
Table III. Equilibrium Com position of Reaction 
Mixture 

Specie 

N. 
CO 
H. 
H.O 
CO. 
H.S 
COS 
CH. 
NH3 

Oxidation mixture: Analysis in Table I 
Temperature: 2300°F 
Pressure: 20 atm 

/ Fuell, 
mol frac 

0.3614 
0.3080 
0.2640 
0.0412 
0.0177 
0.0072 
0.0002 
0.0002 
3 X 10-5 

Fuel II, 
mol frac 

0.4339 
0.3325 
0.1620 
0.0371 
0.0280 
0.0061 
0.OQ04 
0.0001 
2 X 10-5 

Compositiol1 at equilibrium af all other species was less than 10 -'. 

bines directly with sulfuito form carbon disulfide. In fact, 
17_5% of the total sulfur is present as CS2 under these 
conditions. However, at 55% oxygen more carbon com­
bines with oxygen and only 1.2% of the total sulfur ap­
pears as CS2. This "liberated" sulfur initially forms H2S 
corresponding to the H2S peak at 55% oxygen. As the 
amount of oxygen is further increased, H2S is gradually 
replaced by oxygen-sulfur species such as COS and S02. 

Let us now inquire further into the effect of decreasing 
hydrogen on the distribution of sulfur species. An impor­
tant function of the steam used in gasification is tempera-

portion of H2S in the fuel gas with increasing amounts of 
COS and S2(g). Figure 4 indicates the combined effect of 
hydrogen availability and temperature. All of the results 
are reported at a constant quantity of oxygen equal to 59% 
of stoichiometric. Thus, decreased steam is compensated 
by increased air to maintain the constant oxygen level. 

In Figure 4, the fraction of the total sulfur contributed 
by the three major sulfur species is plotted as a function 
of temperature at four different steam/air ratios from zero 
to 0.36. Hydrogen sulfide, it will be noticed, decreases 
with increasing temperature and decreasing availability of 
hydrogen. The concentration of carbonyl-stItfide is rela­
tively independent of temperature except at the lowest 
hydrogen leveis. S2 increases rapidly with increasing tem­
perature and with decreasing hydrogen. However, the S2 
concentration is quite small. near the reference case tem­
perature of 2300°F except at the lowest hydrogen leveis. 
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Theoreticai Model for Relating Indoor Pollutant Concentrations 
to Those Outside 
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• A general ventilation model, which relates indoor pol­
lutant concentrations to those outside, is discussed in de­
tail. When the time interval associated with changes in 
the outdoor concentration is Ion g compared to that' re­
quired either to change the air within the building or to 
remove the pollutant by internal means, the indoor con­
centration of pollutant can be related to the outdoor con­
centration by means of a simple expression. In the case of 
indoor ozone associated with buildings located in photo­
chemically smoggy regions, there is good agreement be­
tween theory and experiment. Theoreticai considerations 
suggest that the indoor levels of ozone in many commer­
cial buildings located in Los Angeles could be substan­
tially reduced rather quickly and possibly with relatively 
little effort. 

l To whom correspondence should be addressed. 
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Establishing dean indoor air can immediately improve 
the environment for certain groups, as well as significantly 
reduce the impact of air pollution upon the' general popu­
lation. One attractive feature ab out considering indoor air 
quality is that the decision to make improvements within 
a particular structure requires the involvement of relative­
ly few persons, and need not wait for the development of 
the proper legislation and enforcement needed to improve 
the air quality outdoors. The work up tci 1972 was re­
viewed by Benson et al. (1972). Wallick (1973) has 
stressed the importance of indoor air quality among other 
factors associated with the indoor environment experi­
enced within American factories. 

To provide a framework useful in understanding the de­
pendence of indoor pollutant levels upon ventilation pa­
rameters, geometric factors, and outdoor pollutant leveis, 
a dynamic theoreticai model which allows rapid calcula­
tien of indoor pollutant levels is needed. Turk (1963), 

.. ' 



Hunt et al. (1971), and Cote and Holcombe (1971) have 
used the,well-mixed chemical reactor in their investiga­
tions. Sabersky et al. (1973) reported that the modelof a 
well-mixed chemical reactor, involving an outdoor concen­
tration which varied sinusoidally in time and afirst-order 
heterogeneous decomposition step, gave qualitative agree­
ment with data for indoor concentrations of ozone. How­
ever, there is a need to develop a dynamic model for reac­
tive pollutants that permits rapid concise calculations 
useful in developing design guidelines. This work was 
aimed at the development of such a model. 

Theoretical Development 

General Aspects. We shall use the modelof a well­
mixed -chemical reactor equation' as a statement of mass 
balance for the airborne toxic substance. Concentration 
gradients throughout the system are neglected, and conse­
quently the output concentration is equal to that through­
out the system at any particular time. In our ventilation 
model for astructure of volume V, makeup air enters from 
the outside and passes through a filter at a rate qo, air is 
recirculated through another filter at a rate ql, and air in­
filtrates the structure (from the outside) at a rate q2. The 
indoor and outdoor concentrations of toxin at time t are 
Ci and Co, respectively. The net rate at which toxin is 
added to the indoor air owing to intern al sources, s, and 
internal sinks, R, is s-R. The filter, through which the 
makeup stream is passed, is characterized by a factor Fo 
= (Cinlet - Coutlet)/Cinlet. where Ctnlet is the pollutant 
concentration in the air stream just prior to the filter, and 
Coutlet that in the air stream leaving the filter. The recir­
culated air passes through a filter characterized by Fl. 

