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Part 2—Applications

Hoy R. Bohanon, Jr., P.E.

Member ASHRAE " ° Member ASHRAE

ABSTRACT

Recent ASHRAE forums have revealed an increased inter-
est in information and guidance relative to designing and
applying ventilation systems for areas where smoking is
permitted. There are few data currently available through
ASHRAE for the engineer challenged with designing a cigar
bar, a smoking lounge, or a bar or restaurant with smoking
permitted.

This paper applies laboratory data about the acceptance
of environmental tobacco smoke to real-world applications.
This approach addresses removal effectiveness and ventilation
effectiveness associated with airflow patterns that can be
establishedin areas where smoking is allowed. An equation is
also presented for calculating ventilation rates for locations
where smoking is permitted.

Guidance for the application of the calculated ventilation
rates is presented, addressing the location of the smoking area,
airdistribution device location, use of air-to-air heat exchang-
ers, particle filtration, gas-phasefiltration, and use of transfer
air. This guidance is based upon literature and data from stud-
ies performed in areas where smoking is allowed.

INTRODUCTION

An increased interest in ventilation in smoking areas has
been indicated in several recent ASHRAE forums and semi-
nars. This paper is the second in a series of two papers address-
ing the design of smoking areas. These papers review
literature regarding the design of smoking areas, identify gaps
in knowledge, and fill in some of those gaps. The goal is to
propose methods by which design engineers can apply what is
known to smoking area design.

Paul R. Nelson, Ph.D.

Robin K. Wilson, P.E.
Member ASHRAE

To understand the approach taken in this paper, a number
of key points from the first paper (Nelson et al. 1998) should
be restated:

e  Environmental tobacco smoke (ETS), or second-hand
smoke, is a complex mixture of both gas and particulate-
phase compounds composed of the aged and diluted combi-
nation of both sidestream (smoke from the lighted end of a
cigarette) and exhaled mainstream smoke.

*  Mostof the compounds identified in ETS have other indoor
or outdoor sources.

* To determine the contribution from smoking to these
compounds in indoor air, one must measure marker
compounds.

e The three most commonly used markers for the particulate
phase of ETS (ETS-RSP), in order of increasing specificity,
are ultraviolet particulate matter (UVPM), fluorescent
particulate matter (FPM), and solanesol.

* In the gas phase, nicotine concentrations do not track the
concentrations of most other measurable ETS components.
The current best marker for the gas phase of ETS is 3-ethe-
nylpyridine (3-EP).

»  Experiments performed in controlled laboratory settings
suggest that odor is the primary factor associated with
sensory evaluation of ETS in the air.

«  The specific compounds associated with the odor of ETS
are not known.

= Data available in the literature suggest that smokers find air
quality acceptable at higher concentrations of ETS than
nonsmokers.

= Among nonsmokers in a laboratory setting, 80% accept-
ability of air quality is achieved when the ETS from one
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cigarette is diluted by 78 m® - 120 m® (2800 ft3 - 4200 ft?)
of air.

+  ETS concentrations determined in the laboratory are likely
10 overestimatc the impact of ETS on nonsmokers in real-
world settings for a number of reasons discussed in this
paper.

«  Ventilation rates that agree well with those in ANSI/

ASHRAE Standard 62- 1989 (ASHRAE 1989) can be
derrved using demographrc averages.

Duc to, social changes ‘tlhal have occurred in the last
decade, today smokers are usually restricted to smaller, more
defined areas than thcy were in the past. For these conditions,
which donot fit the average conditions listed in ASHRAE 62-
1989, a new design approach is needed. This paper proposes
that the results from laboratory studies of the sensory impact
of ETS o1 nonsmokers and the chemistry of ETS can be used
to generate a simple model to determine the ventilation rate (as
a function of source generation raté and removal rate) needed
to achieve 80% acceptability in the field.

DESIGN APPROACH

The design information presented in this paper, comblned
with the fundamental information presented inthe compamon
paper (Nelson et al. 1998), provide a desrgn engineer w1th
basic assumptions and formulae for demgnmg smokmg areas..
Following are the design slcps and mputs '

1y

1. Estlmate the ventllatron rate for smokmg
* How many smokers?

* What is the smoking rate?

» How much dilution is required?

2. Determine the design factors that apply:

« Are the smoKers and nonsmokets separated”
" = Does the volume of the space ngc a large or small time
constant? ‘
* Is a diversity factor for maxrmum occupancy approprr-'
ate? o 5
¢* Do, atrﬂow patterns maxmuze removal effectrveness"
3, Determine the rminimuri’ outside air required .from,

.+ ASHRAE 62-1989 (minimum Q).

4. Deésign the space' and select equipment:
. Use transfer’ a1r when possible. _
. Incorporate arr—to -air heat exchangers into the, systems to
conserve energy.

..* Usg filtration as an alternativg for supplemental air that is
. required above the ASHRAE 62—1989 minimum. :
Equation for Esfimating Ventilation
- The design model proposed uses-three factors to deter-:
ming the total volume rate of outside.air plus filtered air. These:
factors-are the generation rate. the d'rlution volume, and. the
remoyal effectiveness as they are related in Equation 1::..
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(Q,, +EQ,) = 1)
where O, isthe outside air ventilation rate, O, is the rate of air
recirculated through filters, E is the filter efficiency, G is the
generation rate, D is the dilution volume, and m is the removal
effectiveness factor. Appendix A contalns an example of an
application of this equation.

