Olfactory sensory

· Odor threshold (WHO 1987)

Detection threshold level: the lowest concentration that can be detected in 50 % of tests

Recognition threshold level: the lowest concentration that can be identified in 50 % of tests 

Nuisance threshold level: the concentration at which not more than a small proportion of the population (<5 %) experience annoyance for a small part of the time (<2 %)

· Use of untrained observers

· Use of trained observers

· Use of a unit of pollution (decipol)

· Use of total volatile organic compounds (VOCs)

· Use of specific VOCs

Characterization of Indoor Air Quality

Health Effects resulting from exposures to Bacteria, Fungi, and Other Micro-organisms

The sources of microbiological contamination of the indoor air are associated with warm temperature and high humidity in the indoor environment.  These sources include humidifiers, chillers, air ventilation ductwork, water leaks, air conditioning, air filters, food residues, and occupants.  Diseases and health symptoms related to exposures to microbiological contaminants can be summarized as below:

Extrinsic allergic alveolitis:  A severe disease of the gas exchanging parts of the lungs (alveoli) which can lead to permanent disability and occasionally to premature death.  The acute form of the disease starts 6 to 8 hours after the exposure with a "flu-like illness, fever, chills, breathlessness, cough and general aches and pains.  The chronic form comes with weight loss and progressive breathlessness.  Main sources of the disease are mouldy hay, birds, humidifiers.

Humidifier fever:  Similar to those of extrinsic allergic alveolitis with fever, sweating, aches in the limbs, sometimes breathlessness and wheeze.  

Asthma:  Asthma is a disease of the airways which become inflamed and narrow resulting in variable breathlessness, chest tightness and often wheeze.  Main sources of the disease are dust mites, lower humidity, occupant psychology, etc

Allergic rhinitis:  Allergic rhinitis is a disease similar to hay fever where the nose is inflamed and sneezing occurs.  Running or blockage of the nose is also a symptom.  Most reactions occur shortly after exposure although occasionally late reactions may develop  Main sources of the disease are house dust mites, moulds, etc.

Infection:  Infections may be spreaded via the indoor air environment or by the ventilation systems.

· Legionnella

· Tuberculosis

Sick building syndrome:  Illness or symptoms related to living or working in a particular building.  Main symptoms include sore eyes, running eyes, nasal blockage, running or sneezing, dry throat, lethargy, headaches and sometimes asthma.  Factors related to the sick building symptoms are:

· Personal factors

· Agents in the workplace

· Organizational factors

· Building related factors

[image: image1.jpg]Table 2.6 Measurements of Constituents of Tobacco Smoke®
Ventilation, Air Amount of
Constituent Location Changes Per Hour Tobacco Burned Concentration mo—:omw
Experimental Conditions
(¢[0) 80-170 m?3 rooms 6.4-2.3 46-101 cigarettes 4.5-75 ppm 1,2
Small car, 25 m3 chamber none 4-9 12-110 ppm 3
Nicotine 57-80 m? rooms 6.4-8.2 42 cigarettes, 9 cigars <0.1-0.42 mg/m? 2:155
38-170 m3 rooms none 10 cigarettes, 9 cigars 0.13-1.04 mg/m? 295
Total particulate 15-425 m3 homes 1-3 7-35 cigarettes 1.1-3.0 mg/m? 60
matter 25 m3 chamber none 4-24 cigarettes 2.28-16.65 mg/m> 3
Dimethylnitrosamine  4-m3 box, 20 m? room none 10-100 cigarettes 0.23-2.9 ug/m?> 8
Acrolein 30-170 m?3 rooms none-2.4 5-150 cigarettes 0.02-0.20 ppm )
Acetaldehyde 38-170 m3 rooms none-2.4 5-150 cigarettes 0.06-0.56 ppm S5
Formaldehyde 30 m? box none 5-10 cigarettes 0.23-0.46 ppm 9
NO 30 m? box none 5-10 cigarettes 0.19-0.36 ppm =~ 9
NO, 30 m3 box none 5-10 cigarettes 0.02-0.04 ppm 9
Natural Conditions
@@ Office, restaurant club, - — 2.5-28 ppm 10, 1112 815 514
tavern, arena
submarine, boat, autos, none-20 4-150 cigarettes 3-33 ppm 15,16, 17, 18
bus, airplane
Nicotine submarine, terminal, - Up to 150 cigarettes 1-35 tm\Su 15,19
restaurant
Total particulate tavern, arena none-6 - 0.15-0.98 Bm\_:u 102
matter
Particles house - 1 cigar 485100 uﬁ::c_aw\:u 20
Benzopyrene arena — = 0.0071-0.021 ug/m? 12,21
Dimethylnitrosamine bar - - 0.11-0.24 pg/m? 8
Respirable particulate  restaurants, sports arena, - - 100-700 EN\:L )