For typical ventilation systems, the appropriate starting 
equation is 

The first three terms on the right-hand side of Equation l 
represent the rate at which the toxin enters the structure 
via input streams; the fourth term represents the rate at 
which the toxin leaves the structure via output streams. 
Air exits the structure either through exfiltration or ex­
haust ducts. The sum of the rates of exfiltration plus ex­
haust is, of course. equal to the sum of the rates of infil­
tration plus makeup. A graphic description of the model 
is shown in Figure 1. Quite often both the makeup air and 
the recirculated air are passed through the same filter, in 
which case Fo = FI == F. In general, the filter factors will 
be a function of pollutant, flow rate, and extent of use. 
The value of the filter factor and the rate at which it de­
creases with time must be determined a priori by experi­
mental means. The infiltration rate should be determined 
a priori for any given operation of any given ventilation 
system. Generally, the source term will reflect emissions 
from equipment operated within the structure, and/or the 
product of chemical reactions. Usually the sink term will 
originate from either a homogeneous or a heterogeneous 
chemical reaction; it is likely that many cases of interest 
~l involve either first-order or pseudo first-order kinetics 
as aresult of the low concentrations (i.e., parts per mil­
lion or less) at which m&'t toxins are generally present. In 
the case of ozone, the m:ain mechanism of decomposition 
indoors has been found to involve a first-order heterogene­
OliS mechanism (Mueller et al., 1973; Sabersky et al., 
1973); that is, R = r.kjAjC where kj is the decomposition 

J , 
rate on the jth surface with area Aj • 

For convenience we shall nondimensionalize Equation 1 
to yield 

d8i + 08; = f80 + u 
dT 

(2) 

where 8i = Ci/Cref , T = qot/V, a = ql/qO, {3 q2/QO, l' 
= r.kjA,j/qo, /j = l + aFI + {3 + 1', f = l + {3 - Fa, 80 = 

} 

Co/Cref , and rI = s/qOC ref • The reference concentration, 
Crer , is any fixed concentration chosen for convenience. 

The general solution to Equation 2 is simply 

", 8i = fe-OTJT eOT8odr + e-OTJT eOTudr + 8iO e-hT (3) 
- o 'o 

where 8io = CiO/Cref and CiO is the indoor concentration 
att = O. Equation 3 relates the indoor concentration of 
pollutant 'to that outside. Although the outdoor concen­
tration 80 generally cannot be predicted accurately for any 
specific day, air monitoring stations can provide typical 
daily profil es of' air contaminates for many regions 
throughout the nation. Although internal sources which 
vary in time can be treated, for convenience we shall take rI 

to be constant. 
Nondimensional quantities are used throughout the pre­

s€;lntation that follows in orde r to provide a more concise 
discussion than would otherwise be possible. It is also 
~orthwhile to note that there are five separate time scales 
associated with this problem. First, there is a characteris­
tic time, tI, associated with changes in the outdoor con­
centration. Next, there are four time scales associated 
with the quantity .oT; these are V/qo, V/qIFI, V/q2, and 
V/r.kjA j, which represents the characteristic time to ex-

} 

change the building air with makeup air, the characteris-
tic time to remove the pollutant via the recirculation fil­
ter, the characteristic time to exchange the building air 
with infiltrated air, and the characteristic time to remove 
the pollutant via a first-order decomposition mechanism, 
respectively. When the value of tI is either small or the 
same order of magnitude of the inverse of the sum of the 
inverses of the latter four characteristic times, then the 
complete solution (Equation 3) should he used in 

INFILTRATED AIR 

MAKE-UP AIR RECIRCULATED AIR 

q2Co }OCO 
qlC j 

~FILTER.~ ~FILTER.~ 
liNTAKE FANl 

lqoCo (I-Fo) qICj(t-F1) 

BUILDING VOLUME V 

" SURFACE AREA A= ~ Aj 
J 

" SOURCE s 

" SINK R 

" CONCENTRATION Cj 

OUTDOOR CONCENTRATION Co 

LEXHAUST FAN 

qlC i 

q3Cj Q4Cj 

EXFILTRATED AIR EXHAUST AIR 

MASS BALANCE FOR AIR: qo+qz = q3+ q4 

Figure 1. Schematic diagram of ventilation model 
Generally, makeup air and recirculated air both pass through the same 
lilter and intake fan system 
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ventilation design calculations. However when tI is large 
compared to the inverse of the sum of the inverses of 
the other characteristic times, the last term in Equation 3 
may be neglected, and when Co can be represented by a 
straight line during t:t, a. useful approximate expression 
can be developed. 