Of these factors, the generation rate represents how: many
cigarettes or cigars will likely be smoked: per unit time: The
dilution volume is derived from information discussed in the
first paper. The réemoval effectiveness is a function of the
design.

This model is based on four major assumptions.

Dilution rates from laboratory studies should be used.
2. Thedesign assumes steady—state conditions.

With exceptions noted in the variable occupancy guidance
in ASHRAE 62-1989, design should assume maximum
occupancy.

4. Since the first three assumptions are conservative, mean
values can be used for the other input factors. The three
conservative assumptions are assumed to offset the vari-
abllrty or noise introduced by the other input factors.

Denvatlon

Equalion 1 can be formulated from Equation 2 (a model
proposed by [shizu 1980), combined with.a simple dilution
concentration equation (Equation 3).”
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Equation l is.obtained by combining Eqmnons 2 and 3,

assuming stcady-state so that the term e @es ¥ E@IV, g1

0; and assuming that the concentration of ETS in' the outdoor
air C, cquals 0. In the laboratory-validated model by Ishizu,
the term m was a mixing factor. In nonlaboratory applications,
m w:ll be used asa rcmoval cffecuvcncss Iactor

“h

Energy Cons:deratlons 4 . " i

Venulauon systems in bu1ldmgs, except low-rise rcsmen- ‘

tial, should comply with ANSI/ASHRAE Standard 90.1-1989
(ASHRAE 1995b). New guidelincs for cquipment efficiencies

for ventilation equipment, as well as the use of heat recovcr“'y'

devicessuch'as‘desiccant wheels, heat pipes, dr economizeys,’

are under dlscusswn within ASHRAE. Ventilation systems
designed for areas ‘with:high occupancy’ densities“(stich as

smeking lounges) can'reduee energy consumption'if eutside

air intakes are conlrolljed to a volumne below design rates when”

spaces are partially occupied.
vt Ll

I
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There are some alteratives to delivering outside air to
smoking areas directly through the HVAC system. The first
alternative is transfer air. It is essentially free aif that can be
used from other spaces in a building. For example, the exhaust
air from nonsmoking areas in a building can be the supply air
to a smoking lounge prior to the air bemg exhausted from the
building. :

The second altema;-ive is an air-to-air heat exehanger.
Air-to-air heat'ex¢hangers can provide desired air- quentitiés
without the eriergy and equipménthizingipenalties of condi-
tioning all outside air in the main HVAC system. They may be
either sensible heat devices or total heat devices. Fisher et al.
(1983) studied. air-to-air energy recovery equipment and
determined that for a tobacco smoking application, corrasion
is not a concem but that there is some potential for fouling,
With a total heat device, cross contamination must be
addressed. :

‘"

INPUT VALUES

In designing smoking areas, values must be obtained for
the dilution volume, geneiatibn rate, removal _effecti\'/eriess,
and filtration efficiency. These values can be obtained from
laboratory studies or field studies. Controlled laboratory
conditions are suited to giving values for dilutiori volumnes,
mass of combustion compound per cigarette or cigar, and
filtration efficiency. Observatignal field studies are the best
source of behavior-relatedinput such as rate of smoking, Field
studies can also be used to verify the laboratory behavioral
medsurements such as acceptance.

The number of field studies that measure ETS concentra-
tion, smoking rates, ventilation rates, and occupant responses
is limited. Available data from field studies are shown in Table
1.’The office in Table 1 is a study reported by Bohanon et al.
(1996) where ETS concentration and occupant responses were
measured in an: office building that.was operated at three
different ventllatlon rates. The lounge lS that reported: by
Straub etal. (1993). : L ke A "o

Bohanon and Curl (1994) reportcd on a pub and a barbe-
cue restaurant (restaulanl Bin 'Iable l) Restaurant C is a bar

and seafood restaurant located in a mid-Atlantic suburb'm

area. Restaurant D is a bar and Mexican restaurant located i in

a western city. The data collected mcluded ETS concentra-
tlons smokmg rales and a ventllatlon assessment

ar T Il 3 ]

The autho;s of th,s paper, rex:ently measured condluons in

fivc restaprants located in the sputhern U. S.  Restaurant, 1 was:

a diner style restaurant that did nothavg a separate nonsmpk-
ing section: All other restaurants tested had separate sections.
Restaurant,2 was_a steak house, restaurant 3 was located. in-a
hetel,restaurant 4 was a sgafood restaurant, and restaurant 5
was an uypsecale grille, - The !data collected included..ETS
concentrations, smoking rates, ventilation assessment, and
patron responses.

TO-98-1:3

Dilution Volume

The dilution volume fornonsmokersi is different from that
for smokers. Nonsmoker data were obtamed from two labo-
ralory sludies. A recent sludy by Walker et al. (1997) is in
general agrecmcnl With Cam et al. (1983) who concluded that
a dilution of 78 m’® - 120 m® (2754 £t - 4237 ft®) per cigarelte
would place acceptability at about 75% to 80%. For smokers,
data from the studies of Straub et al. (t993) Cainet. al (1983).
and Leaderer et al. (1984) suggest that a volume of 25 m® - 40
m? (883 f®- 1412 %) per cigarette would ensure a minimum
of 80% acceptance. See the companion paper (Nelson et al.
1998) for further discussion of Lhese studies.

