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THE USE OF TRACER GAS AND ANALYTICAL MODELS TO 
STUDY DILUTION ANO RECIRCULATION FROM LABORATORIES 

Kyriakos S. Georgakis and James W. Smith 
University of Toronto, Toronto, Canada 

Howard D. Goodfellow 
Goodfellow Consultants Inc., Mississauga, Canada 

Abstract 

A tracer technique for estimation of dilution and recirculation of the 
exhaust gases was developed and applied in tests conducted at two major 
laboratory buildings. The results of the tests demonstrated the great 
dependence of dilution and recirculation upon factors such as wind speed 
and direction, vent-to-intake distance, and stack height. The tracer data 
were also used to validate several analytical models predicting the 
minimum dilution. Although none of the models was outstanding relative to 
the others, the one accounting for the extra dilution caused by the stack 
height gave particularly good predictions. Finally, a model developed in 
the present study proved that the Gaussian diffusion equation can provide 
reasonable estimates of dilution around buildings . provided that the 
appropriate enhanced dispersion parameters are selected. 

Introduction 

The interaction of wind with a building results in complex local air 
motions that may cause reentry of the exhaust gases into the fresh air 
intakes contaminating the indoor air, and pose potential life threatening 
situations in the case of accidental releases. Unfortunately, the proble~ 
of contamination of the intakes from nearby effluents cannot be entirely 
avoided without exacting an unacceptable penalty in capital and operating 
cost. However, the degree of contamination can be controlled so that the 
concentrations of the emitted substances at the intakes remain within the 
acceptable levels. Establishment of su.ch a protection requires a funda
mental ·..inderstanding of the dispersion of ex·haust gases, as well as the 
development of methods for the prediction of the concentration fields 
around buildings. In addition, there is a great need of guidelines for 
choosing among the mathematical models, predicting the exhaust-to-intake 
dilution, in the case of a specific configuration. 

The present study was conducted in an effort to provide a better 
understanding of the dispersion of pollutants around buildings. Specifi
cally its objectives were as follows: 1) design of a tracer gas technique 
for estimation of the dilution and recirculation of exhaust gases back 
into the buildings; 2) application of the above technique in field tests 
conducted at two buildings of the University of Toronto; and 3) validation 
of several mathematical models estimating the stack-to-intake dilution of 
the exhaust gases, and subsequent development of guidelines for choosing 
the appropriate model for a specific configuration. 
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Tracer gas techni que 

The field tests were carried out at two multistorey, "airtight" 
complexes, namely the Wallberg and Erindale buildings , which house, among 
others, the University of Toronto departments of Chemical Engineering and 
Applied Chemistry, Biology, and Chemistry. Both these buildings are 
equipped with central heating, ventilating, and air-conditioning systems, 
and had experienced recirculation problems in the past due t o the close 
proximity of the fume hood exhaust vents to the air i ntakes on t he roofs. 

The testing proc.edure involved the controlled release of an inert, 
nontoxic, and odorless gas (sulfur hexafl~ oride, ~F6 l from ~peci~ic vents 
of the buildings over a predetermined peri od of time. Starting with the 
time of release, s equential 15- min averaged samples of the return air were 
collected inside t he fresh air intakes, and were analyzed for SF6 by means 
of gas-solid chromatography. with e l ect ron capture detection. Also, during 
each test the wind speed and direction were recorded by a 5-m tower 
installed on the rooftop, and instrumented with a windvane-cup anemometer. 

The percentage of the exhaust gases recirculation, R, into the fresh 
air intakes was estimated from the equation: 

R 100 ~ Vt 
(1) 

where Vr and Vt are the recirculated and released volumes of the tracer, 
respectively. In addition. the stack-to-intake dilution of the exhaust 
gases, D, was estimated by dividing the exhaust.concentration of SF6 at 
the stack exit. Ce. with the maximum concentration recorded inside the 

intake. Cin: 

D 
Ce 
Cin 

Results 

(2) 

During the present study, a total of 72 tracer release tests was 
conducted. under a variety of weather conditions, from June 1985 through 
February 1986. and altogether 90 hours of tracer and wind data and more 
than 600 samples were collected and analyzed. 

