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(With apologies to Bob Dylan) 

You don't need a weatherman 

to know which way the wind blows. 

(All you need is sulfur hexafluoride.) 
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ABSTRACT 

The purpose of this thesis was to extend the capabilities of an 

existing atmospheric tracer technique and to demonstrate the sensitivity 

and usefulness of this technique by investigating a number of complex 

atmospheric dispersion problems. These problems ranged from a fairly 

small scale of about one meter to a quite large scale of about 100 kilo

meters. The tracer used was sulfur hexafluoride, an inert non-toxic gas 

detected by means of electron-capture gas chromatography; the air 

sampling and analysis techniques were developed to permit a minimum 

12 detection limit of ope part SF
6 

in 10 parts of air. Four main atmos-

pheric dispersion problems of environmental significance were studied 

in detail: ventilation systems in buildings; air flow within the wake 

downwind of a building; dispersion from an urban highway; and large

scale transport and dispersion over the Los Angeles area. 

Tracer experiments involving SF
6 

were used to obtain quantitative 

data regarding actual residence time distributions in rooms and hall

ways, and contamination caused by reentry of laboratory fume hood hood 

exhausts into a building. Applioation of a mixing factor was found 

useful in room ventilation tests, and measured values ranged from 0.3 

to 0.7 in small rooms without fans. In one experiment with a roof fume 

hood exhaust located only 16 feet from the main ventilation intake of 

a building, 20% of the fumes exhausted were found to reenter the 

ventilation system. 

Sulfur hexafluoride was used to probe the air flow within the wake 

downwind of a 12 meter high, three-story building. A reverse-flow 
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circulation was observed with a longitudinal extent downwind of about 

three building heights; the extent of the recirculation on the roof was 

confined to less than one-half the width of the building from the down

wind edge. 1be recirculating velocities in the wake were estimated to 

be about 0.1 - 0.3 those of the prevailing wind at the top of the build

ing. The wake downwind of the building was found to be well-mixed in 

all three dimensions and exhibited a characteristic exponential dilution 

time of approximately one minute. 

A number of quasi-instantaneous line source releases of SF
6 

were 

made by an automobile moving along an urban highway in Los Angeles. 

Concentrations at various distances from 0.4 km to 3.2 km downwind of 

the highway were recorded at ground level as a function of time. The 

tracer data were used to test the validity of several theoretical models 

which can be used in predicting the dispersion from an instantaneous 

crosswind line source. 1be model based upon the semi-empirical turbu

lent diffusion equation, using a power-law vertical velocity profile 

and a power-law vertical eddy diffusivity profile, was found t9 provide 

the best agreement with the data. 

Finally, sulfur hexafluoride was used as a tracer in a large-scale 

test over the urban region near Los Angeles. On July 19, 1973, 33.5 kg 

of SF was released over a period of 45 minutes from the city of Anaheim. 
b 

'lbe transport and dispersion from Anaheim was traced in five neighboring 

communities including Palm Springs, which at 124 km away was the fur

thest location tested. A preliminary analysis of the data indicated 

that the cities of Riverside and Palm Springs possibly lie in a direct 

path of the pollutant transport from Anaheim. 
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1. INTRODUCTION 

1.1 Philosophy of thesis 

Of great practical concern on a number of scales is how atmos

pheric contaminants from real sources spread and dilute over distances 

and in time. However, in many cases air flow is so complicated that 

theoretical solutions of the governing fluid mechanics equations prove 

intractable. Experimental tracer studies become a necessity in these 

cases, providing basic concentration data for the formulation of new 

ideas and equations describing the dispersion process. 

The purpose of this thesis was to extend the capabilities of an 

existing atmospheric tracer technique, sulfur hexafluoride, and to 

demonstrate the sensitivity and usefulness of this technique in studying 

a wide range of complex environmental air flow problems. In contrast 

with a normal dissertation, the emphasis was not on studying one small 

problem in great detail, but rather on demonstrating the sensitivity 

and breadth of the tracer technique. Four main atmospheric dispersion 

problems on a number of scales were studied in some detail, and in 

addition, four minor tracer studies were made. The extreme sensitivity 

12 of the tracer, which could be measured at one part in 10 parts of 

air, was necessary in the larger scale tracer tests. As an example of 

the sensitivity of this technique, if only 100 pounds of SF
6 

were 

allowed to evenly disperse up to a height of 1/4 mile, the tracer 

could be detected over an area of 8000 square miles, which is approxi

mately the area of the state of Massachusetts. 
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A large amount of theoretical work has been done concerning atmos

p11eric turbulence and diffusion, with an emphasis on formulating pre

diction models for the spreading and dilution of pollutants. However, 

before any theory of atmospheric dispersion can be considered valid, it 

must be compared with experimental observations of a tracer substance 

which moves and disperses with the main air flow. As Manin and Yaglom(l) 

state in their largely theoretical treatise on turbulence: "the theory 

developed in the preceeding section will be relevant only when certain 

elements of the fluid are marked; that is, have some properties which 

are distinguishable from the properties of the surrounding fluid." 

1.2 Atmospheric structure 

1.21 Stability 

Before various atmospheric dispersion theories can be discussed, 

some basic facts about the structure of the atmosphere must be known. 

Uue to the large length scales involved, atmospheric flow is almost 

always turbulent. Above a certain height known as the planetary bound

ary layer, frictionless flow can be assumed; the resulting wind, known 

as the geostrophic wind, is the result of a balance between the hori

zontal pressure gradient and the Coriolis force due to the earth's 

rotation. The planetary boundary layer is of the order 500-1000 

meters, (Z) and various methods of estimating this height have been pro-

d 
(3,4) 

pose . Close to the ground, approximately 50-100 meters in height, 

is the surface boundary layer, where frictional forces dominate and 

constant shear stress can be assumed. 
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Flow in the planetary boundary layer is greatly influenced by the 

vertical temperature gradient. If transport processes occur adiabati

cally in dry air, the thermodynamic result is an adiabatic temperature 

lapse rate equal to about -1° C/100 meters. An atmosphere with this 

temperature gradient is called neutrally stable or neutral. A negative 

vertical temperature gradient larger than the adiabatic lapse rate 

results in unstable conditions; a negative temperature gradient smaller 

than the adiabatic one results in stable conditions. A positive tern-

perature gradient, in which the temperature increases with height, is 

l . . Ed . ( S ' 6) d . . d . 1 cnown as a temperature inversion. inger iscusses in some etai 

the characteristics of the temperature inversion layer which occurs 

over the Los Angeles basin. 

Pasquill ( 7) has defined six general stability categories, A-F, 

which have received widespread use: class A represents very unstable 

conditions, class D corresponds to neutral stability, and class F repre

sents very stable conditions. These stability categories can be very 

easily determined from estimates of only wind speed and amount of inso

lation. A more meaningful estimate of the stability condition is from 

the variance or standard deviation of the horizontal wind direction, 

since this quantity is directly related to the intensity of turbulence. 

The variance of the wind direction can be easily calculated from the 

output of a recording wind vane. Luna and Church(B) have shown that the 

Pasquill stability categories correspond fairly well to stability condi

tions determined by the standard deviation of the wind direction. 
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1.22 Velocity profiles 

Various vertical velocity profiles have been proposed within the 

planetary boundary layer. In general, they can be divided into two 

classes, those which include the effect of the Coriolis force due to the 

earth's rotation and those which neglect this effect. If the Coriolis 

force is included, wind profiles are obtained which are not uni

directional, but turn with height. For example, in the classic Ekman 

spiral velocity profile, (9) the wind direction at the ground is at a 45° 

angle from the geostrophic wind direction. However, due to their com

plexity, such profiles are rarely used to model atmospheric dispersion 

problems; studies have shown that the Coriolis effect is negligible for 

distances less than about 25 km~lO,ll) Normally, wind velocity pro-

files are assumed which have a height dependence but flow in one direc

tion only, neglecting the Coriolis effect. 

The simplest velocity profile is one which is unidirectional and 

constant with height; this very simple profile has received widespread 

use in atmospheric diffusion theories. In the surface boundary layer, 

where constant shear stress can be assumed, a logarithmic velocity pro

file derived from dimensional analysis has been shown to fit wind data 

quite well under neutral stability conditions and over flat land. (lZ,l)) 

This profile is usually written in the form 

u (z+z l 
u = : ln zoo (1) 

where u* is the friction velocity, k is von Karman's constant, and z
0 

is 

the roughness parameter of the surface. A simple method for estimating 

. (14) 
the roughness parameter z has been described by Lettau. 

0 
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For non-neutral stability conditions, a similarity argument has led 

to a so-called "log-linear" velocity profile, (lS,l 6) usually written as 

(2) 

where a is a constant and Lis the Monin-Obukhov length, a parameter 

which is positive for stable conditions, negative for unstable condi

tions, and goes to infinity for neutral stability. This velocity pro-

f ·1 h b h t b f . 1 d bl d. · (l 7) i e as een sown o e airy accurate un er sta econ itions, 

but not very accurate for unstable conditions. (l3 ,lB) 

Power-law velocity profiles have been introduced in order to have a 

simple expression which will hold throughout the planetary boundary 

layer: 

(3) 

Deacon(l9) assumed that the exponent varied with stability conditions. 

Experiments by DeMarrais( 20) over rough terrain showed that Deacon was 

right; the exponent p increased with increasing stability. Jones et 

al. (2l) have shown that a power-law profile applies over an urban area 

(Liverpool, England); p was found to be about 0.2 in neutral conditions 

and increased linearly with increasing stability. Theoretical work(ZZ) 

has also demonstrated that the exponent p should increase with increas-

ing stability. 

A comparison of the velocity profiles in equations (1), (2), and 

(3) is shown in Figure 1. As can be seen, a typical logarithmic profile 

can be represented quite well by a power-law profile with a 1/7 expo

nent. Likewise, a typical "log-linear" velocity profile under stable 

conditions (positive L) can be represented quite well by a power-law 
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profile with a 0.4 exponent. It should be noted that with increasing 

stability, velocity profiles approach a linear dependence with height; 

with decreasing stability, a profile which is constant with height is 

approached. 

1.3 Atmospheric diffusion theories 

1.31 Gaussian plume model 

In general, models for predicting atmospheric dispersion of pollu

tants can be divided into two classes: those which assume that concen-

trations vary in a Gaussian manner, commonly known as Gaussian plume 

models, and those which use the concept of an eddy diffusivity, commonly 

known as K-theory. Reviews of atmospheric dispersion theories have been 

presented by Slade(Z3) and Hoffert(Z4). The validity of any theoretical 

model must of course be tested by comparison with experiment. 

The Gaussian plume model has been attributed mainly to Pasquill ( 7 , 

25 ) and Gifford, (26 ) although Cramer(Zl) had earlier suggested an almost 

identical modeling scheme. A typical Gaussian plume equation for 

ground-level concentrations from a continuous point source is 

C = (4) 

where Q is the source strength, his the source height, u is the aver

age wind velocity, and o and o are the standard deviations of the 
y z 

plume concentration in the crosswind and vertical directions respec-

tively. This model assumes a wind velocity which is constant with 

height and downwind distance. Values of o and o for continuous point 
y z 
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source releases are tabulated as empirical functions of downwind dis-

tance and stability conditions. (ZB,Z9) Gaussian equations similar to 

equation (4) can be written for instantaneous or continuous point, line, 

and area sources. 