The authors know of no studies’ that have measured
acceptability from cigar smoking. Therefore, the engineer
must make assumptions. The available data indicate that a
cigar may produce four times the particulatc matter of one
cigarette and (0 times the TVOC of one cigarctte (Nelson et
al. 1997). It would be logical to assume that ETS from one
cigar is equivalent to ETS ffqm four to ten cigarettes.

Generation Rate

The smoke generation rate (G), can be estimated by
observing smoking behavior 1n an existing location. This
direct estimate is made by counting cigarettes actually smoked
during a period of time. When a dircct observation is not possi-
ble (for a brand new location), the generation rate must be
determined by other means. In Equation 4, the generation rate
is broken down intd'three factors: the o¢cupancy or number of
people (P), the fraction of smokers (f;); and the rate of smoking
per smoker (R).

G=PR " 4

Occupancy. An assumption frequently made in ventila-
tion design is that sccupancy is constant. In some cases, that
may be a geod assumptibn. bul for many bars and }re\stlaumnIS
the occupancy is highly variable.

The ama of the pub studied by Bohanon and Curl (1994)
is 300 m? (3000 ft?). The estimated maximum occupdncy
factor from Standérd 62—1989 i§ 70 péople per 100'm? (1000
ft2), Yesulting.in an estimated maximum occupancy'of 210
people. The actual occupancy was measured every 30 minutes
during two weeks of testing. Figure .l shows the, pattern
through (he day, illustrating that occupancy in (he real world
can difter significantly from a constant value. For design
values, follow the guidance of Standard 62 1989 for variable
occupancy.

‘Fraction bmékers In'the 1:1boratbry. the ETS generatlon
rate can be held constant. In the feal world, the g genération is
afunction of the number of smolfers presentand their smoking
rate. In the pub, the Bedple in IHE smoking Section and the
nonsmoking: sections :were counted. It is: likely -that $ome
nonsinokers joihed friends who:are smokers in the smoking’
section.and vice versa. In some-field tests;:the count of actual
cigarettes smoked can only be relatéd-to the number of people:
(smokers and nonsmokers) observed in the smoking section.

3



Occupancy In Pub over 2 week perlod
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Figure 1 Time distribution of occupancy in the pub.

Smoking Rates. Table 1 gives observed smoking rates
from several studies. The overall pércentage of occupants in
the' smoking section (or perceéint smokers in two cases) is
shown for various types of facilities. The rate of smokmg for
the people in the smoking areas is also'shown. :

Figure 2 shows the cigarettes smoked per hour per person
as a function of the number of persons seated in the smoking
area of the pub. This figure illustrates that a single observation
is unlikely to be representative of occupant behavior. In retro-
fit or modification applications, several observations are
required to accurately determine smoking rates.

Removal Effectiveness

" 'One necessary, simplifying assumption bf single-
compartment modeling .is that the air is well mixed. This

Cigarettes smoked per Hour per Person seated in
Smoking Section in the Pub
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Figure 2 Smoking rate for persons seated in the smoking
section vs. occupancy.

condition is usually achieved in laboratory settings by the use
of circulating or mixing fans.

In the perfectly mixed condition, the air is homogeneous.
The air is of the.same age in all parts of the room where the age
is the time that has transpired since the parcel of air entered the
space from the outside. In these mixed conditions, the venti-
lation effectiveness is equal to one. Ventilation effectiveness is
calculated from Equation 5: . .

Ty

Ehi = Ougerr’ (5)

s ()

This is the same as Equatlon 22 in ASHRAE Fundamen*-
tals (1997, chapter 25). The local ventilation effectiveness g; ,

TABLE 1
Observations from Past Tests

Date Location Hours Observed Lo ant.s Average/ % Smokers Cigarettes /h/ Smoker
Maximum
1992 Office 88 124/ND 32% 13
1990 Lourige N/A 14/ 14 100% 3.3
1992 Pub 168 6217210 58%" 0.57
1992 Rest B 148 5117144 53%" 0.69
1992 Rest C 114 " 23/118 2% 1.28
1992 Rest D 100 .40/ 47 58%" 0.71
1996 Rest | : 8 23/38 100%" 0.61
1996 Rest 2 8 18744 52%" 0.96
1996 Rest 3 8 24/ 49 45%" 0.45
1996 Rest 4 8 - 26/45 38%" 0.75
1996 Rest 5 8 51790 26%" 0.82
* Denates thut peroent sniokers is percent of located in s g seclion
4 To-98-1:3
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Figure 3 Diagram of a room with one source and plug flow.

is the nominal time constant T, divided by the age of the local
air ©,,, ;. Ventilation effectiveness focuses on good distribu-
tion of the outdoor air and how long it has been in the space.

A similar concept is removal effectiveness. Because this
design focuses on removing ETS, removal effectiveness
should be emphasized. Removal effectiveness measures the
removal of the contaminant in the space or how long the
contaminant remains in the space. Removal effectivenessis a
function of airflow in the space. P

Airflow patterns have an'important effect onacceptability
in 4 local environment. The effect of special-air distribution
configurations on evvironmental tobacco smoke concentra-
tions have been reported in the literature (Faulkner et al. 1993;
Akimoto et al. 1995; Burnley 1993). Straub et al. (1993) tested
the acceptability of different configurations of standard air-
distribution and displacement systems in a smoking lounge.
With the ventilation rate controlled to a constant 60 cfm per
person in the smoking lounge, the acceptability ranged from
45% to 93% as theilocal air-distribution method varied:

Plug flow is described as unidirectional aifflow ventila-
tionby ASHRAE (1997). Displacement ventilation is a related

Room A

A(dfn:‘ng only, nonsmoking)

concept where, in common with plug flow, mlxmg is mini-
mized by design.

