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ABSTRACT 

RecentASHRAEforums 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 aiiflow patterns that can be 

established in 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, 

air distribution device location, use of air-to-air heat exchang
ers, particle filtration, gas-phase filtration, 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. 

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

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. 
Most of 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. 
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 m3 - 120 m3 (2800 ft3 - 4200 ft3) 
of air. 
f."TS.concentralion determined in the laboratory are likely 
to overestimate !1_1e impact of ETS on nonsmokers in' real
world settings for a number of reasons discussed in thi.s 
paper. ,, 
V�otilation rates that agree wel� with those in ANSI/ 
ASHRAE Standard 62-)989 (ASHRAE 1989) can be 

I ' .I 
d�rived using d,emogra�h.ir averages. 

Due to social changes that have occurred in the last 
decade , today smokers are US0l;ally restricted to smaller, more 
defined areas than t1iey were in the past. For these conditions, 
which do not fit the average conditions listed in ASHRA.E 62-
1989, a new design approach is needed .. This paper'proposes 
that the results from laboratory studies of the sensory impact 
of ETS 61) nonsmokers and the chemistry of ETS can be used 
to generate a simple model to determine the ventilation rate (as 
a function of source gerteration rate and removal rate) needed 
to achieve 80% acceptability in the field. ' · · 

DESIGN APPROACH 

The design information presehtec\.in this paper, combined 
with the fundamental information presented in the coinpanion 
paper (Nel'son et al. 1998), 'prpvide a design engineer 'with 
basic assumptions and formtil:;ie for designing smoking areas .. 
Following are the design steps and inputs� 

. . ' . 
" , I I i ! 

1. Estimate the v111.1tjlation rate for smokii;tg,: 
• How many •smokers? 
• What is the smoking rate? 

, • How much dilution is required? 
2. Determine the design factors that apply: 

;: •Are the smo ers and nonsmoker separated? 
· • Doe the volume of the pace give a lruge or small time 

constant? , 
' . 

I. . , ; 
. • Is a diversity factor for maximum occupancy appropri-
!'. ? . 1!1;, '· · ' 

ate. 
. ! ·I . ' I I 

� Do,iµrtlow pattern,� maxi�ze rell}Qval effect.iveness? : 
],; Determine the rminimurn· outside air required .from. 
,.,, ASHRAE 62-J989 .(mini�um Q0,;). 
4\ Design the space1 an:d select equipment: 

• Use trarisfef�l'r when possible, 
• In�orporate �ir�to-air he�t �x�hangers into tiJJ�,syst�ms to· 

• • . 1 .  . . ' ' '. ·  ' . . 

conserve energy. , , , 
... , .. • Usy filtratio� as i+� altem.ativp.for s,ugpfo�ent{l;l �ir that is 
. , : re9ujred a,b�:"e t,qe ASfl�AE 6:Z� 1989 ajni,mum. 

,. , : .. " 1. ,,, 1 . . , · , . , •. : .' '11 I• 1 i Equati�n. for i:��i'!'�tJn� 1 v�rm11li.�n , . 
· Th.e ,design :model proposed uses. three factors to deter .. , 

min� the tQtal wlQme rate of outside.air plus. filtered air. These1 
factors·.are .the gent:ration ra.te,,'tbe dilution volimie, and: the 
re.m.oyal ef{�c�iven.ess rilS they am related .jfi Equation 1: : I, 

2 
J 

. 
I 

,, ; !{;(' r J ;, 
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(1)  

where Q00 is  the outside air ventilation rate, Q;. is  tlie rate of  air 
recirculated through filters, Eis the filter efficiency, G is the 
generation rate, Dis the dilution volume, and mis the removal 
effectiveness factor. Appenpix A contains ari example' of an 
application of this equation. 

· ' ' · 

Of these1factors, the generation r.ate represents ·how, many 
cigarettes or Cigars will li�ly be smokect'per i.init time, The 
dilution volume is deriv�d froi;n information di.scussed in the 
first paper: The removal· effectiveness is a func,tion of the 
design� · · 

This model is based on four major assumptions. 
1. · Dilution rates from laboratory studies should be used. 

The design aSSUl\leS' Steady-state conditions. 
' 

2. 
3. With exceptions noted iri 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 assumpJ:ions are assumed to offset the vari
ability ·or noise introduced by the other input factors. 

Derivation 

Equa!Jon 1 can be formulated from Equation 2 a model· 
proposed by Ishizu 1980), eo'mbjn�d with a simple dilution 
concentration equation (Equatiorr3)�" ' '' 

" , 

I 'I (2) 
_ -(Q,P+EQ,)�tlV. mC0Q0a+S l .-;(Qq0+Efl,)m1/V) c. - C 0e . " .+ ( - e 1 1 r m(Q +EQ) .1:, oa., 1 

r, , 

"· I. ' 

(3): 

Equation l is.obtained by combining Equations 2 and 3, 
assuming steady-srnte o tlrn\ the term ,e-(Q�, � £.Q;)nu/V 1equflls 
O; and assuming that the concenhation of ET� in the outdoor 
air c() equal 0. In the laboratory-valid�ted model by J hizu, 
the term /11 was a mixing factor. In nonlaboratory applications, 
111 will be used a a·removal'effectivehcs facto·r. 