This model has received widespread usage in the analysis of experi

mental tracer data and in the prediction of atmospheric dispersion of 

pollutants. Tracer experiments involving continuous point source re-

leases over relatively flat terrain have shown good agreement with the 

model. (Z 3) Gaussian plume equations have been used to predict pollutant 

concentrations from a highway, ( 30) and have been extensively used in 

urban diffusion models involving multiple sources. ( 3i-37 ) 

1.32 K-theory 

The other widely used approach is the gradient transport assumption 

applied to the equation of turbulent diffusion, connnonly known as 

K-theory or the semi-empirical turbulent diffusion equation. (l) Neg

lecting molecular diffusion, and using time-averaged velocities and con

centrations, the basic equation is 

where K, K, and K represent the eddy diffusivities in the x, y, and 
X y Z 

z directions respectively. Although atmospheric turbulence cannot be 

accurately described by a gradient transport process, this approach has 

received widespread use because of its generality. Analytical and 

numerical solutions of equation (S) can take into account different 

velocity and eddy diffusivity profiles, various boundary conditions, 
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varying ground terrain, and the addition of chemical reactions. A 

good summary of the application of K-theory to atmospheric dispersion 

can be found in Manin and Yaglom. (l) 

Analytical solutions of equation (5) have in general been confined 

to steady-state, unidirectional flow with the assumption of various 

1 . d dd d'ff . . f'l ( 33- 45 ) · 1 d ve ocity an e y i usivity pro i es or simp e unstea y-state 

diffusion with no advection. (46 , 47 ) Dilley and Yen( 4S) derived an 

analytical solution for steady-state flow with the addition of a locally

induced vertical velocity due to the urban heat-island effect. Heines 

and Peters have presented analytical solutions of steady-state flow with 

the addition of a temperature inversion aloft(49 ) and the addition of a 

first-order chemical reaction. ( 50) 

Saffman(5l) introduced the use of moments in analyzing the unsteady-

state case and derived results for the spread of an instantaneous 

source using power-law velocity and eddy diffusivity profiles. Saff-

( 52 53) man's analysis has been extended, ' and other analyses using mo-

ments have considered a logarithmic velocity profile with a linear eddy 

diffusivity~ 54) an Ekman spiral velocity profile with constant K, ( 55 , 
z 

56 ) and a log-linear velocity profile with a constant-stress equivalent 

eddy diffusivity. (57 ) Numerical solutions of equation (5) have con

sidered complicated eddy diffusivity profiles and varying ground 

terrain. (53- 63 ) With the addition of chemical reactions, numerical 

solutions using the K-theory concept have modeled photochemical smog 

formation in urban areas. <64- 6
7) 

There are some practical problems in the application of the eddy 

diffusivity concept to atmospheric diffusion problems. First of all, 
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values of eddy diffusivities and vertical K profiles are not known 
z 

accurately. As Richardson( 6B) observed in 1926, the value of the eddy 

diffusivity depends on the length scale involved. Values of eddy dif

fusivities have been determined experimentally by correlation of fluctu-

. l . ( 6 9- 72) b d. . f (7 3, 7 4) ating ve ocity components, y ispersion o balloons, and 

from naturally-occurring radon-222 concentration profiles. ( 75- 7s) A 

technique involving electrical measurements of the air has been sug

gested. (79 ) A review of experimental values of eddy diffusivities on a 

number of scales has been presented by Bauer. (SO) 

One problem of experimental measurements of eddy diffusivities in 

the planetary boundary layer is the fact that K is not constant but 
z 

must vary with height, increasing from zero at ground level and decreas-

ing to zero or a small value at the geostrophic wind level, since 

frictionless flow is assumed there. A large number of theoretical K 
z 

profiles which apply throughout the planetary boundary layer have been 

proposed. (9 , 81- 89 ) Another problem in the use of K-theory for atmos

pheric dispersion calculations is the fact that values of eddy diffus

ivity are highly dependent on stability; Guedalia et al. ( 73 ) found that 

3 6 2 K values varied from 10 to 10 cm /sec depending on the vertical 
z 

temperature gradient. 

1.33 Other theories 

In addition to the Gaussian plume model and the K-theory model, a 

number of other theories have been proposed for the prediction of atmos

pheric dispersion of pollutants. Sutton(90, 9l) in 1932 proposed a model 

similar to the Gaussian plume model, but including an empirical 
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stability parameter which could be related to the velocity profile; for 

some reason, this model never received widespread acceptance. Use of 

dimensional arguments in the surface boundary layer has resulted in 

ht . 1 k L . . ·1 . h (92-94) h w a is common y nown as agrangian simi arity t eory; owever, 

due to unknown functional relationships, this theory is very difficult 

to apply to atmospheric dispersion experiments. 

(95 96) . 
Hanna ' has proposed a very simple model for estimating dis-

persion from urban sources, namely that the concentration of pollutant 

is simply proportional to the source strength divided by the average 

wind speed. A good review of mainly empirical formulas for the calcu

lation of the rise of hot pollutant plumes has been presented by 

Briggs. ( 97 ) A large amount of work has recently been done on numerical 

simulation of atmospheric turbulence without resorting to the eddy dif

fusivity assumption; Orszag and Israeli(9B) present a review of this 

work. Bullin and Dukler(99 ) recently used a Monte Carlo method to 

numerically simulate turbulent diffusion and found good agreement with 

experimental dispersion data. 

1.4 Review of tracer techniques 

1 . 41 Particulate tracers 

Many different types of tracers have been used to experimentally 

study atmospheric dispersion. Following the comments of Pasquill, (lOO) 

tracer techniques can be divided into three general categories: optical 

outline methods, trajectories of individual markers, and chemical 

tracer substances which disperse along with the flow. The earliest 

tracer experiments( 2S) at Parton, England in 1923 used smoke as an 
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optical tracer; a smoke cloud was photographed at different times to 

establish plume dimensions. Oil-fog, a dense black smoke, has been 

commonly used in optical outline tracer tests. (lOl-l0 3) Probert et 

al. (l04) used a soap bubble solution as a visual tracer to study the 

wakes behind cylindrical tanks. The problem with optical outline methods 

is that they are limited to close distances from the source and dilu

tion factors can be only roughly estimated from photographs. 

The trajectories of balloons equipped with radar transponders can 

be individually followed over fairly long distances. Neutrally-buoyant 

tetrahedral balloons, commonly known as tetroons, have been used as 

individual markers in tracing air currents over the Los Angeles basin; 

(lOS-lOl) the shift from land to sea breeze can be clearly seen. How-

ever, balloons can be used for only wind speed and direction data; in

formation on the dilution of pollutant concentrations is not possible. 

For accurate dilution information, chemical tracer substances 

which disperse along with the main flow must be used; they can be 

divided into two general categories, particulates and gases. Probably 

the most widely used tracer substance has been a fluorescent particulate 

· f . d d . lf 'd (lOB) . f d t one, a mixture o zinc an ca mium su i e, sometimes re erre o 

simply as FP tracer. After release of the tracer, the analysis involves 

drawing an air sample through filter paper, and then under ultraviolet 

light, counting the number of fluorescent particles trapped on the 

filter paper. Zinc-cadmium sulfide has been used as an atmospheric 

(109-111) . . (112) 
tracer over flat rural land, over mountainous terrain, 

and over various cities: 
(113) . (114) 

Los Angeles, San Francisco, 

St. Louis, (llS,ll6) Ft. Wayne, Indiana, (lll,llS) and Johnstown, 
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. (119) Pennsylvania. · Sehmel (l
2

0) used zinc sulfide as a tracer to measure 

particle resuspension from an asphalt road caused by automobile traffic. 

Although it has been widely used as a tracer, the use of zinc

cadmium sulfide should decline for two reasons. One is that the tracer 

has been classified as toxic, (lZl) "which limits its use in heavily 

populated areas." Spomer(lZZ) has presented a detailed discussion and 

h ( 12 3-12 5) h d h . . h d f . . ot ers ave connnente on t e toxicity azar o zinc-cadmium 

sulfide. The other problem with this tracer is that the particles 

settle out; comparison of zinc-cadmium sulfide with gaseous tracers has 

shown that at distances of 60-70 km, 50% to 80% of the particles had 

b 1 
(126,127) een ost. 

Another commonly used fluorescent particulate tracer is uranine 

d (128-131) h 11 . d 1 . d . . · 1 h ye; t e co ect1.on an ana ysis proce ure is s1.mi ar tot at 

for zinc-cadmium sulfide. Particulate tracers have been used which are 

simply collected on an adhesive substance and counted under a micro

scope; these have included lycopodium spores(l 3Z-l 34 ) and glass micro

spheres. (l 35) Particulates which serve as ice nuclei have been proposed 

as atmospheric tracers; these have included silver iodide(136 , 137 ) and 

1 . h' (138) it 1.um stearate. Detection is accomplished by drawing an air 

sample into a cold chamber and counting the number of ice crystals which 

form. 

The use of tree pollen and ragweed pollen has been suggested as a 

naturally-occurring atmospheric tracer for studying dispersion over the 

ocean. (l 39) One study used as a tracer particulate matter generated 

from large-scale field burning in the Willamette Valley in Oregon. (l
4

0) 

An interesting particulate tracer which has been studied is the use of 
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either antimony oxide powder(l4l,l42 ) or indium oxide powder. (l43 ,i44 ) 

After air samples are collected, they are irradiated with neutrons in a 

nuclear reactor; concentrations are determined by the amount of a radio

active isotope (antimony-122 or indium-116) which has formed. 

1.42 Gaseous tracers 

Gaseous tracers have a distinct advantage over particulate tracers 

since they do not settle out due to gravitational forces. Radioactive 

gaseous tracers which have been used have included argon-41, (l45-i4s) 

krypton-85, (l49-l5l) xenon-133, (lZ6) and tritiated water vapor. (l5Z) 

Argon-41 emitted from a stack at Brookhaven, New York was traced for 

160 miles over the ocean. (l46 ) The use of various radioactive tracers 

in testing small-scale ventilation problems has been reviewed by 

Gerrard. (l53) The problem with radioactive tracers is, of course, that 

they cannot be used over populated areas. Even when used in dilute 

amounts for testing the ventilation in a room, the experimenter must 

monitor concentrations remotely from another room. 

Sulfur dioxide, since it is released continuously from power 

station smoke stacks, has been used to monitor dispersion downwind of a 

power plant. (l54- 156) Problems included sensitivity of measurement and 

interference from existing background so2 concentrations. A well-known 

tracer test commonly referred to as Project Prairie Grass used so2 as a 

tracer over flat prairie land near O'Neill, Nebraska in 1956. (l57 ) 

Sulfur dioxide has also been used as a tracer in wind tunnel studies of 

d . . db . 1d. (158,159) ispersion aroun ui ings. A recent study suggested measur-

ing sulfur-32 to sulfur-34 isotope ratios with a mass spectrometer as a 
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method for tracing stack emissions of so
2

. (l60) This method is depen-

dent on the fact that the isotope ratios in the fuel are different from 

those in the ambient air. 

In small enclosures, high levels of tracer gas concentration can be 

introduced in order to overcome sensitivity problems in the analysis. 

Various tracer gases with low sensitivity have thus been used to test 

ventilation rates in structures. Helium has been used as a tracer gas 

to determine the infiltration rate of outside air into a closed house; 

(l6l, 162 ) · · · · h bl h h h b . . . 11 sensitivity is sue a pro em tat t e ouse must e initia y 

filled with 0.5% helium in order to follow its change with time. Helium 

has also been used as a tracer gas in wind tunnel studies of turbulence. 

(163,164) Nitrous oxide (N
2
0) has been used as a tracer to test venti-

lation in a mine(165) and in a hospital room. (166) Lidwell and Love-

lock(167) used various evaporated organic solvents detected by ultra-

violet absorption as tracers for studying ventilation rates in rooms. 
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2. EXPERIMENTAL TECHNIQUE 

2.1 Electron-capture detector 

Recent advances in analytical chemistry have made possible extremely 

sensitive measurements of certain gaseous halogenated compounds. The 

principle of detection is based on the fact that these gases have a very 

high affinity for capturing electrons, and thus if these gases are in-

traduced into a small electric current, the measured current will de

crease. Schultz(168) in 1957 used a simple concentric electrode detec-

tor to measure concentrations of freon-12 (CC1
2

F
2

) from a field tracer 

release. Lovelock and Lipsky(169) in 1960 introduced a detector with 

a radioactive source which provided a low electron density, and thus a 

greatly increased sensitivity. This electron-capture detector was soon 

improved by pulsing the applied voltage to allow more efficient capture 

(170) of electrons. Use of this detector has grown steadily in gas 

chromatography studies, principally in the area of detection of halo

genated pesticides. Lovelock(l 7l) and more recently Aue and Kapila(172 ) 

have presented good reviews of the operation and applications of the 

electron-capture detector in gas chromatography. 

