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• Prediction of airborne concentrations 
of environmentally Importl;l,nt contami­
nants Is supported by fleld'test data on 
tobacco smQke. The analYSis discussed 
herein Is completely general In natore, 
and the contaminants can be gases. va­
pors, IiqLjld droplets, and solid par· 

" ticulates,'~ Including microorganisms and 
polle.~$. Seve,~al engineering cbntrols can 
be applied to pt~ctlcal environmental sys­
tems to reduce and control undesirable 
contaminants in normally occupied struc­
tures. The use ot the method Is an Impor­
iant research tool to more accurately 
quantify airborne contaminant levels In 
environmentall1ledlcine experiments with 
animals or human subjects. It Is difficult 

, and expensive to control Inside environ­
mental contaminant levels at values less 
than 20% to ~25% of those occurring but­
side. The same II! true for IMernally gen­
erated contaminants. 

(Arch Environ Health 30:552~956, 1975) 

The engineering aspects of contam­
ination control will be treated in 

this article in the hope that the meth­
ods suggested can be an aid to better 
quantification of contaminant levels 
in the course of necessary J."esearch on 
living organisms to establish biologic 
effects. At the same time, themeth­
ods make possible a better "feet" for 
contaminant levels that can be practi­
cally attainable in residential, indus-
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trial, and commercial applications. As 
an engineer, I profess no knowledge 
of thE! effects ott health that may re­
sult from reduction of airborne con­
taminants. Those relationships can be 
quantified only by medical research. 

The General Nature of thlf Pl'dblein 
I.:.· .. 

Air cotibitnifilihtsj for the' p\1q;use 
of this study • include all gases, va­
pors, liquid droplets, and solids, in­
cluding microorganisms of amall size, 
that can be dispersed in air and that 
are unwanted. 

'Contamirlation of air in inteJ."ior 
" spaces can be introduced by a vf'tJt)ess 
within the space or it can be present 
in the surrounding air and thus entel.' 
a space with the inevitable Rndheces­
sary ventilation andlaakage. 

Contaminants can leave the ail' by 
several means. In all cases, dilution 
with less contaminated air is impoI'~ 
tanto Dilutional air may be from ot1t­
side the space or it may be reI1rd­
cessed, recirculated air that has ol:!eh 
filteted by one or more of a wide "ari­
ety of filters and then perhaps he diM 
or cooled. (Filters and the ventilation 
system comprise the most important 
ahd useful practical technology for 
inside contaminant control.) In iidtll~ 
tionj particulates can settle out on 
floors and other surfaces or be elec­
trostatically deposited on the interior 
surfaces in some cases. Particles, 
(solid or liquid) can agglomerate and 
subsequently deposit. Gases anti va­
pars 'may react with other materials 
in air or in space,sllchas drapei1 
fabrics, 'arid either bererooved or 
chll.ng'M tn thil!way. 
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Predicted Levels 

Figure 1 shows a diagram of a typi­
cal space with a practical ventilation 
system. All important parameters re­
lating to the contamiilant toncentta­
tion are shown. Using the physkat 
parameters of this figure, one can de­
rive a general steady state equation 
(equation 1)1; 

VoCo + VvCo (100 -E) + k", 
Cs = ----------------------

VrE + V. + K 
100 

whereC" represents th!,! steady state 
inside contaminant concentration; Co> 
the outside contaminant concentra­
tion; VOl the infiltration o{buttolide air 
through cracks and so on (~Uhic me­
ters per second); V,., the outside air 
for ventilation, which passes through 1 

the filter (cubic meters per second); E, 
the filter efficiency (percent in unit 
time), equal to 100 x contaminant 

"trapped in filter/corttMrtinant enter" 
Jng filter; N p, the rate bf cot;ltaminant 
productfun"in the space; Vr:~the venti­
lation sy'stelti recil'cuiation rate (cubic 
meters per second); V., the rate of air 
exhausted from the space (cubic me­
ters per second) or Vo + V v; Ns, the 
particle removal rate, due to settling, 
chemical reaction, absorption "on 
walls, ~l1d so on; K, Ns/C" "settling" 
com'ltatit (cubic meters per secon,d): If 
K is due primarily to particle settling, 
then K also equals Av, where A is the 
floor area' of the space (square me­
ters) and v is the average particle 
settling velocity (meters per second). 