· 

"· 

En�rgy Considerati.o�s · 1 
• .  , I ,, 

YentltalJ9n systen�s in b!-'ildings, except low�ri ,e residen-. 
tial, should comply with ANSllASHRAE Standard 90.1-1989 
(ASH RAE 1995b). New gu ideljncs for egu.ipm'ent efficiencies 
for venti lation equipment, as well as the use of'hcat ecovery 
devices 'such1as' desiccant wheels,· heat pipes, dr economize�s,' 
ate under discussioti withlri ASH.RAE. V�iltifation &ystenis 
designed for area's 'with:J1igh occupancy' densities"(slich as 
sineking lounge$) can reduee energy con umption if outside ' 
air intakes arc co11troll¢d ton volume be lo �design :'ates wh�rr· 
spaces are pwtiall y occupjed. · · · · · · "· 

To-98;1-}. 



There are some alternatives to delivering outside air to 
smoking areas directly through the HVAC system. The first 
alternative.is transfer air:,It is essentially free air that can be 
used from other spaces in a building. For example, the exhaust 
air from nonsmo/Qng �ea� iµ a building cai;i be the supply air 
to a sqioking l<-ll\nge pri()r to the air bejng exhausted from the 
building. · · 

The second alterna�ive is an air-to-air he\[t yxchanger. 
Air-to-air heat exchang�rs can provide desired 'air quilntities 
without the'etiergy and equipment�sizingipenalties of ccmd'i
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, corrq,sion 
is not a concern but that there is sor;ie potential for fouling, 
With a total heai device, cross contamination must be 
addressed. 

INPUT VALUES 

In designing smoking areas, values must be obtained for 
the dilution volume, generation rate, :removal effectiveness, 
and filtration efficiency. These values can be obtained from 
laboratory studies or field studies. Controlled laboratory 
conditions are suited to giving values for dilutiort v0lumes, 
mass of combust�o,n compound per cigarette or cigar, and 
filtration efficienpy. Observatiqp.al field studies are . the best 
source of behavior-related:input such as rate of smoking,. Field 
studies can also be used to verify the laboratory behavioral 
dieasurements such as acceptance. 

. .d ' 
The nutnber 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 
l .;The office in Table 1 is a st1,1dy-reported by Bohanon et al. 

(1996) where ETS concentration and occupant responses were 
measured in ·an ,office"building thatr was- -operated at three 
different ventilation rates. the lo.unge ·is•that reported• by 
Strauh et al. (1993). ··� . -_, , ,,, ,. • , 

._ " � ' J I • 

. B,obanoii �1)d_Cu�'} _(1994),reported,�ry .a P,ub and ,a barbe·, 
cue restaurant {restauran.t B in :rable, l), R,estaurnnt C is a bar 
and seafood restaura'.nt ' to"cat�d in a r'nid-Allantic s�1burba� 
area. Restaurant D is a bar and Mexi�an �estA,u.ppt:located in. 
a western city. The data collected included ETS concentra
tion:s, sinoKing rates, and a'veritillitfoh asse�.sirietit.' ' ' 

r ' \ ' \ I • - ' 
l \ . .' ( , 

• f � • / . . ;' ; i . • : ' 
, The ,l;luthop;, p� thii; paper: rbFentJy measured c911P,itions in 

fi.Yie restlilµrl;li;its lpcated iA-the sp,Qthem U. �-, �estaur�ti l was, 
a piner style restaurant that did ri.9�1ha:vi::.aseparate 11onsmpk� 
i�g section: All oth,e� re,st�ur;mts tested had.sep!!Iat� section�. 
R�staqraut,4 w,as)! steak house,resiamaut 3,,w&s 10cated._in·a 
hutel; r,est.aµrant 4 was a•s11afood Jestaurant, .and;restauraut 5 
W�I! an qpscale grille, The :datar;collected· included. ETS 
concentrations, smoking rates, ventilation assessment, and 
patron responses. 
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Dilution Volume 

The dilution volume for nonsmokers is different from that 
for smokers. Nons'moker data were obtalhed from two labo
ratory studies. A recent sludy by Wal0ke! et al. (1997) is in 
general agreement With Di1n CL al. ( 1983) who COncJucied that 
a dilution of78 m3 - I 20m3 (2754 fl3- 4237 ft3) per cigarette 
would place acceptabill�y at about 75% to 80%. Fo� sn;mkers, 

t • l;' data from the studies of Straub et al. (1993), Cain el. al (1983), 
and Leaderer et al. (1984)'sugge�dhat a'voluine of 25 iri3'- 40 
m3 (883 ft3- 1412 ft�) perci��ue·�.o�ld ensure a minimum 
of 80% .acceptance. See the co.myamon paper (Nelson et al. 
1998) for further discussion of these studies. 

The authors know of no studies. that have measured 
acceptability from cigar smoking. Th�refore, the engine�r 
must make assumptions. The availa�le data indicate that a. 
cigar may produce four times the plliticulale matter of one 
cigarette and I 0 times thy TVO� of one -cigarette (N:elson et 
al. 1997). It would be logical to assu.�e that ETS from ontr 
cig� is equivalent to ETS ff�n:i four to ten cigarettt;s. 