There are two electron-emitting radioactive sources which are com-

manly used in electron-capture detectors, tritium and nickel-63. 

Tritium, which is fairly inexpensive, is normally chemically bonded to 

a titanium substrate, however this source has the drawback of emanation 

0 (173 174) of tritium gas when operated at temperatures above 200 C. ' 

Recently, a scandium substrate for tritium has been proposed which can 

be operated at 300° C with negligible tritium loss. (l 7S,l 76 ) Nickel-63, 

which is a solid, is normally used for high temperature operation in 
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pesticide work. Promethium-147 has been proposed as an alternative 

radioactive source which has properties similar to nickel-63, but is 

. (177 178) (179) much less expensive. ' Shoemake et al. have proposed other 

candidates for radioactive sources in electron-capture detectors: 

technetium-99, radium-226, andamericium-241; these sources can all be 

operated at high temperature, but are relatively expensive. 

The operating characteristics of the electron-capture detector are 

not completely understood at the present time. (180) Chen and Wentworth 

have noted that for some compounds the detector temperature can affect 

sensitivity by a factor of 103 , while for other compounds the detector 

temperature does not affect sensitivity. A number of studies have 

examined optimum operating conditions for the electron-capture detec-

(181-184) h f h d. d. tor, owever some o t ese stu ies are contra ictory. For 

example, using a nickel-63 source and argon-methane carrier gas, Sim

monds et al. (l3l) found that the standing current decreased with in

creasing temperature; in a similar study, using the same source and 

carrier gas, Devaux and Guiochon(l3Z) found that the standing current 

· d · h . . R d. (185,186) h increase wit increasing temperature. ecent stu ies ave 

shown that very small quantities of oxygen or water vapor in the carrier 

gas can have a large effect on the electron-capture detector; Van de 

Wieland Tommassen(lBS) very carefully excluded any oxygen from entering 

a nickel-63 detector and found that the standing current was independent 

of temperature. 

2.2 Sulfur hexafluoride as a tracer gas 

Tabulation of the sensitivity of the electron-capture detector for 
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a large number of halogenated compounds(lB?) showed that sulfur hexa-

fluoride, an inert non-toxic gas, had one of the highest responses. 

Simmonds et al. (lBB) have demonstrated that optimum pulsing of an 

electron-capture gas chromatograph can lead to a detection limit of 

2 x 10-l3 parts SF
6 

per part of air. Clemons et al., (lB 9) by concentrat-

ing SF
6 

in an activated charcoal trap, showed that sensitivity could be 

increased to one part in 10
14

• Sulfur hexafluoride is chemically inert 

at normal temperatures and is stable to ultraviolet light;(l90) it is 

extremely insoluble in water. (l9l,l9Z) 

Lester and Greenberg(l93) have demonstrated that sulfur hexa-

fluoride is non-toxic. Animals were exposed to atmospheres consisting 

of 80% SF6 and 20% o
2 

for periods of 16 to 24 hours; no indications of 

intoxication, irritation, or any other symptoms were observed during the 

exposures or at any time thereafter. Eagers(l94 ) has concluded that SF
6 

"appears to be physiologically inert when pure." (195) Wood et al. 

recently tested pulmonary ventilation in human subjects by having them 

breathe a mixture of 90% SF6 and 10% o2 under a pressure of 2 atmos

pheres. In a similar study, Martin et al. (l96 ) tested dogs which 

breathed a mixture of 95% SF
6 

and .5% o
2 

at a pressure of 4 atmospheres. 

No mention of any abnormal or toxic effects was made in either of the 

latter two studies. 

Thus, since it is gaseous, physiologically inert, chemically inert, 

and easily detectable in extremely low concentrations, sulfur hexa

fluoride is an excellent atmospheric tracer. Short range dispersion 

tests using SF
6 

as a tracer have been made from continuous point source 

(197,198) releases. Longer range studies have shown that SF6 can be 
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detected up to 75 miles away from a continuous point source. (127 , 189 ) 

Recently, portable electron-capture gas chromatographs which can be 

used in aircraft have shown good results detecting sulfur hexafluoride 

. 1 . . f' ld (199,200) in pre iminary ie tests. Dietz and Cote(ZOO) have developed 

a technique which can continuously monitor sF
6 

concentrations for a 

period of about 40 seconds. 

One problem in the use of sulfur hexafluoride as an atmospheric 

tracer is that SF6 is also used as an insulator in high voltage under

ground electrical cables, ( 20l) and thus there must be a small ambient 

concentration. (202) . 
Lovelock recently measured in Ireland ambient SF

6 

and CC1
3

F concentrations carried by winds from European industrial 

areas and found an ambient SF6 concentration level of 10-13 . If this 

level increases significantly in the next few years, there are many 

other gaseous halogenated compounds with high sensitivity which could be 

used as alternative atmospheric tracers. 

Sulfur hexafluoride was used as a tracer gas in all the atmospheric 

dispersion experiments described in sections 3-7. Air samples were 

taken in most cases by 250-ml polyethylene squeeze bottles; the sampling 

technique is discussed in detail in section 2.3. The analysis procedure 

by electron-capture gas chromatography and the calibration procedure 

are described in detail in section 2.4. The limit of detection under 

12 operating conditions was one part SF6 in 10 parts of air. 

2.3 Air sampling methods 

In the atmospheric tracer studies described in sections 3-7, it 

was necessary in most cases to obtain a series of air samples and 
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return them to the laboratory for analysis. In one study, two portable, 

battery-operated electron-capture gas chromatographs were used to make 

immediate analyses in the field; these chromatographs will be described 

in section 2.4. To obtain ambient air samples, sometimes called "grab" 

samples, previous studies have used evacuated stainless steel cylinders, 

(l9S) plastic bags, (Z03 ,Z04) and plastic squeeze bottles. (l97 ) Evacu-

ated stainless steel cylinders are probably best for SF
6 

samples, since 

there is low adsorption and the time of sampling can be easily adjusted; 

however, stainless steel cylinders are expensive and quite bulky. 

Plastic bags are relatively inexpensive, however they are also bulky 

and require a hand pump which can contaminate an air sample. 

Plastic squeeze bottles are inexpensive, take up little space, and 

can be easily cleaned for reuse. 250-ml polyethylene squeeze bottles 

were used for air sampling in all the tracer tests. The sampling pro-

cedure was to squeeze a bottle hard ten successive times, one squeeze a 

second. Field tests showed a reproducibility of 5%, and SF6 samples 

could be contained in the bottles for a period of at least two weeks 

without change. The averaging time in sampling with squeeze bottles 

was approximately 10 seconds. Concentrations can be compared with 

those for other sampling times by the one-fifth power law suggested by 

(27) . (205) 
Cramer and Hino, 

(6) 

wl1ere t
1 

and t
2 

are averaging times in sampling. This relation applieH 

for sampling times less than 10 minutes, but may not be valid in all 

situations. 
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One problem encountered with the polyethylene squeeze bottles was 

that sulfur hexafluoride at concentrations above 2 x 10-9 adsorbed on the 

polyethylene surface. The standard cleaning technique which was adopted 

for used bottles was to evacuate them for 5 minutes in a vacuum dessi

cator and then fill them with high-purity compressed air; this pro

cedure was repeated three times. It was found that this cleaning pro

cedure using three short evacuations was as effective as one long evacu

ation overnight. However, polyethylene bottles which had contained sF
6 

-9 
concentrations of 2 x 10 or higher could not be effectively cleaned by 

this procedure; small but measurable residual SF
6 

concentrations of 

order S x 10-
4 

of ti1e original concentrations remained inside the bottles 

after cleaning. To insure accuracy in the tracer experiments, bottles 

which had contained an SF 
6 

concentration of 2 x 10-9 or higher were never 

reused. It is possible that evacuation at high temperature or treatment 

by liquid solvents may clean contaminated bottles, however these pro-

cedures were not tried. 

Polyethylene syringes, of capacities 20 ml to 50 ml, were found to 

take air samples as well as the squeeze bottles if the syringes were 

capped immediately and analyzed within 18 hours. Preliminary tests 

indicated an SF6 contamination problem similar to that described above 

for the polyethylene bottles. A remote, self-contained, sequential air 

sampling unit was developed which incorporated polyethylene syringes; 

this automatic sampling device is described in detail in Appendix A-5. 

The sampling unit contains a number of spring-loaded syringes which are 

released sequentially by the motion of a rotary mechanical timer. Field 

tests indicated that the sampling device could take accurate sequential 
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air samples automatically and contain each sample without leakage for at 

least a period of 18 hours in an outdoor environment. 

2.4 Analysis and calibration procedures 

The instrument used for analysis in most of the tracer studies ~as 

an Analytical Instrument Development Inc. (Avondale, Pa.) Model 510 

electron-capture gas chromatograph equipped with a 1-ml loop gas sarr.

pling valve. The detector, of parallel-plate design, contained a 200-

millicurie tritiated titanium foil which under operating conditions 

-9 
produced a standing current of about 5 x 10 amps. The AID chromatograph 

was adapted by attaching an external pulser which produced a 34 volt 

pulse of 1-µsec duration. For optimum sensitivity to SF
6

, the pulse 

period was adjusted to 200 µsec; Simmonds et al. (l3S) found for a similar 

chromatograph an optimum pulse period for SF
6 

sensitivity of 180 µsec. 

The carrier gas was prepurified nitrogen which was run at a flow rate of 

90 ml/min. A molecular sieve trap was used to remove any residual 

water vapor from the carrier gas before it entered the chromatograph. 

The column used to separate SF
6 

was 8 ft x 1/8 inch stainless steel 

packed with 80-100 mesh SA molecular sieve. Under operating conditions, 

this column caused the SF
6 

to elute first as a sharp peak in about 20 

sec after injection, followed by a large oxygen peak which appeared in 

about 45 sec after injection; a typical separation of a low SF6 concentra

tion and oxygen is shown in Figure 2. The column and detector were 

operated at 50° C. The electrometer output from the chromatograph was 

monitored by an Esterline Angus Model Tl71R strip-chart recorder (1 

ml'go\Jm input impec.lcrnc:c). A low-pass RC filter with a time constant of 
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3 2 1 0 

TIME FROM INJECTION, MINUTES 

Figure 2. Typical separation of SF
6 

and oxygen, showing the SF
6 

peak 
eluting befoE12the large oxygen peak. The SF

6 
concentration 

was 5.0 x 10 parts SF
6 

per part of air. 
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about 0.5 sec was used to reduce high frequency noise. Integration of 

the SF
6 

peak was accomplished by an Infotronics Model CRS-100 digital 

electronic integrator. For analysis of the squeeze bottle samples, a 

cap for the bottles was mounted on the inlet of the gas sampling valve 

of the chromatograph. A sample was analyzed by attaching the poly

ethylene bottle, squeezing the bottle and thus flushing at least 10 ml 

through the 1-ml sampling loop, and injecting the sample before releas

ing the squeeze on the bottle. 

In the large-scale field study described in section 6, two portable, 

battery-operated electron-capture gas chromatographs were used to make 

immediate field analyses of SF
6 

concentrations. The two chromatographs 

were similar to the one used by Sinnnonds et al. ( 206 ) to measure ambient 

levels of halogenated hydrocarbons over the Los Angeles basin. Each 

chromatograph contained a detector of concentric cylindrical design with 

a 200-millicurie tritiated titanium foil. The detector was pulsed at 

38 volts for a 1-µsec duration; the pulse period was adjusted to 200 

wsec for optimum SF
6 

sensitivity. Each instrument contained a 3.5 ft x 

1/4 inch stainless steel column packed with 80-100 mesh SA molecular 

sieve; the carrier gas was prepurified nitrogen. The column and detec

tor were operated at ambient temperature. The electrical output of 

each chromatograph was monitored by an Esterline Angus Model Tl71B 

battery-operated strip-chart recorder; an RC filter with a time constant 

of 0.3 sec was used to reduce high frequency noise. For field analysis, 

a 50-ml syringe was used to draw in an ambient air sample through a 

1-ml loop gas sampling valve. Each analysis system consisting of 

c~1rrier ~as bottle, chromatograph, and recorder was completely 
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self-contained and could be easily operated within an automobile. 

