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The ability to predict the level of air contamination for any building for known sources and air 
cleaners has long been desired. Indoor air quality (IAQ) consultants, building occupc;mts, and 
especially, building designers and builders must be able to predict what type of indoor 
environment will result from their decisions. This paper presents the results of a model study 
using the Indoor Air Quality Siml.llator for Personal Computers (IAQPC). The building modeled 
is a test house characterized in several studies. Experimental values for air cleaners efficiencies, 
source strengths, and ventilation rates have been combined to predict the contamination level in 
the house. In particular this paper addresses the effect of vacuum cleaning and cigarette 
smoking on a home's air supply and investigates the results of employing furnace filters relative 
to an ASHRAE rated filter and an electronic air cleaner. 

INTRODUCTION 

Over the past decade researchers have identified the indoor environment as potentially one of 
the major sources of human exposure to air pollutants becuase indoor contamination may exceed 
established ambient limits. Since most people spend 80% or more of their time indoors, indoor 
air pollution can yield a greater potential for harmful exposure to air pollution than exists outdoors 
(1, 2, 3). Thus attention has been focused on indoor air quality, making it important to be able 
to determine the effects of heating, ventilating, and air-conditioning (HVAC) system operating 
parameters on indoor air pollutant concentrations, including particles. Studies have been 
performed to determine the effects of various sources, ventilation rates, and air cleaners. The 
results of these studies can be used as the basis for lAC predictions. 

The Indoor Air Quality Simulator for personal computers (IAOPC) has been developed In 
response to the growing need for quick, accurate predictions or indoor air contamination levels. 
The Improved algorithms used to determine the concentrations have been tested against 
experimental data and found to yield accurate predictions. 

This paper discusses the results of simulator predictions of contaminant concentrations for a 
home. The particular building has been used for several studies, one of which was used earlier 
as part of the validation of the IAOPC. This comparison with some details of the study and an 
introduction to the simulator Is presented in Owen et al. (4). The development of the IAQPC and 
experimental air cleaner etflclencles are discussed briefly to show the basis of the modelling 
efforts. Then predictive runs for both vacuuming and amoklng with various air cleaners and 

. HVAC parameters are presented. 
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INDOOR AIR QUAUTY SIMULATOR DESCRIPTION 

The IAQPC models up to 6 pollutants concurrently for a single story building with an HVAC 
system and up to 20 rooms. There are 6 ftoor plans available which can be expanded from a 
minimum number of rooms up to the full 20. Buildings with more than one story may be modeled 
if the stack effects can be Ignored. The rooms are assumed to be well 'mixed. Although much 

·input is required, this program is easy to use. Menus j:>rovide easy a~ss to data input, run 
simulation, and output options. Default values are provided for all variables. 

lAC PC allows inclusion of sources, sinks, and air cleaners in· the r_ooms and in the HV AC system. 
Up to 8 sources, 4 sinks ancf2 air cleaners can be described, then selected for the individual 
rooms. In addition to the room' air cleaners, up to tWo types of air cleaners may be selected for . 
the HV AC system. Outdoor air concentrations are specified, and the method for determining Initial 
indoor concentrations is chosen. /4Jr flows are calculated by the program based on the cross 
sectional interconnections between the rooms, the HVAC system, and the outdoor air percentage. 
The areas are specified to account for vents, doors, windows, etc. The total ftow through the 
system is specified, then an iterative approach determines the flowrates. 

·-.-~ ·-• l1le improved algorithms used to determine the concentrations have been tested against 
experimental data and found to yield quick, accurate predictions. For a more complete discussion 
of the algorithm, see Yamamoto et al. (5). The program is described with additional e)(perimental 
validation in Owen et al. (6). The program and its .. ma.nuals are available through NTIS (7). 

1 . 
I 

TEST HOUSE DESCRIPnON AND MODEWNG 
... 