Generation Rate 

The smoke g,enemtion ra�e (G), can be es.limated by 
observing' smoking behavior iµ an existing localio.n. This 
direct est\ mate is ma�e by couming cigarettes actuaJ)y smoked 
during a period oft in;e . When a di(cct observation is n9t possi
ble (for a brand new location), the generation rate must be 
determined by other means. In Equation 4, the gen1eration rate 
is broken down int6'three factors: the ocduparicy or number of 
people (P), the fraction of smokers(/,); and the rate of smoking 
per smoker (R). 

G = Pf,R (4) 

Occupancy. An assun;iption frequen�ly made in ventila
tion di;:sign is that occupancy is constant. In some cases, that 
may be a good assurnpu1on, but for many liars and rest.�.urnnls 
the occupancy is highly va1·iable. _ 

' · · 

� •• 1 • I f I • 
The a.rea of the pub studied by Bolianon and Curl (1994) 

is 300 m2. (3000 ft2). The estimated maximum occl\pancy 
factor from Stand.it.rd 62-1989 is' 70 people per 100;m2 (i.OOO 
ft2), resulting.in an estimated maxi_mum O'Ccupancy·of 210 
people. The actual occupancy was measu'ted every 30 minutes 
during two weeks of testing. F,igur.e,.1 �hows the,pattem 
through the day, illustrntin_& that ?ccupan�y in lhe r<:al world 
can differ significantly from a constanl value. For design 
va16es/follow the guidance of Standard. 62-1989 f'o� variable 
occupancy. . 

1 :FraCtion Smokers. Jn�tlfu·Jabdiaf8ry;;tfie E'I'S generation 
rate ca!T he h'dd c6r1Stant. r.·1 lli� l'eal world, �he generation is 
a function of the number <?f Sf!1?�ers P,��sen� and their. smoking 
rate. In the pub, th� 1people l1i tH� sinoki1'tg ·section and the 
nonsmoking saetions•:were counted. It is' likely-that some 
nonsmokers joihed.friends who:are smokers in Hie smoking· 
seetiOn:and vice versa. In sume'IJield tests;:the_ count of·actuar 
cigarettes smoked can only ire rel_atetHo ·the number of peopler 
(smokers and nonsmokers) observed in the smoking section. 

3 
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Smoking Rates. Table 1 'gives observed smoking rates 
from several studies; The overall percentage of occupants ih 
the' smoking section (or percent smokers in two cases)· is 
showl'I for various types of facilities1 The rate of smoking for 
the people in the smoking areas is also,shown. 

. · FigYre 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 application�, several observations are 
required to accurately detenuine 'smoking rates. '' 

Removal Effectiveness 

.. one necessary, simplifying ,assumption of single
coinpartment modeling .is that the air is well mixed. This ' . . . ' .  

c 0 I!! 
&. 't; " 0 

! e " "' i3 
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Cigarettes smoked per Hour par Parson seated in 

Sinoking Section In the Pub 

3.5 ��---
-----------------. 

3 

2.5 

2 

1.5 

0.5 

0 
0 

• 

• 

• ' • • 

••• • • • • • 
.. . . 

•• 
• 

•• ...... •:•i o·� • 
. .., . ..) .. . r·�··:. . �. . .. , . . .. 

20 40 60 
People 

• 

• 
• 

• • 

I 80 100 120 140 

/i'igure 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.' 
Th.e air is of the.�ame age in, all parts of the room where t\le age 
is the time. that has transpired. si nee the parcel ofair .entered (pe 
space from the outside. In these mixed condition�. the venti
lation effectiveness is equal to one. Ventilation effectiveness is 
<;alculated fmm Equation 5: 

'tN £1.1..= e- · 
age, I.. '. 

(5) 

'I 

This is the same as Equation 22 in ASHRAE Fundamen'

tals ( 1997, chapter 25). Th� l�c.al vel)ti:l�tio� effectiv,eness Et,1.. 

TABLE 1 
Observations from Past Tests 

Date Location 

1992 Office 

1990 Lounge 
1992 Pqb 

1992 RestB 

1992 RestC 

1992 RestD 

1996 Rest 1 

1996 Rest2 

1996 Rest 3 

1996 Rest4 

1996 Rest 5 

Hours Observed 

88 

NIA 

168 

148 

114 

100 

8 

8 

8 

8 . 
8 

. . 

. -

' .. . ' 
• Denotes rim pciccnl smokers is pcrocnt o[ ccup11nis IOC<l•i:<l in sm9J<lng scct1011 

4 

Occupants Average/ 
% SmokerS Cigarettes /hi Smoker Maximum 

124 I ND 32% 
I 

1.3 

14/ 14 100% 3.3 

62 I 210 58
·
%. ' 0.57 

511144 53%
' 0.69 

,, 23 I 118 42%* I 
1.28 

'40/ 47 58%* 0.71 

23 I 38 100%* 0.61 
·-

18 I 44 52%. 0.96 

24/ 49 45%* 0.45 

26/ 4,5 - 38%* 0.75 

51I90 26%. 0.82 

. ' I I 

·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 'tN divided by the age Of the local 
air Gage,L- 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 effectiveness ·is a 
functio):l of airflow in the Spf!ce. 

Airflow patterns have aiJ.i important effectoll'acceptability 
in a local envhonment. The effect of speciaHlir distribution 
configurations on environmental 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 the'local air-distribution method varied; 

Pl�g flow is describ�d as unidirectional aiiflow ventil�
tion by ASHRAE (1997). Displacement ventilation is a related 

a I '• • \ 'II , .. Room A 

4 (dining onlj, nonsmo1cing) 

I 
'Y 

RoomB 

7 � . Source 

concept where, in common with plug flow, mixing 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 m;ar the exhaust. If one assumes that the source and 
its emissions occupy one.7foµrth 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 remo.vaLeffectiveness 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! 