Calibration of the AID chromatograph and the two portable chroma

tographs was accomplished by a well-mixed exponential dilution system, 

similar to that suggested by Lovelock( 20?) and used by Saltzman et 

al. (l90) A 6 x 6 x 6 inch Lucite cube was built with a magnetically

driven propeller positioned inside. An initial concentration of approxi

mately 1 ppm of sulfur hexafluoride was introduced inside the cube. A 

slow flow rate of high-purity compressed air was then started which re

sulted in one complete air change in about 30 min. If the system were 

well-mixed, the dilution should follow the equation 

C = C e 
0 

-N 

where c is the initial concentration and N is the number of air 
0 

changes. A graph of log peak area versus the number of air changes 

(7) 

h ld h . ld 1 f 1 p· 1 . D · 1 ( 20B) d · sou t us yie as ope o - . igure in rivas et a. an in 

Appendix A-1 shows that the dilution system was indeed well-mixed. 

A typical calibration curve of integrated peak area versus SF6 con

centration is shown in Figure 2 of Appendix A-1. The minimum detectable 

SF
6 

concentration, defined as three times the peak-to-peak noise level, 

-12 -12 was about 1. Ox 10 for the AID chroma to graph and 1. 5 x 10 for the 

two portable gas chromatographs. All chromatographs had a linear 

dynamic range of approximately 103 , from SF
6 

concentrations of l0-
12 

to 

10-9 . At higher concentrations, the electron-capture detector became 

overloaded; however, with electronic digital integration, a calibration 

curve is possible up to 1 ppm SF6 if standard operating conditions are 

maintained. This extremely large operating range of 106 in tracer con-

ccntration provt'.d quite useful in some experiments, for example, the 
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building wake tests described in section 4. 

An interesting operating feature of the electron-capture gas 

chromatographs was that the tritiated titanium foils became contaminated 

with use, resulting in a dip below the normal baseline after a large 

peak which increased analysis time. The origin of the contamination is 

not known; a suggested cause is adsorption of a high molecular weight 

. . f h . . 1 (209) impurity rom t e carrier gas or air samp es. After approximately 

three months of operation, a used tritium foil was subjected to a 

cleaning procedure similar to those suggested by Holden and Wheatley( 2lO) 

(211) and Claeys and Farr; the cleaning procedure is described in detail 

in Appendix A-6. The cleaning procedure restored fairly new foils, 

however after approximately one year of operation, the cleaning proce

dure was no longer effective and the tritiated titanium foil had to be 

replaced. Also at three month intervals, at the same time the detector 

was disassembled for cleaning, the molecular sieve column and the 

carrier gas molecular sieve trap were regenerated by heating at 300° C 

for three hours while purging with a flow of prepurified nitrogen. 
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3. CHARACTERIZATION OF VENTILATION SYSTEMS IN BUILDINGS 

Adequate ventilation in a building is important for both personal 

comfort and safety. Also of major concern is the amount of contamina

tion caused by toxic emissions from laboratory fume hood exhausts, 

which reenter the original building and may contaminate surrounding 

buildings. In extreme cases, buildings have been evacuated because of 

the reentry of toxic exhaust fumes. (212 ) Tracer experiments, involving 

sulfur hexafluoride, were used to obtain quantitative data regarding 

actual residence times in rooms and hallways, and contamination caused 

by reentry of laboratory fume hood exhausts into a building. These 

studies are described in detail in Appendix A-1 and in Drivas et al. ( 20B) 

The tracer experiments found that ventilation in rooms and hallways 

could be described by an exponential decay with time of an initial con

centration of tracer, as found by Lidwell and Lovelock. (167) This ex

ponential behavior could be represented by a well-mixed theory with the 

addition of a "mixing factor" to account for the non-idealities in mix

ing, as is commonly done for calculations of actual ventilation rates 

in structures. (Zl 3 ,Zl4) Measured values of the "mixing factor" ranged 

from 0.3 to 0.7 in small rooms without fans. 

Experiments on the reentry of fume hood exhausts into buildings 

showed some surprising results. One fume hood, although satisfying the 

Los Angeles County building code, (2lS) was located only 16 ft from the 

main air intake of the ventilation system of a three-story building, as 

shown in Figure 6 of Appendix A-1. In one test of this fume hood, 

about 20% of the exhausted fumes reentered the ventilation system. 

Another experiment involved a roof fume hood exhaust on a three-story 
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building with ventilation intakes both at ground level and on an ad-

joining building roof. In this test, more of the exhaust reentered the 

ground level intake of the same building as compared to the roof intake 

of the adjoining building. 
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4. PROBING TI-IE AIR FLOW WITHIN THE WAKE DOWNWIND OF A BUILDING 

Knowledge of the air flow dynamics around a building is essential 

to good planning of its ventilation system. A sketch of a typical air 

flow pattern around a building(lS9) is presented in Figure 1 of Appendix 

A-2. One main characteristic of the side view is the large eddy or 

cavity which forms downwind in the wake behind the building, causing a 

reverse flow from ground level to the roof of the building. Investiga-

tion of this recirculation is important, since pollutants emitted near 

the ground level from automobiles may be transported directly to a roof 

intake vent, and toxic gases exhausted from the roof may be transported 

to ground level where people may be present and where ventilation intakes 

may be located. 

Sulfur hexafluoride was used as a tracer to probe the air flow and 

dispersion patterns within the wake downwind of a 12 meter high, three

story building. Specifically, the extent and velocities of the recircu

lation in the wake were investigated and a characteristic exponential 

dilution time for the wake was determined. Also, some practical contami-

nation problems relating to the wake were examined, including direct in-

filtration of the tracer into the building. These studies are described 

in detail in Appendix A-2. 

A reverse-flow circulation was observed with a longitudinal extent 

downwind of about three building heights; wind tunnel tests on a scale

model building of similar shape indicated that the extent of the down

wind eddy was about 3.75 building heights. ( 216 ) The extent of the re

circulation on the roof was confined to less than one-half the width of 

the building from the downwind edge. The recirculating velocities in 
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the wake were estimated to be about 0.1 - 0.3 those of the prevailing 

wind at the top of the building. These values are consistent with re

circulating velocities associated with other wake flows; for example, 

Grove et al. (Zl?) investigated the velocities within the wake behind a 

circular cylinder and found that the recirculating velocities were 

about 0.1 - 0.3 those of the free-stream velocity. 

The wake downwind of the building was found to be well-mixed in 

all three dimensions and exhibited a characteristic exponential dilution 

time of approximately one minute, as shown in Figures 5 and 6 of Appendix 

A-2. It was noted during the course of the experiments that the tracer 

could be detected inside the building, presumably drawn in through the 

main intake vents on the roof. However, in one test, integration of 

the concentration recorded at the intake vents resulted only in one-fifth 

the concentration level recorded inside the building; possibly, direct 

infiltration from the wake into the building had occurred. 
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5. DISPERSION OF AN INSTANTANEOUS CROSSWIND LINE SOURCE OF TRACER 

RELEASED FROM AN URBAN HIGHWAY 

As discussed in section 1.3, there are two main methods at present 

of characterizing dispersion from pollutant sources in urban areas; one 

is the Gaussian plume model and the other is the use of the semi

empirical turbulent diffusion equation, commonly referred to as K-theory. 

In order to test various forms of these models, sulfur hexafluoride was 

used as a tracer in a quasi-instantaneous line source release by an 

automobile moving along an urban highway in Los Angeles. Concentrations 

at various distances from 0.4 km to 3.2 km downwind of the highway were 

recorded at ground level as a function of time. These tracer concentra

tion data were used to· test the validity of the above theories in pre

dicting the dispersion from an instantaneous urban ground-level cross

wind line source. This study is described in detail in Appendix A-3. 

Runs were made along a section of Interstate 405 (commonly known 

as the San Diego Freeway) which runs parallel to the Pacific Ocean 

coastline about 6 km inland; during the afternoon a brisk sea breeze 

normally blows inland perpendicularly across the highway. Typical SF
6 

concentration vs. time curves at various distances downwind of the line 

source release are shown in Figures 1 and 2 of Appendix A-3. The 

curves spread with increasing distance downwind and exhibit a skewness 

to the right which also increases with increasing downwind distance. A 

most interesting feature is that the apparent average velocity in each 

run, calculated from the average travel time at each distance, increases 

with increasing downwind distance, as shown in Table 2 of Appendix A-3. 

The Gaussian model equation for concentration from an instantaneous 
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crosswind line source was tested in order to compare this theory with 

the experimental data. The comparison showed two major discrepancies: 

one, the peak concentrations were overestimated by a factor of 20, and 

two, the times associated with the movement of the concentration peak 

downwind were in error. This latter result is due to the fact that the 

Gaussian model assumes a constant average velocity for the movement of 

the peak concentration; the experimental data show an apparent velocity 

which increases with time. 

The experimental results of non-Gaussian concentration profiles and 

an apparent velocity which increases with time can be interpreted by 

the effect of wind shear, i.e. a horizontal wind velocity which increases 

with height. As the cloud of tracer grows vertically with time, the 

effective mean wind velocity which is transporting the cloud increases . 

. (54) (51) Integral moment analyses by Chatwin and Saffman were used to 

compare K-theory approaches using vertical velocity profiles with the 

experimental results. Saffman's analysis of the semi-empirical turbu

lent diffusion equation, using a power-law vertical velocity profile 

and a power-law vertical eddy diffusivity profile, was found to more 

accurately predict the experimental results than the other models 

tested. 
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6. POLLUTANT TRANSPORT AND DISPERSION OVER THE LOS ANGELES AREA 

There has been a long-term and growing interest in the meteorology 

associated with pollutant transport through the area surrounding Los 

Angeles, California. (5 ,ZlS) Angell et al. (l06 ,l07) have used tetroons 

to study wind trajectories in the Los Angeles basin. Use of chemical 

tracers can characterize the dispersive power of the atmosphere in addi

tion to tracing wind trajectories. Zinc-cadmium sulfide has been used 

(113) 
as a tracer over Los Angeles, however preliminary results indicate 

that little of the tracer could be measured. In a large-scale test, 

sulfur hexafluoride was used as a tracer over the urban area near Los 

Angeles in order to study pollutant transport and dispersion over dis

tances up to 124 km. This study is described in detail in Appendix A-4. 

On July 19, 1973, sulfur hexafluoride was released at a rate of 

750 g/min for a period of 45 min from ground level in Anaheim, Califor

nia. During the time of the release, the base of the temperature in

version was reported to be 550 meters near the ocean and 750 meters 

inland near Pomona. The wind in Anaheim was mainly from the southwest, 

blowing inland. Dispersion data well above the minimum detectable con

centration limits were obtained in five neighboring communities up to 

124 km (78 miles) away: Pomona, Riverside, San Bernardino, Cajon Pass, 

and Palm Springs. Two portable, battery-operated gas chromatographs, as 

described in section 2.4, were operated within automobiles and used to 

locate the tracer cloud as it passed through the geographical regions. 

One chromatograph was used to follow the tracer north along the route 

encompassing Riverside, San Bernardino, and Cajon Pass; the other was 

11sl·d Lo follow the tracer east from Pomona to Palm Springs. Individuals 
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were left behind to collect air samples when the tracer began to appear 

at Pomona, Riverside, and San Bernardino. 

