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1. ABSTRACT 

Mathematical models have been used by various researchers to provide both a 
fundamental understanding of indoor air quality dynamics and a platform for estimation of IAQ 
constituents in lieu of experimental measurements. Due to the diverse nature of these 
applications the complexity and hence applicability and accuracy of the models varies 
tremendously. Some models have been specifically developed for evaluation of the impact of a 
broad range of environmental conditions on IAQ constituents. Cigarette smoking has been 
included as a source in many of these models since the contribution of smoking to particle and 
gas concentrations is measurable in many locations. 

Part one of this paper uses results from tests that accurately measured particle and gas 
concentrations during smoking in a real world office environment reported by Curl1 at IAQ95. 
The test was conducted in a 511 square meter office space with ventilation and smoking 
controlled and measured. The smoking rate was held constant throughout the test under both 
integrated and segregated smoking conditions. Ventilation of the office space was controlled to 
two rates; no mechanically delivered outside air and full economizer. 

Part two of this paper explores a more detailed and controlled test of particle 
concentration from cigarette smoking that was conducted in a single office setting. This test 
measured and recorded activities on a real time basis. The information gathered from this real
time single office observation is much more detailed than that from the large office space. 

Single compartment models are evaluated using the experimental data from the large 
office space and from the more detailed single office. The site factors associated with both the 
comfort cooling system and the air exchange variation were expected to be challenges to the 
performance of the available models. The theoretical foundation for each model is similar but 
each model contains slightly different mathematical terms and treatments for ventilation 
effectiveness, deposition, and filtration. The computed values were compared to the actual data 
measured in the test. Each model's performance is evaluated using the criteria suggested in 
ASTM D5157-91 Standard Guide for Statistical Evaluation of Indoor Air Quality Models2

• All 
of the models have limited use in a real world environment where conditions are not represented 
by perfect mixing and uniform distribution. 

2. INTRODUCTION 

2.1. Evaluation Criteria 

ASTM DS 157-91 Standard Guide for Statistical Evaluation of Indoor Air Quality Models 
"provides quantitative and qualitative tools for evaluation of indoor air quality (IAQ) models"2

• 

The tools to be used in assessing the models compare the predicted value Cp to the observed 
value Co. They include: 
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1. The correlation· icoefficient r that ranges';froin .:.1 to 1. 'fliis ·coeffideht\ncti'cates the 
strength of the relationship of the model to the data. The formula for .r is: .1 • 

r ~ t.((Coi-Co)(Cpi- Cp)j I t,[(Coi- Cof l[t,(Cpi-" Cp)' J ' ; . ' "-' 
I ' • j I 1· ' (•I ~~ ~\~_,. : if • !_; ' ·"! 

(1) 

2. The ,slope~ of.the;t;egression l~ne. This slope is calculated \ly: . , ···, .. · 1 O:l 
'. 

· b~ I[(c~i.~.c.~)(cpi-Cp)]>I[(<;~i ·~ ca)2] · · . ,,.. . ; . (2), l 1 
' , ' " •• I' I\ I I • -~ . I . ' 

1=1 . i=I 

, Ii )I \the in~erc~pt a :?f tP.~i¥~i.i~s~~o~ ~ine. The int~rcept ~s cal,9ul~t:~4 bY,:'' Iii".·:,:_:: ' ~ l I 

a=Cp-[(b)(ca)] ·: ··· .. , ;,, . ., >·: (3) 
' • 1· ' • • . . \ I ; .. ' i J ' •• i . ' ' : ' : \ . . . 1- I ' ' ,• . ., ' f I I I' . . .f . -'. ~ ' \ . : . ; : I ' . : '~ t ! 

' '· 4. The normalized' ·mean square' erior NMSE which is a· nieasure pf the inagµitude of 
' • ~ • . ' • • . . ., ' . ' • • ' I • - ' ; . ' . '. . ' . ,· • J • • : •• , ' • : : l ' . l I I : i : 

., prediction 'error. This' calculation is: · .. · .. · 
; j . . : , I . ; i . , : ! ' i • , ~ • ' r • . ; : : ; __; - ; • ; : I '. ! \ ; : ' , • . } , ! ; ; ; , • 

NMSE = (cp-ca)2 /[(ca)(cp)] ' \there (cY~·cb)2 g· I(cpi:-Cbiyi7~· ''.; 
' · i=I 

'i\ \ ' , , I _1 i · :\.,.)' i' \ ' \ { I ,'\ 1. ) r· 

r·. 5. The fraetibnal bias FB of the mean' concentrations. This result will bb in th~ range'1<t>f 
-2 to 2. FB is calculated by: . ' '" 

FB=2·(Cp-Ca)/(<;p+Ca) , .. ... 
1 

, , · ; '· ' '_,i· (5) 
' / ; ~ · . I · . • 

6. The index of bias FS of.the variance cr2 of the concentrations. This result will be in the 
range of -2 to 2. FS is calculated by: 

FS( ::::· 2 · ( cr 2 Cp - cr 2 Ca)/ ( cr 2 Cp + cr 2 Ca) ' 1 
· • : : 1 : : '~\ 1:' { 6) · , : ; 

.1 ' 

2.2. Models applied to the Large Office Space 

1 
EPA issued ·a draft docµment "Ai~ 'Qliality Criteria for Particulate Ma,tter" in.April 1.995;3• 

In' this document, a 140 page chapter addtesses··exposure to particulate matter (PM) in ambient 
and indoor concentrations. "Since major mod~ling efforts have been aimed specifically _ ~t 
cigarette smoking, a special section is devoted to these 'niodels:"3 Many proposed':rti<idels' "fi~r 
estimating indoor air particle concentrations are listed. Most contain a ventilation (outside air or 
air exchange) component. . · :· '!•.1 , . . ~,~.. ;> ff1;J: j 

Data from a test that accurately measured particle concentrations during smoking in a real 
world environment was used as input for the models!.\ Th~ test_ was conducted b:qu~ o,~:q~e. s~q~e 
with measured and controlled ventilation and smoki,J;lg. The smoking rate was Held constant. 
The ventilation was controlled to two rates; 0.35 ACH (ai~ changes per hour) and 7.78 ACH. 
How, do the models respond to this variatio~? " ·.·, , · l. !'i ,. 1• , ·, 

2.3. Models applied to Single Offices 
',I • ' ,' • ' • , ;, ', '. \ 

1 
' • , .' ,.,.::_ \ •.· l : ,! , ' •;'I I'• 

In addition to evaluation of model performance applied to a large office space we tested 
the performance of a ti.Jue-dependent single. compartment model applied . to two moderate-size 

~ J 1 ; . ,, l 1 • ' · · · I 

SI1;1gl~ ~~c~pant of~ces. Thes~ smaller, ,fudqor .environments ~nable, a!µLore . dyta~k~d, ,evalua~ipn, 
both experimentally and theoretically. For this evaluation, both time-integrated and real-time 
measurements of respirable suspended particles (RSP) were made. Ventilation was also 
monitored in real-time using two different approaches; (1) conventional measurements using 
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Pi tot tubes placed in the supply air ducts and (2) tracer gas dilution measurements using SF 6• A 
detailed record of all smoking activity in the offices, including the particular brand smoked and 
the time, was maintained by the occupant. All inputs to the model were either monitored in the 
particu~ar.officte space 01; measured in co:Qtrolled chamber experimen,ts. 

; • ' f I · ! .. ) I J ·· ~-· ' , I .; · · · ' 

3. PART 1- LARGE OFFICE SP.ACE ' ·}, 

3.1. Literature Review . r 
' j \ '.\ 

Fourteen of the pa~ers referenced in the EPA draft document. "Air Quality Criteria for 
Particulate Matter"2 contained environmental tobacco smoke {ETS) particle models: ·· The models 
can be separated into three categories; fundamental physical, models (9 papers referenced here), 

.. ' - • I • \ I • . 

empirical models (3 papers that focused on iresiderfces), '.and exposure· attribution models (2 
papers). The fundatp.~ntal physical models are the onlx ones that can be used for prepi.ction in an 
office setting. Tlie' ~quatidns proposed by the pape~s· in:~ SJ.illilar bui" contain sligh~ly different 
terms and treatments for mixing factors, deposition, and filtration. · '. 

, 
1

, . . , ,Mo8-~ .~m~?rs,_ ?~s,cu~_~ed n;iore t:~~n ~11;.e eqv.a.tion., . • :.i~ ew1ati~n sef~cteq. for :€_va.luation ~ s 
either the one used by the authors for thelf data set, or 1s thnJo~m tp~t)~ appr.opnate fqr. this 
application. The equations are numbered for reference pmposes and are listed by author. The 
equation number fr~m the o~~ii;iiif paper i.s incl,uded i,n,_9r»ces { _}. ; ;· . 

. ~) 

[M2] Bri~ge5 {4} .. 
• I • 

[M3}';['urk6 {10} 

,, · j ·'·· I I . J'., 

[M6] Repace9 
{ 1,3} 

.t, ; ~· • • ' .e! . · .. 

