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ABSTRACT

|he object of this study was to determine the feasibility of using a smoke sensor to roaitor
and coãtro1 cigarette smoke levels in occupíed sliaces and also to determine whe!þer thé ü3e
of such a detector could result in energy savinga. A smoke detector was buíIt, and têct'çd'
The experimental resulùs show that thi smoke sênsór outPut is a functíon of cigarcLtc ¡loke
conceniratio¿ and thåt the 'smoke'sensor gives a rapid and conlinuous response. In addítion,
a coqputcr ptotËBn that simulates the transient mass and energy intcractions in buildings
was oodifÍed $o that the irnpact of ventílation strategies on indoor air guality and energy
conurqltlon could be studied when smokers are prèeent. the results of tl¡e ttnerical modeling
fof aa arbitrary test case show tbat the use of a snoke sensor to detcct-cigarette snoke
particulatec and to control vencilation can ¡ltow índoor air qucllty to be coctíauously
maíntained at acceptâble levels while rninimizing enerty consunPfion'

INÎRODUCTION+

Hechenical ventilatint systems usually provlde ¡ flxed Eini¡uuur guantity of outdoot ait whi.Ie
recirculating sonc of the lndoor ¡ir.'The fixrðd quan¿ity of outdoor air Íe besed o¡,8 na¡Í'iun
Irnbcr of, pcople, and whe¡e snoking is allowed, LhiB quautíty can be as nuch ac fÍve tin¡s tþe
quåntiÈy riq,rì."d for aoneuolting, as suggested by the-Americãn Society of Heatíng, Refrigerat:
iug, ¿a¿ Ai.t-Conditioning Engíneers (ASHRAE) SSandard 62.1981. Based on the data obtafcad by
C¿in et al. (198f), the ASHRAE recomnendâtions for snoking occupancy are too lorv to coûtrq¡.
ciùher odor levels or partlculate concencrâtions aêsumiog'full occupâncy. Ae a result' tbc
quantiüy of outdoor air reQuired for a snoking arêa in which acceptable iadoor afr quality
ie to tl malntaired nay be much higher than five tines thât for a nonsookíng afea. Itr
âüoÈheË study (Jones and Fagan 7.974), it was found that a roon with sookers wotild require
ð fatsè of, ventilation ten times higher than that of a s¿rme room with'nonsnokers in order
to mtqteir âccclrteblc carbon monoxlde concenlratioo levels. AIso, when a space'is occu-

if¿d ty frwer peóplc Lher the maxÍnr¡m, energy is wasÈed to heat or cool the Eddii'iou¡l
ãutdsor ¡ir. 0n tbe other hand, whan the number of people e:çceeds the'deêign naxi¡uu or
lf ÈhË tqdoor ¡fr i¡ only rec{rculated (and not correctly treated), i¡ the presence of 

-

meny suohrrú, tbe i¡doot air qualfty may be totaüy uobccepLable and deleÈe¡ious to botb

"ooL"rg 
¡nd non¡nokers. the use of'fjJteru. and'washcts to Éemove ¡11 of thq obJcctionable

B¡ftiëüIateg ¡nd, gasea le, G¡tpêûsivë.

1o ¿[lcvl¡üa ¿hé above problers, the ventlleùiop rttgs of a qpacq cag bt c.ontrolled b¡r

lprtrllfng ¿ ¡eûúor thöt iè iansittve to c.ígârêt3c slloke !1d lletef,ote sensit,ive to tht

'fut U- l{cloon, AsEiÉt¡nt Profecror, De¡artneat, qf Mcchanical EugÍnqeriqg, lorre SÈtt'ô Uqivet-
rfDy¡ Sner. Í,eonfd¿¡ ß. Alev¡nt4r'i fornal' iìescatch Àssfst¡int, Iovt St¿tc Univetsity, Ànee;.
.pruiÅntfy Air Pollution Reseatch:'SpêcfelieÈ,' CallforniC Indoor Air QualiÈy Pfogram, Depertrrent
õt [carth Services, BerltelcY
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nu¡nber of smokers). The output of such a sensor can be used to control the anount of outdoor
aír and hence the tobacco smoke in a space. As a result, considerable energy can be saved
while maintaining acceptable indoor air quality.