The concentration versus time data obtained at each location are 

shown in composite form in Figure 7 of Appendix A-4. The data were 

analyzed by two methods: one, by use of the Gaussian plume model, as 

summarized in Table 1 of Appendix A-4; and two, by numerical integration 

over time of the concentration recorded at each location, as summarized 

in Table 2 of Appendix A-4. Both approaches indicated that the cities 

of Riverside and Palm Springs possibly lie in a direct path of the 

pollutant transport from Anaheim. Palm Springs, which at 124 km from 

Anaheim was the furthest location sampled, received eight times the 

amount of the tracer recorded in Cajon Pass, and half the amount re

corded in Pomona, which was only 34 km distant from the release point in 

Anaheim. This work demonstrated the applicability of the SF6 tracer 

technique in studies of large-scale urban regions. The entire test was 

quite inexpensive, and all data were analyzed and graphs prepared within 

24 hours after the end of the test. 
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7. MISCELLANEOUS TRACER TESTS 

7 .1 Gas transport in the h.uman lung 

Many attempts have been made to relate experimental data on gas 

residence times in the human lung to a theoretical model. Five and six 

compartment models of the lung which require a computer have been 

(219 220) recently suggested. ' These models have found good agreement with 

data obtained by the standard nitrogen washout technique (breathing pure 

oxygen and analyzing the decrease in nitrogen with each breath). How

ever, these models are so complex that their use in practice is severely 

limited. Since concentration curves from nitrogen washout experiments 

show a predominantly exponential behavior, a simple single-compartment 

model of the lung is proposed. 

If a single compartment is well-mixed, concentration will decrease 

as 

~ = e-N/NT 
C 

0 

(8) 

where c
0 

is initial concentration, N is the number of breaths, and NT is 

the theoretical number of breaths for one air change. Since lungs are 

not perfectly well-mixed, a mixing factor k is introduced to account 

for variations from the well-mixed model, as was done for room ventila-

tion in section 3, 

C -= 
C 

0 

where O < k < 1. The theoretical number of breaths for one air change, 

NT, can be defined as 

FRC + (vT - vD) 

(vT - vD) 
(10) 
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where FRC is the functional residual capacity, VT is the tidal volume, 

and VD is the alveolar dead space. These quantities can be measured by 

standard experimental techniques. 

An experiment was conducted using sulfur hexafluoride as a tracer 

gas in the human lung. A small volume of dilute SF
6 

was inhaled, and 

the decrease in concentration was measured with every breath. The 

results are shown in Figure 3. The number of breaths, N , required exp 

for the concentration to decrease by a factor of 1/e can be calculated 

from the graph. The ratio of N to the theoretical number of breaths exp 

for one air change (NT) gives the value of the mixing factor: 

k = (11) 

This model was used to analyze data for both healthy and diseased 

lungs, and the results are shown in Table 1. The experimental data 

were obtained from the papers which propose the multicompartment models. 

(219,220) An interesting result is the fact that healthy lungs are 

quite close to being completely well-mixed (i.e., having a mixing fac

tor close to 1). While the use of SF
6 

as a tracer is not proposed as 

an alternative to the standard nitrogen washout technique, the proposed 

model is quite useful in its ease of interpreting experimental data. 



-37-

10·8r----,-----,----.-----r-----,----

0::: 
<( 

l.J... 
0 
w 
~ 
::> 
_J 

0 
> 
0::: 
w 
0... 
w ,o-9 

~ 
::> 
_J 

0 
> 
en 
~ 
0::: 
<( 
0... 

'w u.: 
~ 

f 
N exp= 5.4 BREATHS 

/ k = o.83 

10-IO..__ ___ ......JL------J'------1.-__ _.L ___ _i_ ___ __J 

2 4 6 8 10 

NUMBER OF BREATHS 

Figure 3. Decrease in tracer concentration as a function 
of number of breaths in healthy lung. 



-38-

* Table 1. Comparison of healthy and diseased lungs. 

Source Lung condition _0_ NT N 
k ~ 

Saidel, et al. (220) Diseased 0.20 6.6 12.3 0.54 
Fig. 2B 

Hashimoto, et al. (219) Diseased 0.11 12.6 19.5 0.65 
Fig. 6 

Saidel, et al. (220) Healthy 0.20 7.8 9.1 0.86 
Fig. 2B 

Present work Healthy 0.33 4.5 5.4 0.83 

VD was estimated as 150 ml. <221 ). 
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7.2 Air infiltration rates into a moving automobile 

An experimental investigation using sulfur hexafluoride as a tracer 

gas was conducted to determine the infiltration rate of outside air into 

a moving closed automobile. This information is vital in case a leak 

develops in the exhaust system which bleeds carbon monoxide into the 

passenger section of a car. Also, in traveling through automobile 

tunnels, which usually contain high concentrations of carbon monoxide, 

knowledge of infiltration rates is important for the comfort and well-

being of car passengers. 

As mentioned previously, air infiltration rates into closed houses 

have been measured using helium as a tracer gas~161 , 162) These studies 

found that the experimental air change rate per hour increased linearly 

with increasing wind velocity. A simple theoretical discussion will add 

credence to this observation. 

Consider the stagnation pressure built up by wind velocity on the 

side of a house or the front surface of a moving car. From conservation 

of mechanical energy, 

--~-= 
p 

2 
u 

0 

2 
(12) 

where psis the stagnation pressure, p
0 

is atmospheric pressure, pis 

the air density (assumed constant), and u is the wind or car velocity. 
0 

This stagnation pressure in turn forces outside air through the small 

tortuous openings in a house or car. Since a large amount of frictional 

resistance is encountered, conservation of mechanical energy yields 

2 2 
=E-+E-F 

2 2 
(13) 
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where u is velocity through the opening, and Fis a frictional factor 

which depends on the geometry and roughness of the opening and the 

Reynolds number of the flow. However, for turbulent flow, the Reynolds 

number dependence is small, and F will stay approximately constant with 

a change in wind velocity. Equating the right hand sides of equations 

(12) and (13) yields: 

u = 
u 

0 

IF + 1 
(14) 

Thus, the velocity through the small opening, and consequently the 

air change rate, should vary linearly with the wind or car velocity, as 

found experimentally in the house studies. 

In this study we used a 1969 Volkswagen sedan, a car noted for its 

airtightness, with 52,000 miles on the odometer. A small amount of SF
6 

was released inside the car, and after well-mixing, the decrease in SF
6 

concentration with time was measured as a function of car speed. All 

windows and vents were kept closed and all samples were taken in the 

center of the car. The results are shown in Figure 4. From the graph, 

the experimental time for one complete air change, t , can be calcu-exp 

lated; it ranged from 5.9 minutes at 60 miles per hour to 21 minutes at 

15 miles per hour. 

The above theoretical discussion predicts that the time for one 

air change (t ) should be inversely proportional _to the car velocity. 
exp 

Figure 5 verifies this theoretical prediction. Thus, the initial 

intake rate of atmospheric pollutants is directly proportional 

to the car speed. Whether the experimental residence times found are 

typical for most cars, or above average, is a question to be decided by 
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more extensive tracer studies on different makes and models of automo-

biles. 

7.3 Dispersion in an automobile tunnel 

As discussed in section 7.2, the intake of pollutants while 

driving through tunnels is a function of the automobile speed. Another 

factor which must be considered is how the concentration level of the 

pollutant itself varies in a tunnel. Dispersion of pollutants in an 

automobile tunnel is fairly complicated, since the movement of the cars 

possibly has a great influence on air mixing. 

A tracer test using sulfur hexafluoride was conducted in a two

way traffic automobile tunnel. The tunnel was straight and 240 ft long 

with fairly rough walls. The tunnel was about 30 ft wide and thus had 

room for two lanes of traffic, one lane moving in each direction. The 

shape of the tunnel was roughly semi-circular, with a maximum height of 

about 30 ft. The tunnel was located near Malibu, California about 

one-half mile from the ocean; ventilation was accomplished by a natural 

sea breeze flow in one direction. 

About one liter of SF
6 

was released as an instantaneous point 

source in the center of the upwind end of the tunnel. Air samples were 

taken on catwalks on both sides of the tunnel near the downwind end. 

The amount of traffic was about 4-5 cars/min in each direction, with 

estimated speeds of about 30 miles per hour. The results of the tracer 

test are shown in Figure 6. 

The one striking result is that dispersion in the automobile 

tunne l was not uniform; the traffic flow direction had a large effect on 
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the concentration distribution. Two distinct peak heights were recorded; 

from the peak heights, the apparent average wind velocity in the traffic 

lane parallel to the wind was 5.2 mph and in the lane opposite to the 

wind direction was 2.7 mph. These results indicate that a possible 

simple way of modeling flow in a two-way traffic automobile tunnel is to 

use a linear velocity profile across the width of the tunnel to approxi

mate the effect of the traffic flow direction. Much more work is needed 

to characterize the effects of traffic density and automobile speed on 

the dispersion of pollutants in both one-way and two-way traffic tunnels. 

7.4 Dispersion in a complex of buildings 

During the building wake studies described in section 4, some con

tamination problems arose due to a student in a nearby building using 

sulfur hexafluoride in an unrelated experiment. Preliminary sampling 

indicated that this student, who was inadvertently releasing SF6 from 

the roof of Guggenheim, was contaminating a large section of the Caltech 

campus downwind. It was decided to make a similar test, releasing a 

known amount of sulfur hexafluoride, to determine how dispersion occurs 

in a fairly complicated complex of buildings, the Caltech campus. 

Sulfur hexafluoride was released as a continuous point source at a 

rate of about 350 ml/min from the roof of Guggenheim. During the after

noon, the prevailing wind was from the south-southwest, carrying the 

tracer over a large section of the Caltech campus. It was found that 

SF
6 

concentrations in buildings downwind reached a steady-state in 

;1bout JO min. All air samples were taken inside buildings downwind 

after the tracer had been released for at least 30 min; SF6 was released 
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continuously during the entire time of sampling. Two runs were made, 

Run 1 on August 28, 1973 and Run 2 on October 4, 1973. 

The two runs are summarized in Table 2. Guggenheim, from whose 

roof the tracer was released, recorded the highest concentrations inside; 

concentrations in all other buildings were normalized to the concentra

tions recorded in Guggenheim. It can be seen from Table 2 that the 

reproducibility, except for a few cases, was quite remarkable for a 

complicated flow in a complex of buildings; in most cases, concentra

tions were within a factor of two. This excellent reproducibility is 

probably due to the fact that the air samples were taken inside build

ings whose relatively long residence times have a smoothing effect on 

the highly fluctuating concentrations outdoors. 

Figure 7 shows the relative concentration levels recorded over the 

Caltech campus for the two runs. It should be noted that the concen

trations decrease relatively rapidly downwind of the release point. 

Comparison with the Gaussian plume model for very unstable conditions 

showed that the recorded concentrations were lower by about a factor of 

ten than the calculated concentrations, i.e. the Gaussian model over

estimated the concentrations by about a factor of ten. Munn and Cole 

(l 30) used uranine dye as a tracer to study dispersion 500-1000 ft 

downwind of a fairly large building and also found that the Gaussian 

plume model overestimated recorded concentrations by about a factor of 

ten. It appears that the Gaussian plume model, while used mainly for 

dispersion over flat land, can certainly be used as an upper bound for 

calculating dispersion in a complex of buildings. 
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Table 2. Dispersion in a complex of buildings. 

Fraction of Guggenheim concentration 
Campus location Run 1 Run 2 

Guggenheim 

Thomas 

Firestone 

Spalding Laboratory 

Winnett Lounge 

Cafeteria 

Keck Laboratory 

Booth 

Baxter 

Keck House 

Campus Architect 

Steele 

Dabney Hall 

Central Warehouse 

Lauritsen 

Marks House 

Sloan 

Ruddock House 

Fleming House 

Crellin 

Noyes 

1.00 1.00 

0.36 0.31 

0.18 0.26 

0.19 0.18 

0.13 0.16 

0.075 0.079 

0.062 0.062 

0.070 0.058 

0.015 0.056 

0.020 0.050 

0.023 0.046 

0.033 0.040 

0.048 0.033 

0.030 0.020 

0.0002 0.018 

0.0009 0.0028 

0.0023 0.0012 

0.017 0.0011 

0.0011 0.0005 

0.0002 0.0004 

0.0015 0.0004 
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Figure 7. Isopleths of relative tracer concentration for 
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Experimental Characterization of Ventilation Systems in Buildings 

Peter J. Drivas, Peter G. Simmonds, and Fredrick H. Shair 1 

Division of Chemistry and Chemical Engineering and Jet Propulsion Laboratory 
California Institute of Technology, Pasadena, CA 91109 ' 

■ Tracer experiments. involving s11lfur hexanuoridc, were 
used to obtain quantitative data n·garcting actual residence 
time distributions in room s and hallways. and contamination 
caused by reentry of laboratory fume hood exhausts into a 
building. Application of a mixing factor./.:., was found to be of 
use, and measured values ranged from O. J to ll .7 in small 
rooms without fans . One experiment involwd a roof exhaust 
with ventilation intakes hc1th on an adjoining roof and at 
ground level; in this expcrimC'nt more of the exhaust reentered 
the ground level intake of the same building as compared to 
the roof intake of an adjoining built.ling. Jn another experi
ment, 20% of the fumes exhausted were found to reenter the 
ventilation system. 