The results demonstrated the dependence of di lution and reci r culation 
upon factors such a s wind speed and di rection . vent-to- i ntake distance. and 
stack !teight. while the atmosphe r ic stability was found to have· no corre
lation. In add i tion. the tests provided data upon which recommendati ons for 
possible solut ions to the recirculation pr oblems, experienced in the two 
bui ldings. were made. Specifically. reentry rates as high as 9.5~. observed 
at. the Wallberg building. i ndicated that there exists a potential for 
contaminat ion of the i ndoor air, and an i ncrease of the stack height was 
recommended to aleviate the probl em. The tests at the Erindale building 
suggested that although some recirculation was present. the dilu t ion 
between the intake s and the build i ng's interior ~as large enough t o prevent 
seriolls contamination of t.he indoor ai r . Neve.rtheless . an incr ease of the 
stack height was also recommended in some cases to pre.vent any serious 
problems. 
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Model validation 

All the proposed models have been developed from wind-tunnel studies 
and are designed to account for the "worst case" (with the wind carrying 
the exhaust plume directly from the source toward the intake). so that 
they ~an be used to provide a conservative safeguard for design or modi
fication purposes. The validation of each of the examined_ models is 
accomplished using graphs of the dilution levels observed during the tests 
vs. the dilution factors calculated by a particular model (see Figure 1). 
The degree of underprediction or overprediction provided by each model is 
expressed by the diagonal lines representing ratios of the observed to the 
calculated dilution factors. 

Wilson (3), based on the results of over 5000 wind-tunnel measurements, 
proposed the following equation: 

Dmin 
u S2 

O. 11 Ae Ve ( 3) 

where Dmin is the minimum dilution, U the wind speed, S the stretched
strir.g exhaust-~o-intake distance, Ae the area of the exhaust opening, and 
Ve t~e stack exit velocity. Figure 1 indicates that although equation 1 
provided a lower bound of dilution to 983 of all measurements, it resulted 
in very conservative predictions in the case of stacks located close to 
the intakes (S < 4m), underestimating the observed values by 2 to 3 orders 
of magnitude. This was probably caused by the unrealistic behavior of the 
model in the case of short stack-to-intake distances, since for S = O it 
yields the physically impossible Dmin = O instead of the real Drain = 1. 

Halitsky (2), based on his measurements of concentration coefficients 
around building models, suggested the following equation: 

Dmin = ( 1 + 0.132 ( ~ )0.5 )2 
Ae 

(4) 

for the case where both the exhaust and intake are located on the same 
wing of the building. This model resulted in very conservative estimates 
of dilution underestimating the observed values by 100 to 1000 times in 
1~~ of all measurements (Figure 2). One of the major reasons for this 
underestimation is that Halitsky did not attempt to simulate the random 
fluctuations of the atmospheric turbulence in the wind approaching the 
bu1ld1ng models. In addition, the absence of the wind speed and stack 
height as parameters from the model, ~nd the fact that it was developed 
fran tests with flush vents and low emission velocities have also con
tributed to the low dilutions predicted. 

Because none of the proposed models accounts for the dilution of the 
~xhaust gases e;aused by the stack height, h, and the plume rise, 4h, 
•llson (3) proposed an equation for the estimation of this additional 
~~ lution : 

Dmin = ( 1 + 0.33 ( ~ )0.5 )2 exp( ( h + 4 h J
2 

) 
Ae Ve 2 a~ 

(5) 

wnere Oz is the vertical plume deviation. As it is shown in Figure 3, the 
degree of protection provided by equation 5 is more reasonable than those 
provided ~Y the previously mentioned models. This indicates that the very 
conservative.predictions of equations 3 and 4 are indeed partly due to 
lheir inabill ty to account for the extra dilution caused by the stack 



height and plume rise. In the cases of stacks locat~d very close to the 
intakes the predictions of equation 5 were ~ompletely unsuccesful since it 
overestimated the observed values by factors ranging from 100 to 10000. 