matter (RP)

bowling alley

9rrom Chapter 11, Smoking and Health—A Report of the Surgeon General, HEW (1979).
bSources: (1) Anderson and Dalhamn (1973); (2 Harke (1970); (3) Hoegg (1972): (4) Harke et al. (1974); (5) Harke et al. (1972); (6) Lawther
and Commins, (1970); (7) McNall (1975); (8) Brunnemann and Hoffman (1978): (9) Weber et al. (1976); (10) Chappell and Parker (1977);
(11) Cuddeback et al. (1976); (12) Elliott and Rowe (1975); (13) Harke (1974); (14) Sebben et al. (1977): (15) Cano et al. (1970): (16) Godin
et al. (1972); (17) Harke and Peters (1974); (18) Seiff (1973); (19) Hinds and First (1975): (20) Lefcoe and Inculet, 1975; (21) Galuskinova
(1964); (22) Repace and Lowrey (1980).
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Figure 6.1. Ventilation system for time varying indoor-outdoor model [Shair and Heitner
(1974). Reprinted by permission of the American Chemical Society from Environmental
Science and Technology ).

ing all other factors constant and with boundary values C; = Gy at £ =0, is
G- klgo(1-Fo)+q2]1C, +S-R [1- @ @orarFi+an )
k(@0 + a1 Fy +q2)

+Cye”KIV) @orarFi+az)t (6.3)

For the case where R is a first-order function of C;, the solution will have the
form




PEFR (L/min) = [Height (cm) - 80] x 5
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AIR QUALITY MODELS

Several approaches have been used to estimate expected indoor pollutant con-
centrations. These include deterministic models based on a pollutant mass balance
around a particular indoor volume; a variety of empirical approaches based on
statistical evaluation of test data and usually least-squares regression analysis;
and a combination of both forms, empirically fitting the parameters of the mass
balance with values statistically derived from experimental measurements. Each
approach has advantages. The mass balance model provides more generality in
application. But empirical models, for application within the range of measure-
ments from which they were developed, may provide much more accurate
information.

ONE-COMPARTMENT MODELS

The mass balance for pollutant flow into and out of an indoor volume, including
recycling and interior sources and sinks, is described in Figure 6.1 and expressed
by

Air mass balance: o +q2 =43 +qa 6.1)
dC;
Pollutant mass balance: VAd;! =kqoCo(1 - Fo) +kq,Ci(1 - Fy)

+kq2Co - k(@0 +q1 +42)Ci+S-R  (6.2)

where C is concentration indoors (C;) and outdoors (C,); ¢ is time; ¢ is volumetric
flow rate for make-up air (g,), recirculation (g, ), infiltration (¢,), exfiltration
(g5), and exhaust (q4); F is filter efficiency for make-up (F) and recirculation
air (F,) (often the same); V is room volume; S is indoor source emission rate;
R is indoor sink removal rate; and &, a factor which accounts for inefficiency
of mixing, is the fraction of incoming air which completely mixes within the
room volume. The solution of Equation (6.2) for the change in C; with #, hold-
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where E is a proportionality constant for the particular pollutant of interest,
such that R = EC;. Steady-state values of indoor concentrations, C; 5, will result
by letting ¢ approach °° which, for Equation (6.4), results in

_klg9o(1-F)+q:]C, +S
k(@o taiFy +q2) +E

Equation (6.3), or similar forms, have been applied in analyzing indoor ozone
decay (Shair and Heitner, 1974; Sabersky et al., 1973; Allen et al., 1978; Selway
et al., 1980), odor control (Turk, 1963), particulate matter and carbon monoxide
(Cote and Holcombe, 1971), ozone and carbon monoxide (Allen and Wadden,
1982), particulate matter from cigarette smoke (Hoegg, 1972; Ishizu, 1980),
CO, from respiration (Kusuda, 1976), a variety of pollutants in residential set-
tings (Moschandreas et al., 1978), and energy efficient control strategies (Woods
et al., 1981). A similar approach involving activity balances for Ra-222 and
radon daughters was described by Equations (4.1) and (4.2).