Note that the units for CR, Co, Np, 

and N. can be in any consistent units, 
depending on the contamr~ant. For 
example, C. and Co may be in micro­
grams p~r cubic meter. Then Nr and 
N. would be in micrograms 'per sec­
ond. The efficiency, E, would the)1 hea 
weight efficiency, as measured fur the 
'I1articular contaminant tif itlterest. 
Examination of equation 1 revea:ls 
the follOWing conclusions if Cs is to be 
minimized: ' 

1. "Outside 'concentration (do) 
should be Il1ltiitrltzed. Usually this 
cannot be accomplished. Therefore, 
the iri~ltration (Vo) should be min­
imized '(by sealing cracks or by pres­
surizininne space with more ventila-
tion ~ii' tV v]). ' 

'2. THe filter efficiency (E) should be 
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Fig 1.-Typical interior space, including ventilating system and contaminant production. 
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Fig 2.-Theoretical contaminant concentrations in interior space, including ventilation system with no internal contaminant produc-
tion. ' 
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as high as possible, to minimize (100-
E). 

3. Internal contamination produc­
tion (N,,) should be minimized. Often 
this is not possible. 

4. In the denominator, the term 
V rE occurs as a product, so both venti­
lation rate (V r) and efficiency (E) 
should be large. They are of equal im­
portance in this term. This explains 
why small portable filters with very 
low flow rates are not very effective, 
even if the filters are of high effi­
ciency. 

5. The exhaust rate (V.) should be 
high, but this is controlled by V v + V 0 

and can be costly due to the heating 
or cooling necessary to control tem­
perature in the space. 

6. The "settling" constant (K) can­
not usually be controlled, but its 
effect is to reduce the contaminant 
level (Cs)' So if it is ignored in the 
predictions, the actual concentration 
will be lower than the predicted con­
centration, which is conservative. 

Equation 1 can be solved for vari­
ous practical values of the variables . 
In this way the effects of filter ef­
ficiencies, flow rates, and so forth 
can be easily demonstrated. Figure 2 
shows a solution in a case of an inte­
rior space in which there is no produc­
tion of contaminant inside (N p = 0). 
Also, the ventilation rate is assumed 
to be zero, which means that outside 
air leaks into the space without pass­
ing through a filter. In this case, the 
outside air is the only source of con­
tamination. 

The settling rate for particles less 
than 10JL in size is usually negligible, 
and atmospheric dust is usually com­
prised of smaller particles, so K = 0 
for this example. Then, equation 1're­
duces to equation 2: 

VoCo 
Cs = ----

1,100 

• 100 
I 
~, ~ , 

\ 

o 

0.47 cu m/sec Recirculation 

20 40 60 80 100 

Dust Spot Filter Efficiency, % 

Fig 3.-Theoretical contaminant concentrations In interior ~pace, including ventilation 
system and cigarette smoking. . 

represents an infiltration rate of one 
complete air change in the residence 
per hour. A less well-constructed 
house could have two air changes per 
hour, and this level (V/Vo=3) is also 
indicated, as is an extremely well­
constructed residence, where only one 

the air flow capacity of the heating 
(and sometimes) cooling system in­
stalled. To increase air flow larger 
fans, ducts, and so on must be em­
ployed, at increased first cost and op­
erating cost. An economic limit 
clearly exists. 

VrE + Vo . half air change per hour occurs. 3. It also appears totally impracti­
cal to obtain inside air concentrations 
less than 10% the outside concentra­
tion. However, with an 80% efficient 
filter and practical air flows, inside 
concentrations of less than 25% of the 
outside are possible. 

It is plotted in Fig 2 for various 
efficiencies and rates of ventilation. 
This case approximates an ordinary 
residence, heated by a warm air fur­
nace. A practical value of Vr =6Vo is 
usual. In other words, the ordinary 
uncontrolled infiltration (Vo) is about 
one sixth of the flow rate (V r ) through 
the furnace system. This is indicated 
by a dashed line on Fig 2, and also 
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Conclusions to be drawn from Fig 2 
are as follows: 

1. For any V .IV 0, a diminishing re­
turn is clearly noted as the efficiency 
of the filter increases. Hardly any 
practical improvement is evident as 
the efficiency increases beyond 80%. 

2. Another diminishing return is 
evident as the recirculation rate (V r ) 

increases. This recirculation rate is 

One important exception might be 
mentioned, and that is pollen. Most 
pollens are about 20JL in diameter and 
settle rapidly. For pollen, indoor con-
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Fig 4.-Measured contaminant concentrations in residence showing effect of hlgh­
performance electronic air cleaner when cigarettes were smoked In machine (35 per 
hour). 
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Fig 5.-Measured contaminant concentrations in residence showing effect of high­
performance electronic air cleaner when Cigarettes were smoked in machine (12 per 
hour), 

centrations of less than 10% of the 
outside are easily possible with good 
filters in practical systems. 