[M8] Nazaroff' {1 } 

.. 

C= C e-(Q;+EQ,)mt!V + C;Q +G (1-e-(Q1 +EQ,~mt/V) \ ', ' 

~ , 
0 

. " . (Q. + E'Q )·· · ..: 1 
' l. J . • , I • r 

v~: 

C = _IC-'0_(l_-_11_)_+_(s~1 _+-'s2_) _IV_ 
<Yj I +k+11R 

,., 
I ·' 

(7) 

-
(8) 

(9}'· 

(10) 
• I · 

·_, t t; ·~.· :,' ._1' • l •• ,: ..... : 

,. \_. ~ 1 ~ C.t1 ~r· . '•. ' ·(lJ): .\ 

(12) 
J .. 

,, 
, Jt..r (13) /J 

1 (14) 

. 1~:.: ~:.~~ :.; 

1
J[M9J Koutrak~s

12

{1~~5}, . C:;.~1 ,(fapg.:,g;./~~_l(CX:_ tc;:ud.), 11 Qs = cS It !i'. ; ;: '''· '1. (15) 
• . "\-.. · .- , , ,._ • • ) ' , _, .• r ,_, . , • .... , ' :.. r ~ · r --\' 

', - •· ·
1Ta<M'e flists the variables used-by;the·autli:ors. Th1fa table allows for comparison of the 

terms used_,by'·;fach author's approach.' c ·is'toribentratioµ." ·Equation :(l4) o!'Naz'cfrdf:f11~ 1Jr: a 
~ 'G i ·JJ' .,':- . i , .. · :rt _. , · 0r:'r t( · · r~ ; /_:.~ 1 ,; ·/, ·· i J: ··; ' : "· ·· ;~ L!t lf' 

_,. ~r · r· 7 ' l ~~ • ' '~ • . , 

,, i ~.' // j ': )1 .: /~~ ·,' i ' .•. 
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general form of.the mass balance equation. In total, Na~aroff1 1 ' listS '57 different\rariables' for , 
use in the aerosol dynamic· model. We have no basis for estimating the iriput values for most of 

. ' the 57 Variables SO this'model is notevaluated. . . . ... . .. . ' .. I 

Table 1 - Variables'ilicluded in models , } J I ~ 

.•. 

Reference [M_l] [M2] · [M3] ·[M4] [M5] [M6] [M7] [M9] I I 

Variable Ishizu Bridge Turk Leaderer Rep ace Rep ace Ott Koutrakis· Units 
Volume I v v v v ' v v I m1 

Time t t I ' t I ' t •I••• mm 
c f(t)"' c c c p ·1-: .. µglm3 

" 
C equilibrium Coo Aeq Peq 

·- Ci µg/m3 I• 

Cmean I z ' 
µg/m3 

C initial Co Co · - Co =O µg/m3 
' --

C outdoor Ci Ci Co Cv ... .. Co - µg!mf 
Air Exchange Qi Qi .r Qv Cv <I> ex hr-1 ot 
Outdo Qr .. " " ' I I 'm3/min .. - •· . .. . 
Air Exchange Qr Qr R •Qt ' ! I hr-1 or 

-
recirculation ,. m3/min 
Air Exchange. Ce ff Ca br-l 

- . 
Air Filter ,1 E E T.l l E ' , none 
Mixing factor -

n1 • m m m I none· 
Deposition k Qa Cd ... . none .. ·-· 
Generation G G s, G go·, µg/min 
Smoker density - Ds I c1g 

' : . I • I , ol 
'/100m2 

: 

Smokers m . p~ople 
Cig/hr/person ' ' ,, f ' .. t 

Duration of·; ' ' s "!' hr - -·· 
cigarette 

. :SurfaceNolume I ' . ' •. I . m-1 .. '! ' ! I' a 
Particle · 1. ' , 'r I 1ft : 1P . . l none 
penetration .. 1 I .. , • r , . . ! ~ . { - i ! \ 

Cigarettes ' I I '• I ' C · '! I cig 
I ·-· . I 

Emissi9_n rate . I I ' I ' - I 

" 
d ;; } s r.· .,ng/cig 

: : • 'I I ~ • I I I I I If. ' '• ' 

11 3:.2. · ··Methodology ::; ,,, ... ._ 
r; . '_: '°: !: • .. ! !·:,' .' , . 1 1 1' •:':·'.;:• l·r' ;:,·! I i .•{. , ! \ I' J ,' 

In the test reported by Curl', the particle concentrations were measured by gr~yi:i;ne~ric 
, sampUng and represent the average over th~ eight hour petj.Qd. · , In this. test, thy conc~ntrations of 
\ •. .. ' ' I ! } . ' . . I I • I • • \ . ~ • .. I ' ' ( ' . I I 

. r~~pirable suspended particle,s (RSP) indo.ors was almost th.e same as the outdoor concentratiqns. 
•. I ' ' ) I , I - ! . ' ' ' . . ', I j l . ,. . .' . . . . l ' ~ . : I • ' • ! I . • • ' • 

In orq~r t<;> ~inill1-iz7 in~~rference ft:om ambi~~tpaq~~l~~' VV;PM (ultraviolet particulate piatter) 
i.s 1us~d a,s the, measur.~ .of particles :from smo1$:ing,, .Tl).is marker is :rpore specific to E;TS, as ;:i 

sourceofparticles13,a~d-isatlowlevelsi~'tlieoutd,oqrair ... · ,,, ·,, ·, .·' : -,, 
. •: 'J, .. __ ,;, ·. .'Ii '·') . · .•• · ' '· I. ·• .• : J, • I 1,I, ' • • . .I 

Calculated concentrations were obtained froin each model. For the time dependent 
models, the functions were integrated with respect to time in order to obtain the average 
concentration over the eight hour period. For the models that are not time dependent the 
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concentration values were calculated. These values represent the steady state condition. The 
calculated values were then compared to the observed values. 

Table 2 - Values used, as input for the models 
'' 

Relates to~ Referem;e y ariable Source ,Value Units 
Room Volume measure~ 1332 m3 

Room Area measured 511 m2 

Room SurfaceN olume estimated ~ ! ~ <0.75 m-1 

- Time· -·t1 Timei · measured - .. 
8 hr ·' ' .. 

1-- ~concentration, 1 Concentration f(t) i' model ·• '• 

' ________ \ ___ µg/m3 
Concentration / Concentration equilibrium model - 1--------- µg/mJ 

I 
I 

Concentration j .. ··· -- -- ' -
.Conc~nti:'!-tion 

: ·Concentration . . 
Vent -. . 

.:vent - -- · 
--Vent --·- -

Vent 
Venf ·-· -

J 

-

Concentration mean measured 
··-

C~mcen~ation ini.ti~L a~immed .. 
.Concentration outdoor measured 
-Air Exchange Outdoor- Low .. . measured . 
Air Exchange Outdoor - High · · - measured 

-Supply Air -·-- ~- -
_,. ____ J 

·measur~d-\ I 

Air Exchange recirculat~on calculated 
Air-Exchange Geneta1.tenii ·· ·. calcutated 

data µg/mJ 
-· 

_=:~mtpoo1 . µg/m3 

data µg/m3 l .. ... 
.. 0.35 . hr~.1. -

- 7,7g . hr·-! 
- 9.62 . hrcl .. . 

hr-! 
- r ... .... - hr"l .. : . , , . ·, 

' 
, _ 

, Removal I Particle penetration estimated I 100% none I ' ! f' 

Removal Air Filter 
I - .. 1... estimated <5%' none . . .. , 

---· . . - -- - - _ _. - ·· ... - ' 

·Removal Mi)fing factor ·estimated 03 1 none . . . 
-· - -- _,,_ . -- . ·-- ~ . I •• .. l .. 

. I 

: RemovaL . _D_e.p.osition . '. sak.ulated I ~ .0.202.5_] h(l . . 
--- - .... ....- . - .. ' 

: ·Generation ___ , _Cigarettes · measured 160 c1g I . "' . - ..... . - - · .. 
I f J• : 

Generation I -Emission rate.:. estimated - - .. ~- 16-900 . µg/cig':.'.. ----··-r -
Generation : Cigarettes/hr/person estimated . 2 · 

Generation-· · -· -- Duration of cigarette .. -- - - - estimated . . - ,_ O. F hr - ... . ' 

Generation -- · - ·Generation ... .. ··- · c;alculated -·- 338DOO µg/hr . . 

Generation 
.. -- ·smokers· .. - -· ·- calculated - · -· . . 

10 people 
. 