T he air quality of urban atmospheres is heing widdy 
discussed . In spite of the fact that a significant portion 

of a person's life is spent within buildings, the air quality 
within buildings has been relatively overlooked. Accurate 
characterization of airflow through buildings is important for 
both personal comfort ancl sa fety. Of major importance in 
v;irious facilities is the length of time required for purging 
until the concentration of toxic ~pecies lowers to a ~afo level. 
Also of major concern is the degree of cnntarnination caused 
by emissions from laboratory fume hood exhausts, which re
':'ntPr the original building and surroundin~ b•_1il,:Jirg~ . !n 
extreme cases, buildings haw been evacuated because of the 
reentry of toxic exhaust fumes (( ·1arkc, 1965). 

Probably the most useful ,m:thod of characterizing the ef
fectivene ss of room and hallway vcntil:ttion is the mixing 
factor guide reported hy Consla nee ( 1970). If the room unJer 
consideration is i<leally well-mixed. then following a spill of a 
pollutant, the concentration will decrease due to purging as 
indicated by the equation: 

(1) 

Some time ago Lid well and Lovelock ( 1946) noted that if the 
room is not well-mixeu, then the rates of decay will not neces
sa!"ily be logarithmic nor will thi: decay rates be the same in 
all parts of the room. Lidwl'il and Lovelock also noted that in 
practice it is usually possible to fit a curve of the type: 

1 To whom corrcsponJcncc should be addressed. 

C = Cor,ct (2) 

where K is a constant. This idea is identical to that used by 
Constance in his use of the mixing factor k: 

C = Cot!-k(Q/V) 1 (3) 

Values of/.:. are normally estimated to be from 1
/, to 1

/ 10 . Using 
a tracer-gas technique, values of /.:. can he experimentally 
measured and thus accurately characterize room ventilation . 

A numher of studies have considered airflow around build
ings and the location of fume exhausts to minimize reL·ntry. 
Almost all these studies have required the huilding nf sc:1k 
models and have u~ed smoke or chemical tracers in controlkct 
wind and water tunnel experiments. Fan and Brooks ( I %8) 
made water tunnel tests of a scale model of the west camr,us of 
the California Institute of Technology using a dye tracer; 
they showed that the intake vent of Crellin-·-a chemistry 
laboratory-is presently located in r,ossibly the worst place 
for contamination by reentry of exhaust fumes . Evans ( 1957) 
made extensive wind tunnel tests with a smoke traci:r on a 
larger number of building and roof shape, <;howing the eddy 
formation downwind . Halitsky (1%2, 1963) used SOz as a 
tracer in wind tunnel studies of scale model buildings to deter
mine the dilution factor from exhaust vents to intake vents. 
Halitsky (1965) and Fan and Brooks (1968) have also theo
retically modeled plume behavior to estimate exhaust ,tack 
heights to limit contamination of built.ling air intakes. Davis 
and Moore (1964) mat.le wind tunnel tests using a smoke tracer 
on a scale model ofa tall nuclear reactor building. They found 
that the transition from a steady plume to a turbulent wake 
depended on the ratio of the exhaust velocity to wind velocity. 
Clarke (1965) also commcnteu on the significance of this ratio 
and the importance of having a large exhaust velocitv. Munn 
and Cole (1967) released a nuoresccnt tracer, ura;ine dye, 
from an actual building exhaust stack and measureu concen
trations 500--1000 ft downwind. Likewise, Turk ct al. ( J %~) 

released SF~. the tracer used in the present L'Xperimcnt_ from 
an actual building stack and measured concentrations 650-
1000 meters downwind. 

To the authors' knowledge, no experimental tracer tests have 
been made to determine the efTectiveness of ventilati o n in 
rooms and the contamination resulting from reentry o f furn ~ 
hood exhau,ts under real conditions. The goal of thi s ime \ ti
gation was to gain quantitative knowledge in these two area<;. 
No legal standards exist for the design and location of 
fume hood exhausts . Thus, these measurements arc vital for 
the safety of personnel working in any building which ex
hausts toxic fumes . 
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The analytical technique involved a gas tracer detected by 
electron capture gas chromatograrhy. The electron capture 
detector was similar to that fir st developed by Lovelock and 
Lipsky (1960) . Sulfur hexafluoride (SF ,.) was used as the tracer 
gas . Lester and Gr.:cnbcrg ( I 9~0) have shown that SF~ is com
pletely nontoxic; rats were kept for 24 hr in an atmosphere 
of 80% SFe and suffered no ill effects . Previous studies (Col
lins et al., 1965; Clemons and Alt<;huller. 1966) have shown 
that SFe can be detected in concl'nlrations of I part in 10 11 

using the technique of elt:ctron capture gas chromatography. 
Thus, since it is physiologically inert and easily detectable in 
low concentrations, sulfur hexalluoride is an excellent at
mospheric tracer . Clemons et al. ( 1968) traced air movemt:nts 
over distances of 75 miles from a location where pure SF8 

was released at I lb/min for 1 hr. 
The instrument used in this study was a portable electron 

capture gas chromatograph (Analytical Instrument Develop
ment, Inc., West Cht:<;tcr. Pa .) equipped with a I-ml loop gas 
sampling valve . The cktcctor contained a 200-mCi tritium foil 
which under opt:rating conclirions produced a standing cur
rent of 4 X 10 -~ A. An S ft X 1 / , in . stainh:ss sled column 
was packed with RO I00-1m· \ h .,f\. Mokcular Sit·ve . This 
column caused the Sh lo l'lllll' fir :-. t, follnwed by an oxygen 
peak; any water vapor was ad <.orhl'd by the Mokcular Sieve. 
The carrier gas was prcpuritii.:J nitrogen which was run at 120 
ml/min . The column and dcteclor were kept at 55'' C. Inte
gration of the SFi peak was accornplisht:d by an lnfotronics 
Model cRs-100 digital electronic integrator. 

Due to the difficulty in making prepared standarJs with an 
SFe concentration of 10- 11 , calibration was accomplished by 
means of a well-mixed exponential Jilution system, similar 
to that used by Saltzman et al. ( I 966) . A 6 X 6 X 6-in. Lucite 
cube was built with a magnetically driven propellor positioned 
inside. A slow airflow rate of 104 ml/min resulted in one air 
change every 33 .5 min and thus assured good mixing. If the 
system were well-mixed, the dilution would follow that equa
tion: 

(4) 

where Co is the initial concentration and N is a number of air 
changes. A graph of peak area vs . number of air changes 
should thus yield a slope of -· I, as shown in Figure I . Figure 
2 shows the relationship hctwet:n peak area and actual SF8 

concentration. The minimum delectable SF,, concentration 
under the opt:rating conditions was 3 X 10- 1 2 . ·r he detector 
has a linear dynamic range of appro~irnately 10 3 hdow SF~ 
cc~crntrations of 2 X 10- 9_ At hi gher conccnlr,,liv,h, llu: 
detector becomes overloaded; however. a calibration curve is 
possible up to l ppm if standard operating conditions are 
maintained. 

Air sampks wt:re taken by dry 250-ml polyethylene bottles 
using the technique reported by Collins cl al. (1965). The 
sampling procedure was to squee/L: the bottle hard 10 suc
cessive times, one squeeze a second . Field tests showed 
excellent reproducibility, and samples could be contained in 
the bottles for at kast a period of two weeks. For analysis, 
a cap for the bottles was mounted on the inlet of the gas 
sampling valve of the chromatograph. A sample was analyzed 
by attaching the polyethylene bottle, squeezing the bottle and 
thus flushing at least 10 ml through the I-ml sampling loop 
and injecting the sample before releasing the squeeze on the 
bottle. Although polyethylene bottles proved quite useful in 
sampling. surface adsorption of SF~ was a problem . For ex
ample, if a bottle contained an SF8 concentration of 10-1 , 
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Figure 2. SFe calibration curve calculated from the exponential dilu
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after cleaning by rapid flushing with pure air, desorption of 
SFe produced concentrations up to 5 X 10- 10, which limited 
reuse of the bottle. 

Room and Jfallv.ay Ventilation Tests and Results 

The first step was to test the theory for a well-mixed room. 
A small (16 X 10 X 9) rectangular room. Room 27. ·was 
chosen in the basement of Caltech's Spalding Laboratory. 
The basement and room have a simple in-out ventilation 
system with no recirculation. From measuring tht! volumetric 
flow rate, Q, at the intake vent of the room and the room 
volume, V, as shown in Table I, the theoretical charactt:ri stic 

Table I. Theoretical Residence Times for Basement Rooms 
Room Q, fP/rnin V, ft' r, min 

25 
27 
31 

384 
316 
328 

1440 
1440 
1440 

3 . 8 
4.6 
4 .4 



time, r , for one air change can be calculated: 

T = V/ Q (5) 

For R oom 27, r = 4.6 min. 
Four large fans were placed strategically in the room to 

provide good mixing. One-tenth ml of pure SF6 was injected 
in fro nt of o ne of the fam, and air samples were taken every 
2 min in the center of the room and in one corner of the room 
near the exhaust vent. The results arc shown in Figure 3. 
The two locations in the room g:ive essentially identical re
sults. The dotted line repre~ents 1he best fit of a straight line 
through the data poi nts. The negat ive reciproca l of the slope 
of this line gives the effective residence time, ,,.,,, for one air 
change (the time required for concentration to decrease by 
1/e). From the graph, t,.,, = 5.1 min. The solid line indicates 
the theoretical well-mixed residence time, r = 4.6 min. The 
mixing factor as used by Constance ( 1970) can thus be defined : 

k = 
T 

(6) 

In this case, k = 0 .90; thus. the fans prod uced almost com
plete well-mixing. Without the fans, the mixing factor can be 
much less, as will be shown below. 

An important point is that the intl'grated concentration
time curve, multipl ied by the flow rate Q, :,hould equal 
(theoretically) the initia l amount of tracer injected into the 
room: 

Q f ... cdt = Do (7) 

where Vo is the initial volume of tracer . In this case, integration 
produced a total volume of0.092 m l, qui!c close to the injected 
volume of 0 .10 ml. Thus, essent ially all the injected tracer 
was measured, and no erroneous readings were caused by 
previous contamination of the room. 

A larger scale test was made to determine the eflicicncy of 
the ventilation system of the entire basement of Spalding 
Laboratory. The basement has one main intake vent which 
distributes fresh air to all the rooms . Air from the rooms is 
exhausted into the hallway, and one large vent exhausts the 
hallway air. There is no recircu lation. Pertinent ventilation 
data arc given in Table I for three of the rooms. 

One liter of pure SFG was injected into the intake vent of the 
basement systi:m, and SFft concentrations Wl'rc sampled in 
the above three rooms and at both ends of the hallway. 
Rooms 25 and 27 were sampled at the center of the room and 
Koom 31 was sampled 3 ft from one corner ol the room. 
Figure 4 shows the results for these three rooms. Concentra
tions peaked very quickly in all three rooms. By coincidence, 
the data for Rooms 25 and 27 ft:11 on the same straight line; 
thus, both rooms had essentially the same actual residence 
time. Calculations for the three rooms are summarized in 
Table II. 