For the example of a long room (Figure 3), the source is
located at a distance three-fourths of the length of the space
with perfect plug flow (no mixing). In this space, the source is
localized near the exhaust. If one assumes that the source and
its emissions occupy one-foprth of the space and that this
space is in the exhaust stream, then the average age of the
emissions is one-fourth that of the room air. For a room under
these conditions, the removal.effectiveness would be 4. The
average concentration in the:room is one-fourth of the well-
mixed case. The proper interpretation of these conditions is
that three-fourths of the room has no concentration of the
emission and one-fourth has a full concentration!

In a situation where the flow is only partial pIug flow and
some of the air is recirculated, the partial plug flow can have
a significant effect on the concentration observed in the space.
In the case of the pub (Bohanon and Curl 1994), the air flowed
toward the kitchen and the exhaust fan. The pub had three
rooms that were connected by open doorways and the HVAC
system had a common return. The layout of the pub is illus-

\

v
Room B

(dining and bar, smoking &-nonsmoking)

*_.

¥ RaomC 'V

bl

: (dining and bar, smbf(ing)-

Figure 4 Diagram of pub before HVAC modification.

TO-98-1-3




Theoratical TWA and Measured ETS-RSP (as'UVPM) in Pub

400

iBTheoretical
: EMeasured S
| \
O Measured ns!

350
300
250
200

150°| §

UVPM (ugim3)

100

. 50

0

Figure 5 Theoretical average particle concentration vs.
measured concentrations in the pub: before
changes to the ventilation system.

tratéd in Figure 4. The pub had no outside air supply and all

ventilation was infiltration induced by the kitchen eéxhaust fan.

- Figure 5 shows the actual measured concentrations in the
smoking (S) and nonsmoking (NS) sections, along with the
theoretical value if the pub was'a well-mixed laboratory cham-
ber. The differences in theoretical and actual concentrations
are likely a result of a partial plug flow in the pub. The filter
on the HVAC system before medification was'not efficient for
particles in the ETS- RSP size range; however, some parllcle
deposmon may have occurred. ¢
'In a controlled experiment; Curl et al. (1995) tésted the
effect of ventilation and separation on ETS conitentration in an
office space. The smoking rate was controlled and the space
was configured with the smokers near the return/exhaust when
they were separated from the nonsmokers. This configuration
was equivalent to a restaurant with the smoking section near
the return/exhaust. In the Cui'l et al. (1995) study, the ventila-
tion rate was controlled and varied froma totally sealed HVAC
outside air-initake to full economizer'mode. " :
Bohanon and Cote (1997) evaluated several pubhshed

models for predicting ETS-RSP concentration using the data
set obtained in the: Curl et al: (1995) study. The mddels. were
developed from fundamental theory or from ldboratory data:
The predictions ate listed in Table 2. The models greatly over-
predict ETS concentration. The models and thé test accounted
for filtration, time, and generation rate. The biggest difference
between these models and the test conditions is that the test
space was not well mixed. The plug flow resulted in a removal
effectiveness that.was not accqtinted for in the models. ..

Flltratlon Efflclency

Essentlally, ventilation reduces the concentratlon of
indoor air contaminants by dilution. Recirculation of filtered
air back to a space may also be used to reduce contaminant
concentrations by dilution. Equation 1 contains two teems
related to the use of air filtration to supplement outdodr air for
the reduction of ETS cdncentrations: E, the filtration effi-
ciency, and Q,, the amount of air that passes through an air
filter. In practice, the amount of dilution air provided by filtra-
tion is a' product of the éfficiency of the air filter and the
airflow through the media. For example, an air filter operating
at 1700 m?h (1000 cfm), which removes 50% of the ETS
particles that pass through it, delivers an equivalent 850 m>/h
(500 cfm) of partlcle -free alr toa space. ‘

As s the case with heat exchangers f11trat10n carries with’
it the additional advantage that the dilution air is supplied
without the energy costs associated with conditioning outdoor
air. However, in contrast to the straightforward application of
air-to+air heat exchangers, use of air filtration to control ETS
is more complex. When dealing with the filtration of ETS, it
is important to separately consider gas and particulate filtra-'
tion. Removal of particles'is ‘relatively straightforward; but
additional considerations must be made when selecting filtra-
tion media for the gas phase of ETS. In this section, each type
of filtration media and its application to ETS will be summa-
rized, . i

Both gas and particulate filtration can be effectively
applied to the removal of ETS (rom indoor air. Depending on
the design goal, the application of air filtration 1o indoor air
may reduice the heed fot supplying conditioned outside air
above ASHRAE-specified minimums to spaces in which’
smioking takes place. Additional general information describ-
ing gas and particulate filtration is available from a number of
sources (NAFA 1993; ASHRAE 1995a, 1996). o

Particles. ETS can be a significant source of particles in
indoor air. Although the mass of particles generated by smok-
ing is small relative to the total mass of gases produced
(Martin et al. 1997), the removal of ETS particulate matter is
desirable from several standpoints. Removal of the particulate
matter may lead to reduced deposition of particles on intérior
surfaces with a concurrent reduction in the staining of mate-
rials. The particles are also responsible for the visible smoke
in the air. When they are removed, any smoke haze in the air
wil] be reduced. In addition,,removal of ETS particles may,
help to decrease the amnount:of tobacco smoke odor in a space.
Low volatility compounds in the smoke:particles may off-gas.