Ciss (6.5)

INFILTRATION ESTIMATION

It is apparent that many factors are required to use Equation (6.3). Infiltration,
qa, and exfiltration, g3, are a function of the temperature and pressure differ-
ences between indoor and outdoor air. Temperature differences cause the stack
effect, which is a consequence of warm air rising. Static pressure differences
result from changes in wind speed. A simplified statistical model which reflects,
to some extent, these two regimes is

a
v

where v is wind speed in miles/hr; g, /V isin hr™' ; and 7,4, the ambient tempera-
ture, and T, the room temperature, are both in °F (Achenbach and Coblentz,
1963). The coefficients have been multiplied by 1.25 to simulate the existing
housing stock (Roseme et al., 1979). Equation (6.6) can be used as a first esti-
mate of q,, particularly in the absence of forced make-up or recirculation air
convection.

Another simplified approach for residences is to use an average number of
air changes per hour appropriate for particular applications. Table 6.1 indicates
typical values (ASHRAE, 1981).

It is also possible to estimate infiltration rates more specifically as functions
of crack area and pressure drop. The static pressure, P,, over a building surface

= % =0.315+0.02730+0.0105| T - Tg| 66




Health Effects resulting from exposures to Chemicals

Major air pollutants in indoor environment are:

Carbon monoxide

Nitrogen oxides

Tobacco smoke

Asbestos and fibrous particles

Formaldehyde: a low molecular weight aldehyde (CH2O, M.W. = 30) with pungent colorless gas.  It's soluble in water.  Methanol is commonly added at a 10 - 15 % concentration to formalin solution as a stabilizer to prevent polymerisation to paraformaldehyde solid.  It is used widely in urea-formaldehyde foam insulation (UFFI).  Indoor formaldehyde concentrations of 0.1 - 0.8 mg/m3 in houses with UFFI and 0.5 mg/m3 in mobile homes are commonly found.  Exposure to formaldehyde gas is generally limited by the pungent and irritant nature of the molecule with significant symptoms being experienced above 1 mg/m3.  Acute exposure of high level of formaldehyde of >15 mg/m3 is lethal with marked pulmonary, nasal and ocular muscous membrane effects.  Chronical exposure may result in pathological changes of the nasal mucosa and diminishing lung function.

Particulate matter

Radon and radon daughters

Ozone

Carbon dioxide

Volatile organic compounds

Sources of indoor air pollution

· Combustion:  gas-fired appliance, wood burning/stove/fireplace


Contaminants from wood burning:



CO, NOx, Sox, formaldehyde, acetaldehyde, phenols, PM, benzo(a)pyrene

· Smoking

Environmental tobacco smoke (ETS) has three specific sources: 1) a cigarette burns to produce a plume of sidestream smoke between a smoker's exhaled puffs; 2) smoke exhaled by a smoker; and 3) gases and other materials that may diffuse through the cigarette paper or filter.  The smoke exhaled from a smoke can be further divided into two categories: a) exhaled mainstream smoke, and b) waste smoke exhaled by the smoker but escaped without being taken into lung.

-
Mainstream smoke:  70 % adsorbed/trapped/filtered in the smokers' lungs

-
Sidestream smoke:  unfiltered smoke (second-hand smoke)

-
Each smoker in a home contribute approximately 20 ug/m3 to the annual indoor respirable particulate concentrations


-
Approximately 50 - 75 % of American homes have 1 or more smokers in 1981.

· Building materials

· Radon daughters

· Formaldehyde: particle boards, foams

· Asbestos:
by fallout, contact, impact

· Office machines and domestic air cleaners

· Electrostatic air cleaners

· Carpet

· Photocopying machines

· Printmaking

· Air refresher

· Toilet

· Other sources

· Furnishing

· Adhesives

· Paints

· Household chemicals: pesticide, solvents, PCB, and other organic compounds

Common used solvents and the chemical compounds are:  Aromatic hydrocarbons (benzene, ethyl benzene, styrene, toluene, o-, m-, p-xylene), Aliphatic hydrocarbons (n-hexane, methyl n-ehtyl ketone, methyl n-butyl ketone), chlorineate hydrocarbons (dichloromethane, carbon tetrachloride, chloroform, tetrachloroethylene, 1,1,1-trichloroethane, trichloroethylene), petrol, white spirit.