' ' 

,. : . 
~. ;-·t Th-e values of vailables 1ni)ut into the-models are-given fri Table 2. -- The units used are 

mete~s (ill), h.ours-·(hi)", ·ancf m1crogi'ams (µ-g). .. Appropriaie··-conversio11's -w~re made for :·each 

-~Qcl~J.~ql!~tion,to .l!o.i:malj_ze to thes~ uajts. -~ _ __ __ . .. . ..... : _ i · ·, · i 
.. ..... :~ ' _; .. . Th..~. room ¥~'! . was _rp.~_aimr.ed from spale .. drawings. The_ volum.y was comp_ut~d by 
, m:i!Jdplying_.by'tne __ Geiling h.~ight L The. yplume. wa~_tbe11 multipliecl by Q._25 in... o_rderJo.~a.djust_ for 

space occupied by furnishings. The surface to volume ratio is estimated to be similar to the 
measured surface to volume ratio of the single offices reported ip, part ;two of this paper. The 
value pf 0.75 was used in the computations. The tests were condu'ct;d over an eight h~~r period 
· • ·J;. • · · -:- I · 1 • r. : · ·: • l ~ · • • 1· 1 · •·1 , • • • ! · 1 -~, • 1 , r • . t. , · • , ~ ,- , ·each daj. ;:;'; : ·' · ·· ·· ·· · ·· ·1 ' • • ·' · · .. . ·· ' , ·• · ' 

. ; · .:; i , The etmcentratf6hs'ate ~ithbr the'o\itf>{1£lofth:erbiodels··or tlie measi.)i-ed.values. Theffiitihl 
,indoor· 'cortc'eh~ation is :assuih~d ,t<;> . b~' the rsamlbl.~s 'tije' outd~o~ corrc~ntrafion. , The' arr' d~~harrge 
terms. for otitdbcir a:lr 'and' supply ~ir 'wer~ 1ihiias~i-ed. ' ·tlie recll:culatloh' a1it1is the dif(er~nc~ of iHe 

~supply air hiinus the outdoor £ir. The ~enerai :aif· exchange' term is defined ,byi th~'nl.6dels,jth~t 
use it as the sum of the outdoor air excha.Ilgio?tate pits the dtpbsition 'r~te: ' '' ," ';! · ' .· ': r ' •• ' u~ 

.. ) ' q. ' 'j ' ' I .. . . ' •' .:. :1 ·I ' ' ' : .,, k ·; I 1: ' ,' 

) l; )• .r. ,r, .11r r 5 _.., .fl"; 
r ' I 

, ·· r1 ,, ' ) l' 1 .Ul /i 

1J :..1J ), i I~ i ,, 1 
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.. 
ti • .. 

I I - ... " . '• r' 
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" • .. : .,. .. ·1 .. 
' ' 1 • • 't , 1 • o •I 

The removal term particle penetration,' the proportion of partides introduced, from the 
outdoor air is estimated atl00% (no remo'1'al is . as~med) . The aif filtration ' term is . estiinat~d b~ 
determining the ETS particle size13 and .. t4~n det~rmining the effic. eiiC"Y 9f the filter. pn the RV Ac;? 
system (30% nominal)' for that specific particle size14

: The efficiency is <5.% ~o 5% is used,. F,or 
the models that use a mixing factor 0.3 is used. This factor is either the number used by the 
authors of the papers4

'
5

'
7 or is approximately in the middle of the range for the author9 citing a, 

: range of values. The deposition value 0.2025 hr-1 is determined by multiplying the rileasuredl 
deposition velocity (from Part 2) times the surface to volume rat~o. , 

The cigarettes smoked were controlled to 160 per day. The emission rate per cigarette is! 
estimated13 at 16900 µg. The other factors in the models, duration of cigarettes, number of 

· smokers, and cigarettes per hour per person, are used by the models to estimate the number of' 
cigarettes smoked when the actual smoking rate is not measured. The values input into these 

I models are consistent with 160 cigarettes per day. 

3.3. Discussion 

The calculated valu~s and the observed values were compared using ·the ASTM 
equations. The ASTM standa:rd suggests ranges of values that a model should exhibit in order to 

: be judged adequate in describing the observed situation2
• These values arc listed in the third line 

of Table J. 

Table 3 Resulting Values from Model Performance Assessment 
Corr. Slope Intcpt. NMSE FB FS 

Range 1 • 1 0 to 2 " , ,... 
-1 rn 1 U LOL. 

Perfect 1 1 0 0 0 0 
Adequate >0.9 0.75 - 1.25 <25% <0.25 < 0.25 <0.50 
Model 1 .0.8416 18.17 429% 30.10 1.83 1.99 - I 

Model 2 0.8428 5.43 143% 7.31 1.49 1.91 
Model 3 0.8424 8.21 111% 11.69 1:61 1.96 
Model 4 0.8417 15.91 443% 26.42 1.81 .1.9~ t 

Model 5 , 0.8410 90.42 ,, -64% 
' ' ' 

.1~1.18 ., 1.96 2.00 
Model 6 0.8410 36.84 . 582% 62.32 ~ ; ' 1.91 2.00 ~I 

Model 7 0.8410 26.38 . 140% . 41.68 1.85 2.00 
Model 9 0.8417 16.20 9% : 24.76 .1.77 :• l.99 

'!1 . " 1; I,, •1 ,, .1 : (1 ':' 

, The ASTM gl+idance includes quantitative .and qualitative criteria. None of the models' 
can be judged to be, a<,lequate by either ASTM criteria. The c01Telation coefficients in the range 
of 0.84 are likely because of the variance in the observed data and would not be a justification for 
rejection of the models. However, the regression lines demonstrate a very poor fit and arfrboth 
quantitative and qualitative rationale for rejecting these models. The slopes indicate that the 
models over predict by a factor ranging from 5 to 90. This error is illustrated in Graph 1. 

There are several possible explanations for the poor performance of the models as applied 
to this office space. The models are developed using the assumption that the room air is well 
mixed. Some of the chamber validation studies ·report the use of mixing fans in order to 
approach completely mixed conditions. In this office space there were no mixing fans present. 
The air mixing was only that of the HVAC system diffusers. The mixing factor used (0.3) is 
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based upon the assumption that the particles are only partly displaced by the outside air 
introduced into the space. In this case, there was a component of plug flow from the non
smoking area to the smoking area. This characteristic tends to remove particles rather than 

i?1p~r~~otl~. : ~~xin~ 7th~ll?: r, ·: :rhe 
1
• ~eV ~~d .. , ~s1~~P~~on implicitly as~µ~~~ tivit roo~ 

coIJ,centrattohs are equal (to the average concentration). All of the measuretp.ents were taken m 
' ,J 1 1 I ; ' } r' I t I • '_, • J \ ' • • ' ' • 

tJl~~wor~l~.c~~, of n~p,s.mo~~rs . . , T~e conc~~~·~tions w~re, probably higher in the :wo1;kplac~~ ?f 
th.~ smokers'1Jtit\¥ere not measured, since t.lie test was designed to determine possible nonsmoker 

\ f • ' ;1 t f: if. v • f~ I -. • • • 
exposure 1n ~~-~o~J<:l>lflce. 
; , 1 • o .. , • I 1 ! 

?r~i>h . .1. -.f o~pai:~~"1:·of Predicted Value to Observ.ed_ V ~lu~ 

Comparison of Models 

.. 

.. it" 
, . 

1dO :tt·.,.....___,__;~·~· ~·~· --'-'~~!·~··~~~~~~~~~~ 

.... . . ' . .;.:, .' 
, I , 

, • .. ,, 
~· . . . : . 

I,: '·" 1 ,I I 

I\ ,: ), I. ',/ I I t f 

• 'I I 

; I . ; 
:0 I , 

l ' ' . :. ~ _i ' • • ' • I 

---Perfect ... 
: , , : - - - Model 1 .? ' ' f ~ ..i ... . :· .... 
, .... ,. 
:·1.,· ·J "~' 1 .. : 

- .• - • - -Model 2 
' , I .: ~ ; •:' 

- - - - Model 3 
, 1- - - ·.!..:_ M6cJ~I ~ .: 

( 

'f I 
• f l' ; : ·: ': . , 1 , . ~Mddel5 .r: ' 1 '" · ,;!. · 

~ · 

0 

• · . Observed Value . 
' I ' 

' 
' ' 

(i . . ' 

4. PART 2 - SING.LE OFFiCES. -.,,- .. . . 

- - - Model6 

- - - - - - Model 7 

:;-: .-. : -'- Model 9 
-

'j /' .'; ' I 

:-100 

l 
:I.\ 

' -· -'- ... 
. ~ .. 

-. r ;.. .. 

. ! .. 

• ' "J 

. . ' " . ' . 