Because neither the wi nd direction nor the turbulence ntensity are 
elements of the exis t ng models , an attempt was made to include these t wo 
parameters in a model . so that their effect could be examined. As a result , 
a new model was derived from the Gaussian plume formulation, accounting for 
the buil<ting effects by specifying enhanced dispersion parameters ( 1). This 
mode l includes the turbulence i ntensity; i. and the direction of the wind 
expr essed i n terms of t he angle, f , formed between the wind and t he stack-

to-intake directions ; 
i2 S2 U cos2 ( f) ( ( h + Ah )2 tan

2 
( f) 

Ae Ve exp 1.28 i2 S2 cos2 (f) ) exp( --YP ) <
6

l D = 0.8 

Equation 6 provided good estimates of d ilution in the cases where 
0° < f < q5°since t he pred icted values were within a factor of 10 from t,he 
observed ones (figure 11 l. However, in the cases where f > 115° the model 
resulted i n erroneous pred ic tions of the observed dilutions. This behaviour 
was no·t unexpected since tan( f ) increase_s very fast wl. th f, wit.h the tan (f) 
bElng infinite when f = 90°. As a r esul t, equation 6 yields high values as 
f appr oaches 90° . giving the theoreticalJ.y correct bu.t rea li s tically errone
ous value of D = co when r = 90°. I n real situations the reverse-flow z.ones 
around a bu ldi ng and the random variat ons of the w1nd direction cause 
some of the exhaust gases to reenter the i nt akes even ~ f the wi nd blows 
exactly to the opposite directi on . 

Conclusions 

The conducted research demonstrates that the use of tracer gas techno
logy offers a unique approach and a valuable tool for solving problems 
associated with air flow and gas dispersion around buildings. In addition, 
the mode l va l dat on indicates that the degree of protection provided by 
each of the models varies largely with the s tack- to- i ntake dis tance and 
the stack height. rn particular, the use of such models i n cases where the 
stacks a r e located very close to the intakes should be general ly avoided. 
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PROPOSED METHOD OF INDOOR AIR POLLUTION CONTROL BY DILUTION WITH 
OUTSIDE AIR 

Karl Guttmann 
Guttmann & MacRitchie, San Francisco, California, USA 

Abstract 

d ith" the air conditioned space can be 
Gaseous pollutants generate w in . . d d 62-1981R 
controlled by dilution. This is recognized in ASHRAE Stan ar. • 
but no practical methodology is presented tu compute the required 
percentage of outside air . This paper proposes such a method. 

Simplif ied Di lution Mode l 

The following assumpt i ons are made : 

1. The rate of generation of all contaminants in the building is constant 

and consists of two components: 

a. Contaminants produced by the occupants such as tobacco smoke. 

b. Contaminants produced by out-gassing from building materials. 

For a iven type of occupancy, it is possible to define an outside .air 
2. ventil!tion rate which, if maintained constant during occupancy, will 

result in the statistical absence of discomfort due to contaminatio~
lt does this by diluting both contaminants produced by occupants an 

by the building materials. 

For this "ventilation rate" to be valid, it must be assumed that it 
produces a "steady state" mass balance - the rate of generation of 
contaminants balances the removal by dilution. 

The data published by ASHRAE is usually expressed i n L/ s per occupa~t. 
To make it useful for this methodol ogy, it mus t be exp res sed as bot 
L/s per occupant and L/s per m2 of fl oo r area. For !~s eance, ASHRAE 
recommends 10 L/s per occupant for off i ces whe r e s moking is a llowed . 
Since the same reference also i ndicates t hat 7 occupant s per 100 m2 
should be used, it can be expressed a s fo ll ows f or the pu·rpose of t hi s 

method: 

R1 = 10 Lis/occupant or 

R2 = 10 x 7/100 = 0.7 L/s/m2 

Vu can then be compu.ted as (R1 x 0) or (R2 x A)• 
usable for our purposes. 