The house modeled in this paper. is the EPA test houseJn Cary, NC .. For more details about.the • 
test house, see Sparks et al. (8). In order to model this house, a. floor plan had' to be chosen. 1 

The floor plan shown in Figure 1 was used. Figure 1 is essentially the screen seen When runn'ln'g '\ 
the program. The hexagons indicate the si~es of the HVf\2 openings: t~.!ectangles indJ98te_lh§. : 
sizes and locations of the doors as described in .. the nOt~iofl~below the ff~r plan. The voluil1~~ ~ 
indicated are in ftS. English units are used here since tt1~e at~ the unit's of the IACPC, eh~~ · ; 
to reflect those used most often 'by the e~cted user~. '( ~~~~ ' · ·•· 
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· Reasonable guesses were made for all of the interconnecting areas. For example, 1t was 
assumed that open doors would connect all the rooms to the hall, except the doset. This resulted 
in the use of 21 ft2 (3 ft .x 7 ft) for the. interconnection between the four main rooms and the hall. 
The outlet and return .vents were as.slgned much smaller values. The door to the closet was 
assumed shut, so a small value was 'given to the area between the room and the closet. In order 
to force air through tt,ie closet, a value was given for an HVAC vent. Also, all four rooms with 
outside walls were given values to represent cracks or slightly open windows so that air could 
escape from the building. 

Yl ' ''. ' .. : · ... , 
The total volume of the five rooms .and the air exchange rate were used to determine the amount 
of outdoor air entering the building. The flows were summed and entered into the program as 
the total flow and fraction of outdo.or air values. Then the airflows were balanced through the 
HVAC system design menu. The airflows were then examined and adjustments were made to 
the interconnecting ~eas so that th,.,~~{~tes corr~pond~~ to the actual values. The final 
tlowrates are shown 1n Table 1. . _ . 

'J •' · • ~: ;-

Table F"Airtlows·(ctm) ' I 1 

Room ~} Name )~ Measured HVAC Simulator Airflow~ 
i .... ~ ; .,, Airflow 
J,. ,2J 

Hall 
; 

no inlet 0 - ~ I 
0 

1 Master Bedroom 165 162 

2 Den/Uving Room ; · 400 ·' ... o~\.J 404 

3 Middle Beproom 165 21 

4::3~: ~r.: Corner Bedroom ·. ' 'I• ;· 164 161 
./• ;r -J?;, I ) Closet, .... r 4 . . V .. 
:.~ (" .. ,\ i .;("'"; I ' J ;~:. 3 !< •'· 'J ~ ... 

O!i,te'the bulld1ng layoQ(was set, s.qur~~.and a~r cleaners were chosen. SIX cases were run as 
d~~eribed in Table 2. The first three sirrii.Jiations used cigarette smoke as the source. Since 
approximately 30% of American adults smbke and cigar'ette emissions have been characterized, 
thi~ is a reason~le source to exami~.' Ttte sm~ng was starte(jl at 8 am and, cpntinued until 
10'pm (hour

122)', at a rate of 1 cigarette pet hour. ·· A typical rate 'of 30 mglcigareffe of 0.2 J.Lm 
particles led to a rate of 30 mglhr. Smoking was modelled as occurring only in the den/living 
room. The three cases show the effect of the source on the indoor air concentration for three 

··~ :=:::~~---··-Tabte ' 2 .... D~cription of the ·c~~~Sf~ies '._ ' .... ... 
. I • ! , •• " .......... .. 

' 
i Case 1 Case2 Case3 Case4 Case 5 i Case.6;. 

Source/ i Smoking . Smoking Smoking Vacuum 
J-3 1> : 

' Vacuum •Vacuum 
I 1 ~13 ~~1 Hours On ~22 8-22 ~22 ~13 8-13 

Air Cleaner 
- -- . .. .. -

Furnace ASHRAE Electronic Furnace Furnace 1 1 Eleqtronic r• 
'I .. 
) I 

Filter 30 Filter Air Filter Filter 1 Air 
q Cleaner 1. Cleaner 

-~· 

' j 92% Efficiency i 10% 15% 92% 10% 10%L ' , 
at 0.2 ~rr\L-. -··-----·· --------~. =:==== :.::::==--'"-= ···-----·----·--- .... -~--··----

HVAS· .bn•i-1 ·~24~ .~ ~24t .r , .. u U ) t ·();i24 1 l ~ ::0-24 "''(I ( i.iorl ·IO-~~ ·- Gl'f4 - '· . I 

system on off 8-12, 
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efficiencies of air cleaners. The HVAC system was· set to on continuously, so actual overall 
concentrations where the HVAC operated intermittently would be higher. 