-
•. : '·1 

. .t .i' ·' 

' '· '• ' 

·.··: 

Theoretical mo}'.fols-~f indom air q~~lity .~an:'be .. ~~e~· as :~fficient, 'co~i~effective m~tllotl'~ 
for estimating human ~xposure _to jnd9or ajt CPQt;uninants. 'the quality and complexity ~ottlie~~: 
models span from S'µiple Singl~ _ Cpmp¥fm·ent . Jbo9eJS4'~~· 1 6 _L1 to .C..Qillple'x tnOdels: based ·'upoi'i 
computational fluid dynaJ11ics,._ 1

8
' l~. Mo~~ls appl,i~_d . to \~valuation of envirotj.hient<ll to b_(!CCQ_ sm_oke 

(ETS) in both experif?~n.:ta! ... ~liam~_~r, aQd~g~l4_ .e~v_ir()llll_!~p.ts· typicl;lllY. hay~~ been of the single 
compartment type. This is primarily due to the chemical complexity of ETS, the dynamic nature 
of the smoke matrix, and tfue·use· 0ftime-1integratedtra.rea sampling devices•fot'th&expe'rimental 
measurements. to: which the 'model estimates ;· are compared. In any case;'th'e model chosen' to 
represenLthe evolution of a · contaminant in an ti:rrdoor environment ·should be 'sufficiently 
complex to reproduce the salient features of the inherently dynamic environment! :· •·1 • 
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4.1. 
. ' 
·, ' : I • ' I • • : l . . ~ . ' I : ; ' I 

Form,ulation of the Single Compartment Model • 
·- ..... 

l 

The mass balance equation is the basis· for many indoor, air quality mqdels11 : 1 !·20•2 ~·2~ and, for the 
model evaluated here. Single compartment models all contain the basic assumption.that within a 
specified region of space, i.e., the core of the model compartment, the modeled contaminants are 
instantaneously and uniformly distributed. The single compartment model we will use is defined 
by the following equation: 

dC(t) ; 
V-d- =.g(t)- l(t)C(t) 

t ' 
(16) 

C(t) represents the concentration of a particular contaminant within the. compartment. g(t) is the 
generation rate of the component from all sc?urces both within the compartment and. introduced 
into the compartment from outside the, 'defined boundaries. l(t) represents all losses or sinks of 

• 1 I I • , , I '. . , ! . ~ ' . I / 

the component and Vis the voimpe. . , . 
, The source g~neration term

1 
~(t), and the' sink. term, l(t), :are ,e9ual ~o the sum: 9,f all, ~u~~ 

• • • ' • •· ' • • ~ .. 1 i , , , .· ' , I 

.pro9e~se~: , : 1 • . , , 
m n n 

g(t) =I gi (t) +I q /t) cj (t) , t(t) =I q j (t) + 11 d ·A, . (17) 
i=I j=I j=I 

In equations (17), gj(t) represents the generati~n· rate' 'of a .contaminant due to. the ilh sourG~ at 

time 't with m 'total sources. qj(t) is the volumetric ventil~tion rate for the 1th HV AC ~upply duct 

with n total supply ducts. Leakage of outside air: directly into the test space can be included as a j 
supply duct. Cj(t) is tl!e ·amcentration of the component in the suppl)'. air ·of the lh HV AC 

supply. v d is the deposition velocity for the component and As is the total exposed surface area 

w~thin the .compartment for deposition. This last term, v dAs, represents adsorptive lo~ses for the 

iCOmponent.. For RSP this term can be a substantial sink whereas for carbon monoxide ,and sulfur 
, heJS:aflouride it is virtually zero. ,There ,are additional processes which for a particular component 
m,ay be a source o~ sinl$:. ,For instance, gas phC\se reactions are. ,sinks for the reactants and, sources 
for the products. We will not attempt to simulate aerosol dynamics or chemical n;:ac,t~on,. 

, However, evap9ration,, condensation, and: aggl01rie.ration ,can have a substantial. etfoct µpon the 
temporal and, spatial, evolution of ,RSP., Parti~le , l;lgglomeration and a detailed. ,treatment of 
particle qepm~ition have been incl~ded ,i,n a model of ETS ~SP by ;Nazaroff 1. . , ; '. , 

, , , .· . Application ,of equation (1 (;)) to a ,field .environment .requirys component source emission,s 
9haracteriza,tion for each component and source. In addit~on,. l;lny, sink phenpmena,, such as ,the 
d,eposition velocity, ,which may ,be properly scaled for, use in, simulating fie~d environments 
should be: meal)ured experimentally. For o~r purposes we. wish to, characterize .. the ETS 

. emissions 
1
9f RSP from a variety of comµi.on market bra,i;id cigaret~es. Since smoking pehavior 

yan have . significant impact upon total ETS generation rat~s we : will determine , .9,nly the 
sidestream smoke. component using machine smoked cigarettes. . 

4.2. ·Measurement of the Source Generation Rates and the Deposition 
Velocity 

The controlled test chamber used for the measurement of the RSP generation rate and the 
deposition velocity has gross dimensions of 4.20m x 3.91m x 2.69m (1 x w x h) for a total 
volume of 42.2lm3

• A supply/recirculation air plenum contains a single makeup air supply 
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which is combined with a recirculation loop into a single supply vent. Makeup air flow rates are 
adjustable between 4.7 and 330 Lis. Temperature is controlled both by the recirculation loop and 
makeup air. Humidity is controlled by dehumidifying the makeup air followed by steam 
humidification of the total ~~J?ply. air, 1!1a~eup plus re~irc~lfttion. Air is exhausted through two 
0.20m diameter vents which are combined into' a single exhaust duct. For all experiments the 
chamber conditions I were maintained at 22.2° c ·and 50%° RH:! Ventilation in the test· chamber 
was 'monitored using tracer gas dilution and the system controller (hot wire anemometer). 
· · · The1'deposition velocity is determined from experiments in which the chamber is 1oaded 
with ETS RSP' and vd is extracted from the' measured RSR'decay rate, the measured ventilation 

rate, and the surface area of the chamber, As in equation (17). In these experiments the 

ventilation rate is measured by the tracer gas method. The recirculation loop of the HV AC 
system is sealed in order to remove that loss mechanism. ETS RSP is measured in real time 
using a TEOM Series 1400 PM-10 Monitor (RuppJecht & Patashnick). The TEOM is operated 
such that the Ei'S RSP 'inass ~·onc~nt:ratfon i~ 'recorded ' ~very 2 second~': . ·: ·· , I 

I .: Fbr"the measilr~ment of tb'.e\ieposihon~\ieio¢hy, 1dnly the portion of' the decay curve 
W1lich contain~d lo~-fuear"behavior was'6'scld. TJ:ll~ ' i:bsuits\r~ ' af.proximately ~ *v.~-minute delay 
l?etween, the time the cigarette is extinguished and the tjme at which linear b~havior begins. A 
'iinear ~el~tiOnship behteen the iogaritfun of tlie RSP co'ncentdtiorl 1'and ''time tndicates a first 
order loss rate, i.e., the cumulative loss rates in the system are constant in time. Results of thes'e 
measurements are shown in the table be~ow., , .. 

1 
•. ~ 
.. 

. l'al>le 4. Aver;age deposition ,yelocity for.ETS RSP. , 
' . .. ... , . 
. Average Ventilation Rate (Lis), q, . Average Depos.ition Velocity (10.6 mis), vd 

22.00 ± 0.38 47.7 ± 4.5 
. " 21.91±0.35 . 84.3 ± 5.1 

... 
" 

. ' 
II .. 2f.27 ± '0.40 . 1.· ' I • ' ~" " 

•, . . . f, ,,, ,, ·: 91'.4 .. ± 5.1 ; 

/.' , , , . , , ... , 
I '· .. . .. . ' ' · ) i . r, , J . , / t, , I)/ ' I ' t ... . '.I I: 

!: .. , ' 'The average" of'the three ·'measurements of vd is 7.5 ± 2.s'·x. 10-5 mis."' This 'lies in the 

range of;deposition veloeities reported by Nazaroff 8 for 0.72 µm (v,[' = 1.5 l 'x :10-5· mis) to 0:91 µ 

ni (v/ k!:: 13 'x 10-5 'ni/sfdiamet~r smoke ~articles .' It is important to note that we have computed 
'an average deposition velocity which doe~·ilot explicitly take into account surface orientation. and 
teffiiJe:fature. ···_·:;·L ic: -:- :.; '/ •: .. , ,., · . j . • ; · . ·; .~ . • '. · · 

1 

·Lr · ': ; Time dependent ;; generation functi0ns1• for, ETS component's from machine smoktid 
'cigarettes-can' be extracted from real-time conct;ntration· data in controlled chamber experiments 
by fitting the components' 'growtfiL'decay curve to 'an efupiri'cal mod61 function' and·· using: this 
rep~esenta1:ion for thtf ·concentration: in riequation (Hr): : The: experiment consists of machine 
strtoking' a cigarette every 'thirty . minutes 1until . six. cigarettes total Jhave been ·smoked. : The 
;..smokirig·machirie is set' to dra~ orie.135 ·mYpuff1'of'tWo seconds duration once per minute. 
Cigarettes' are smoked 1to a niark located' 3 mm from the tipping paper; Mainstream smoke ' is 

. exhalistbd outside the test chamber:· The TEON1 is set to record the RSP mass concentration once 
~per minute'. Each experiment is: conducted tWice~ Iri these experiments humidity, temperature 
and ventilation rate are held constant at. 50% RH, 22'.2° C and 9.41 Us: :· The ventilation rate· is 
,recorged from the system :c;ontroller°' and estimated. from the carbon, monoxide de,cay rate. 