We shall now consider two specific cases j each case in­
volves a different .approximation to the time dependence 
of the outdoor concentration. The sinusoidal case is used 
to discuss briefly phase lags associated with the indoor 
concentrations as compared to those outside. The linear 
case is then analyzed i~ great detail because it provides 
an approximate expression which gives excellent agree­
ment with data and provides a technique for very rapid 
calculation of indoor air quality for a variety of ventilation 
conditions and systems. _ 

Sinusoidal Input. The outdoor concentration of a toxin 
may sometimes be approximated by a sinusoidal function. 
The typical daily increase of ozone in some photochemi­
cally smoggy areas appears roughly to follow a sine wavej 
in Pas ad ena the ozone concentration rises from zero 
at about 8:00 a.m.-to som e m~imum value at about 1:00 
p.m., and then decreases to zero at about 7:00 p.m. during 
a typical smoggy day. In this case (Jo = sin WT, Crec is the 
maximum pollutant concentration outdoors, w = 2 7rfV / 
qo, f is the frequency associated with the sinusoidal be­
havior of the outdoor concentration of pollutant. It should 
be noted that the representation of (Jo is valid only for 
,values of WT such that (Jo > O. Sometimes abetter repre­
sentation for (Jo is (Jo = 1 - cos WT where C rec is one half of 
the maximum pollutant concentration outside. In either 
case, the general aspects of the following discussion are 
the same. When Ci = O at t = O and for a constant source, 
the indoor concentration of pollutant is given by 

(Jj = ~ + (0 2 ~ w2) (o sin WT - w cos WT) + 

(4) 

The first term on the right-hand side of Equation 4 repre­
sents the contribution due to internal sources, the second 
term indicates the possibility of phase lags developing be­
tween the indoor and outdoor concentrations, and the 
third term represents the usual transient part which, in 
the case of most ventilation systems, de cays quite rapidly. 
In this case, tI = (1/2)7rf and the other characteristic 
times are the same as those defined previously. Conse­
quently, during most of the day the indoor concentration 
is given by the first two terms of Equation 4. It is of inter­
est to note the behavior of Equation 4 in the two limiting 
cases å > > w and å < < w. 

When the outdoor concentration of pollutant changes 
slowly compared to the time either to change the air with­
in the building or to remove the pollutant by internal 
means, o > > w and the phase lag is small since (Jj - sin 
WT; apparently this is generally the case with most com­
mercial buildings. 

When the outdoor concentration of pollutant changes 
rapidly compared to the time to either change the air 
within the building or to remove the pollutant by internal 
means, å < < w and the ph ase lag can approach 7r /2 ra­
dians or half the time period of the interval associated with 
the outdoor concentration. In this case (Jj - - cos WT af ter 
t is such that w T > > 7r /2 radians (i.e., (Jj > O). In general, 
the indoor concentration can lag the outdoor values up to 
1/4 ofthe period associated with the outdoor change. 

Ramp' Input. Many cases of practical interest involve an 
input function which does not warrant the use of a sophis­
ticated interpolation procedure in order to predict the pol-
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lutant concentration within a time interval defined by two 
successive data points. When such is the case it would ap­
pear that a linear interpolation between two successive 
data points would be appropriate., It should also be noted 
that a more sophisticated interpolation procedure does not 
appear justified in view of the more dominant uncertain­
ties associated with other parameters such as building 
volume, decomposition rate, and surface area., When such 
is the case, we shall represent the outdoor concentration 
by the expression Go = Coo + at where a is positive dur­
ing periods of increasing outdoor concentration and nega­
tive during periods of decreasing cOI).centration; the quan­
tit Y Coo 'represents the outdoor concentration at the be­
ginning of the period and COI that at the end. The quanti­
ty tI represents the length of the time period. The value 
of COI associated with one time interval becomes the 
value of Coo for the next. When the initial indoor concen­
tration is CiQ and the internal source is constant, the in­
door concentration of pollutant is given by. 

O" bf . 
+-(OT-1)+ 

02 

[(J , + tb _ (E(JoO + O")J -clT 
'o 02 o e (5) 

where (Joo = COO/CreC, b = aV/Crecqo, a = (COI - COO)/tl 
and the rest of the terms are the same as those defined 
previously. 

When there is a constant outdoor concentration of pol­
lutant, a constant intemal source, a single filter such that 
Fo = F I , and no sink, the steady state solution reduces to 
(Jj = (t + rr)/å = (1 + (3 - F + rr)/(l + a.F + (3) which is 
the same as that used by Cote and Holcombe (1971) in 
their discussion of indoor pollutant concentrations of par­
ticulate matter and carbon monoxide. When there is a 
constant outdoor concentration of pollutant, a constant 
intern al source, a single filter such that Fo = O but F I > 
O, then Equation 5 reduces to that used by Turk (1963) in 
his investigations of models suitable for describing the 
transient concentration of odors within enclosures. 

By solving Equation 5 for each of m time intervals of 
length tI, it can eas ily be shown that the indoor pollutant 
concentration af ter the mth time interval of length tI is 
equal to 

C jcm) = S + [AColm- l ) + BGo,m )] + 
[A(Cocm- 2) - GOI~-ll) + B(CoCm- l ) - COlm,)]e-OT, + 

[A(Goem-J) - COlm-21) + B(Coem- 2) - GoCm_I)]e-2clT, ... + 
[A(Goco ) - Com) + .B(Go(l) - CO(2)]e-Im-IleiT, + 

[G il01 - S - AGoco, - BCoo,]e -meST, (6)' 

where CHm ) is the indoor pollutant concentration af ter the 
mth time interval of length tI, Cocml is the outdoor pollu­
tant concentration measured at the end of the mth time 
interval of length tI, S = s/qfiJ, A = t/~I' B = (e/ 
å2TI)(åTI - 1), TI = qOtl/V. andthe rest of the terms are 
the same as those defined previously. 