I� a situation where the flow is only partial ptJg fl�w and 
some of the afr 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 we.re·tonnci:ted by open doorways and the HYAC 
system had a common return. The layout of the pub is illus-

., 

'' 

(dining and bar, smoking &·nonsmoking) 

'I 

, . 
, . ' 

� .. - � R .  C . .a.om. 

(dining al)d bar, sm�king)-

'• 

Figure 4 Diagram of pub before HVAC modification. 

·. 

Kitchen· 
1· ' 

s 
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Figure 5 Theoretical averag"e' particle concentration vs. 
measured concentrations in the pub· before 
changes to the ventilation system. ·' ·. 

trated in Figure 4. The pub had no outside air supply a.nd all 
ventiliition was infiltq1tion inducectby the kitchen' exhaust 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-mix'ed 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 modification was;not efficient for 
partiCies in the ETS-RSP size range; however, some particle 
deposition may have occurred. 

· · 

'.In a controlled experiment; Curl et al. (1995) tested the 
effect of veniilation and separation on ETS coti'tentration in an 
office space. The �making rate \i.-as 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 returh/exhaust. In the Curl et al. (1995) sttidy, the ventila
tion rate was controlled and varied from a totally sealed HVAC 
outside·air-irttake to full economiier:mode. ·'· 

Bohanon and Cole· (1997) evaluated several published 
models for predicting ETS-RSP concentration using the· data 
set obtained in the Curl et aL (1995) study. The models. were 
developed from Jundamental theory .or from laboratory data, 
The predictions ate listed in Table 2, The modelS greatly over
predict ETS concentration. The models and the test accounted 
for filtrati<m, time, and generation rate�.The biggest difference 
between these models and the test conditions is that the test 
space was not wellmixed:The.plug flow resulted.in a removal 
�ffectiveness th\lt .wa!\ not aci;q�nte'1 for in, thei .models ... 
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Filtration Ef1iciency 

Essentially, ventilat.ion reduce.s the concentration of 
indoor air contaminants by dilution. Recirculation of filtereq 
air back to a space may also be used to reduce contaminant 
concentrations by dilution. ECJ°uation 1 contains two terms 
related to the use of air filtration to supplement outdoor air for 
the reduction of ETS concentrations: E, the filtration effi
ciency, and Q,., the amourlt Of air that passes through an air 
filter: Iri practice, the amouht of dilution air provide<! by filtra
tiOn is a' product of the efficiency of the air filter and the 
ai.l'flow through the media. For example, an air filter operating 
at 1700 m3n1 (LOOO cfm), which removes 50% of the ETS 
particl'es that pass through it, delivers an equivalent 850 m3/h 
(500 cfm) of particle-free air to a space. 

As is the case with heat exchangers, filtrati�ri carries with. 
it the additional advantage that the dilution air is supplied 
without the energy costs ass.ociated with conditioning outdoor 
air. However, in contrast to the straightforward application of 
air-to"ilit heat exchangers, use of air filtration to control ETS 
is niore complex. When dealing with the filtration ·of'ETS, ir: 
is important to separately consider gas and particulate filtra- ' 
tioil. Removal of particles· is 'relatively straightforward;' but 
additional considerations m:ust be made when selecting filtra
tion media for the gas phase of ETS. In this section, each type 
of. filtration media and its applicatipn to ETS will be summa
rized, 

Both gas and particulate filtration can be effectively' 

applied to lhe removal of ETS from indoor air. Deper'lding on 
the design goal, tbe application of air filtration· t6 indoor air 
may reduce the heed fot supplying conditioned outside air 
above ASHRAE-specified minimums to spaces iri which · 

smoking take.s pliice.·f\dditional .general information d.e�.crib
irig gas and particulate tiltration is available from a number. of. 
sources (NAPA ;1993; ASHRAEW95a, 1996). :, 

Particles.' ETS can be a· significant source bf particles in 
indoor air. Although the mass of particles generated by smok
ing is small relative 'to the total inass of gases produced 
(Martin et al. 1997), the removal of ETS particulate matter is 
desirable fr6m several standpoints. Removal of the particulate 
matter may lead to reduced deposition of particles on inteifor 
surfaces with a concurrent req�ction in the stain�ng of mate
rials. The partic;les are also re�ponsible for the visiNe smoke 
in the.air. Wheh they are remove(!, any smoke h.aze ip the air 
will be reduced., In additi00,,removal of ETS particles may: 
help to qecr�ase the ai:nount;of tobacco sm.oke odqr in a space. 
Low volatility comp'ouhds ill the srnoke;particles mey gff-ga�, 

. ;; •• ' .  , . • •  _· . . . . ,1.,:· ", :·,· '.tABLE2. , . 1 ... , " , , • •  
. Measur!!d·��d.1'4ode!-Predicted E1�·RSP (µgtm3).frq·m Bohaoo.n .an� Col� (l�7) 

I '; � : ' : ' 

11 

MOdei Ventillitiori . 'A<;t1.i&:1 Modl 'Mod.2· Mod3 Mod.'4 
! i\1005'' 

Moci16 1Mod7 Moos' 

.Max. O{\ (7,8 ACH), ' 3 "jj 1, I 3(i 35 , ms . 177 ,. 168 33 35 
'Mill. OA'(OA A:CH) . . 22 . 1045 314 252 8)6' 2571 ! ' 1)43 731 ; 464' 

., .. ' ' 1 1· I 
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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-ma i nta ined 
system has the potential to reduce the odors associated wiU1 
sinoking. 