, _:u 9 
, ~ I (_ A 1 .. ~ ! , · 1 '·: I ( ~ ' . . ' 

~~ :l ,J.._,-i.:· ·.i:i ' 'i ' JL~)1(l ·r .. ,, 
. .'{ 

o : • i' ":' I 

~ ) ( ' ~ J i : : j ~ J ,: .11 ; ( 

, ' I 
: ' ~ . ~. I ' 
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Ventilation rates computed using carbon monoxide decay rates agre'e within 0.5 Lts' to the system 
controller recorded ventilation rate. 

,i • . 

Computation of the generation function is accomplished using equations (16) and (17). 
Since only one cigarette is smoked at a time the summation in equation (17) over the source 
generation functions, g;(t), contains but one term. It is assumed that 'the filtered makeup 

airstream contains only small amounts of RSP and that the fluctuations of the RSP concentTation 
jn this airstream are also small. These assumptions are based upon real-time RSP concentration 
measurements made within . the test, cham~er. ~sing th.e TEOM . during perioqs, of no cigarette 
) smoking. The RSP , deposition. _'r:ate; v c¢ 8·, is computed from the RSP decay rate after each 

·dgarette: has been extinguished ... Th~ depositi~n· yelocity calculated above cannot be used1 in 
~va;luatii{g this data due. to

1 
use of the HV AC recirculation loop which substantially aHers the air 

~ow in the t~st ch~II/-ber. Computing the loss terms after each cigarette is smoked compensates 
fo~ fiu~tuations.in the system, on a per cigarette basis. , 

The procedure for determining the1 total :RSP generation :function involves fitting the real 
time RSP measurements from the TEOM analyzer to an empirical function, C(t). More than 
thirty different functions were fit to the experimental data in an attempt to find the best 
representa~ion. , , Simp,le .. polynomials were found to reproduce , the experimental,· RSP 
concentrations be.tt~r ''than transcendental funqtions or' combinations . of polynomials with 
transcendental' funetions (s~e Gr~ph 2). The, following analysis is therefore in terms of 
polynomial functional representations of the RSP concentration. 

m 

CRsP,;(t) = Laii ti 
,,. )=0' . 

(18) 
:'1. !. t. t. 

The 'siibs'6iopt i 'rHeiS 'to ith .. cigarette sili~Red iii an e~p.erin;ient, J is the p~Iyn~:_m;1ictl exp(,lllsiou 
cdefficfortt Index, m is the degree· of the polynomial, and a'ij 'is the expansion 'coeffi~ient'.' . 

'Grnpi.t · 2. Example of linear regression fit of equation (3) with m = 3 to TEOM 

measuteoient' of ETS 'RSP. R'.egr~~sIOn fit 'p~iaineters: ·R2 ·~ ~.9965, x2 = i6.1~5, start .time 
. . I • I " . 

= 72 minutes, stop time = 87 minutes. · · · · · 
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Substituting CRsp,lt) in equation (16) and solving for glt) yields: 
m 

gi (t) =I aij u v t 1-' + t(t) ti_) 
)=0' . . • . 

In order to compute the time dependent generation function the sink term, l(t), must, 'be 
calculated. 

l(t) = q(t) + V d As +qr (t)E, (20) ( 
I • 

where q(t) is the makeup air volumetric ventilation rate, vJAs the particle deposition rate, qr(t) the 

volumetric. recirculation air rate, and Er the particle removal-'; efficiency . in the HV Ac 
• '"1 I.'· •I , r 

recirculation loop. The inakeup air ventilation rate and 'the recirculation rate are measured 
throughout the experiment and average values are used fof' these vari~bles. Experiments were 
conducted to measure the removal efficiency in the1 recirchl~tio~1 loop' bur the inagnitude of tlris 
parameter was too small to be resolved in our system. 1 'Thu~,\he removai efficiency was set Jo 
zero. The deposition losses for RSP were measured in the same fashi'on ·as1 

:described above u's~g 
the portion of the decay curve five minutes after t11e· cig'arette ha's been extirigllishe9-.The loss 
rate, l(t), in equation ( 5) may then be replaced by a:n average, loss rate: '' '.i J •. 

' "" ':I! . ' '. ' ~ ; i' i . ' : f, 1 , , I ' 

[
1
=q+vdAs ,., . ;, r;'; '·.·: 1:: 1, • , (21) 

Having con1puted the sink terms for the experlment;''a simple' expressr6n11for tl)e g~ner~tioh rate 
may be derived by collecffing terms in ti, shifting th~ sUITllI!ation index:; and 'n'.8tiiig th~t' ~i m: ~:is 

' I I rJ { .l ~. l (" I ' L. m 1 i ·~ ' r ( ; 1 t I :: ' '\ J. • ( • ) , • J I .": L ,. J 

identically zero:EMBED g;(t) = z:Cij tl n "i c/ =' (/.!r 1) V a'ij"i.i +(q +vd A.fa/· 
J=O 

'(22) 
gi(t) represents a time dependent generation function extracted from a singie experiment. 

Combination of all the generation functions for a giveQ. cigai;e~te brand ,requ~res ~niHali~ii;igJhe 
individual 1 g~iiWiatidn functio~s su6h.th~(gi(t ~ O) ~'co for 

1

~11). Thi~
1

is .necessary .du·e··1~jhe 
;r·r - •1

• • 1 , r • · l l··,. '-· . ·'' ,i , •ll 1 ·'' 

method used to -fit the r~w data·to the empirical function:'. -A terrworal shift,· tf, isAetermined.for 
each 'of the individual g~nei'ation1 1function~· such that•, the'.: generatl.Cln r~te is z'ero' at. time i ~ero. 
Given this temporal shift tn~ ef pressioii fckiilh is: ' ' .:; · :J ·· · .. · 

1 

m 

. g;(t) ='Leu (t+t/) 1 

)=0 

m j ( ') = "" J c .. tj-k t!k 
~L.J k !/ ' • 
J=O k=O · .. 

(23) 

' ' ' 
The summation over j spans zero to m where m is the· degree of the polynomial used to fit the 
RSP experimental data. For the experiments discussed here m=3, i.e., the TEOM RSP 
concentration data are fit to a cubic polynomial. Typically twelve cigarettes of each brand are 
smoked in order td determine an average generation function G(t). Combination of each 
individual generation function yields the following average: 

(24) 
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.. .: ' . . 
t_, : I" : 

' ,,,.,,. 

where N is the total number of cigarettes smoked. The terms in brackets are the binomial 
coefficients. The last equation results from setting the summation variable k = j-l and summing 1 

over the l index . first,. This index shift enables computation of average polynomial expansion; 
coefficients, Az. 

A =I ( 1 ) 'f cijt;j-I and 
I j=l j - l i=l N . 

J/I 

G(t) ==I A1 t'-., 
l=O 

Generation functions for seven market brand cigarettes are shown in Graph 3. · 

Graph 3. ETS RSP generation functions for selected market brand cigarettes. 
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Integration 9f G(t) over the do~ain of interest, the start and stop times for smoking the 
cigarette, yields the average total RSP yield per cigarette. The total RSP yield (G) is: 
1 ' 4 ' t •I 

r, tr ( "' ) . m ' A (t1+1 _:. t1+1) 
G = f G(t) dt = f , , A . / 1 dt . = '"' I I ' 

0 

I .L..J . I L.J , • [ 1 . ", 
1
0 

1
0 

J_.O · ' ' ' '/6-0 ' · 1 ·• 

, .1 •" t 

t. ' . . •' 
• f ' .. ! : . 'j .. 

Total RSP (sidestream) yields for the seven cigarettes tested are listed in Table 5. 
l ~ • • ~ • • • l 

' ' ;i; • l • ,•;.• i !, : • ,., • ',[ 

. 1• : The cjgarette)um times in T~ble 5 ar~.approximately ~o to f.ovrminutes longer.than th~ 
normal bum time of these cigarettes. This is ,of some concern .since it is the temporal evolution 
of ETS RSP we . wish to simulate in th~ . fi'eld e~virq~e~ts'. . 'During sidestream s~ok~ 
mea~urements .. of cigarette A, an aver~.ge ~f 11,.2 pµffc:; p~r.cigarette. ( app~oximat~lY. 11 ·mi~~te 
burn time) has been measured under the same machine:_smokin~ ~egime .us~~ ~hove ".'~r~u~,a bo/fi 
time of approximately 14 minutes extracted from this data set. The difference lies in (1) the 
uncertainties involved in determining the generation functions and its zero roots and (2) in a 
basic assumption of the model, instantaneous uniform dispersion of the smoke components. 
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Table 5. Total RSP yields for seven market brand cigarettes. Total yields computed from 
equation (26). The cigarette burn time (dts) is the smoking time calculated from the zeros 

of G(t), :i.e.,.dts.= t_r- t0• i ·, · •. ;·: -r: .- ~ . . .;, . . r1 

·· Gigarette ' '._. : ~ ,! , ; • I 
i ' 1 1'·· 1· 1TotalRSP .',-'_ · '\I, Calculated Cigarette .. · :B d .,r i .- .. ~ ' . ' (µg/cig) · · Burn Time (Ms) · · ran ' 

Cigarette A 100 mm 11253 ± 1290 13.98 
Cigarette B 85 mm 9206 ± 1027 12.78 

Cigarette C 9488 ± 1100 '. 13.15 

Cigarette D ·l{ ,. 9548 ± 1022 11.47 
Cigarette E 9655 ± 6444 12.23 
Cigarette F . 