The particle emission rate for vacuum cleaners was determined from the appropriate figure In 
Smith et al. (9). The mode of the particle size distribution during vacuuming occurred at 0.2 f.IITI 
diameter with a value of 1 rf particles/min. Assuming a density of 1 g/cm3

, this yields a mass 
emission rate of 314 mg/min. 'Since this testing was 'performed with carpet loaded ~h standard 
ASTM dust mixture (a much higher dirt level than most homes wo1.~dd have), a pqrtion of the 
emission rate (one-twentieth) was chosen for the simulation. Due to the on/off nature of 
vacuuming in normal operation (on for a few minutes, then off to move the chair or pick up toys, 
then on ... ), the source timing scheme was set as vacuuming beginning at . 8 am with 6 min 
vacuuming, then 6 minutes off for one hour per roorri beginning with the hall (room 0) ·moving to 
room 1, etc. For case 5, the HV AC system was on from midnight to 8 am, turned off from a
noon, then turned on again. This was done to emphasize the effect ·of the ventilation· system. 

• '1.~, I 

The filtration efficiencies used for the ASHRAE 30 'filtef:~nd.the electro~ic air cleaq~~'L(EAC) were 
determined in studies reported in Ensor et al. (10). . · · -~ ~ ,, .,;·· · :. 
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RESULTS 

Figure 2, the concentration CUIVeS fcif one aaY .. ,:·· 1:. ·I 
for Case 1, shows how the concentration ·· u, . ;;._ 
increases as the source emits. lt also shows f n ;,. ·' - · 

how the hall, which is ~irectly connected to the ., Jn' ., o.n 
den (source location); .increases more rapidly 1 ~~ 
and rises to a higher maximum than the n 

bedrooms., Only one bedroom Is shown as the n "· •• 
predicted Concentrations are the same. Thus a 
source in one part of the house does affect the 
rerT}ainder of the rooms. Note that the 
concentration at time 0 (midnight) Is set equal to 
the outdoor .concentratu;m; . the Indoor 
conc~ntrations is low~,r~.d as. th~ air cleaner 
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Figure 2 Case·, 1 . Smoking· Simulation: With · a 

Figure 3 shows the effect of the somewhat more Furnace Filter 
effective filter (5% ·rr.ore- efficiericy). 

0 

ln ... ttlis 
simulation the concentrations in the den are ; -~-· 

reduced by 18% relative to Case 1 ; 0~--------~---------------.~ 

concentrations in the bedrooms are reduced .. _by 
26%. Thus an increase in the air cleaner's :\ 
efficiency is clearly shown to improve the , ~r, : ;i o,, 
quality and to reduce the spread of :the 1i.& o.1 
contaminant in the :building. ~~: .. ,, "f o;~ 

Case 3 gave much lower concentrations fo~~all\ .~ :: 
locations as shown in Figure 4. The den had ''-

0 
53% and the bedrooms 97% less par\iculate 
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smoker would raise the concentrations in those 
rooms. 

These cases show that improving the efficiency 
of the air cleaner can very effectively Improve 
the Indoor air quality of the residence. However, Fl' cu 
·source r,~moval or reduction will also · t?e ' In, 
effective. ~ -~so cost of the air cleaner and ~~ n1 

· electricity most be considered in making air n 
cleaner decisions. J 

. - ~-r: ; :· o. 

Cases 4-6 iiwolve)acuuming, a non-stationary 
non-contin,yous ~- source, which results in n 

( _____ -lli 
concentrafie>n spikes and large variation ~~een ~0~_ ---.4---1,~-==:::;:,2==:::;:,11==::;:20=~24 
the rooms. · Figure 5 shows· a plot of a full' day's I Trn• t~ll 
concentrations with the fur~ce fitter.~ pia~ and;. _ ::.·--··, 
the HVAC turned on continuously': · Since this . 
plot shows essentially constant values until a am Figure 4 Case 3 Smoking Simulation with 
and a simple decline after 3 pm but a lot of Electronic Air Cleaner 
variation in the interim, Figure 6 was produced to 
show the-same data from 7 am to 3 pmr"ln this plot, the increases in the room as it is vacuumed 
are apparent, as is the overall rise irrhousehold c~nc~ntrations as the vacuuming continues. The 
smaller peaks in the den relative to those in the (>'ther roorps show the influence of the added. 
room volume and airflow through this· p~~ic~lar room. · -~ 