An air quality sensor must meet the following requirerients (TurÍel et aI. 1979):

Suffícient sensitivity to detect and neasure changes in the range of concentratÍons
requíred for venÈilatioo. rate control

No significant interferences

Continuous neasurenent capabilities

Instantaneous readout

Automatic operatíon

Low naintenance

Low cost

Two independent studies (Unpub. report 1981; Sodergren and Punttila 1983) showed that
carbon dioxide can be used as the basis for controlling ventilation rates. However, because
of the relatively high first costs of carbon dioxide .detectors, such a sensor can only be
justified in buildings with hígh and irregular occupancy.

The present research has shown that the sensor of a low-cost conventional smoke detector
can be used to detect cigarette smoke in the concentrations of interest. Such a detector
would meet the above-Iisted requirements.

PRINCIPLE OF OPERATION

Líght s-cattering is a tech¡ique that can be used for continuous, nondestructive detectÍon of
cigarettë smoke. For aerosols in the size range of tobacco smoke, Lhe simplifíed Mie's
Equation (Green and Lane 1957) relates the'Iight scattered by an aerosol to the particle
concentratíon of the aerosol:

I=krPn (1)

where

ï = scattered light intensity

n - þarticfi'dunber concentratj.on

J = radius of particles' rai.sed to some power p

k - proportíonality constant

If the scatteririg dngJ.er' the wavelength of incident lig.ht, and the ave.rage particle
radius are assumed to be coûetant, then it can be concluded frorn Equation 1 that the intensity
of the scattered líght is directly proport.ional to the nu¡nber of partícles per unit volume.

Thus, a light-enittin¿; diode, ED, and a phototransistor can be positioned at an angle
to each other so that when there is no,smoke the light emitted from the LED bypasses the ceII
But, wtien snoke particles are presentr, they scatter the light from the LED onto the light-
sensor as shown in Fígure 1..
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E)GERIMENTAL PROCEDI'RE

A smoke sensor was constructed for testing, using the case of a photoelectric detector. The
light-emitting diode, ED, used for obtaining experimental data ltas a galliun aluminun arsen-
Íde, super hígh output, infrared-emitLing diode, and the light sensor was a silicon photo-
transistor. The phototransistor-LED circuit is shown in Figure 2.

Theotest chamber where the smoke was sampled is the 66 x lg x 18 in.3 (f.Zf x 0.53
x O.5O m') chamber suggested by the Underwriters Laboratories for sensitivity tests of smoke
detectors (Ut 1980) (see Fígure 3). A cigareEte (king size, filter, hard pack) was líghted
and introduced in the test chamber while the circulation fans were running. A small fan was

also placed next to the smoke detector to assure unifornity of flow. The block diagram of
the experimental setup is shown in Figure 4.

Smoke samples were taken at one-minute intervals. An aerosol particle counter was used
for measuring the cígarette smoke concentration. The response of the phototransistor was

obtained by measuring the current of the phototransistor circuit with a high-speed pícoam-
meter. Ttre output of the picoaûuneter was amplified and recorded on a datalogger at one-minute
intervals. A thermocouple was used to measure the dry-bulb temperature, and the dew point was

obtained with a dew-poínt hygrometer. A nore detailed description of the experimental setup
can be found in Alevantis (1984).

EXPERIMENTAL RESULTS

The experiment was repeated several times before the final data were taken. Figure 5 shows

the reiults of the last two runs. The relationship betv¡een the output (in nanoamperes) of
the phototransístor, NA, and the output voltage of the amplifier, V, is NA = 6.356 + 0.6474V-
ObservaÈions during the experiments indicate that the smoke detector gíves a rapid response
and continuous readout as expected for photoelectric and electronic comPonents ' Figure"S
shows that the detector output is a monotonic function of smoke concentration (number/m") as

predicted by the approximation of Lhe |fie's etluation (Equation 1). The difference in the
èrr.v.s for experiments 1 and 2 as seen in Figure 5 could be due lo a zero shift caused by
the electronics or due to deposítion of tobacco smoke on the phototransístor or LED. Ïf the

smoke particle density (about f g/r3) and particle size dístribution remain constant, then

the smoke mass concentration (trg/*3) will also directly affect the smoke sensor output. The

smoke mass concentrations are compa'réd¡with ASHRAE Standard 62-L98L in the numerical modeling.