In many cases of interest the time interval, tI, associ­
ated with the outdoor concentration is quite Ion g com­
pared to the time required either to change the air within 
the building or to remove the pollutant by intern al means. 
In such cases, exponential terms in Equation 6 rapidly de­
cay and can be neglected during most of interval, tI' Dur­
ing a typical smoggy day in Los Angeles, the outdoor con­
centrations of ozone may be approximated by a series of 
straight lines connecting the ozone concentration at each 
hour, whereas the average commercial air-conditioning 
system changes the air in a room five to six times per hour 
(Wohlers, 1971). Operating rooms are recommended to have 



air changes per hour, and specialized rooms may have 
to ?O air changes per hour (Wohlers, 1971). When the 

UPtdOO~ concentration can be approximaied by a series of 
ou . l . E . 6 straight lines, and when e~ponentla terms In quatlOn 
an be neglected for most of the time, the indoor concentra­

~ion at the end of the time interval can becalculated from 
the ex pression 

(7) 
or convenience we shall drop the subscripted parentheses 
uring the rest of the discussion; thus Ci(1) = Cil , and so 

orth. Consequently, the indoor concentration consists of 
ource term plus a linear combination of the outdoor con­
entrations at the beginning and end of the current linear 
egment time period. In the folIowing discussion, Equa­
ion 7 is referred to as the linear-com bination theory. 

iesentatian and Diseussian af Results 

The indoor·concentrations of ozone, measured by a Das­
bi Corp. Model 1003 monitor, were 'recorded in two con­
ected rooms during each of five days in the summer of 
973. The rooms, 312 and 314 Dabney Hall of the Caltech 
ampus, are a conference room and office, respectively; 
hey have a combined volume of 7390 ft3, a combined sur­
ace area of 3600 ft2 , and are air conditioned by the same 
entilation system. The makeup and recirculated air 
treams are passed through a glass fiber filter so that Fo = 
l=F, and for ozone F ~ O. Duct measurements involving 
sual anemometry techniques were used to determine the 
alue of qo and ql. Once the values of qo and ql were ob­
ained, an exponential dilution test, similar to that de­
cribed by Drivas et al. (1972) was conducted with a car­
on monoxide tracer in order to determine the value of q2 
Y difference. The outdoor concentrations of ozone (Hunt­
icker, 1973) were measured on the roof of the Keck Labo­
atory by a similar Dasibi monitor, located about 100 
ards downwind ofDabney Hall. 
When the air-conditioning system was adjusted to max­

mize the rate of makeup air, qo = 680 ft3/min, ql = 770 
t3/min, and q2 ~ O. On the other hand, when the air­
onditioning system was adjusted to minimize the rate of 
akeup air, qo = 148 ft3/ min, ql = 1150 ft3/ min, and q2 

289 ft 3/min. Fans placed within the room provided 
ood mixing, and the mixing factor (Brief, 1960; Turk, 
963; Constance, 1970) was dose to unity. It is especiaIly 
mportant to note that increasing the recirculation rate of 
ir significantly increased the infiltration rate. The in­
rease in q2 associated with an increase in ql is thought to 
e related to a decrease in the pressure difference between 
he inside and the outside of the building; in both cases, 
he building pressure . was thought to be slightly above the 
utside static pressure. The infiltration rate should be 
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'!'e 2. I ndoor-outdoor concentrations af ozone for rooms 312 
'f;314 af Dabney Hall. Theoreticai curves for F = O and F = 0.9 
.allon system operated at maximum makeup rate during 7/29/73. 
,factor"" O for ozone 

measured for any given ventilation system; however, when 
measurements are impractical, the rates of infiltration for 
som e structures may be estimated by either of two general 
methods (HASHRAE Handbook of Fundamentals," 1972). 
Mueller et al. (1973) found the ozone decay constant for 
an office to be 0.073 ft3/ft2-min, and that for il bedroom to 
be 0.122 ft3/ft2 - min. In the calculations discussed below, 
we shall use avalue of k = 0.1 ft 3/ft2 - min. 

Nominal values of qo. ql, q2, k, Ab, and V were used in 
the folIowing calculations in the comparison between 
theory and data. Abetter fit of the data could have been 

-·_obtained by changing the value of one or more parame­
ters, but that was thought not worthwhile. 

Figures 2 and 3 show the data obtained with operation 
at the maximum rate of makeup air. The dashed lines 
represer:t the line segments connecting the outdoor con­
centrations of ozone measured each hour on the hour. The 
solid lines are the predicted indoor concentrations pre­
dicted by the linear-combination theory for ex = 1.1, /3 = 
O, 'Y = 0.53, o = 1.53, f = l, in this case and IT = O; Cil = 
0.077 COl + 0.58 COl which is in good agreement with the 
indoor data. The 1971 threshold limit value, TLV, of 0.1 
ppm for ozone ("Documentation of the Threshold Limit 
Value," 1971) is indicated by the dotted line. As indicat­
ed, the linear-combination theory also predicts that filters 
with values of F greater thanabout 0.7 would have kept 
the indoor levels of ozone well below the TL V. 