The.re are ,a number of metpods fo� evaluating the perfor
mance.of particu late air filtqrs (ASHRAE l99.,6). For corded 
electric air; cleaners, a trade assocjation of home appiiance 
manufactui;ers has develop�d a standard b,ased upon the equiv
alent volume of clean air produced py the air cleaner (AH;AM · 
1986). Using:their.stand�d, effeqtiveness is rep�rted as �lean 
air delivery ratt:·(CADR). The CADR is dir�cHy l.(quivalent t� . 
the term EQ, f9u�d in Eq�ati�n i .  Among high-efficiency 
filters, such as HEPA and 95% DOP, the efficiency (E) is 
essentially equivalent to 1. For other filters, it is important to 
ascertai n  the effectiveness for ETS-sized p�ticles for reasons 
described bet�·w. . · ·· ' · . · · 

' 
, 

Environmental tobacco �m9lc�0
particles are :quite small. 

Thei.r mass mectia.n diameter is typically r�ported to be it). the 
range of0, 1 µm - 0.5 µm (Guerin etalc l 992), and they :may n(j)t 
be removed from the.air by typii;al HYAC filter�. Physi9al 
filtration relies on impaction on, and diffusion to, fiber 
surfa9es to remove ETS piu;ticles from the air. The size ofETS 
particles is such that both removal ,mecjianisms are relatively 
inefficient. 

To remove ETS-sized particles, high-efficiency filters 
such as HEPA and 95% DOP rated filters are typically 
empl<;>yed; The co.st and impfJ.Cl on air�handling system pesign 
(fan sizing and poweli) may make ;these filters impractical for 
whole buUdings. But physical fi1tratiol).. can.be effective when 
emp1oye\f in aii; .cleaners desig�ed for cleanin� ro�m-sized 
spaces. (Jaisinghani et al. 198,9; Pierce et al. 1996). 

< 'Iii many 'cases, electrostatic ptecipitatioh (EP) is a near 
ideal s'6lution for ETS ·particle 'removal. EP units require rela� 
lively little energy· to operate and :provide an extremely low 
presspre drop$hen i:ns.talle<;l in.eitperwh0le-building systems 
or individual air cleaners. Qne cpncem 9omillonly·cited when 
el!lctrgstatii;; pn;cipitator� are operated, is their Jl>Qlential to 
gener��� OZOI).J'l,.Pi;oblem& With 9-zone generation <,:an be over
come in a.properly de§igned.EP.unit or c1:1n be atlleliorated, by 
the use of,post-filtration.m�dia dfisJ,gIJ.eq.to remove ozone, : . " 

Regardless of the fuedia chosen forthe ·removal of partic� 
ulate matter; 'proper: inaintenafice ' of '  particulate filtration 
medilfis of paramount concern. Mediacbased filters willeffec
tively remove ETS-sized · particles for a long time before 
becoming saturated; however, there' is potential · for off· 
gassing oflow-\iolatility odorous tnatetials from the media. In 
addition, there may be other sources of particles in the air th1,1t 
may load the face of the media, resulting in either decreased 
effectiveness (E ren:fain:; IUgh�btit Qr. delredses) 'or 'inc.:rl!Mea 
utility cost associated ·W:ith inovfog air t]li"ougli;Llle med.ia·;as .  

, • • • ' ' J  • I . ,  . 
the pressu�e ·drop-mcrenses. ·T he efficiency- e'f eleclrostatie. 
prec;!pitators will decrease' 'if the C()llection pli!tes are.allow�d 
to build up a nop,condlictiV\l fayer of material on .�heir surface. 
Regular cleaning (a relatively simple washing process) at 
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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 availabl�, or in development, for the removal of 
gaseous c9ntaminants 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 adsorl;>ed. The other class of media is chemically reac
tive. Two examples of media that are in this category are 
permanganate-based media and catalytic rriedia. 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 particul11te filters, there are no standard 
methods for determining the effectiveness of gas-phase air 
filters. There are a uumber of challenges facing the develpp
ment of standard te�ting protocols for gas-phase air filtration. 
media. One challeng(! is a resiilt of the wide range of chemical 
properties pf gas-ph�e i ndo9r air contaminants. For example, 
formaldehyde is di(ficu l.L 10 remo.ve from the air using acti
vateq carbon, but it is effectiyely removed by reactive m�dia, 
such as permanganate-impregnated alumina or silica. On tl).e 
othe\ hand, the reactive media are less;�ffective than i;ictivat\ld 
carbon at remo"'.ing typically encou.ntered volatile organic 
compounds (VOCs). In developing test methodologies and 
evaluating media performance, it is important t9 realize that 
removal effecti".eness of filtration media is not uniform across 
all chemical compound classes found in indoor air (f\!elson et 
al. 1993a). 