The experimental resulls of Gayle et aï. (1979)-al-"o strowe.d a direct relationship between
smoke concentration and detector orltput. Gayle ét a1. also exPerimentally determfned tha€ the
Iíght séhSor output Ís' independent of the natural tobacco'säiôke composit-íon, that agiag of
cfgarette smóke has Iittle effect ori the sensor resPonse, añd that agglonleÌation produces
small changes in sensor response,

rulfinrcar, MoDEITNG

Descrip tíon of ComDuter Program

The dynamic digítal computer program developed at Iowa State University (Samuelson 1983)

sÍ¡nulates Lhe transient maÉs and energy interdctíons in buildíngs. The Program is capable of
handlíng combinations of mechanical coniponents, building elements, arbitrary weather data,
and other ínputs. Subroutines were added to the exisEíng program to assess the inpact of
ventilation strategies oû indoor air qualiLy and energy cohsumption when smokers are Present.

Simulation Studies

The computer program qras run for a simple, arbitrary, one-room residentiáI building with

a height of 12.5 ft (3.8 m) and a floor area of 1550 ft2 Q44 fn?) as showri Ín Figure 6. The
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luPPly tnd return ducts were 65.6 ft (20 m) i4 length with a cross-secLional area of 2.7 ft2(0.25 m-). The area of the walls was 1960 fE (182.4 
^') wíth a U-value of 0.0g5

Btu/hrft2'F (0. +g W/n2'oC). The inside temperature was rnaintained at 70o F (21o C) andthe average outside temperatre was 19o F (-7o C) giving an average envelope heat loss of
8540 Btu/hr (2.5 kW). Cigarette smoke generation ""s 0.077 lb/min (0.035 kglmin), whichis equivalent to one smoker in thís room. The heat pump power was 67 HP (Sõ kÍI) (when on),
and the fan power was 0.05 HP (40 I,J) (always on, so that smoke concentratíon at the return
element of the mixed aír controller could be detected). The mixed-air air controller
adjusted the percentage of outdoor air based on the air quatity detected at the exhaust ofthe room. The percentage of outdoor air (pcoA) was carculated by:

PCOA = llIN0A + (1 - MrNoA)

MINOA = minimum percentage of outdoor air

= smoke concentration in the return air (pg/m3)

= smoke concentrati.on below which minimum outdoor air is

= smoke concentration at which 100"/o outdoor air is used
ASHRAE Standard 62-198I)

(2)

where

c ret
c

m]-n

c
max

used

(260 ¡tg/n3 as in

Cases were run with and without. the smoke detector for different intermittent smokíng
periods. Intermittent smoking period is the percentage of time when there is smoking during
a period of one hour (i.e., an intermittent period of 0.2 means that there is smoking for
0.2 x 60 = 12 mínutes every hour). With the smoke detector on, each intermiÈtent .rõkíng
period case htas run for different mj.nimum control values of smoke concentration. Each inter-
míttent smoking period case without the smoke detector was run for different fixed percentages
of outdoor aJ-r, as seen in Table 1.

For initializatíon Purposes, the program was run for two days, with the results of the
second day presented here. It was assumed Lhat there was no smoking from 22:00 to 8:00 hours.
For each case run, the cigarette dmoke concentration of the occupieã rp""" and the incremental
energy consumed were output at each time step. The results were averaged over hal-f-hour
periods and plotted against ti.me. In addition, the total 24-hotrr 

"o"rgy consumed and an
average 24-hour cígarette smoke concenLration were output for each."rå, 

", shown on Tab1e 1.
Further details on the numerical modeling can be found in Alevantis (1984).