.. 
9181±9.86 --. - 11.99 ... . . ' . .. ' . ... : .· 

Cigarette G 8763 ± 957 12.15 

The dispersion time ofRSP in the test ch~tnbbt ir-~~o~n. A mixing time of one to two 
minutes would not be unreasonable. Indeed, the RSP concentration recorded by the TEOM has 
been noted to continue to increase for one to two minutes after the cigarette has been 
extinguished. ~ . .• - · · ·-

4. 3. 
1 

Experimental Measurements in the.field.Envirc;mment~ 
Real-time and ,~~~-int~grated experimental m~asurements ~-f«;er.~ made in two offices of 

,comparable size but "1'ith different ventilati,.on ~ystems. The net volume and surface area (total 
lvolume minus fu}}liture · volume) for each office are shown in Table 6. · Both offices :were 
!occupied by a sm*~~-

1 

E~ii- office occupant was supplied on·each·test day a form for recording 
all smoking activitY

0

~thln the office .~pace. The tirp.e of day forJighting of each cigarette, pipe,' 
or cigar was recorded along with the cigarette brand (when appropriate). This information was. 
;input to a data file for use by the computer simulation program..i ·· I 

i 
:Table 6. Net volume and surface area for test offices. 

Building #1 Office Building #2 Office 
Volume (m3

) .. 48.36 
,._ - ... -

34.26 -· 

I ·::.Surface Area (m2
) I ; ;-,:: . . ,. ... 117;7 • ~ · r r r: [ , .i! 1 ,/ 1./ • 'i) . '941; 18 ' 

.... ;i'. · .. :,:~'J'/ ' ~ ~ I ' l \ r• ,., 
•,! 

To fully test the performance of the single compartment model real-time measurements of 
both. ,ventilation and IAQ contaminants are riee&ci.~' A mobile \syst

1
em was· constrµcted for this 

purpose. A Briiel and Kjrer (B&K) model 1303 multipoint sampllng system i!l conjunction with ~ 
B&K model 1302 infrared ,absorption photoacoustic detector was used to quantify S~ 6 at five 
locations within the Building·#! office and in the·lIVAC: supply duct. In the,Buildihg· #2 6ftice 
this system was used to s~ple at four locations within the office plus one sampling line in the 
HVAC 'supply to the oftfoe abd one sampling!'l1ne ·in the outside air supply. The sy~tem was 
capable 6f'recorqing' the SF 6 ·concentration approxu.:nately every 1.6 rninutes or once·'every 9.6 
in£mites at a

11
single sampling loc'aii0n.'i!~'Rupprecht 1and Pat~1shnik TEOM'Series 1400 'i>M:-1'0 

.. ,,.. . , . . 

Mcfr1itor wa:s used for real-tirne'·measurem:eni of respinible suspended particulate matter·:(RSP). 
The RSP ilia~~ co~beJJtiation ~as'tecbrded'·orrce per minute. ·1 '.~ J ' ·: J., '.-'.· · , · · · 

if'.i . I :::~ ! ·.~ ru)1r J j l '·J;r j_~. ·;~ ' .. ·-r I i"'~ N;:11 I j_i,_J'.·~ ; ... ; 

· 'l . '~(; C!"./. ~.ii ~)tr~:i r_· '
1 

1 J 13 1. ( 1 • f 1/ 1 ;'t"~~. >....... .. ;,~·~-

, •'lt'!'l!.'J~r :J·!~:r1 1 :··r!t ' I?, ,.(. 
;·j,.' . f1 u ' . I '}i U 
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: ! . ' Time integrated RSP measurements \Yete also made ov~~· the sarhe s~rriplJng· period as the 
. real-time measurements. Duplicate samples were taken for each measuremel).t. dravih1etric, 
·measurements of RSP were made m the center of the office · spaces and · n the: HV AC supply 
· ducts. The RSP concentrations from the TEOM real time tneasureri.1ents averaged 20% less than 

' ,· J t 

the gravimetric ·samp1es.· This indicates that ttie measurem·ent techniques ' are compar.able for the 
conditions present in the offices. The differenc~ 'ctoes not impact the real 

1

time .~odel calculatio s 
·since both the particle generation function and the field concentration were'm~asured with the 
' same real time instrunientation.' · ' · · · · · · ., ·. : · . · · .. ' . 

The~ Building #1 office is 'supplied outside air thi-ough 'a constant air volu'me (CAV) 
. induction system. ·One hundfed pertent outside air is supplied to induction units around the 
peri~eter of the building by a main air handling 'unit located on the . roof. The inteljor of tqe 
building is served by fan coil units : which operate with 100% recirculated air and provide 
filtr::itinn ::inil r,nnlirn:r ·imlv ThP. nffic~P. llRP.il in thic: i11v~_c:tio-::11irm i~ lnt'.~t~rl nn thP. nnrth s:irlP ------------ ----- -------o ----.;- ---- ------ ------ --- ----- ---· ----o------- -- -------- --- ---- ------- ----

perimeter of the building and receives 1'00% outside air by th'e mec'nanicaf HV AC system. The 
air is exhausted into the interior of the building 'either through th~ bpen d6or ot, in the case qf the 
door closed, through a' transfer;duct located

0

inthe ceiling in the center of the room. . 
The BtlHding #2 office is ventilated by a v~~ble air vohnn~,(VAV) HV AC sys.t~m. T~e 

main air handiing unit ser\ting this office i's· iocafed ori the ground level of the buiiding anct serves 
. the• lower' floors.·· This systehl 'delivers constant temperature air and varies~ the flow to maintai~ 

room 'air temperature. The total air flow to the office is controlled by a thermostat located' within 
the room which is connected to a damper located in the HV AC duct serving the office. This 
damper only. controls air flow to· the test office.'.. All other ducts downstream of the damper were 
discom1ected and se~ied. Outside air supplied .to the . tes~ office is controlled mechanically 

1

througli a'aa.niper system in the niain air handling umt which mixes outside
0

air
0

and recirculated 
· a1r'. The outside air flow to· the office can he' co'mputerl hy cmphining the measurement of total 

! . . ·t ' . I . ' , . ~ I • • I • 

'air flow of the main air handling unit with the measurements of the total flow of .outside air 
' ~ ' ( • ' ( I • ' 

supplied~ Air to this office is· exhau'sted either tbrqugh the above ceiling ·return or through the 
I • • I I • • 

open doorway. · - · · 

. Ventilation rates were continuously monitored for both test offices µsing conventi9nal 
measurements. Since the Building #1 office is ventilated through a single HV AG duct with 

. 100% 9utside air only a single monitoring location was necessary. The flow rate to the office is 
ba~ed upon measurement ,of.yelocity pressure in ,the supply ducj.23 The total air flow .to :the 
Building #2 office was :rµonitored in a ma.no.er similar to that in the.Building #l office. However, 

' , I • ., - . . . .. 

si:pce this HV AC ~ystem us.es recircu\ated ~ir additio,nal measur~ments ~ere needed t~ quantify 
the outside arr :flow io the test space. The fractl.on of outside air. in the office s~1pply air.· ~s 

. calculated as ·the ratio 0,f the outsi.de a'ir flpw to the total. HV AC system flow. Bot!}. .of these 
J l • . • 

flows were recorded by permanently installed pit9t tube grids and. were recorded every ten 
' ' ,. /; 1, • -

minutes. , . , 
), ' - I ' ' ' . ' • ' • 

The air supP,ly tq the Building #.1 0ffice was esseptia~ly constant within the uncertainty of 
the rn~fisurernen~. whic4. is estiinateQ. t.o be approximatelyJO%,of the measured flow. For many 
or'tl:ie test days the VA V systemjn Building #2 also operated in wha,t amounted to a constant air 
supply 1nodi Tuer~ is .sot.he variation 'over the two-week·p~riod' oftbe ~tudy. This system ~mies 
the outside air flow to the building relative to outdoor temptlraturn and imluur tlumnal Ut:lmaml. 
For the time period of this test outside air temperatures were mild and therefore the system 
operated in economizer mode for most of the test. Economizer mode is a condition in which the 
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system utilizes outside air for its cooling demands. For all but one test day the calculated 
fraction of outside air in the supply air to the test office was above 0.8. 

Tracer gas techniques were also employed to evaluate the ventilation of the test office 
spaces. The tracer gas measurements were mi:li;le rn~ing sulfur hexaflouride. 