Figure 3 shows a somewhat differ­
ent case when cigarette smoking 
occurs within a typical residence. In 
this caSe, equation 1 reduces to equa­
tion 3: 

Cs = 
VoCo + Np 

VrE + Vo 
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where Co equals 70/Lg/cu m (a rela­
tively clean outside contamination 
level); V r equals 6Vo (typical resi­
dence); and Np equals the production 
of contamination due to cigarette 
smoking, or 40,OOO/Lg per each ciga­
rette smoked. 

Examination of Fig 3 shows that 
the cigarette smoking at the rates as­
sumes is far more important than the 
outside concentration, and only with 

good filters and low smoking rates is 
, it possible to obtain as Iowa concen-
• tration inside as outside. The dimin­
ishing return of improvement with 
filter efficiency is also evident. 

Field Validation Experiments' 

In order to validate the theoretical 
equations, several field tests' using 
tobacco smoke as the contaminant 
were conducted. Tobacco smoke was 
used because it is a common, reprO­
ducible, and well-known contaminant. 
In addition, it is small in size (O.l/L to 
3/L) and has a negligible settling rate. 
Its production rate '(Np ) is fairly well 
known, and it is certainly one of the 
most important contaminants from 
the point of view of health and 
annoyance. For the following tests, 
cigarettes were smoked in a smoking 
machine, which "puffed" them for a 
few seconds each minute to a butt 
length of about 18 mm. 

A three-bedroom residence was se­
lected, and its warm-air heating sys­
tem was calibrated for air flow and 
equipped with an ordinary furnace 
filter (about 10% efficient on cigarette 
smoke). In addition, an electronic fil­
ter was also fitted, which was about 

·85% efficient on cigarette smoke. It 
could be energized or deenergized at 
will. Similar results have been dem­
onstrated using high~efficiency media 
filters also, and the choice of filter 
types for comparable efficiencies is 
not important to performance. The 
smoking inachine was in a basement 
amusement room, and the smoke con­
centrations were measured in the re­
turn air duct ahead of the filter and 
furnace, representative of the mixed 
location. 

The characteristics of the experi­
mental residence important to this 
study are as follows: 

Total interior volume 
Recirculation rate (V,) 
Electronic air cleaner effi-

ciency "dust spot" (E) 
Furnace filter efficiency 

"dust spot" (E) 
Infiltration (Vo) 
Outside air contaminant 

concentration (Co) 

425cu m 
0.35 cu m/sec 

85% 

10% 
0.06 cu m/sec 

6OI'g/cu m 

Figure 4 shows the results of one 
test, where smoking was at the rate 
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of 35 cigarettes per hour and Fig 5 
shows a 12-cigarette per hour rate. In 
both cases, as shown, the electronic 
air cleaner was energized after the 
tests were under way. 

Equation 3 was used to predict the 
solid lines shown in Fig 3 and 4, and 
the circled points show the measured 
values, connected by the dotted 
curves. 

The measured results are in excel­
lent agreement with the theoretically 
predicted results and support the 
practical use of the theory. Much no­
ticeable and subjectively objection­
able haze and odors existed in both 
cases until controlled by the elec­
tronic air cleaner. 

In addition, several other field 
tests·- r, also support these results. 

Filter Efficiencies 
and Filter Types 

As equation 1 shows, the engineer­
ing system controls are the efficiency 
of the filter and the air flows ob­
tained. The measurement and design 
of air systems is commonly under­
stood by practicing engineers. Filters, 
however, are not as well understood. 
Filters for particUlate contaminants, 
to be used in general ventilation sys­
tems designed for human occupancy, 
such as residences, offices, and so on, 
are rated by their manufacturers by 
two methods. 

The first is the weight method, in 
which an artificial dust is fed to a 
sample filter and the amount retained 
is weighed and divided by the amount 
fed to calculate the efficiency number. 
Filters rated by this method are de­
signed primarily to protect heating 
and cooling equipment from fouling, 
and assign very great importance to 
large particles. Therefore, this rating 
is not usually useful for health-re­
lated contaminants that can be de­
posited in the lungs (approximately 
1p. to 15p.). 

The second method is the "dust 
spot" method, which is more useful 
for present purposes. It heavily 
weighs particles in the 0.1p. to 2p. 
range and is directly applicable to to­
bacco smoke. Since small particles are 
more difficult to filter, good filters 
with "dust spot" efficiency numbers 
of 70% to 95% are comparatively ex-

pensive. The American Society of 
Heating, Refrigerating, and Air Con­
ditioning Engineers" publishes stan­
dards for air-cleaner evaluation. 