Figures 4 and 5 show the data obtained with operation 
at the maximum rate of makeup air but with the glass 
fiber filter replaced with a filter having avalue of F be­
. tween 0.1 and 0.2. In this case ex = 1.1, /3 = O, 'Y = 5.3, o = 
2.6, f = 0.8, F "'" 0.2, IT = O; and Ctl = 0.047 Coo + 0.41 
COl which is in agreement with the indoor data. 

Figure 6 shows the data for the case of minimum make­
up rate with the glass fiber filter in use. In thi s case ex = 
7.8, f3 = 2.0, 'Y = 2.4, o = 5.38, f = 2.9, F = O, and IT = O; 
and Cn = 0.084 Coo + 0.46 COl which is again in agree­
ment with the indoor data. 

Design af Ventilation Systems 

As has been indicated above, by adjusting the makeup 
rate, the recirculation rate, and the filter factor, it may be 
possibie to either design systems for new buildings or to 
modify existing ventilation systems in order to keep the 
ozone concentration from reaching 0.1 ppm. 

For several cases of wide public interest, the "problem" 
of indoor air quality corresponds to economically treating 
the indoor air in such a manner to maintain Ct/Co :s 0.2. 
Since 1955, when the smog alert system was adopted in 
Los Angeles, about 85 first-stage smog alerts have been 
dedared; and all but 3 or 4 have been due to the outdoor 
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Figure 3. I ndoor-outdoor concentrations af ozone for rooms 312 
plus 314 af Dabney Hall. Theoreticai curves for F = O. F = 0.7. 
and F = 0.9 
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Filter factor"" O for ozone 

Volume 8. Number 5. May 1974 447 



o.5r---,----,.-~,..._-_,..--..__-_._-__r--,..._-_, 

-~- OUTOOOR CONCENTRATION } 8/11/ 73 
• INOOOR CONCENTRATION 

__ o LlNEAR-COMBINATION THEORY 0.4 

0.2 

0.1 

IgOO~A~M~I~I==§12~N~0=ON~~==~2~0=.=9==~===4~==~====6~--~7 
TIME 

Figure 4. Indoor-outdoor concentrations of ozone for rooms 312 
plus 314 of Dabney Hall. Theoreticai curves lor F = O. F = 0.2. 
and F = 0.9 
Ventilation system opera'ted at maximum makeup rate during 8/11/73. 
Filter factor ""0.1-0.2 for ozone 

0.5 r---,--__r--,..._-_,..--..__--.--__r--,...--.., 

0.4 

0.2 

0.1 

-~- OUTDOOR CONCENTRATION } 8/19/73 
INOOOR CONCENTRATION . 
LlNEAR-COMBINATION THEORY 

..... '\ ..... , 
,/ " 

I ' 
I \. 

II ", 
'::::..7:::rI ... __ .. .::..'?",._r.L,,~._?~.r. .. I.I'! ... I.9..?.I_ ............ _ .... . 

--o., --~---'O.". ...... 
o~~~====~======~0~.9~=-~ __ -=~::~::==~==~ 

IO:OOAM II 12 NOON 2 3 4 5 6 7 

TIME 

Figure 5. Indoor-outdoor concentrations of ozone for rooms 312 
plus 314 af Dabney Hall. Theoreticai curves lor F = O and F = 0.9 

~ Ventilation system operated at maximum makeup rate during 8/19/:1.3. 
Filter factor ""0.1-0.2 for ozone 

0.5r-----.,..--,...----.,..--,...---r--,...----,.--..,.----, 

0.4 

0.2 

0.1 

OUTOOOR CONCENTRATION} 8/12/73 
INOOOR CONCENTRATION 
LlNEAR-COMBINATlON THEO RY 

09 
l~ohO~A~M~I~I=7.12~N;0;0~N========~2====~3====~4====~5====~6==~7 

TIME 

Figure 6. Indoor-outdoor concentrations ol ozone lor rooms 312 
plus 314 ol Dabney Hall. Theoreticai curves for F = O and F = 0.9 
Ventilation system operated at minimum makeup rate during 8/12/73. 
Filter factor"" ° for ozone 

( C; ) 
Co maJ.. 

0.0 

0.2 

ROOMS 312 PLUS 314 DABNEY 
-MAXIMUM MAKE-UP RATE: C1aU,SaO 
-- MINIMUM MAKE-uP RATE: C1-7.B.,B-2 

°0~-~0~.2-~0~.4-~0~.6~~0~.8~~1.0 
FILTER FACTOR. F 

Figure 7. Predicted maximum value ol ratio of indoor-outdoor 
concentrations ol ozone as a lunction ol the filter factor 
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levelof ozone reaching 0.5 ppm. Consequently, ventilation 
systems which maintain Ci/Co ~ 0.2 would have permit­
ted Ci > TLV for ozone only four or five days per year at 
the worst. In special cåses, involving for example the el­
derly, the il!, and young school children, it may be desir­
able to maintain the indoor air quality such that Ci/Co ~ 
0.1; for such systems located in Los Angeles,the indoor 
concentrations of ozone during the last 18 years would sel­
dom, if ever, have reached the threshold limit value (i.e., 
the value of Co has never been observed to reach the sec­
ond stage alert levelof 1 ppm). 