· Welding/metal work (hobbies)

· Contaminated water

· Animals

· Human

· Bacteria/virus

· Carbon dioxide

· Organic and inorganics

Indoor Air Quality Modeling  One compartment model.
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Table 6.1 Air Changes Occurring Under Average
Conditions in Residences, Exclusive of Air Provided

for Ventilation”

Air Changes
Type of Room per Hour?
No windows or exterior doors 0.5
Windows or exterior doors on one side 1
Windows or exterior doors on two sides 1.5
Windows or exterior doors on three sides 2
Entrance halls 2
2 ASHRAE (1981).

bFor rooms with weather-stripped windows or with storm sash, use

of these values. It has also been found that since air flows in half
of the openings and out the other half, the values should be multi-
plied by 0.5 (Janssen et al., 1980).

can be described by
P, =0.6008v” (6.7)

where v is the wind velocity in m/s and P, is in Pa (1 in. water =249.1 Pa)
(ASHRAE, 1981). The pressure difference due to a thermal gradient, AP, will
be given by
{1

AP, =0.0342Ph ( T ) (6.8)
where AP, is in Pa; P is atmospheric pressure, Pa; T, is outside temperature, °K;
T; is inside temperature, °K; and A is the distance from neutral pressure level or
effective chimney height, m (ASHRAE, 1981). If the cracks and openings are
uniformly distributed in the vertical direction, /# will be one half the building
height. The total pressure drop across the wall on the windward side will then
be P, +AP,.

The flow resulting from these pressure differences is expressed as

42 =q3 =Kp(AP)" (6.9)

where AP is the pressure between indoors and outdoors, K is a flow coeffi-
cient, and n is an empirical exponent between 0.5 (turbulent flow) and 1.0
(laminar flow) and is usually chosen as 0.65. Also,

e tAl
L+(AylAL)"
where Ay and A are the leakage areas on the windward and leeward sides. For

a square house with the wind direction normal to one of the sides, Equation
(6.10) becomes AP = 0.85(P, + AP,) when n = 0.65.

(6.10)
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In practice, Equation (6.9) is usually not applied directly because of the wide
variation in the values of K. For many applications infiltration rates have been
determined as a function of pressure drop in field and laboratory settings, and
these may be used for design purposes. Tables 6.2, 6.3, and 6.4 show infiltration
rates for various types of openings (Janssen et al., 1980; ASHRAE, 1981). The
values of ¢, (or q3) can be estimated by determining the crack length for each
window sash and door perimeter (sash leakage due to clearance needed in order
to open doors and windows), the perimeter of each window frame and door
(frame leakage due to cracks between frame and wall), the wall area minus the
areas of windows and doors (Table 6.3), and using the infiltration rates from
Tables 6.2-6.4. Typically, calculations will be made at 75 Pa since this is the
only pressure difference specified in Table 6.4. The flow rate at the actual pres-
sure differential in Pa [P, + AP, calculated from Equations (6.7) and (6.8)] can
be determined from a form of Equation (6.9):

AP )0.65
= e 6.11
q2,aP=42,15 Pz(75 ( )
Table 6.2 Infiltration Through Double-Hung Wood Windows®
Pressure Difference (Pa)
Type of Window 25 50 95 227100125
A. Wood double-hung window (locked)
1. Nonweather-stripped loose fit? 2.0 31 8yt sSsi0 SisE
2. Nonweather-stripped, average fit,
or weather-stripped, loose fit® 070 11 15 18 01
3. Weather-stripped, average fit 03 059 077 093 L1
B. Frame-wall leakage? (leakage is that
passing between the frame of a wood
double-hung window and the wall)
1. Around frame in masonry wall,
not caulked 043 067 088 11 1.2
2. Around frame in masonry wall,
caulked 008 013 015 018 021
3. Around frame in wood frame wall 0:347-7.0.54 5409557, 050 11

@Measured in liters/s per meter of crack (ASHRAE, 1981; Janssen et al., 1980).