The filter industry does not usually 
publish efficiency vs particle size in­
formation, since there are no stan­
dard methods and the experimental 
techniques are expensive. However, 
existing information7 can be of help 
in selecting filters. 

In general, particulate filters fall 
into two classes, media types and 
electrostatic types. Media filters are 
usually glass or other fibers, formed 
into mats of varying thickness and 
density. By using variable density, 
thickness, fiber diameter, and so 
forth, a wide range of efficiencies is 
possible with media filters. Pressure 
drop increases with efficiency of fil­
tration, and so does cost. Service life 
is also reduced, so that, in general, the 
higher the efficiency, the shorter. the 
life before discarding, and the higher 
the cost per unit time. Most media fil­
ters are disposable. Some metal mesh 
ones can be washed and reused, but 
these are low-efficiency types. 

Electrostatic filters, on the other 
. hand, are almost always washable 
and have useful lives similar to other 
ventilating equipment. Their initial 
cost is much higher than media fil­
ters, but the life cycle cost may be 
less. Electrostatic filters are almost 
always high efficiency, and also have 
relatively low pressure drops. They 
also produce ozone in small quan­
tities, which in itself may be annoy­
ing to a small fraction of the popu­
lation, but most good filters operate 
in practical spaces well below the cur­
rent threshold limit of ozone concen­
tration. 

Only activated charcoal is currently 
recommended for removal of vapor­
ous contaminants. Charcoal adsorbs 
these and has, of course, a finite ca­
pacity, after which, heavier molecules 
usually replace lighter ones, already 
adsorbed, and release the lighter ones 
into the downstream air. After satu­
ration, charcoal can be reactivated by 
the supplier for reuse. The charcoal 
granule size, bed thickness, and air 
velocity are all variables in filter de­
sign that affect the efficiency, life, 
and pressure drop. Efficiency is usu-
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ally rated using a single vapor, such 
as carbon tetrachloride, but most 
manufacturers have data on many 
other common contaminants. 

For either particulate or vapor ap­
plications, the manufacturer of the 
filter should be consulted to be sure 
that the filter wiII perform as ex­
pected on the contaminant of inter­
est. This is often a difficult problem 
due to the wide variety of contami­
nants. 

Conclusion 

A rational theory for predicting air 
contamination levels in laboratory 
experiments or in field situations has 
been verified with tobacco smoke as 
the contaminant. The use of this the­
ory in conducting medical research 
and in establishing practical contami­
nant threshold limits may aid in fur­
thering this important area of public 
health. 

In practical indoor spaces, such as 
residences and offices, it is not often 
economically feasible to use filtration 
~nd dilution technology to control 
contaminant levels much below 20% 
to 25% of the levels that would occur 
in most interior spaces under usual 
installation of heating, air condi­
tioning, and ventilating systems. 
However, reductiollS to these figures 
have been shown to have a significant 
SUbjective effect on annoyance of 
human subjects .... 

References 

1. Sutton OJ, Cloud HA, McNall PE Jr, et al: 
Performance and application of electronic air 
cleaners in occupied spaces. Am Soc Heat Air 
Cond Eng J &.55-62, 1964. 

2. Halfpenny PF, Starrett PS: Control of odor 
and irritation due to cigarette smoking aboard 
aircraft. Am Soc Heat Air Cond Eng J 3:39-44, 
1961. 

3. Owens OF, Rossano AT: Design procedures 
to control cigarette smoke and other air pollu· 
tants. Am Soc Heat Air Cond Eng Trans 75:93-
102,1969. 

4. Richardson NA, Middleton WC: Evaluation 
of filters for removing irritants from polluted 
air. Am Soc Heat Air Cond Eng Trans 65:401-
416,1959. 

5. Engle PM Jr, Bauder CJ: Characteristics 
and application of high performance dry filters. 
Am Soc Heat Air Cond Eng J 6:72-75, 1964. 

6. Method of testing air cleaning devices used 
in general ventilation for removing particulate 
matter, in ASHRAE Standard. New York, 
American Society of Heating and Air Condi­
tioning Engineers, 1968, pp 52-68. 

7. Peterson CM, Whitby KT: Fractional effi­
ciency characteristics of unit type collectors. Alii 
Soc Heat Air Cond Eng J 7:42-49,1965. 

Airborne Contaminants-McNall 