To demonstrate how the linear-combiIiation theory can 
be used in designing ventilatIon systems, Equation 7 was 
used to construct the performance curves shown in Figure 
7. For these calculations, the outdoor concentration of 

F 

0.4 
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/3'2.0 
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1.0 -_2 
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_"-",,==.. __ p25 
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0.2 -_ ----------0 
O 2 4 6 8 IO 12 14 16 

a 
18 

Figure 8. Predicted value af filter factor required to maintain 
values ol indoor / outdoor concentration ratio olozone for room 
312 plus 314 of Dabney Hall 
Values of the filter factor vs. recirculation rates of various infiltration 
rates 
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Figure 9. Values ollilter lactor required to maintain value ol in­
door /outdoor concentration ratio = 0.2 
Sources and sinks negleeted 
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Figure 10. Values of filter factor required to maintain value ol 
indoor / outdoor concentration ratio = 0.1 
Sources and sinks negleeted 



pollutant was taken to be constant over the time period 
tI,. and no intern al sourees were considered (Le., Coo = 
Cal and (J = O). The values of a and fJ were those mea­
sured. The bottom two eurves were those calculated for 
the aetual system. With filters with F < 0.4, the indoor 
eoncentration of ozone would be lower with the maximum 
makeup rate as eompared to that with the minimum 
makeup rate; this effeet is due to the increased infiltra· 
tion rate assoeiated with the minimum makeup rate (Le., 
maximum reeireulation rate). In this partieular case (CL/ __ 

Co) < 0.2 for F c::! 0.5 for the maximum makeup rate, and -
F needs to be ,... 1.0 for the minimum makeup rate. To 
show the contribution of the heterogeneous deeomposition 
term, the two upper eurves, for whieh k = O, are also pre­
sented. 

The influence of the ventilation variables for the Dab­
ney Hall rooms is clearly shown in Figure 8. Equation 7 
was used to ealculate the value of F needed to give CL/Co 
= 0.1 and CL/Co = 0.2, as" a function of recirculation rate 
and infiltration rate. It should again be emphasized that 
for this case, and probably in general, the value of {3- will 
increase with increasing value of a, and should be mea­
sured. It is expected that the frequency and cost of either 
reactivating or replacing the filter to maintain the value 
of F greater than that indicated in Figure 8 will be impor­
tant factors in determining the eeonomie desirability of 
proposed chang~s in the design of ventilation systems. 

Table I. Listing of Ventilation and Geometric Quantities 

Case 

1 
2a 
2b 
3a 
3b 
4 
5a 

5b 

6a 

6b 

7 
8a 

8b 

9a 

9b 
11 

12 
13 
14a 

14b 

14c 

14d 

ISa 

15b 

Building 

Arms 
East Bridge 
West Bridge 
East Chureh 
West Church 
Crellin 
Dabney Hall, 

312 and 314 
Dabney Hall, 

312 and 314 
Keith Spalding, 

basement and 
1st floor 

Keith Spalding, 
2nd, 3rd, and 
penthouse 

Kellogg 
Lauritsen·Downs, 

subbasement 
Lauritsen-Downs, 

1-4 
Millikan Library, 

10 floors 
Millikan Library 
Noyes Lab 

(west wing) 
5 tloors 

Robinson 
Sloan Lab 
Spalding, 

subbasement 
Spalding, 

basement 
Spalding "-

1-3 floor!i 
Spalding, \ 

1-3 tloors 
Steele Lab, 

5 floors 
Steele Lab, 

5 floors 

ti" cfm 
34,000 
28,000 
33,000 
50,300 
41,200 
48,000 

680 

148 
11,400 

6,500 

7,000 
11,700 

8,500 

53,500 

11,270 
49,350 

24,570 
54,000 
19,400 

16,000 

90,000 

50,000 

90,000 

18,000 

q" cfm 
O 
O 
O 
O 
O 
O 

770 

1,150 
18,600 

31,700 

O 
O 

O 

O 

42,230 
94,600 

O 
O 
O 

O 

O 

40,000 

O 

72,000 

q"a. cfm I, cIm 
O O 
O O 
O O 
O O 
O O 
O O 

O O 

289 O 
O O 

O O 

O O 
O O 

O 

O 

O 
O 

O 
O 
O 

O 

O 

O 

O 

O 

O 

O 

O 
O 

O 
O 
O 

O 

O 

O 

O 

O 

If the heterogeneous decomposition is negleeted then, 
for buildings without sources, a general set of curves ean 
be drawn for various values of recirculation and infiltra­
tion rates. Values of F obtained from such curves will be 
somewhat higher than actually needed, and represent an 
upper bound required to produce the desired ratio af the 
indoor-outdoor concentrations. Figure 9 indicates the min­
imum value F, negleeting heterogeneous decomposition, 
required to establish CL/Co = 0.2 for various rates of recir­
culation and infiltration; Figure 10 is for CL/Co = 0.1. 