. TABLE2
, Measured and Model Predlcted ETS-RSP (ng/m°) from Bohanon and Cole (1997) .
Model Ventilation Actubl | Modl | Mod2 | Med3 | Mod'4 | ModS'| Mod'6 | Mod7 | Mod 8§
Max. OA (7,8 ACH), 3 M1 36 - 35 108 177 | - 168 33 35
‘Mih. OA'(0:4 ACH) 22 1045 | 314 252 836" |- 2571 | 1143 73140 |0 464

] 1
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and be responsible for at least some of the detectable smoke
odor in a space. Removal of the particles in a well-maintained
system has the potential to reduce lhe odors assouatcd with
simoking. :

There are anumber of methods for evaluatmg the perfor-
mance of particulate air filters (ASHRAE 1996). For corded
electric air. cleancrs, a trade association of home appliance
manufacturers has developed a standard based upon the equiv-

alent volume of clean air produced by the air cleaner (AHAM-

1986). Using their. standard effectlveness is reported as clean

air delivery rate (CADR) The CADR is drrectly equivalentto.

the term EQ, found in Equatron 1. ,Among high-efficiency
filters, such as HEPA and 95% DOP, the efficiency (E) is
essentially equivalent to 1. For other f11ters it is important to
ascertain the cffectiveness for ETS s1zed parucles for reasons
described below, -

Environmental tobacco smoke pafticles are.quite small.
Their mass median dlameter is typically reported to be in the
range of 0:1 pm- 0.5 pm (Guerin etal:1992), and they may.not
be removed from theair by typical HVAC filters. Physical
filtration relies on impaction on, and diffusion to, fiber
surfaces to remove ETS particles from the air. The size of ETS
particles is such that both removal, mechanisms are relatively
inefficient.

To remové ETS-sized particles, high-efficiency filtérs

such as HEPA and 95% DOP rated filters are typically
employed. The cost and impact on air-handling system design
(fansizing and power) may make these filters impractical for
whole bu11dm gs. But physical filtration can be effective when
employed in air cleaners designed for cleaning room-sized
spaces, (Jaisinghani et al, 198‘9;‘Pierce etal. 1996).

" Tt many"cases, ‘€lectrostatic precipitation (EP) is a near
ideal solution for ETS -particle removal. EP units require rela-
tively little energy' to operate and ‘proyide an extremely low
presspre drop when installed in.either whole-building systems
or individual air cleaners. One concem commonly cited when
electrostatic precipitators are ope_rated is their potential to
generafe ozong. Problems with pzone generation can be over-
come in a,properly designed EP.unit or can be ameliorated, by
the use of post-filtration media designed to remove ozone,: .,

Regardless of the media chosen for'the rémoval of partic-:

ulaté matter, ‘proper imaintenafee - of ‘particulate filtration
medidiis of paraAmount concérn. Medijabased filters will effec-
tively remove ETS-sized particlés for a long tiriie before
becoming saturatéd; however, there'is potentlal for off-
gassing of 16w-volatility odorous matetials from the miedia. In
addition, there may be other sources of particles in the air that

may load the facc of the media, resulting in either decreased

cffectiveness (E remiains Kigh bt (), dééredses) or increased

utility cests dssociated with moving air through (he media as.
the pressuze-drop-increases. T he efficiency- of electrostatic.

precipitators will decrease'if the collection plates are allowed
to build up a nonconductive layer of materlal on thelr surface.
Regular cleaning (a relativély” 51mple washing process) at

TO:98-1-3

manufacturer-specified intervals is critical for maintaining
optimal effectiveness of electrostatic precipitators.

Gas Phase. Gas filtration can provide a useful and impor-
tant adjunct to the particulate filtration of ETS. A wide range
of media are available, or in development, for the removal of
gaseous contaminants from indoor air. They generally can be
divided into two general classes. One class of media is adsor-
bents. Adsorbents are characterized by a large surface area
onto which gaseous contaminants may be physically or:chem-
ically adsorbed. The other class of media is chemically reac-
tive. Two examples of media that are in this category are
permanganate-based media and catalytic media. Permangan-
ate chemically reacts with some types of indoor air pollutants.
Catalysts facilitate the reaction of contaminants with air;
however, unlike permanganate, they are not consumed in the
reaction process.

In contrast to the particulate filters, there are no standard
methods for determining the effectiveness of gas-phase air
filters. There are a number of challenges facing the develop-
ment of standard testing protocols for gas-phase air filtration.
media. One challenge is a result of the wide range of chemical
properties of gas-phase indoor air contaminants. For cxample,
formaldehyde is difficult to remove from the air using acti-
vated carbon, but it is effectively removed by reactive media,
such as permanganate-impregnated alumina or silica. On the
other hand, the reactive media are less. effectlve than acuvated
carbon at removing typrcally encountered volatile organic
compounds (VOCs). In developing test methodologies and
evaluating media performance, it is important to realize that
removal effectiveness of filtration media is not uniform across
all chemical compound classes found in indoor air (Nelson et
al. 1993a).