PA 2.4-mm crack and clearance represent a poorly fitted window, much poorer than average.
CThe fit of the average double-hung wood window was determined as 1.6-mm crack and 1.2-
mm clearance by measurements on approximately 600 windows under heating season
conditions.

9The values given for frame leakage are per meter of sash perimeter, as determined for
double-hung wood windows. Some of the frame leakage in masonry walls originates in the
brick wall itself and cannot be prevented by caulking. For the additional reason that caulk-
ing is not done perfectly and deteriorates with time, it is considered advisable to choose the
masonry frame leakage values for caulked frames as the average determined by the caulked
and noncaulked tests.
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Table 6.3 Infiltration Through Walls*

Pressure Difference (Pa)

Type of Wall 12 25 50 75 100
Brick wall®
8.5 in. Plain 042 076" 1357 203+ - 237
Plastered® 0004 0.007 0012 0017 0023
13 in. Plain 042 068 119 169 203
Plastered® 0.001 0.003 0.004 0.008 0.009
Plastered? 0003 0.020 0039 0056 0.071
Frame wall
Lath and plaster® 0.008 0.013 0.019 0.025 0.027
Shingles

16-in. Shingles on 1 X 4 in.
boards on § in. centers with
paper; or 16-in. shingles,

shiplap and paper 0.021 0.043 0.085 0.13 0.17
18-in. Shingles on shiplap 0.76 1.2 2.2 2.9 3.6
24-in. Shingles on shiplap L3 35 5.8 7.6 9.4
16-in. Shingles on 1 X 4 in.

boards on 5 in. centers 3.4 5.7 8.9 11.4 14.0
24-in. Shingles on 1 X 6 in.

boards on 11 in. centers 6.0 9.9 157 20.3 249

4 Leakage in liters/sec per square meter of wall area (ASHRAE, 1981).

bConstructed of porous brick and lime mortar; workmanship poor.

©Two coats prepared gypsum plaster on brick.

9Furring, lath, and two coats prepared gypsum plaster on brick.

€Wall construction: bevel siding painted or cedar shingles, sheathing, building paper, wood
lath, and three coats gypsum plaster.

The value of P, + AP, can be adjusted to AP with Equation (6.10), but Equa-
tion (6.11) can also be used with the ratio (P, + AP,)/75.

The infiltration values given in Tables 6.2 and 6.4 are in essential agreement
with actual measurements. For instance, average leakage values for wood double-
hung windows without storm windows (Table 6.2) have been reported to vary
from 0.93 to 3.3 liters/sec - m* at 75 Pa (Tamura, 1975). However, actual wall
leakage rates at 75 Pa have been reported from 3.4 to 6.2 liters/sec - m? through
frame construction and brick veneer or metal siding; 0.76-1.02 liter/sec - m? for
stucco finish; and 1.37-4.82 liters/sec - m? for ceilings (Tamura, 1975). These
field measurement values are much larger than those in Table 6.3 which were
developed from laboratory tests of wall sections (ASHRAE, 1981).
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Specification/Material Type of Class Air Leakage?
ANSI A134.1 A-B1 (Awning) 1.16
Aluminum A-A2 (Awning) 0.77
C-Bl, C-A2, C-A3 0.77
(Casement)
DH-B1 (Hung) 116

DH-A2, DH-A3, DH-A4 (Hung)  0.77
HS-B1, HS-B2, HS-A2 (Sliding)  1.16

HS-A3 (Sliding) 0.77
J-B1 (Jalousie) 7.62 liter/sec - m?*
JA-B1 (Jai-Awning) 1.16
P-B1, P-A2 (Projected) 0.77
P-A2, 50 (Projected) 0.58
P-A3 (Projected) 0.77°
TH-A2 (Inswinging) 0.58
TH-A3 (Inswinging) 0.77°
VP-A2 (Pivoted) 0.58
VP-A3 (Pivoted) 0.77°
VS-B1 (Vertical sliding) 1.16
ANSIA134.2 SGD-BI (Sliding glass door) 5.08 liter/sec - m?
Aluminum SGD-B2, SGD-A2, 2.54 liter/sec - m?
(Sliding glass door)
SGD-A3 (Sliding glass door) 2.54 liter/sec - m*¢
ANSI A200.1 All types windows
Wood Class A 0.77
Class B 0.77
ANSI A200.2 All types sliding glass doors 2.54 liter/sec - m?
Wood
Fed. MHC & S§¢ Windows (all types) 2.54 liter/sec * m?
280.403 Sliding glass doors
Fed. MHC & S8¢ Vertical Entrance 5.08 liter/sec - m?
280.405

@Leakage in liters/sec per meter of crack unless noted otherwise (ASHRAE, 1981; Janssen
etal., 1980).