To indicate typical values of the parameters used in 
Equation 7, several buildings (or portions thereof) on the 
Caltech campus were analyzed. The ventilation and geo­
metric quantitiesare given in Table L Each case involves 
a single ventilation system. The makeup rates for the 
Noyes Lab, and for the two systems in the Keith Spalding 
building are fixed. The other systems have makeup rates 
which change with changes in the outdoor temperature; to 
minimize the load on the air-conditioners, the makeup 
rates decrease with increasing outdoor temperature. Ex­
cept in"the case of Dabney Hall the surfaee areas "Ab" are 
those associated "with flo~rs, ceilings, and partition walls. 
For the room in Dabney Hall, the total surfaee area was 
actually measured; for all the other cases the surfaee area 
of furniture, books, and so forth was omitted and the "Ab" 
listings in Table I are minimum values of the surfaee area 
available for" ozone decomposition. ~xcept for the Dabney 

v, ft· 

475,200 
363,500 
379,000 
475,000 
384,000 
435,700 

7,390 

7,390 
406,000 

376,000 

218,000 
160,000 

775,000 

673,000 

673,000 
1,120,000 

413,000 
620,000 
127,500 

127,500 

473,000 

473,000 

533,000 

533,000 

A6, ft· 
169,100 
127,400 
140,000 
184,900 
142,000 
159,400 

3,600 

3,600 
148,000 

155,000 

74,800 
47,900 

252,500 

214,000 

214,000 
308,000 

168,700 
161,000 
41,600 

48,400 

161,500 

161,500 

254,000 

254,000 

A6/V. 
ft-, 

0.36 
0.35 
0.37 
0.39 
0.37 
0.37 

0.49 

0.49 
0.36 

0.41 

0.34 
0.30 

0.33 

0.32 

0.23 
0.26 

0.41 
0.26 
0.33 

0.38 

0.34 

0.34 

0.48 " 

0.48 

F. 
O 
O 
O 
O 
O 
O 

O 

O 
O 

O 

O 
O 

O 

O 

O 
O 

O 
O 
O 

O 

O 

O 

O 

O 

F, 

O 
O 
O 
O 
O 
O 

O 

O 
O 

O 

O 
O 

O 

O 

O 
O 

O 
O 
O 

O 

O 

O 

O 

O 

Remarks 

Fixed q. 

Max q. 

Min q. 
Fixed q. 

Max q. 

Min q. 
Fixed q. 

Max q, 

Min q. 

Max q. 

Min q. 

4 In cases where not measured Q' = O for purpose of calculation. In actual design calculations. the value of Q' should be measured or properly 
stimated. 



Hall experiments the infiltration rates were not measured, have a recirculating stream, the corresponding values of F 
and were taken to be negligible for theo purposes of calcu- ranged upward to near 0.75; for buildings having negligi-
lation. The non dimensional parameters associated with ble rates of infiltration, the maximum value of F required 
Equation. 7 are listed in Table II. For commercial size would be 0.8. 
ventilation systems, values of several nondimensional pa- It should be noted that, except for the rooms in Dabney 
rameters ranged as folloM: O < Cl < 5, O < l' < 2.5, O < o Hall, the calculations listed in the tables are for building 
< 4, O < A < 0.2, 0.2 < B < 0.8. averages. For any specific room of interest, the ventilation 

The chalJenge to improve indoor air quality ean be and geometric quantities for that room should be mea-
translated to that of reducing the values of A and B under sured if accurate \ predictions are to be made using Equa-
the constraints of overall safety, comfort and economics. tion 7. . '. 

For the cases discussed in Table II the relatively large It would appear that a substantial improvement in in-
values of recirculation rates, which ean be obtained dur- door air quality might be accomplished in the Los Angeles 
ing hot smoggy_days, suggests that the values of A and B region without greatly sacrificing the other considerations 
can be easily lowered by inserting filters such that F > O. involved in the design and operatioii"of air-conditioning 
This conclusion is in agreement with those based upon a systems. 
previous preliminary investigation conducted by Bush and The example of indoor ozone, associated w\th buildings 
~egall (1970). located in photochemically smoggy regions, was discussed 

In Table m are listed the values of F needed to ensure in some detail. However, the linear-combination model 
that the ~ndoor concentrations of ozone do not rise above mayaiso be applied to other pollutants. 
0.2 times the outdoor concentrations. It is important to 

Summary ani Conclusions note that, for all of the buildings we studied which had a 
recirculation stream, insert filters with F ~ 0.5 would en- A dynamic model for relating indoor pollutant concen-
sure that all the indoor levels of ozone would not exceed trations to those outside was developed and tes.ted. There 
the TL V of 0.1 ppm during more than four or five days a is good agreement between theory and experiment. 
year. For the buildings which we studied which did not In certain instances the outdoor concentration changes 

Table II. Indoor Air Quality Table of Nondimensional Parameters 
Case Building a P 7 & TI S A B A+B 

1 Arms O O 0.49 1.49 1.0 4.30 O 0.104 0.57 0.67 
2a East Bridge O O 0.45 1.45 1.0 4.63 O 0.10 0.58 0.68 
2b West Bridge O O 0.42 1.42 1.0 5.22 O 0.094 0.61 0.70 
3a East Church O O 0.36 1.36 1.0 6.35 O 0.084 0.65 0.74 
3b West Church O O 0.34 1.34 1.0 6.45 O 0.086 0.66 0.74 
4 Crellin O O 0.33 1.33 1.0 6.62 O 0.085 0.67 0.75' 