J '  

To mi;iximize �uccess with ,gas-phase filtration, i t  ,is 
important to have some idea of the clas,ses of compound.sJq be 
removed and to tailor the selection of filtration media to maxi
mize removal .of; those compounds. For comp.lex miJ1.tures 
such as ETS, a variety offiltraMon m1"1dia (adsorptiw and reac-. 
tive), may be necessary to obtain opttnu.1m ,removal of ETS 
compo:nents. 1 , 

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

As a tresult• iof ,these challenges; '  no ' standard methods 
, currently exist for determining the effectiveness factor (E) for 

gas-phase filtration equipment. ASHRAE is currently 
attcrripting to develop such.1stan

.
dards, but they may not be 

ready for several years. • umb!!r of methods for evftlUaling . 
gas·phase fili!alion media have Been independently devel
oped: For example, a m�thod of_deterntiniirg et)'eedveness and 
lifetime of gas-phase filtration i4edia for indoor air has been' 
developed by VanOsdell et al. (1996). Separately; a method for 
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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 other� 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
vatc;:;d, carbon with phosphoric acid increases its capture and 
re.tentiop 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 contam inant may be displaced from t he· 
media. by another contaminant. In that case, the. previously 
captured contaminant wiH be re-re.leased foto 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 medi�. including replace
ment of the media at manufacturer recommended iµterva)s. 

Other Devices. Devices using technologies other than 
filtration have be�n marketed by ome for cleaning tobacco 
smoke from the �ir. The filtration efficiency (£) is not avail-· 
al'>le for these 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 indoo� (OSHA 
1994) and outdoor air (EPA 1997). Some ozone generators are 
capable of producing hazardous levels of ozone within a short 
period of time (Shaughnessy and Oatman 1991). Furthermore, 
the efficacy of ozone, at low concentrations, for the remo,val 
of gaseous pollutants has not been documented in the literature 
(Bmm).nger 1995). Human sensory res1,1lts (unpublished) 
obtained in conjunction with the study by Nelson et al'. (0l 993b) 
showed that the use of an ozone/negative ion generaior (a) 
produced unacceptable - ozone levels at tpe manufacturer's 
recommended settings and, (b) - when adjusted to produce 
acceptable ozone Je_vels, produced more odor and eye irri ta,-

1 • ' . • ., • ! � • 

lion (over time) than ETS alone. Q1het work by Nclfon 
(unpi'.1blished) has shown ihe rapid ox idation of NO to N02 by 

.. 
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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 aJ�me for treating- ETS in indoor air is not recom-: ' 
mended� · 

Ions can be generated by certain devices. In. theqrY., they 
charge partides arid cause thy charged particles to attach to , 
surfaces. Ionization can take place within electrostatic precip
itators or it.can be externally induced in a variety of air nitra
tion' products, There is little, if any, documentation of their 
effectiveness 1n the scientific literature. Ion generators are 
likely to assist in the reinoval of ETS particulate matter, but it 
is likely that eff�ctiveness will vary from one product to the 
next. 

Ultraviol.et radiation can provide the energy needed· for 
the decomposition of some types of organic compounds. One 
accepted use of ultraviolet radiation is the killing of airbm:ne 
microorganisms in the air. Howeyer, the e_fficacy of, using 
ultraviolet radiation fof removing ETS or ETS-related 
compounds has not been demonstrated. 

ASSUMPTIONS 

Havilig discussed how to determine the input values' for 
Equation l, four inherent assumptions in this equation hould 

be examined: The n'attffe of the assumption. determines th� 
applicability of an equation, or model, to a situatio�. The 
assu,mptions are discussed in tl).e following sections in order to 
h�lp 'the designer understandJhe bound, and limits for use o( 
this equatiop.. 

Dilution Volume 
"-

Dilution volume is inversely pmportional to concentra
tion and is the . 

design parameter speci!Ted to contrnl the 
concentration of ETS. to a·dertain level. Despite the fact that ' 
evidence strongly suggests that' people in the field' respond' less 
intensely than those iii'the laboratory to similar ETS.corken� 
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 an4 
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 summary of the 
number of responses from the laboratory and field tests. 

Figure 6 shows that for ETS-RSP concentrations. relative 
to the real world, thy laqor11Jory responses are much less 
acceptable than lhe responses measured in the field. 

The increase$ 0in acceptaoility found in the' field vs. the 
laboratory may be due to a number' of factors tl\at can affect 
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TABLE 3 
. �umber of Persons_ Responding In Each Study 

' .  
Data Set n 

Cain Visitor:(Moderate RH) 92 Total 'Subjects 
25 Each Condition 

Walker Nonsmoker 17 Total Subjects 
· 
· ' i 7 Each Conditfon · 

Boh11non Offices 135 Tqtal .Subjects 
. . 

91 Avg . Daily Responses 

Five Rest;mrants � 3'70 Patrons 

occupants' perception. For example, architectural · features 
such as walls or screens can impact the perception of ETS. 
Moschandreas et al. (1992) found that visual stimuli can affect 
reported odor strength. In that study, subjects were asked to 
rate•odor intensity under conditions where they were and were 
not 'able to see a person smoking. The subjects reported that the 
same controlled odor was �troriger when they were able to see 
a person smoking. 

Steady State. The steady-state assumption tends to over:.. 
es�imate the ETS concentration most of the time. In �valuating 
the steady-state assumption, compare the. laboratory chamber. 
u�,yfl by Walker et al. (1997) to the pub s�ud,ied by J;lohanon an� 
Curl (1994>, . 