To maximize success with gas- phase flltratlon it is
important to have some idea of the classes of compoundstq be
remoyed and totajlor the selection of filtration media to maxi-
mize removal .of. those compounds. For complex mixtures
suchas ETS, a variety of filtration media (adsorptive and reac-,
tive). may be necessary to obtain optl,mum removal of ETS
components. o

Another challenge facing development of standard test-
ing methodologies is the wide-range configuration of gas-
phase filtration systems. Systems designed for use in large
systems range from media trays or beds to specially impreg-
nated fibrous media. Likewise, air filtration units: come in a
wide range of configurations and capacities. Development of
a one-size-fits-all solution is'difficult to accomplish:

As a'resultof these challenges; no 'standard methods
currently exist for determining the effectiveness factor (E) for
gas-phase filtration cquipment. ASHRAE is currently
attcmipting to dé\/eloﬁ such 'standards, but they may not be
ready for several years. A number of methods for evaluating,
gas-phase filtration media have been independently devel-
oped: Forexample, a method of deterniiniirg effeetiveness and
lifetime of gas-phase filtration rnedia for indoor air has been’
developed by VanOsdell €t al. (1996). Se parately, a method for



determining CADR for gas-phase components has been
developed and applied to air cleaners (Nelson:et al. 1993b,
1996). Both methods show promise for comparative evalua-
tion of air filters and media, but neither has been validated in
an interlaboratory evaluation.

Commonly used adsorbent media include activated
carbons, zeolites, and alumina, but others may also be found
in the literature and practice. The adsorbents are typically
supplied in pellet or flake form. Additionally, small adsorbent
particles may be incorporated into fibrous media or a foam
matrix. Within each piece of adsorbent media is a microscopic
network of pores into which contaminant molecules may
diffuse and adsorb. The presence of a large number of micro-
scopic pores gives rise to a large surface are per unit weight of
adsorbent media. The affinity of the media for a particular
contaminant is a function of chemical properties of the media,
pore size, and number of pores. In some cases, adsorbent
media can be modified to increase its affinity for particular
classes of compounds. For example, impregnation of acti-
vated carbon with phosphoric acid increases its capture and
retention of gas-phase bases. , .

+ Gas-phase filtration media will eventually become satu-
rated with contaminants. The time to reach saturation varies as
a function of that contaminant. As media becomes saturated
by a contaminant, a number of events can take place: A frac-
tion. of the contaminant will pass. uncaptured through the
media. In addition, the contaminant may be displaced from the:
media. by another contaminant. In that case, the previously
captured contaminant will be re-released into the air supply.
For these-reasons it is important to (a)-choose a media that.is
well suited to the gases to be removed and (b) routinely main-
tain a system containing adsorbent media, including replace-
ment of the media at manufacturer recommended intervals.

Other Devices. Devices using technologies other than
filtration have been marketed by.some for cleaning tobacco
smoke from the air. The filtration ef fncnency (E) is not avail-
able fer thesé devices. ' ®

The use of ozone is often touted as a panacea for the
removal of gas-phase contaminants from indoor air. However,
considerable controversy surrounds its use in indoor air.
Ozone is a criteria pollutant and its maximum allowable
concentration (8 h TWA) is regulated in both indoor (OSHA
1994) and outdoor air (EPA 1997). Some ozone generators are
capable of producinghazardous levels of ozone within a short
period of time (Shaughnessy and Oatman 1991). Furthermore,
the efficacy of ozene, at low concentrations, for the remoyval
of gaseous pollutants has not been documented in the literatu}e
(Boeninger 1995). Human sensory results (unpublished)
obtained in conjunction with the study by Nelson et al. (1993b)
showed that the use of an ozone/negative ion generator (a)
produced unacceptable ozone levels at the manufacturer's
recommended settings and, (b) when adjusted to produce
acceplable ozone levels, produced more odor and €ye irrita-
tion (over time) than ETS alone. Qiher work by Nelson
(unpublished) has shown the rapid dxidation 6f NO to N@, by

ozone and only a minor decrease in nicotine concentrations
when ozone is used to clean the air. In light of the potential for

“generating hazardous ozone levels in indoor environments

and a lack of scientific data supporting its efficacy, the use of
ozone alone for treating ETS in indoor air is not recom-'
mended.

Ions can be generated by certain devices. In, theory, they
charge particles and cause the charged particles to attach to
surfaces. Ionization can take placc within electrostatic precip-
itators or it.can be externally induced in a varicty of air filtra-
tion'products. There is little, if any, documentation of their
effectiveness in the scientific literature. Ion generators are
likely to assist in the reinoval of ETS particulate matter, but it
is likely that effectiveness will vary from one product to the
next. ; :

Ultraviolet radiation can prov1de the energy needed for
the decomposmon of some types of organic compounds. One
accepted use of ultraviolet radiation is the killing of airborne
microorganisms in the air. However, the efficacy of, using
ultraviolet radiation for removing ETS or ETS-related
compounds has not been demonstrated.