DAt 75 Pa (0.30 in. water) pressure or 11.2 m/s (25 mi/hr) wind velocity.

€At 300 Pa (1.30 in. water) pressure or 22.3 m/s (50 mi/hr) wind velocity.

dFederal Mobile Home Construction and Safety Standard.
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Fig. 4.2. Plot of daily maximum, mean and minimum peak expiratory flow rate in an
asthmatic whose asthma was related to living in his own house. His symptoms subsided

when he removed his ducted hot air heating.
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Fig. 4.3. Plot of daily maximum (top line), mean (middle line) and minimum (bottom line)
peak expiratory flow rate in an asthmatic whose asthma was related to working in a building
with a contaminated humidifier. The days at work have a stippled background. the days
away from work a clear background. There is progressive daily deterioration during each of
the first two workweeks, with worse values at the end of each working week. After the
humidifier was cleaned the peak flow is much improved.
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Fig. 4.4. Plot of daily maximum (top line), mean (middle line) and minimum (bottom line)
peak expiratory flow rate in an asthmatic whose asthma was related to working in a building
with a contaminated humidifier. The days at work have a stippled background, the days
away from work a clear background. There is equivalent daily deterioration on each workday
with rapid recovery on the one day off work.





One-compartment Indoor Air Quality Model
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Fig. 4.5. Plot of daily maximum (top line), mean (middle line) and minimum (bottom line)
peak expiratory flow rate in an asthmatic whose asthma was related to working in a building
with a contaminated humidifier. The days at work have a stippled background. the days
away from work a clear background. There is deterioration which is maximal on the first
workday and improves with continuing exposure, showing that tolerance has developed
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Fig. 4.6. Plot of daily maximum (top line), mean (middle line) and minimum (bottom line)
peak expiratory flow rate in an asthmatic whose asthma was related to working in a building
with a contaminated humidifier. The days at work have a stippled background, the days
away from work a clear background. There is deterioration which is maximal midweek and
improves with continuing exposure as a more severe variant of the first day pattern. During
the final three workweeks he moved to a different building without a humidifier, when his
asthma resolved.




Air Mass Balance

Pollutant Mass Balance
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Two-compartment Indoor Air Quality Model
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Figure 6.1. Ventilation system for time varying indoor-outdoor model [Shair and Heitner
(1974). Reprinted by permission of the American Chemical Society from Environmental
Science and Technology ).

ing all other factors constant and with boundary values C; = Gy at £ =0, is
G- klgo(1-Fo)+q2]1C, +S-R [1- @ @orarFi+an )
k(@0 + a1 Fy +q2)

+Cye”KIV) @orarFi+az)t (6.3)

For the case where R is a first-order function of C;, the solution will have the
form
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Figure 7.3. Inlet and exhaust ventilation air and fan locations [ACGIH (1980). Reprinted
by permission of the Committee on Industrial Ventilation, ACGIH, Lansing, Michigan.]
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Figure 7.2. Ventilation requirements for O,, CO,, and odor control [HPAC (1942). Re-
printed by permission of Heating, Piping and Air Conditioning.]
A. Air required to provide necessary O, content;
B. Air required to prevent CO, concentration from rising above 0.5%;
C. Air required to remove objectionable body odors from sedentary adults;
D. Curve C increased by 50% to allow for moderate physical activity.
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Figure 6.1. Ventilation system for time varying indoor-outdoor model [Shair and Heitner
(1974). Reprinted by permission of the American Chemical Society from Environmental
Science and Technology ).

ing all other factors constant and with boundary values C; = Gy at £ =0, is
G- klgo(1-Fo)+q2]1C, +S-R [1- @ @orarFi+an )
k(@0 + a1 Fy +q2)

+Cye”KIV) @orarFi+az)t (6.3)

For the case where R is a first-order function of C;, the solution will have the
form