The volume of the laboratory chamber is'45 m3 ( 1600'ft3): 
The ventilation was controlled between 28 abd 180 m3fh (17'  
- 1 06 cfm) in the lab. The volume of the pub is approximately 
I 000 m3 (35000 ft3). The ventilation was estimated to be 1 170 
m3/h (690 cfm) in the pub. 

' 

<?,ntt. 
Wa)'. , fO, s�mpare �hese spaces

_ 
is by �sing �he time 

constaµt. T)le non)i.nal time. constant 'tN is.the time required for 
one. : air c?�nge if id�a� plug �ow (no mixing) existed, The 
nominfll �ime constll,Ilt is the inverse : of air exchange rate I 
(ASHRAE 1997) . . r : ,  

90% 
0 . 

Accsptance vs ETS particle concentration 

. ' .... . . 

)! 80% 
J! "" s t 
- · 

l� -
Q, 

70% -1 o Can Vl.j�"' 
, .. Walker Nonsmoker I 

,69�A. i , . ,  ! • Boll�flon.Offices :._ h 
�0% . . 4 ,Res.ta�ranl$ . 

-!... . 
�-=-.-.. 

. •  t ' 

.. 

I , tJ 

40% ':----.--.�--,,�����.,--�--,-...,.-�.,.-���� 
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> 1  &S·Rsp <µg·,�;1) � i ' 

Figure .6 ",Accepta11ce .£is afunction ofaverag�· ETS-RSP 
, l , , i _I : � f ._ ' I  1 _; ' : . . · i , . . j ' " 

cq11ce11lration. . , • ' . . I I • ' I • • 1 • .. . : I : . ' ' �- I ' J I ' ' . � . 

· -

Responses from Each Subject Total Responses 

NA 275 

14 for Each Condition 238 

11 Days T�sting 1003 

1 370 

(7) 

Assuming that ETS particles are generated by smokirig 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 nf 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 appro�ches 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 as�umption overestimates concentrations for the pub 
because "the time constant in the pub is relatively long. 

Occupancy • ') 1 : 

The directiprys i:q Standard. 62-1989 fo! determining occu
pancy for spaces )Vith intermi�tent or yarial;Jle pccupancy are 
valuable because in almost all cases they tend to overe�timate 
occupancy. 

· i  ' f •  

C�ncentration vs l'lma as % of Steady State Concenttalion 

! I  ,Tlmo (h) 

; _._Lab1 
-- Lab2 j 
- - Lob3 · . . . .  LIIM I  
!-�b 

F(¥1�re 7. . The�retica/ co1ic�����tion of *'TS.Rarticlf!s for 
, .· 

l?b a_11d f.ul; 1efpres�<{d a� p�r�(?ntpf steady s.tate,. 
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TABLE 4 
Ventilation Rate in ri13/h:Person (cfm/Person) for Observed Occupancies• 

' " 

Date Location Meas�re,d · % . Average Peak Occupancy ASHRAE 62-1989 (Qoa +EQ,) 
. .  ,, Dissatisijed : occupancy ' '. Equation 1 

1992 Office · '  2% . , 13 (7.6) 13 (7.6) 34 (20) 4 1  (24) 

' 1992 
• r  

Offic;e · 1 %  25 ( 14) 25 (14) 34 (20) I 41 (24) 

1992' Office . .  .3% 60 (35) 60 (35) 34 (20) 4 1  (24:) 

1996 Rest. I . :2% 46 (27) 28.(16) ,34 (20) -. I \  70 (41)  ' 1  . . 

1996 Rest 2 · ' bo/iJ· I 1 10 (64) · :  I 46 (27) 34 (20) 56 (33) 
I I ' 

1 996 Rest 3 4% ND 
1996 Rest 4 · 5% 71 (42) 

1 996 Rest s ·  3% 26 (15) 

* D = 120 m3 (4237 ft3J
.�

ilution �olumc, and m=I in Equation I .  ND = not d�tennincd. 

Where peak occupancies of le�s than 3 hours .o�cur, the : ' ·  

outdoor airfldw'rate may be deten:ni�ed on the basis of 
average occupancy for buildings for the duration of aper-

.,. : . � .ation of•the system,:· provided the average occupancy is 
not less ,tpan one-half the maximµ91 (ASHRAE 1989). 

. For the <itcupancy of the 'p.ub· (Figure· 1), the evening 
occupancy is longer' than three hours. Therefore, u�ing the 
average occupancy of 62 people is inappropriate. Using a 
three-hour moving •average to determine the peak: three-hour 
period observed results in 180 .people, which is very close to 
the estimated inax-imum 0£ :210. Using the observed or esti
mated v�lu�J9r occupancy is.appropriate; but as illustrated ill' 
Figµre l, th,e average pccupancy will be mq�h tower, assuming 
the peak occupancy overestimates for all other ti1T1es. 

q�� M.�a'°' Values f�r pt��f Factor� 

.. - ·: ND 34 (20) 24 (14): 
. .  