The mixing factors in the center of the room arc quite high; 

Table II. Expcriml'11tal lksi1kncc Times and 
Mixin~ Factors for Bascml'llt Hooms 

Room Location , .. , .. min k 

25 Center of worn 6 7 0 . 56 
27 Center of room 6 . 7 0 .68 
31 Corner of room 14 6 0. 30 
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Figure 3. Results of the well-mixed ventilation test in Spalding, Room 
27 
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Figure 4. Results of the Spalding basement ventilation test for Rooms 
25, 27, and 31 ' 

however, the corner of Room 31 had a mixing factor slightly 
less than 1/J. Thus, the normal estimate of k = 1/ 3 to 1/ 10 is 
reasonably valid. The rooms tested were rather small (16 X 
10 fl) and larger rooms would presumably have worse mixing 
in corners and thus lower mixing factors. 

Data from the two ends of the hallway are shown in Figure 
5. Again, the concentrations peak rapidly. The break in slope 
of the curve for the west end of the hallway is dillicult to ex
plain since all rooms exhaust into the hallway and thus airflow 
is quite complicated. However, using the lower part of both 
curves, t,.p = 18.0 min for the cast end and 22.8 min for the 
west end of the basement hallway. Thus, we can assume one 
complete air change takes place in the basement roughly every 
30 min, to be on the safe side. If a sudden leak developed which 
flooded the basement with a 10- 3 concentration of chlorine 
gas, the basement would have to be evacuated since the n.:com
mcnded safe threshold limit for chlorine gas is 1 ppm <Com
mittee on Threshold Lim it Values, 1962). Seven air changes 
would be needed to reach 1 ppm (e··7 ~ 10-a) and thus, the 
time required for this dilution would be 7 X 30 min or 3.5 hr. 
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Fume HoodTestsand Results 

As mentioned previously. most studies concerning dilution 
of exhaust gases from buildings have u,ed scale moJds ln 
controlled wind and water tunnel exreri111cnts. In the present 
study, SFe was rckascd inside a laboratory fume hood and the 
amount n:entering the huilding after kaving the exhaust was 
measured in several locations inside th\.' building. 

Two tests were made from a fumL' hood in Room 236 in 
Spalding Laboratory; the room is a chemical enginc,·ring rt·· 
search laboratory. Sralding is a rather large, rect:111gular 
three-story building with the main ventilation intah· and ex
haust on the roof along with 10 fume hood exhausts . The roof 
ventilation system has some recycle and serves the first three 
floors; the basement has an indepemknt ventilation ~ystem . 
Surprisingly, the fume hood exhaust for Sralding no. ~hown 
in the foreground of Figure 6, was located only 16 ft from the 
main intake of the ventilation system (the three large panels 
in the background). 

In the first test, pure sr6 was released at a rate of 14-l ml /min 
for 10 min into a fume hood which had a flow rate of 590 
ft 3/min. Therefore, the exhaust SF6 concentration wa s 8.7 X 
10-9• Measurements of the amount of SF~ which ree ntered the 
building were taken in Room 231 of Spalding; the door was 
kept closed to prevent any direct contamination from Rnom 
236, the release point. Wind direction was not measured for 
this test. 

Results arc shown in the upper curve of Figure 7. Sur
' prisingly high concentrations were reached in the building. 

A dilution factor, D, can be defined: 

Exhaust concn 
D = ---- -··· ·- ·-- -- (8) 

Max. concn recorded in building 

For this case, D = 400. The minimum value of D, be,au-;e of 
the large area of the intake vents, would occur if the entire 
fume exhaust reentered the intake vent. Since the fl0w rate 
of the intake vent is approximately 50,UOO ft 3imin a nu the 
fume hood exhaust is 590 ft 3/min, the minimum dilution 
factor would be: 

50,000 
Dmla = - 590 85 (9) 

Thus, in· this case, 85/400 or about 20 % of the exhaust fumes 
reentered the ventilation system. The intake vent in this case 
had such a large area ( 14 X 24 ft) it could easily accom
modate the width of a plume from the exhaust duct even under 
very unstable conditions. 

A second test from the same fume he,,-,.: ·.:.z,.; made relea sing 
pure SF6 at a rate of 58 ml/min for 10 min . The exhaust 
concentration in this case was 3.5 X 10- e. Measurement s were 
made in 231 Spalding and also in the fir st and third flo o r hall
ways of Spalding. The wind direction was from the so uth. 
blowing in gusts in the same direction as the fume hood ex
haust (Figure 6). Results are shown by the lower curve of 
Figure 7. 

The dilution factor D (exhaust concn/max. concn imide) 
in this test was about 10~. Thus, wind conditions arc extremely 
important in determining contamination: in this test, the wind 
blew most of the exhaust fumes away from the intake; in the 
first test, 20% of the fumes reentered (wind direction was not 
measured). 

Samples taken on each of the three floor s were almo~t identi
cal, indicating that any exhaust fumes reentering the building 
were well-mixed after entering the intake vent. Uoth tests 
showed a break in the slope of the curves for the 231 Spalding 



Figure 8. (hcr:ill \iew of Crellin Cleft), the annex, and Gates, showing 
the fume hood outlet from Crellin, Room 357 and the ventilation 
intake of Gates 

data at about 50 min; this phenomena is probably due to small 
eddies in corners of the room. The experimental residence 
times, t0 ,p = 24.8 min and 33.5 min. arc quite long, indicating 
that recirculation is n0t desirable in buildings with fume hood 
exhausts. 

One additional f umc ho0d rell"a sc test was made in Crellin
an organic clwmi<;try laboratory. Crellin is a rectangular 
three-story building joined hy an annex to Gates, an older 
two-story chemistry building, a\ shown in [·igure 8. The main 
exhaust vent and 31 fume hood outkls arc on the roof of 
Crellin; the main intake vent is at ground level , as shown in 
Figure 9. The intake and exhaust of Gates arc both located 
on the roof. 

On the day of the test, there was a variable wind blowing 
from the south-southwe<;t , as shown in Figure 8. Seventy-six 
ml/min of pure SFG was released from a fume hood in Room 
357 Crellin for 20 min. This fume hood exhaust is located in 
the southwest corner of Crellin as indicated in the photo
graphs and has a flow rate of 690 ft "/min. Thus, the exhaust 
concentration in this case was 3.9 X 10-~. Samples were taken 
in the firs·t-tloor hallways of Crellin and Gates and in the 
annex hallway between Crellin and Gates. Results are shown 
in Figure 10. 

The highest concentrations were recorded in Crellin and 
the lowest in Gates, contrary to intuition which suggested the 
wind direction would carry exhaust fumes over to the Gates 
inlet vent. Results arc summarized in Table III. The 
dilution factors are relatively high, due mainly to the 
fact that the intake vent of Crellin is not on the roof (where 
the fume exhausts arc), but at ground level. 

To illustrate the usefulne~s of dilution factors, consider a 
student in Spalding running a reactor with chlorine gas, for 
which the minimum safe lcvl'I is I pprn. Using a minimum 
dilution factor of 100, the fume hood exhaust should have no 
higher conccntration than 10 · 4• Since a typical fume hoou 
flow rate is 107 ml/min, the studl'nt should not be allowed to 
run chlorine gas at any flow rate higher than 1000 ml/min. 

Table Ill. Results of Crellin Fume Hood Release 
Location Dilution factor fu:p, min 

Crellin, first floor 4 X 10 4 12 
Annex, first floor l.4Xl05 17 
Gates, first floor 6 X 106 37 
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Figure 9. West side of Crl'llin, showing the fume hood outlet from 
Room 357 and the ground-level ventilation intake 
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Room357 

Acknowledgment 

The authors wish to express their apprec1at1on to Mike 
Segall and Rolf H. Sabcrsky for their help and interest. 

Literature Cited 

Clarke, J. H., Amer. Ind. Hyg. Ass. J., 26, 242-48 (1965). 
Clemons, C. A., Altshuller, A. P., Anal. Chem., 38, 133-6 

(1966). 
Clemons, C. A., Coleman, A. I., Saltzman, B. E., ENV IRON. 

Sci. TrcHNOL., 2, S51 - 6 (1968). 
Collins, G. F., Bartktt, F. E., Turk, A., Etlmoncls, S. M., 

Mark, H. L., J. Air Pollut. Contr. Ass., 15, I 09--12 ( I 965). 
Committee on Threshold Limit Values, "Documentation of 

Volume 6, Number 7, July 1972 613 



Threshold Limit Values." American Conference of Govern
mental Industrial Hygit:nists, 1962. 

Comtancc, J. D .. Power, 114 (2), 56- 7 (February 1970). 
Davis, P. 0. A. L., Moore, D . J., Air Water Pollut. Int. J., 

8, 51 5- 3 3 (1964) . 
Evans, B. H .• "Natural Air Flow Around Buildings," Texas 

Engineering Experiment Station, Research Rcrort No. 59, 
1957. 

Fan, L., Brooks, N. H .• "Dilution of Waste Gas Discharges 
from Campus Buildin[!s," Keck Laboratory Tech. Memo 
68-1, California lmtitute of Technology, I %8. 

Halitsky,J .,J. AirP/1//111. Cnnrr. Ass., 12, 7-l -80(1962). 
Halitsky, J., Trans. ASH RAE, 69, -1(14 - 84 (1963). 
Halitsky, J., Amer. Ind. Hyg. Ass. J .• 26, 106- 16 (1965). 

-73-

Lester, D., Greenberg, L. A., Arch. Ind. Hyg. Occup. Med., 
2, 348-9 (1950). 

Lidwell, 0. M., Lovelock, J. E., J. Hyg., 44, 326- 32 (1946). 
Lovelock, J.E., Lipsky, S. R., J. Amer. Chem. Soc., 82, 431-3 

(1960). 
Munn, R. E., Cole, A. F. W., Atmos. Environ., 1, 33-43 (1967). 
Saltzman, B. E., Colt!man, A. I., Clemons, C. A., Anal. Chem., 

38, 753-8 (1966) . 
Turk, A., Edmonds, S. M., Mark, H. L., ENVIRON. Sc1. 

TECHNOL., 2, 44-8 ( 1968). 

Receir:ed for rer:iew A11K1tJt 27, 1971. Accepted Dt!Cember 16. 
1971. This work was s11pµorted in part by a grant from the 
California Institute o/Tec/11wlogy President's Fund. 



-74-

APPENDIX A-2. PROBING THE AIR FLOW WITHIN TI!E WAKE DOWNWIND OF A 

BUILDING BY MEANS OF A TRACER TECHNIQUE 

(by P. J. Drivas and F. H. Shair) 

In press, Atmospheric Environment. 
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ABSTRACT 

Sulfur hexafluoride, an inert, gaseous tracer detected by means of 

electron-capture gas chromatography, was used to probe the air flow 

within the wake downwind of a 12 m high, three-story building. A 

reverse-flow circulation was observed with a longitudinal extent down

wind of about three building heights; the extent of the recirculation on 

the roof was confined to less than one-half the width of the building 

from the downwind edge. The recirculating velocities in the wake were 

estimated to be about 0.1 - 0.3 those of the prevailing wind at the top 

of the building. The wake downwind of the building was found to be well

mixed in all three dimensions and exhibited a characteristic exponential 

dilution time of approximately one minute. Some practical contamination 

problems relating to the wake were also examined, including direct in

filtration of the tracer into the building. 
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1. INTRODUCTION 

The transport of outdoor pollutants into a building by way of venti

lation and infiltration is of considerable concern (McCormick, 1971; 

Benson et al., 1972; Sabersky et al., 1973; Derham et al., 1974; Shair and 

Heitner, 1974; Hales et al., 1974). The influence of the air flow pat

terns around buildings upon ventilation systems has long been of interest 

to engineers (ASHRAE Guide and Data Book: Applications, 1971). One im

portant consideration is the location of ventilation inlets and outlets 

which minimizes the reentry of contaminated exhaust air (Clarke, 1965). 

Another important consideration is the location of the ventilation inlet 

which tends to minimize the entry of contaminants arising from parking 

lots and streets. 

Several studies have investigated air flow around buildings, 

although most have used wind and water tunnel tests on scale models of 

buildings (Evans, 1957; Halitsky, 1962, 1963; Davies and Moore, 1964). 