ASSUMPTIONS

Having discussed how to determine the input values for
Equation 1, four inhcrent assumptions in this equation should
be examined: The nature of the assumptions determincs the
applicability of an equation, or model, to a situation. The
assumptions are discussed in the following sections in order to
help the designer understand the bounds and hmus for use of.
this equation. ' b : .
Dilution Volume

Dilution volume is inversely preportional to concentra-
tion and is the design parameter specified to control the
concentration of ETS to a'certain lével. Despite the fact that'
evidence strongly suggests that'people in the field respond less
intensely than those iri'the laboratory to similar ETS coricen-
trations, it is assumed in Equation 1 that in extrapolating from
the laboratory to the field, people will respond in a similar
fashion when exposed to a:similar concentration of ETS in
both settings. The conservative nature of this assumption can
be seen by examining four sets of data (two from laboratories,
one from offices, and one from restaurants). The two labora-
tory data sets where ETS-RSP concentration and percent
acceptance were measured are the studies of Cain and
colleagues (Cain et al. 1983; Leaderer and Cain 1993; Lead-
erer et al. 1984) and the studies of Walker et al. (1997). The
office data are from Bohanon et al. (1996). The restaurant data
were measured by the authors. Table 3 shows a surnmary of the
number of responses from the laboratory and field tests.

Figure 6 shows that for ETS-RSP concentrations relative
to the real world, the laboratory responses are much less
acceptable than the responses measured in the field.

The increases in acceptability found i in the ficld vs. the
laboratory may be due to a number of factors that can affect

To-98-1:3



v TABLE 3
“Number of Persons Responding in Each Study

Data Set n Responses from Each Sub ject Total Responses
Cain Visitor:(Moderate RH) 92 i‘otsl‘glb jects NA 275
25 Each Condition
Walker Nonsmoker 17 Total Subjects 14 for Each Condition 238
Tt :"17 Each Condition - : {
Bohanon Offices, 135 Total Subjects 11 Days Testing 1003
' ' 91 Avg. Daily Responses
Five Restaurants 3170 Patrons 1 f 370
occupants' perception. For example, architectural features e v 6)
such as walls or screens can impact the perception of ETS. Y=o
Moschandreas etal. (1992) found that visual stimuli can affect
reported odor strength. In that study, subjects were asked to Qoa
rate'odor intensity under conditions where they were and were I= 7 O

not ‘able to see a person smoking. The subjects reported that the
same controlled odor was stronger when they were able to see
a person smoking. ’

Steady State. The steady-state assumption tends to over=,
esumate the ETS concentration most of the time. In evaluatmg
the steady-state assumption, compare the laboratory chamber,
used by Walker etal. (1997) to the pub sludled by Bohanon and
Curl (1994),

. The volume of thelaboratory chamber is45 m3 (1600’f t3).
The ventilation was controlled between 28 ahd 180 m/h a7

- 106 cfm) in the lab. The volume of the pub is approximately
1000 m? (35000 £t%). The ventilation was estimated to be 1 170
m*/h (690 cfm) in the pub

Qne wa)' to compare lhese spaces is by usmg the time
constant, The nommal time constant Ty is the time requ1red for
one .air change 1f 1dea1 plug, ,ﬂow (no mixing) existed, The
nommal txme constant is the inverse of air exchange rate I
(ASHRAE 1997).

“
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Assuming that ETS particles are generated by smoking at
a constant rate and that the other assumptions associated with
the simple model hold, Figure 7.shows the predicted concen-
tration as a percentage of each respective steady-state value
vs. time. Under the assumed conditions, the steady-state value
is the maximum value attained in a space. Estimates based on
steady state will overestimate concentrations until the concen-
tration approaches the steady-state:value. There is clearly a
difference between the lab and the pub. The steady-state
assumption is fairly good for the lab over a one-hour period,
but this assumption overestimates concentrations for the pub
because the time constantin the pub is relatively long.

Occuparicy r B

The diréctiofls in Standard 62-1989 fdr ‘determiningoccu-
pancy for spaces w1th intermittent or varlable occupancy are
valuable because in almost all cases they tend to overestimate
occupancy.
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i TABLE 4
Ventllation Flate in m"lh Person (cfm/Person) for Observed Occupancies’

Date Location | hﬁf::;::;e? _AO‘::‘:;“aiecy | Peak Occupancy | ASHRAE 62-1989| (gé:sa:f)grl)
1992 Office '+ 2% 13 (7.6) 13 (7.6) 34 (20) 41 (24)
'1992 Office - | 1% 25 (14) 25 (14) 34 (20) 41 24)
1992 Office .. 3% 60 (35) 60 (35) 34 (20) 41 (24)
1996 Rest. | - 2% 46 (27) 28,(16) 34.(20) 70 (41)
1996 Rest2 - 0% 110 (64) - 46 (27) 34 (20) 56 (33)
1996 Rest3 4% ~ ND ‘ ND 34 (20) 24 (14)
1996 Rest4 5% 71 (42) (41 (24) 34 (20) 33 (19)
1996 Rest S’ 3% 26 (15) | 14(8) 34 (20) 24 (14)

* D =120m3 (4237 ft®) dilution volume, and m=1 in Equation 1. ND =notdgtermincd.
- ) i

Where peak occupancies of less than 3 hours occur, the
outdoor airflow' rate may be determined on the basis of
average occupancy for buildings for the duiration of oper-

«: . ,ation of the system, provided the average occupancy is
not less than one-half the maximum (ASHRAE 1989).

. For the atcupancy of the pub’ (Figure: 1), the evening
oecupancy is longer than three lours. Therefore, using the
average occupancy of 62 people is inappropriate. Using a
three-hour moving -average to idetérmine the peak three-hour
period observed results in 180 people, which is very close to
the estimated maximum of 210. Using the observed or esti-
mated valug.for occupancy is-appropriate; but as illustrated i
Figure 1, the average pccupancy will be muych lower, assuming
the peak occupancy overestimates for all other times.