In this form it is 

3. The effect of contaminants in the outside air is neglected. 

In a real HVAC system the amount of supply air, and with it the amount of 
outside air delivered to each room, is a function of the heat galn (heat 
loss in .the case of a heating only system), and is therefore not 
proportional to either the number of occupants or the floor area. For 

I 
I 
t .. 
i 
J 
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instance, a corner office occupied by one person will receive more outside 
air per occupant or per m2 than an interior room with a lower heat gain 
but substantially more occupants, such as a typing pool. 

St eady Sta te Model 

If, as must be assumed in the ASHRAE "ventilation rate", all occupants are 
in a single room, the ventilation rate is referred to in 'this paper as the 
"Uniform Ventilation Rate" (see preceding paragraph). It ts assumed that 
if this rate ls maintained, the contaminant concentration can be 
controlled below the threshold value Xmax· 

If the same number of occupants is distributed through a number of rooms 
with different characteristics, it is necessary to compute a new outside 
air ratio for the system such that Xmax is not exceeded fn any space (see 
Fig. 2). 

If the the extent to which the system deviates from being homogeneous (all 
rooms have the same C and the same D) is expressed by the equations f 1 = 
Cmin/Cav or F2 = Dmin/Dav• the ratio of outside air to supply air In the 
system can be computed as 

V = 1/(1/Vu - l/F + 1) for Fmin =Vu and Fmax = I (I) 

where F = Fi or Fi, whichever is greater. If F is less than Vu, it 
Indicates that there i s at least one zone in the system which does not 
provide each occupant or each m2 with the ASHRAE minimum ventilation rate 
l. For derivation of equation 1 see Appendix. 

Fig. I shows equation I, plotted f or values of Vu ranging from O.l to 0.5. 

It can be seen that for a reasonably homogeneous system with a Vu of O.l, 
the difference between Vu and the actual required ventilation rate V is 
negligible; however, as the value of Vu increases, the effect of the 
factor F becomes more pronounced. In other words, systems with higher 
occupant density and serving rooms with widely differing load 
characteristics are more sensitive to the effect discussed in this paper , 

Appl i cat ion t o VAV Sys t ems 

AA the VAV system modulates from its maximum (cooling design) air 
circulation rate to a minimum (heating design), the total air circulation 
rate reduces. As the outside air is admitted upstream of the supply fan 
(•ee Fig. 2) as a constant percentage of the total air circulated, its 
~..antlty will reduce proportionately. However, most systems are equipped 
~tth Economizer Cycle controls (Fig. 3). The amount of outside air added 
lo the system at any given time therefore depends on two factors: 

•·The percentage of outdoor air admitted by the economizer cycle control, 
and 

11. The total amount of air circulated, to which the above percentage is 
applied. 

51Dce we do not want the amount of outside air to fall below the number 
c.alculated by our method, some systems will require contr ' to set a 
1-r limit to the amount of outside air introduct!d • 
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Since the turn-down due to load changes for exterior rooms tends to be 
larger than for interior rooms, the factors Fi and F2 will approach l as 
the cooling load reduces. This means that, as long as the amount of 
outside air added to the system is subject to the "low limit" control 
mentioned above, interior rooms will receive more fresh air during periods 
of heating or reduced cooling. 

Transient and Intermittently Occupied Rooms 

In every system there may be rooms, such as conference rooms or meeting 
rooms, which have high occupant density but are occupied only for limited 
periods of time, and then mostly by people who normally occupy other 
spaces in the system. In addition, there are spaces such as lobbies, 
waiting rooms, etc. which, while having fairly constant high density · 
occupancies at all time, are occupied by transient people who do not stay 
there long~ Both of these spaces will penalize the system with excessive 
amounts of fresh air, if they are included in the determination of the 
factor F. They should therefore be excluded. 

Conclusion 

Control of Indoor Air Pollution by dilution is effective and can be 
designed on a rational basis. Special care must be taken in the case of 
VAV systems to ensure continuation of the dilution effect when the system 
air supply is throttled back. It is suspected that much of the problems 
encountered with occupant complaints can be traced back to inadequate 
ventilation during these periods of reduced air circulation. 