'. 5a Dabney Hall, 1.1 O 0.53 1.53 1.0 5.52 O 0.077 0.58 0.66 
312 and 314 

5b Dabney Hall, 7.8 2 2.43 5.38 2.9 1.20 O 0.084 0.46 0.54 
312 and 314 

6a Keith Spalding, 1.6 O 1.30 2.30 1.0 1.7 O 0.11 0.32 0.43 
basement and 
1st flaar 

6b Keith Spalding, 4.9 O 2.40 3.40 1.0 1.0 O 0.21 0.21 0.30 
2nd, 3rd, and 
penthause 

7 Kellagg O O 1.07 2.07 1.0 1.93 O 0.12 0.36 0.48 
8a Lauritsen·Dawns, O O 0.41 1.41 1.0 4.38 O 0.11 0.60 0.71 

subbasement 
8b Lauritsen-Dawns, O O 2.96 3.96 1.0 0.65 O 0.097 0.15 0.25 

1-4 
9a Millikan Library, O O 0.40 1.40 1.0 4.8 O 0.11 0.63 0.74 

10 floars 
9b Millikan Library, 

10 floars 
3.7 O 1.90 2.90 1.0 1.0 O 0.12 0.23 0.35 

10 Mudd O O 0.72 1.72 1.0 3.17 O 0.11 0.47 0.58 
11 Nayes Lab, 1.9 O 0.62 1.62 1.0. 2.6 O 0.15 0.48 0.63 

(west wing) 
5 floars 

12 Robinson O O 0.68 1.68 1.0 3.56 O 0.099 0.49 0.59 
13 Slaan Lab O O 0.29 1.29 1.0 5.22 O 0.12 0.66 0.78 
14a Spalding, O O 0.26 1.26 1.0 7.55 O 0.084 0.71 0.80 

subbasement 
14b Spalding, O O 0.24 1.24 1.0 9.17 O 0.07 0.74 0.81 

basement 
14c Spalding O O 0.32 1.32 1.0 6.35 O 0.091 0.67 0.76 

1-3 floars 
14d Spalding, 4 O 1.62 2.62 1.0 1.27 O 0.115 0.27 0.38 

1-3 floars 
ISa Steele Lab, O O 0.28 1.28 1.0 10.1 O 0.060 0.72 0.78 

5 floars 
15b Steele Lab, 4.0 O 1.40 2.40 1.0 2.0 O 0.087 0.33 0.42 

5 floars 
a = q,/q •• p = q,/q •• 7 = T.i;l1;/q •• & = 1 + aF, + p + 7 •• = 1 + P - F •• T, = q.t,/V 

; 
S = s/q •• 11 = E/Ø'Th B = 11(&TI - 1) 

C, = S + liC •• + BC., 
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Table III. Filter Factor Requirl!d to Establish (Co/C) = 
0.2 Assuming Building Is Well Mixed 

Case 

1 
2a 
2b 
3a 
3b 
4 
5a 
5b 
6a 
6b 
7 
8a 
8b 
9a 
9b 

Building' 

Arms 
East Bridge 
West Bridge 
East Chureh 
West Chureh 
Crellin 
Dabney 
Dabney 

F for C,/C. = O.Z 
, 0.70 

----_. 10 
11 

Keith Spalding 
Keith Spalding 
Kellogg 
Lauritsen·Downs 
Lauritsen·Downs 
Millikan Library 
Millikan Library 
Mudd 

0.71 
0.72 
0.73 
0.73 
0.73 
0.57 
0.12 
0.41 
0.16 
0.59 
0.72 
0.21 
0.72 
0.24 
0.66 
0.49 
0.66 
0.74 
0.74 
0.75 
0.74 
0.26 
0.74--

12 -
13 
14a 
14b 
14c 
14d 
15a 
15b 

Noyes Lab 
Robinson 
Sloan Lab 
Spalding 
Spalding 
Spalding 
Spalding 
Steele Lab 
Steele Lab 

F = (O.S - 0.2 .,.)/(1 + 0.2 a) 

0.29 

rather slowly and ean be adequately approximated by a 
straight line within a time interval which is long com­
pared to the time required either to remove the air within 
the structure or to remove the pollutant by internal 
means. This is true for ozone pollution associated with 
buildings located in photochemically smoggy areas such as 
the Los Angeles region. In such cases the indoor pollutant 
concentration at the end of any given time interval is 
equal to the sum of three terms; the first term represents 
the contribution due to internal sources, and the other 
two terms represent a linear combination of the outdoor 
concentrations at the beginning and end of the time inter· 
val. Nondimensional coefficients involve the makeup rate, 
reciiculation rate, infiltration rate, filter efficiencies, and 
first·order chemical reaction terms. 

Based upon an analysis of several buildings on the Cal· 
tech campus, it appears that for air·conditioned buildings 
it would be rather easy to reduce the indoor ozon e levels 
to 0.2 of those outside. If this were done, the indoor levels 
of ozone would exceed the threshold limit value of 0.1 
ppm probably no more than four or five days ayear, 
whereas the outdoor concentrations and current indoor 
concentrations typically exceed this value over 200 days 
eachyear .. 
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