Numerical Results

Figure 7r whích is a summary of aII the cases run, shows that when the smoke detector is
onr the optimal indoor air quality can be maíntained with the lowest energy consumption. I{hen
a smoke detector is not used, a low smoke concentration can be maintained by continuously
introducing a fixed rquantity of outside aír in the occìrpied space, resul-ting in ttigh 

"n"rgycosts. There Ís always a trade-off between air quality and 
"nergy consumption, bui the uså

of a smoke detector to control ventiLatíon all-ows air quality to be maintaíned at acceptable
Ievels while mínimízing energy consumption, even when smoking patterns vary.

CONClUSIONS

The conclusíons resulting from the experimental procedure are:

1. The smoke detector current output is related directly to cigarettersmoke çonce¡rtrà-
tíon.

The smoke detector gives a rapid response and a continuous readout. The response
time is rimited only by the rãsponse Èime of the erectronic comp.onents.

2
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3. Deposition of cígarette smoke on lhe phototransistor or the light-emitting diode
could result in changes of the zero setting of the device.

4. The smoke detector should be placed at a location that is sensitive to the cigarette
smoke concentration of the ocèupied space (i.e., return air ducÈ)r so that changes in
the cigarette smoke concentraEion will be immediately detected.

Specific conclusions that resulted from the numerical mòdeling are:

1. \rlhen a smoke detector is used, the optimal indoor air quality can be maintaíned with
the lowest energy consumPtion.

2. Ílhen a smoke detector is not used, a 1ow smoke concentration can be maintained by

conLinuously introducing a fixed quantity of outdoor air in the occupied space,
resul.ting in high operating costs.

3. Although there is a trade-off between indoor air quality and energy consumptíon, the
use of a smoke sensor to detect cígarette smoke particul-ates and to conLrol ventila-
tion allows indoor air quality to be continuously maintained at acceptable levels
whíte mínimizing energy consumption.

In most cases, filtering and washing the recirculated air would be an expensive alterna-
tive to using outdoor air to maintain indoor air quality when there are a large number of
types of coniaminants to be controlled, such as those resulting from smoking tobacco. The

use of a smoke sensor to control ventilation then makes good sense. This study has shown

that a low-cost detector can be built and would be usefuÌ, but some more development work

would be necessary to solve the zero drift problem'
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TABLE 1

Cases Run for Nunerical ModelÍng

Case No.
Smoke

Detector

c
m]-n

cav8

PE/n

TotaI
Energy

MJ/day

Intermittent
Smoking Period

Percent
Outdoor Aira 3

0

1

2

3

4

5

6

1

8

9

10

11

I2

13

L4

15

t6

t7

18

t9

20

27

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

No

No

No

No

No

No

No

No

No

No

No

0.2

0.2

0.2

0.2

0.5

0.5

0.5

1.0

1.0

1.0

0.2

0.2

0.2

0.2

0.5

0.5

0.5

0.5

1.0

1.0

1.0

1.0

10

10

10

t0

50

250

2.6

0

10

10

10

81.71

T26.8

72.36

7 r.96

r54. L9

185 .58

148. 14

271.0

276.16

269.37

49r.22

200.0

r02.44

58.98

t228.03

499.87

256.tr

r41.45

2455.81

999.72

5r2.22

294.89

200 .0

764.4

226.2

227 .7

281.r

252 .1

304.3

392.0

387.3

395 .0

109. 1

206.1

358. I

56r.2

108.8

206 .1

358. 1

56L.2

50

250

0

50

250

0

10

10

10

10

25

50

90

10

25

50

90

109. r

206.r

358. I

56r.2

10

25

50

90

N/A

N/A

N/A

N/e

N/A

N/A

N/A

N/A

N/n

N/A

N/A

N/A

a--.tllnImûn percent outdoor air for cases with smoÉe detector.
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I.IALL
t = 2.5 in (62.4 mm)
k = 0.0174 Btu/hr:ft (0.03 tJlm.C)
oco = 6.18 Btu/ftr.F (414 kJ/m3.c) wrp = 67 HP (50 kw) HHEN ON

a WFA¡I = 0.05 HP (40 w)

Qi Qo

ROOM

SUPPLY DUCT HEAT PUMP FAN

SMO KER ^7

RETURN DUCT

Figure 6- .schenatic of el-enents used in nuneticar modeling
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