1 
and the B&K 

iP.~~P~~d(saDJ'.#,~fap~: Cill~~ttlati?u system. ~·o~ th~~~ildjng:#l office the entir~ bupding could 
be ~bse.d with t(ac~,r ·.g,~~ $iougb, .~. single HV AC intake locat~~ on the roof ,of the. nin~h_. floor. 
_The buil~J:ng ~~~ .. d?~~~ :;-ritp ,stlf4cient tracer gas tp reach ~. peak ~p.ncentration in the test office 
'of approxiina~ely" fO pp~.' . The ''i3uilding #2 office w~~ _ dosed . by . adding tracer· gas within the 

·'. (;u~side a~i-;i:bc.~~~r~~te9 1aJ . i\i.ixing chamber located ~itliip .th~ ~ain. air handling ilnit. For th~~e 
· t~sts the.B_&~ sysfoJ#. _yVas, se~ ~o record the tr~~er g~ co~centration. every, 1.6 minutes and every 

I .. I • J • I i • ~ . .r' I • • • ~ • . ' .1 . • •. . 

6.93'minut~s ·at a'particular sampling location. The daily average ventilation rates in Building_#! 
,.yaried ~pm 54-7 to 5?.7 Lis po~.v.~ptional measurement, arJ~ ?J.tl: to 27.8 L/s using the tracer gas 
. ~e~si.rreitient. In~erestingly.,. o~ q~~ aftemoo 1 the ~oor ~o ;Hiis ~o#ice was: closed and the ~racer 
'g?s. '

1

mea$~'.e!Iient o( ttiC?' v~~tilati911 ~ate increased: tq 53.3 Lis. DaiJy average out$ide air 
'yenti lati,?n"ra.tes in. 1t~~.J3uilding #2 'qfnc:e vw ed J ro;n . 7?.7 to . \?~ Lis as, measured usi1~g 
c~nve~tio~,ai'tep~~~ue~ .and ,from 25 to 3SVs }1Sin~ ¢.e ti;acer gas tec~~qu,e. 
··,, · Po~sible explapatiop_s for .t.J.ie differenc{(s in the :ventilatipn m¥asurement te~bniques focus 

I t • 9 " f t • j' ' l • 0 t • I , ... J o ov .. tJ~~ . trac~f gas w.ea.S~~~:., I,t i~ -~~~lY ~at,~e 't,rac.<fr, was imperfestly, mi,xed ip th~ test buildings 
·'by the HV AC ~-µpp}~ . air . . )~..!~. 1~so poss1b~e ,fpf1 the 1 1~a~er, ~iiS t9. . flo~ pack:,mto the rooms 
, ~hroug~ .. ~~e open ' .?oors, o!' ~l?f .apo"._e - ~~qjng · ~W~~·. n.:FO.~ _th~ 1 '.m~d~l. :ap~ysis her~, the 
, ~8~vent}~~al: . tef1~qi.1es far,e . v1e(,Vx~ JP, pe .}P:~~J~ . apwop,nate. , Tlu,s. ls;, qecausl:f : .the . airflqw 
qu~ti~ie~ .ar7 large and. ~asily m~~l!ra~ie by ,pit.ot ~aver~e te,9_hni'R_µes and both ~uilcliµ~ were 
pos~.tj~ely p~es~u\i'.?7.~ · ! PY ~lie HY ~C sy.~\~Ul 9perati?r .th11reby min.iml-~g any eff.ect~ of 

infiltr~tiOP,1 ,· .,. ;. '' '· I.'... . .. ,. ,, . ,·' r ' • ~~ , . r· .! • ,. ... . ' f:., . • _ 

, ;o • 4.4. 'Application of the ·single Compartment M·odel to Field Envfronmettts 

·i i r The .tiine". Ci6pendent ge"iier}tion.'functions d61f~nf1~R-ed' i~ .'.the e~p~ij~~.nt~ .de~cri~.e4 i in 
Sect,iJii· 4.2 v./ere iepre$~nie<l b c'ub'ic' polyuotllfals '.:· Howev~r. equ~tion (.16) f;iay 

1

_l;)e 
1

solved for 
t ' • • t ;1 • • t • •. I '" ' ' 4 1 ' 0 # l I'\ ' , 

1 
( J I ' j r 

the contamib'ru t cbnc~ntrat~'on lli, the _mod~~ed ~J?,ace C(?), .for ;a geperc1:~i~J?. .fpnct~?f , repr~sriJ.~ed 

b~ ~Y ,~~~re ~61y~:io1?:i:~l" of. ~~~~~a?' ~~.~e~;.P:.'_.J~~~v &~Ptf ~1".~,~~re~~i61i ~0~1 ~i~ til'.1;1e dep7i7-p.1f,1t 
generation' rate fot a parttculat component, particle or gas, is: 

g -"(t)=! '-~.'A .. (t+t!)j ' =1X:·i .. '°' J. tJ- k:t!fa. ~ir· : : ·" "· 1 rir · · •• ' ·. (27) p p j (') 

I L. I} I . L. I} L. k I • • , , . ; 
.::1 u!lj.=d -1 ·--. "·'1 . , ~· ·1 .'! i :· J=O·'' k=O · · ~~/ ., ") L\ ". 1._ 11 ..,1 .tJ.. 

1 ! · ::J f:. 

where g;(t) repFesents the tim~ dependent .generation Tate. " tf is ai :temporal , offset" and 'is 'file 

·.solution t©: g;(t=b) == O ."!°Th~ Aij;are polynorriial expansion coefficients :and 1have ~een determlne'd 

·for · a ' ~~ries ·'of inatKet brand dgarettes: The subsdripi i. refeiii . t~ ! 1a ·partitular ',cigarette brand 
smoked at~ specific: time as.recbi<fo·ci'by the ~est '.of.fice BcHu#atits .. '.if4s~H~arette .. brand. ~d iliU;e 
ibfo'rmatioll'· are · ~·ecorded 'in 1an 'inpuf'frle wh'.icli thd dompt.itt simul~ti01i pi:ograin. ~cces~¢s.' .In 
additibn to tlie gen~~atiort rate m~a5hten1ient '·the d~positio~v~Io6ity fof~P .. w-as

1 extr~dteci ':fr~~ 
'its measured ·decay rate'·and tracer gas m'easu~'em'ents 6f'the 'vintil~tlon rate. ':L ( .. I •• • r , 

In order to solve equation (16) analytically.some assµmptions regarding the ventilation 
rate arid' :the· conbe~tiatioil''of 'a coniaminan(in .. tfie·B:v AC stipply ait~tr~am fuust b~ ~ade. If, 
over the time penod:t1 ~ · t ~ t2, the"HV AC · ~trP,ply au -.flow ~d c'ort'centf~tion o( the contam'·nant 

l " f '. . . , t ,. , r i : t ,. ' • • ~ .. " • I • : • • I t.,. I .. ,• I • ,I • ' t , .. ; ; t ~· j I r .-

~f;e:.ie'~, ,in th~t a~r flo'Gi~re~,7R~s~~t ~~~1~iea.~1ati~n '(1,6) usi'ri~ .~quation~ (11) cw.~,~27~ .~,Y;~9:m~s;: ·:1 

.,. , ! I r 1 I ~ 21 d ' :1' : 

~. • f 
I _} )f 

-r r r ~ ~v::, •u ·:~; _•rJ! .. .. J; 



.. ~ r \ : ~ ; . ·r ~ j I . J I : . . 

. ' • ,t ., •• t 
•' ,. .. ., 

'' : I 

. ·~ ·' . : '-j 'I I 
., 

t I. 

.vdC(t) · ~c ~~A·~ (1J j-k ,k • {- A )C. () . 
---;;;- = q s + t: 'bi ~ f:o k t t; - \q + v d s t ~ . 

I' i I 

(28) 

where q = q(t2 ) , G;:-= Cs (t2:) .. and mis the total number of cigarettes burning at time t. Since 
experimental measurements are used for the ventilation rate and concentration of the contaminant 
in the supply air stream the values at time t2 will be used. The solution :for the· contaminant 

concentration, <S'(t), in a room with one HV AC supply vent, n = 1 in equations (17), af any time 
in the interval t1 :::; t:::; t2 is: · • ·: 

( I • 'I" • ,, , " -c _,,; ' 
C(t) = C(tl) e-(q +vdA,)(1-1,)/V + - q s (1- e-(q :-vdA,)_(H))/V) . .. • 

q +vdAs 

1 m P V P k-J k It, 1 . -
"" . " " • . k I . k I . . -(q+vdA .. )(t-t1)/V + - L..J L..J ( - - ) J L..J A;k L..J r - ' - • r (t - -J - t t - - J e . .. ) . 

q +vd A~ 1d J=n q +v,,A, k=i t=o l.(k l J). 

(29) .. 

The first term represents the evolution of the contaminant in the room air at time t1 on the 
time interval t1 tot. The second term is the introduction and evolution of the contaminant from 
the HV AC supply and the third term is the generation and evolution of the contaminant due to 
smoking. t~o other source's.~ arc considered. For instru1ce, leakage of a contaminant~ from the 
outside through a window is not included in this treatment. If knowledge of the outside air leak 
rate and the effective transport probability of a contaminant through that orifice were available, 
an additimjal ·term could be ·added to represent this process. This additio~ wouid appear as 
another ventilation term. 