!.'If_se Mean Values for Other Factors

-\ The overestimates of ETS concentration preduced by the
three conservative assumptions used:(laboratory-determined
dilution volume, steady state, and peak.occupancy) more than
compensate for the variability thatwill be séen in the other
input variables. Ventilation rates are calculated from Equation,
1 using these conservative, assumptions and mean values for
other input values. Table 4 lists the heasured percent dissat-
isfied, thg measured ventilation rate for design and average
occupancy, the minimum rate from Standard 62; 1989,md the
calculated (Qaa + EQ,): In calculat;mg the, values of (@, +
EQ,) the rcmoval ef] fecuveneﬂs factor (m) is assumed to cqual
1. In almost  every case, lhe calculated valuc for (Qw + EQ,)
exceeds the me'nured valueand in every cane the accepl'tbnhty
(percent dissatisfied sublracled from 100%) exceeds. 80%,
indicating that the overall output of Equauon i for l,hcw Gases
gives i conservmve value.

ML,

SUMMARY »“, o S il

An equatlon is presented for calculatmg ventllatlon rates
l'o‘r smoking areas, ,Determination of the vajugs foryey inpuls
is discussed. The mpuls'are dlluuon vplumc, generauon rale,
removal effcetiveness, and filtration effi iciency.
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In a system design, it is desirable to choose a ventilation
rate that will keep:ETS concentrations below the targeted
concentration at most times. This is accomiplished by assum-
ing maximu, rathet thahmean, valués for some of the input
variables.:The up per bound, ot. maximum, factors are used for
three of the: factors in the governing equations :(dilution
volume, steady state, and occupancy). Available field data
ildicate that using these assumptions will result in cons,erva—
tive design values.

The :information provxded rin thls and the cornpamon
paper are astarting point for the engineer designing a smeking
area. Understanding principles from ASHRAE handbooks,
standards, and especially the litérature on air distributign is
also prerequisite to tne successful design of smoking areas.
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NOMENCLATURE Lol
C; concentratlon of substance in room (ug/m3)

C, * . =.concentration of substance in outdoor air (ug/m )it
Co = cencentration of substancé in room amme 0 (p.g/m3 )
D = d:luuon volume (mJ/ugarette)

E =" filtration efficiency {dimensionless)

s . fmcuon smoker (smokcrs/occupants) .

G = generatlon rate (¢1gaxcltc /h) 4 . o5

I .  =aip exchangeratﬁr(h )i - At
ma, . =aremoval effectnvcnes&(dlmcnsmnless)

P~ = tumber of people (occtpants):- Do
0" = outside air ventilation rate (m’lh) b}

0, = volumetric rate of air rccnrculated through the t‘ﬂter
A 1/ o

;3 ‘\",‘ = qmokmg tute Cc1gareltesm—s1noker)

S = generalion rate (ug/h)

To-9821-3!



t = time (h)

1% = volume (m?) !

€, .= local ventilation effectiveness (dimensionless)

Ty = nominal time constant for air excﬁénge in the space
‘ (h)

()

age. = local age of air (h) )
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APPENDIX A
EXAMPLE CALCULATION

As an example of how to apply these principles, consider
the case of a restaurateur who presents the following design

12

requirements. The small restaurant is 6 m by 9 m (20 ft by 30
ft), seats 40 people, and has one four-top table for cigar smok-
ers who are expected to smoke one cigar each during a two-
hourssitting. The two sittings will be fully occupied most of the
time and the nonsmokers should find the air acceptable.

Use Equation 1 and Equation 4.
(2, +EQ) = E2 (1)

G = PfR )

The input values can be determined from this informa-
tion. The value of P is 40 with no reduction for diversity since
the three-hour occupancy will often be 100%. The minimum
outside air (J,,) from ASHRAE 62-1989 is 1360 m3/h (800
cfm). The dilution value for cigars can be estimated from the
companion paper (Nelson et al. 1998) based on the observa-
tion that the average TVOC emission from cigars is 10 times
that for cigarettes. So the dilution factor, D, equals 1200 m?/
cigar (42000 ft*/cigar). The values fs = 0.1 and R = 0.5 are
given, Assuming (hat m = |, the value calculated for (Q,, +
EQ,) is 2400 m*/h (1333 cfm).

Assume that a separate calculation reveals that the air-
conditioning system fan delivers 1700 m>/h (1000 cfm). How
can you get from the delivered rate from the air-conditioning
system to the required rate based on Equation 1?7

One approachisto specify the air-conditioning system to
deliver 100% outside air and incorporate an air-to-air heat
exchanger into the system. In order to establish a plug type
flow, require that the smoking table be located in the back
corner and locate the return to the air-to-air heat exchanger
exhaust above the corner table reserved for the cigar smokers.
Locate all supply diffusers in the nonsmoking area. Recom-
mend extra separation distance around the cigar table. Equa-
tion 1 suggests that this system will work if m = 1.3 (removal
effectiveness factor). Knowledge of room air movement
suggests that the average linear air velocity at the end of the
room will be 1.5 m/min (5 fpm), and in the corner the area will
be higher, so the removal effectiveness factor of 1.3 does not
seem unreasonable. If, as in this example, the removal effec-
tiveness is a part of the design, the restaurateur should be
advised to avoid installing ceiling fans or other devices that
could counteract the established plug flow.
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