Appendix 

Derivation of equation I: 

Contaminant level in space i: xi = Xe+ k/Ci + m/Di (2) 

Since the emission rates k and m are not known, the equation can not be 
used in this form. In order to overcome this difficulty, the two 
pollution components (pollution generated by occupants and pollution 
generated by building materials) will be treated separately. Of the two 
resulting ventilation rates, the larger should then be used. 

Pollution generated by Occupants 

The maximum contaminant level will occur in the space with the smallest 
air circulation rate per occupant (C). If we limit this concentration to 
Xmax• then 

(3) 

Let F1 then (4) 

(5) 

The contaminant level in the return air is: 

(6) 

l 
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Reference to the system diagram, Fig. 2, shows that: 

Substituting equation (6) for Xr, we get: 

Given V1 

Substituting equation (5) for Xe we get: 

V1 (k/eavl/[xmax - (k/CavHl/F1 - I)] 

lt is apparent from the above equation that if the entire air handling 
system consists of one space, Fi= I, and equation (12) reduces to: 

The Vi in equation (13) is by definition equal to Vu, which means that 

(7) 

(8) 

(9) 

(I 0) 

( 11) 

(12) 

If equation (14) is substituted into equat'ion (12), the tt!rm k/Cav cancels 
out and the result is: 

Vt = 1/(1/Vu - l/F1 + I) (15) 

Pollution Generated By Building Materials 

An analogous derivation results in the expression 

Vz = 1/(1/Vu - l/F2 + I) (16) 

where F2 = Dmin/Dav (17) 

The actual ventilation rate to be used for the system is then the greater 
of VJ or v2 • 

A• 
Q • 
It • 

•• 
1. 

0 • 
c • 
D • 
v • 
F • 
i. 

Symbols Used 

Room floor area, m2 
Air circulation rate, L/s 
Rate at which contaminants are generated, 
L/s of contaminant/occupant 
Rate at which contaminants are 
L/s of contaminant/m2 of floor 
Contaminant level in air, L/s 
Number of occupants in space 

generated, 
space 

contaminant/Lis air 

Air circulation rate, L/s per occupant 
Air circulation rate, L/s per m2 of floor space 
Outside air ratio, L/s outside air/L/s total air 
Dimensionless factor defined by equation (4) and 
ASHRAE ventilation rate, Lis/occupant or L/s/m2 

circulated 
(17) 
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max = Maximum 
min= Minimum 
av = average 
e t.ntering 

Space identification 
o Outside 
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Subscripts 

r 
t 

u 

Return 
= total 

Uniform (refers to ASHRAE uniform ventilation rate) 

I 
2 

= relating to occupants 
relating to building materials 
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FAN STANDARDS IN CLEAN-ROOM TECHNOLOGY 

Dipl.-Ing. O. Hagenbruch 
NOVENCO GmbH, Cologne, West Germany 

Abstract 

Increasingly, clean-rooms are becoming the indispensable 
prerequisites for progress in the miniaturization of elec
tronic components, for the more and more sophisticated tech
nologies in surgery and intensive medicine as well as for 
the increasingly complex chemistry in the parmaceutical in
dustry. 

Clean-room technology with laminar air flow requiring 
appropriate air filtration at extreme air exchange rates has 
posed considerable problems not only to the constructors and 
operators of such systems but also to the fan manufacturers. 

The fans employed in future clean room technology must 
mainly meet the following stringent requirements: 

1. A maximum of operating safety 

2. A low level of vibrations 

3. A minimum of air turbulence 

4. An optimized operating economy 

s. Automatic monitoring 

These demands could in the past not always be met by the 
fans usually employed. The fans therefore had a destructive 
influence on product quality and thus on the proouctivity of 
the manufacturing operation. 

The variable pitch axial flow fan 
(fig. 1) has had a firm place in in
dustrial applications for more than 
three decades because of its excellent 
controllability and its supreme economy. 
This fan system proves to be particularly 
successful wherever stringent demands have 
to be met with regard to volume flow and 
pressure control, economy, operating safety 
and automatic monitoring. 