A computer proe,1am that inco1porates the experimental measmements of ventilation add 
contaminant levels· in the supply airstream was developed for the calculation of equation (29). 
Conventional . measurements of the office ventilation rate were made in: real time and the 
computer program reads this data directly. Computer simulations were also run 'using the 
average tracer gas results-for the ventilation rate. Gravimetric RSP measurements were used as 
an estimate of the concentration of this component in the HVAC supply. 

4.5. Computer Simulations of RSP in the Test Offices 

Computer simulations of RSP in the two office environments were conducted using the 
simple single compartment model described above, equation (16). The simulations were run for 
each experimental test day, ten days in each office, over the time period 8:00 to 16:30. To 
simplify evaluation of the model performance, the computer simulation program generates a 
calculated concentration at each point in time for which an experimental measurement was 
recorded. Time dependent generation rates, equation (25) for each cigarette brand smoked in the 
test offices were used. Each simulation is initialized to the experimental measurement closest to 
8:00. 

One real-time plot of the TEOM measurement and computer simulation of the RSP 
concentration in the office in Building 1 is shown in Graph 4. Comparison of the simulation 
results shows that the time dependent and constant RSP generation rates essentially yield the 
same predicted concentrations. The trace labeled Simulation: Pitot Tube Ventilation Rate was 
generated using the time dependent generation function. 
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Results of the computer simulations for RSP in the test offices are given in Tables 7 and 
8 below. The integrated average RSP concentrations for the TEOM measurement and the 
computer model prediction are given in the second and third columns, respectively. Comparison 
of these average values indicates that the computer model is capable of adequately predicting the 

'· ·• '• 

RSB .concentration for the simulations in which the conventional measuremerits of the ventilation 
rate .~d the time dependent RSP generation functions are used: However, the model 'fails all the 
statistical evaluat.iam: tests · (ASTM' DS 157-91 )2

• The disagreement between the time, resolved 
experimental _measurement of RSP and the model prediction2is probably due to non-uniform, 
non-instantaneous distribution of the contaminant in the test. space. Remember, two primary 
assuµipti.ons for, this particular model are that the c9ntaminants qre instantaneously and 
uniformly dispersed within the core of the model compartment. Baughman et al. have.addressed 
the mixing of a point source contaminant, SF6, in an unventjlated room.24 These experiments 

I 

show concentration gradients existing for over 100 minutes. -
,. 
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Table 7 - Model evaluation parameters for RSP in the Building #1 Office. Time dependent 
RSP generation functions determined iin test chamber.:. e:xperhµentS';,; and conventional 
measurements of the.office volumetric ventilation rate were used in;the model simulation. 

RSP- RSP-. Correlation ,, Fractional Fractional 
Date TEOM Simulation Coefficient Slope Intercept Nfy!SE c:I B,tas Bias 

' (µg/m3) . (µg/m3) . •. 1. (µg/m3) ' .. Vari~nce 
' 

April 23 53.3 ± 2.7 55.8 ± 3.5 0.55 0.35 ., 37.4 2.03 0.0~ - -0.82 
April 27 37.3 ± 1.9 34.0 ± 3.1 0.79 0.56 13.0 1.23 -0.09· -0.'75 
May4 42.4 ± 2.1 44.8 ± 3.7 0.72 0.56 21.2 2.14 0.05 -0.46 
May5 61.5±3.l 63.9 ± 4.0 0.70 0.49 33.5 ' l'.71.·' • 0.04 :. -0.63 
May6 10.5 ± 0.5 10.0 ± 0.1 -0.4J -0.04 10.4 1.33 -0.05 -1.96 

May 11 62.6±3.1 44.7 ± 3.0 0.69 I 0.31 · 25.1 2.41 . ~:-.o.33 . -1.49 
May 12 46.9 ± 2.3 44.5 ± 2.5 0.48 0:27 32.0' - . '' 2.73 .: ·:0.05 '-1.09: 
May 13 85.5 ± 4.3 74.7 ± 3.7 0.54 0.28 50.8 2.04 -0.13 -1.25 
May 14 17.5 l. 0.9 31.0 l: 0.2 0.74 0.27 26.3 0.66 0.56 -1.22 
May 15 86.2 ± 4.3 77.8 ±4.3 0.69 0.42 41.8 0.73 ' ' -0.10 -1.00 

·1.1 
I· 

. \ I i '·, I 1 •1 

, .' '"' , 1 .', j • 1.•• • 0 

.'1 ,j,. '• ' I I 

Table 8 - Mo.del evaJuatio~ pa~ameters for R&P Jn. tl]e Builc!ing #2_ Office. :rime dependent 
RSP generati~n functions' det~nuineJ in · test ~hamber Jxper'iii1ent,s and ~ convent1o~al 
measurements of the office volumetric ventilation rate were used in the inoi:lel sim~'iatioo. 

RSP- RSP- Cotrelation Fractional Fractional 
Date TEOM Simulation Coefficient Slope Intercept ' NMSE·· • · ! Bias ~ .: ' Bias : 

' ·:- ~ : ' (µg/m.3) l (µg/m~Y 1 '• . .1 · d l (µg/m3) ' ' ' 
Varia;nce 

· ·' ,, !,"•. 

May26 30.2 ± 1.5 19.7 ± 1.8 0.65 0.32 10.0 4.50 ' -0.42 -1.45 .. 
May27 34.4 ±,1.7 50.9'± 2.2 0.55 0.45 35.4 1.89 0.39 -0.002 
:May28 28.0 ± '1.4 26.2 ± 1.8 0.39 0.18 21.1 5.70 -0.07 .. 1:33· 
May29 28.8 ± 1'.4 27.1 ± i.7 ; 0.59 0:27 ~· · 19'.2 ' ", ' 3~83 '· ' •) '. -0,061) . - -1.34 ' .. 

•· 
June2 28.0 ± 1.4 19.2 ± 2.2 0.55 0.30 10.7. - '5.63 . -0.37 ii· l.31 

i June 3 !38.1 :±: 1.9. 43:9 ± 1.9:' ,o:n. .,. .Q.~6 . -, 26.3r; I rl 10.58 0.14 -Q.83 : 
June 5 29.2 ± 1.5 I ·27.1±2.1· • ... 0.68 .• ., 0.46. ,13,.7 l.9,0 -0.0~ ; -0.08 

' I 

0.51 27.7 1.03 0.16 -0.44 } 

June 8 41.9 ± 2.1 49.1±2.9 0.69 .. 
June 9 48.2 ± 2.4 48.1±3.2 0.75 0.45 26.5 0.94' -0.002 -0.95 

June 10 48:5 ± 2:4. ' 41.8 ±•2.7 · . 0.68 :, 0.3·7' .24/0.·= . . 1.0 ' ' 
,. -0.15 I -L19 .\ 

•.· : . ' ~ • I p I • '• 
I. JI I " 

5. CONCLUSIONS 
J t I,:) • -~ }ii , \. : '' i ,.. 

.,'.•f:, . (.'.li ,• ,. ',•, , ';~ 'I ·,~:-~: \"1 -! ~ 
1 

, 
1

,1 .'.i.Ji'' ~ JI ;. 

A single compartment real time predictive ,tnod~!Jor .P~icle conce~trc:~o~ frmp ci~¥~~y.1 
smoking was developedJ rg}ll fun~ental ,.P,l,ysiyal, P!inch'.?l~s. 'f-?e particl~ g~1,1eration functions 

.) • • ' ··- - I' • J1 ,. ': I t i 11 r , .I , , •• I ·1 J 

were determined by testjn.-? ~i.ff.~r~nt ,?-r}~~1d~ 1~d. :~f('.~~ pf,~!p~:~.t~es i~ ~ ~han:~~1 . ah~ H~~.g to' 
the mec.isured data. These generation ftmctions were mputs mto the models cdmc1den with the 
recorded smokil}g activity ~'i.n ) 1the sillgle office's. · Deposition 'f~ctbrs were determined by ·'the 
chamber data. Ventilatibh -±Or each 'bffi.ce was 'care:fully measured·a~d 111.onitored"in real :time'. 
The real time particle concentrations were measured in multiple locations in each room. Two 
primary assumptions for the model are that the particles are instantaneously and uniformly 
dispersed within the model compartment. The resulting model based upon the instantaneous and 
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uniform dispersal assumptions fails to replicate the observations when judged by the ASTM 
criteria2

• 

Published single compartment models were tested using data from a measured and 
controlled test of smoking in an office space. None of the models can be judged adequate by the 
ASTMicriteria2

• ' ·;-' \· • ' ·, r · , 1 

j The simple -single compartment models have limited utility in locations where ·perfect 
mixing and uniform distribution do not resemble the actual environmental conditions. Few if 
any office spaces, resta~ants, arid other commercial building-·spaces fit the assumptions used in 

I deriving the mbtlels. . Most of the models were validated in I environmental chambers or in a 
· single rooms of a house. In the case of the large office space, the :i;nodeh:; would over P-redict the 
, observed conc~ntrations by one to two order~ of magnitude. _, , •\. . 

. ·- -

" 1:.: . - -
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