.
. 41 (24) 34 (20) 33 (19) 

:J4 (8) 34 (20) 24 (14) 

In a system design, it is desiiable to choose a ventilation 
rate that will keep,;ets ·concentrations below the targeted 
concentration at most times. This is accomplished by assum
ing maximum, rather thatfmean; values for some of the input 
variables.ffhe upper bound, otmaximum, fiactors are used for 
th.ree of the .factor.s in the governing equations ;(dilution 
volume, steady state, and occupancy). Available field data 
irtdicate �liat using these assumptions will result in conl!erva
t\ve· design val4es. 

· Thi! ·,information provided: in thi"! and the cqnwanion 
paper are a starting point for the engineer de�igning a sm�king 
area. Understanding principles from ASHRAE handpooks, 
standards, and espec,:ially .the literature pri air. distributipn is. 
also prerequisite to the successful de�jgn of sm,oking areas. . . ... -

. . .  ,· 
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NOMENCLAtURE 

C; 
co 
C,o 
D 
E '  

I ' } I • � \ . , / ' \ : 

= concentration of substance in >0Qm (µg/m3�, . 
. = , concentration of substance in outc;loor air (µg/1T1f}! ; 1 

= concentration of substance in rdom attiine 0 (µgtm3) 
= d i l111.ion �olume (m%i·garette)' 

= · filci:atlon efficiei1cy di men ·ionles ) · 
.· 

\. The overestimates of E'li'S concentration produced.by the 
three 4:0nservative assumptions used'.(laboratory-determined 
diluti<l>n volume, steady state, and' peak.occupancy) i:nore than 
compensate for the variability thaLwill be seen in the other 
in1wt variables. Ventilation rates. are calculated from Equation 
1 using these conservative, assu�ptions and n;wan vii,lues for 
other input values. Table 4 lists the measureq perceu.� di.ssat
isfied, tht< measu.red ventilation rate �or design and ave.i;age 
occupancy, ,the nlinimum r�t� from Stand,ard 6211989,;,tn,d the 
cal�ulated M2oa + EQ,), In c;.��cula!;ing ��e,yalt!@S of <Qoa + 
EQ,), the remo aheffecti,v�nes factOr (111) i , ssumed to qqual 
I .  ln almost every case, the, calculated �!\lue for (Q"'1 + EQ,). 

I • , , ,  • ' • I 
fs 

' ·  
� I t • d _ ,  . = . frac:;ti9�.sT.okers. , �mok�r�o��l?ants 

exceeds tile �ea ured val\te an,P in ex�ry. c� c LI'\!! accepta))ilily 
��e�·c.e1�t dissati�fi:ct upU:pJ�ep frot? tpR%) 1xcee,ds, ?0%, 
11�d1c��·�g that, ��� o�ern.ll outp,ut ,of,B.q1,1i1111,�n1 I �or,,h�11<;1a es 
gives a conse,rvaJlvr value . . , , , 

, .  . \  ' .. . . .. \, 1 · · . . ,I 
SUMMARY ' ' I · " ,. - " ' · · 1 ' ' 1 ; .  1' ' " " ' , r ' · ,.

.
, ., 

. ' i  , - ·_ \ '  . . � "\ . ' [  . .. .
. . , ' \ ?.· "  . - �

·- ! " ( l � '!.'-: .:- -;;� · : �_ • . : /  
An equation is presented for calculating ventilation rates 

(�r �molµng area.s., Determ.i,!1aHon of1 t.he v�llj: fpr J<.ey inp11t� 
is discussed. The lnputs are dilution yi>J'-Jtne, generation rate, . } ' 1�;� · . 1. ·- • � I .  ' : I • ; ' I I '  I 

removal effectiveness, and filtration efficie11cy. 

�o 

G = generat,,on �ate (Cfigar�l!eslh) 
I 

. ,  . :;: ai.J; .�Xl(hangpate{h� 1 )  i 
m . 1 , ., c:, i r.ernov:ahiffectiveness, (dimensionless}. 
P · '. ·" ' ' ' ::\:  rtiimber ofpeople (occupruits) : ·  .,

. · · '  · '� · : · 

Q�� ' '= 'outside ai·r."ventiintion rat� (m3/h) '·'' ' 

Qr = volumetric rate of air recirculate& .througG th� fi1ter 
' · I " ' · (m3./h) I •  

f' ,  R ,
. 

' · \ ,  ';: ' sriio'kffig· iale )cigfilettqSJh-sm�ker)· . 
, '1 t l 1· t' \I ' • ' 1 ' 

I � ' • \ '\ 11 1 

s = 

. generation rate (µg/h) 



v 
= time (h) 
= volume (m3) 
= local ventilation effectiveness (dimensionless) 
= nominal time constant for air exchange in the �pace 

(h) 
8age,L = 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 
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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 expecte<l to smoke one cigar each during a two
hour sitting. The two sittings will be fully occupied most of the 
time and the nonsmokers should find the air acceptahle. 

Use Equation 1 and Equation 4. 

( I )  

G = PfsR (4) 

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 (Q0;,) from ASHRAE 62-1989 is 1360 m3th (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 m3/ 
cigar (42000 ft3/cigar). The values fs = 0. 1 and R = 0.5 are 
given. Assuming lhat m = 1 ,  the value calculated for (Q0a + EQr) is 2400 m3/h (1333 cfm). 

Assume that a separate calculation reveals that the air
conditioning system fan delivers 1700 m3/h (1000 cfm). How 
can you get from the delivered rate from the air-conditioning 
system to the required rate based on Equation 1 ?  

One approach i s  to 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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