'• M.: ' ·--··- .... --- ~·~· "": , ·~, ~-~ 

The same source patterp and air cleaner was·· modelled in the next case, with the exception that 
the .HVAC system· was tu'rnecl off for the first four hou.rs of the va~uming. ·_Jjlis was done to show 
the ! influe_nce of the ventilation system in a manner that would· enable,. the reader to see the 
differences in the graphs in an uncomplicated fashi~n (turning the system off and on ~rJVery few 
mintrtes results in too many confusing peaks). The.•otr time for the HVAC system is ~modelled 
as 200 cfm total airflow through the house to account for the· natural convl;lctive flows. Figure '7 
sho.ws Jbe __ s~- 7 - .lfLhour-time period Jor Case 5. (Note the y:.-scale change.) .J')le 
conbentrations are apptQximately 3 times those vvith the HVAC sysl~m .o.n. The individual r'oom 
values continue to rise throughout the vacuuming ~ime for that 'roorr( instead of reachil')g a 
psuedo-steady state condition. Concentrations also t'ake a much ldnge'r time to decline aftef the 
sourc~S·temoved f~om the room. 
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Figure 8 shows Case 6, where the schedule Is the same as In Case 4 but the much more efficient 
electronic air cleaner is. used. Clearly the concentrations are lower overall, but the current room 
still reaches a rather high concentration, and those In the hall remain elevated as long as the 
vacuuming continues in any location. Again, the hall and the den show the influence of having 
higher air flowrates than the other rooms. · Very efficient air cleaners will keep the overall 
residential air clean, but attention must be pajd to the rooms containing sources (smoking, 
vacuuming, painting, burning, etc.). 

All of these cases show the influence of several variables on the indoor concentrations and the 
power of modelling as applied to Indoor air. Much more elaborate cases can be developed. The 
results of simulations such as this may allow·builders, owners, and/or occupants to determine the 
types of ventilation systems and air cleaners that are needed for their expected uses or to 
determine the effect of source modification of the quality of their air supply. 

CONCLUSIONS 

• The results of simulations such as this may allow builders, owners, and/or 
occupants to determine the types. of ventilation systems ~d air cleaners that are 
needed for their expected uses or to determine the effect: of source modification 
of the quality of their air supply. 

• IAQ modelling provides a quick method for examining the effect of air cleaner 
efficiencies and sourees on ,the concentrations in a building. 

• Indoor concentrations increase as long as a source emits. 

• The concentrations in a room directly connected to the source room increases 
faster and rises to a higher maximum than the other non-source rooms. 

• 

• 

A sourc~}n one·part-oUtu~_house does affect the remainder of the rooms . 
. .. .... .. 

Improving the efficiency of the air cleaner can very effectively improve the indoor 
air quality of the residence. However, source removal or reduction will also be 
effective. AlsQ.~~t of.!t~e air c.~-~er and el.~ricity mus! ~e considered in making 
air cleaner decisions. · 

·r. .f~1 

• For a g_iven so.ur,c~ strength, a larger rQom or one with more airfl,c;>w will have lower 
concentrations. - ' 

• Concentrati.onstake··a much lo.ngeTtime to ''decllneafier 'the source is removed 
from the room when the HV AC system is not oper~~jf.lg . 

• 
' 

Efficient air cleanerls1 YJill keep the ove~all resident~at~r :concentrations low, but 

attenti_on must be ~ ~ tq :~~f . r~oms ~P~jining so;r~~- ·~ -~ 
· i~~ ' i; : ;~;;~ . ~ ! I · >()' '!: 

RECOMMENDATIONS 'f 1 t; :i :: i~ ~:·l . ' ;; !; , ·· - ~ ~ ~ ~ 
I • ' 1: .! : ~! '~fJ I - I -~ 
, I J I ., , ; : : ·,: -~ 

The use of IAQ modelling sho~ld be 1 encd~~~Qed; esp~ially when dontidering changing a 
building's usage pattern (sources) or re,plac.in~ \~9~\ ~ir clean_rrs.

1 
! ., n 

~ f·'\INl!J\ i\A/ '' AJ · .;\ /\!d·· ...... 
Modelling is advisable for predjpt~M§v~~ \f9r ~Ae'W, ~ui\C1.in~'(med on ; expected sources (and 
knowledge of the strknQtbs.JarJhe~d~' · · aoeLeflj ciencies. 
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