Scorer (1963) concisely cites the limitations of wind tunnel experiments 

in the study of air flow around buildings; although possessing limita

tions, such studies can certainly be of use in the planning and design

ing of new buildings and building complexes. 

In order to determine the air flow and dispersion of pollutants 

around real buildings, field studies involving atmospheric tracers are 

quite useful. Munn and Cole (1967) used a fluorescent particulate 

tracer, uranine dye, to investigate the dilution of a building exhaust 

150-300 meters downwind. Caput et al. (1973) also used uranine dye to 

study the transport of air over a thin wind-break. Probert et al. (1973) 

used a soap bubble solution as a visual tracer to investigate the 
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separation angle associated with wakes behind cylindrical tanks. Using 

sulfur hexafluoride as a tracer, Drivas et al. (1972) investigated the 

reentry of fume hood exhausts into a building; in one case it was found 

that 20% of the exhausted fumes reentered the ventilation system of the 

building. 

A sketch of a typical air flow pattern around a building (Halitsky, 

1963) is presented in Figure 1. One main characteristic of the side 

view is the large eddy or cavity which forms downwind in the wake behind 

the building, causing a reverse flow from ground level to the roof of 

the building. Investigation of this recirculation is important since 

(1) pollutants emitted near the ground level from automobiles may be 

transported directly to a roof intake vent and (2) toxic gases exhausted 

from the roof may be transported to the ground level where people may 

be present and where ventilation intakes may be located. 

Knowledge of the air flow dynamics around a building is essential 

to good planning of its ventilation system. In this work, sulfur hexa

fluoride was used as a tracer to probe the air flow and dispersion 

patterns within the wake downwind of a three-story building. Specifi

cally, the extent and velocities of the recirculation in the wake were 

investigated and a characteristic exponential dilution time for the wake 

was determined. Also, some practical contamination problems relating to 

the wake were examined, including direct infiltration of the tracer into 

the building. 
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Figure 1. Sketch of the air flow patterns around a building, 
showing the recirculating cavity region (Halitsky, 1963). 
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2 . EXPERIMENTAL PROCEDURE 

Since the development of the electron-capture detector for gas 

chromatography by Lovelock and Lipsky (1960), several suitable tracers 

have been used in various meteorological studies (Collins et al., 1965; 

Saltzman et al., 1966; Lovelock, 1971). The tracer used in this work was 

sulfur hexafluoride; since it is gaseous, physiologically inert, chemi

cally inert, and easily detectable in extremely low concentrations, SF
6 

is an excellent air flow tracer. Preliminary field tests using SF
6 

as a 

tracer have shown quite successful results (Turk et al., 1968; Dietz and 

Cote, 1973). Current analysis techniques have reached detection limits 

of 2 x 10-13 parts SF6 per part of air (Sinnnonds et al., 1972). 

In .this work, the tracer was released in most tests as an instan

taneous point source (i.p.s.) by bursting a single balloon which con

tained approximately one liter of SF
6

• In one test, a quasi-instan

taneous line source release from an automobile exhaust was used. Samples 

were collected by the squeeze bottle technique and analyzed by the 

electron-capture gas chromatography procedure described by Drivas et al. 

-6 
(1972). The concentrations of SF

6 
which were detected ranged from 10 

to 1.5 x 10-12 parts SF
6 

per part of air, an extremely large detection 

range of about 106 • 

The wake tested was that downwind of a three-story building (the 

Caltech Spalding Laboratory of Chemical Engineering) which is 12 m high, 

17 min width, and 64 m long, as shown in Figure 2. The intake and 

exhaust vents of the ventilation system for the first three floors are 

housed in a small penthouse on the roof, as shown in Figure 2; a photo

graph showing the detail of the penthouse intake vents can be found in 
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figure 2. Spalding Laboratory, the three-story building tested, 
showing the wlnd direction and coordinate system. 
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Drivas et al. (1972). Since the intake flow rate is about 1.4 x 106 

1/min and the building volume is about 1.3 x 107 1, the characteristic 

time for mixing in the building is about 9 min. In general, a test was 

conducted by releasing an instantaneous point source of sF
6 

within the 

wake downwind of this building and monitoring the concentration of 

tracer at various points within the wake, on the roof, and inside the 

building. 

The velocity and direction of the wind blowing over the building 

were measured at 18 m above ground level by an anemometer located on 

top of the penthouse. During the afternoon, the normal prevailing wind 

direction was perpendicular to the length of the building, with the 

penthouse on the upwind side; thus a wake formed downwind of the build

ing in the x direction, as shown in Figure 2. For most of the tests, 

the average wind velocity was approximately 2.5 m/sec, although rapid 

fluctuations in any one test could vary from zero wind velocity to 

greater than 5 m/sec. Based on a wind velocity of 2.5 m/sec and the 

height of the building (12 m), the characteristic Reynolds number was 

6 approximately 2 x 10 . The stability conditions varied from moderately 

unstable to neutrally stable, corresponding to the Pasquill stability 

categories B-D. It should be noted that the building tested was located 

in a complex of other buildings, however there were no buildings 

directly downwind which could influence the dimensions of the wake. 
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3. PRESENTATION AND DISCUSSION OF RESULTS 

An important consideration in the analysis of experimental data in 

general is the reproducibility of repeated experiments. Four instan

taneous point source (i.p.s.) releases were made at 6 m downwind of the 

building and 1.2 m above ground level; for each test the concentration 

of tracer was monitored on the roof, 1.5 m from the downwind edge, in a 

direct line from the release point in the x direction. Figure 3 shows 

the results of the two tests which had the largest difference in the 

tracer peak concentration. Also in Figure 3 are shown the results of 

two i.p.s. releases made at 6 m downwind of the building and 0.3 m above 

ground level; as above, the tracer concentrations were monitored on the 

roof, 1.5 m from the downwind edge. 

As can be seen in Figure 3, the quantitative reproducibility was 

not especially good, since the peak concentrations on the roof for the 

two releases at 1.2 m above ground level varied by a factor of 100. How

ever, the qualitative similarity of the two curves is quite evident, 

with a sharp primary peak followed by a somewhat oscillatory decay to a 

relatively constant value after about 5 min. Likewise, a quite distinct 

qualitative difference exists between the two releases at 1.2 m above 

ground level and the two releases at 0.3 m above the ground; the signif

icance of this difference will be discussed below. Thus, although 

tracer concentrations in any repeated tests could vary by a factor of 

-6 
ten or more, the extremely large range of detection (from 1 to 10 ppm 

of tracer) allowed significant qualitative differences to become observ

able. 
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An important feature of the two releases at 1.2 m above ground 

level in Figure 3 is that significant concentrations were recorded on 

the roof within 30 - 60 sec, indicating a reverse flow carrying the 

tracer from ground level to the roof. The effect of buoyancy was con

sidered as a cause, however measurement of ambient temperatures indicated 

no temperature differences between 0.3 m above ground level, 1.2 m above 

ground level, and roof level. In fact, on days with strong sunshine, 

the wake of the building was in shade up to 12 m downwind and thus 

slightly cooler than roof level, possibly introducing a local stabiliza

tion. Thus, the experimental evidence suggests the existence of a re

circulating eddy in the wake downwind of a building, in agreement with 

previous investigations (Evans, 1957). 

Calculation of the velocities necessary to initially carry the 

tracer from the ground to roof level yielded values of 0.3 m/sec for a 

60 sec transit time and 0.6 m/sec for a 30 sec transit time. Since the 

average free-stream wind velocity was about 2.5 m/sec, the circulation 

velocities within the wake can be estimated to be 0.1 - 0.3 those of the 

upstream prevailing wind. These values are consistent with recirculat

ing velocities associated with other wake flows; for example, Grove et 

al. (1964) investigated the velocities within the wake behind a circular 

cylinder and found that the recirculating velocities were about 0.1 -

0.3 those of the free-stream velocity. Recently Caput et al. (1973) 

estimated that the recirculation velocities behind a thin wall were less 

than 50% of the free-stream velocity at the top of the wall. 

To determine the longit11dinal extent of the recirculating eddy in 

the x di.rection, a series of i.p.s. releases were made at 1.2 m above 
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ground level at increasing downwind distances from the building. Tracer 

concentrations were monitored on the roof, 1.5 m from the downwind edge; 

thus, any measurable concentrations recorded on the roof would be indica

tive of a reverse circulation. Releases made at four building heights 

(4H) downwind and at greater distances yielded no measurable tracer 

concentrations on the roof. Releases made at 3H downwind (H = 12 m) re

sulted in irregular but measurable concentrations on the roof. Releases 

at downwind distances less than 3H yielded quite high tracer concentra

tions on the roof, as will be shown below. Thus, the longitudinal 

extent of the recirculating eddy in the x direction appeared to be about 

three building heights downwind, or 3H. Wind tunnel tests on a scale

model building of similar shape indicated that the extent of the down

wind eddy was about 3.75 H (Evans, 1957). 

To determine the extent of the recirculation on the roof, an i.p.s. 

release was made in the wake, 6 m (0.5 H) downwind from the building 

and 1.2 m above ground level. Concentrations were monitored at 1.5 m 

from the downwind edge of the roof, at the center of the roof near the 

main intake vents, and 1.5 m from the upwind edge of the roof. The 

results are shown in Figure 4. A large peak concentration was recorded 

at the downwind edge, much less at the center of the roof, and even less 

at the upwind edge during the first three minutes. Apparently, the 

extent of the recirculation on the roof was mainly confined to a region 

somewhat less than one-half the width of the building from the downwind 

edge. It should be noted in Figure 4 that after about 5 min, all three 

locations on the roof reached a relatively constant concentration; this 

effect was thought to be due to the contamination from the main building 
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exhaust and will be discussed below. 

Tracer measurements were made in the wake itself to investigate if 

the wake became well-mixed and to determine a characteristic exponential 

dilution time. One i.p.s. release was made 0.5 H downwind from the 

building, 1.2 m above ground level, and near the center of the building 

on they axis. Concentrations were monitored at the release point, on 

the roof (1.5 m from the downwind edge) above the release point, and in 

the wake at 0.5 H downwind, 1.2 m above ground level, and 1 H from the 

end of the building in they direction. As shown in Figure 5, in all 

three locations similar concentrations were recorded, in most cases 

within a factor of two. Thus, the wake appeared fairly well-mixed both 

vertically and along the axis of the length of the building (they direc

tion). Using the data from only the first 5 min in Figure 5, a computer 

linear least-squares fit resulted in a characteristic exponential dilu

tion time of 1.0 min. As will be discussed below, after about 5 min, 

contamination from the main building exhaust is thought to have occurred. 

A similar test was made to determine if the wake was well-mixed 

longitudinally downwind (in the x direction). An i.p.s. release was 

made in the same location as the previous test; concentrations were 

monitored in the wake at 1.5 Hand 2.5 H downwind in the x direction at 

1.2 m above ground level. The results are shown in Figure 6. As in the 

previous test, after 60 seconds, both locations had similar concentra

tions, indicating that the wake was also well-mixed longitudinally down

wind (along the x axis). Using the data from only the first 5 min in 

Figure 6, a computer linear least-squares fit resulted in a characteris

tic exponential dilution time of 1.0 min. Thus, using this tracer 
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Figure 5. SF6 concentration at the center of the wake, the edge of 
the wake, and on the downwind edge of the roof as a 
function of time from a release made 6 m downwind at 
1.2 m above ground level. 
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technique, it could be determined that the wake under investigation be

came well-mixed in all three dimensions in a period of about 2 minutes 

and had a characteristic exponential dilution time of approximately one 

minute. 

Figures 7 and 8 show the relative influences of the height and 

downwind distance of a ground-level release on the peak concentrations 

recorded on the roof. An i.p.s. release was made at 0.5 H, 1.0 H, and 

1.5 H downwind of the building at 1.2 m above ground level in Figure 7 

and at 0.3 m above ground level in Figure 8. The tracer concentration 

was monitored in each case on the roof, 1.5 m from the downwind edge, in 

a direct line from the release point in the x direction. As can be seen, 

a distinct qualitative difference exists between the 1.2 m releases in 

Figure 7 and the 0.3 m releases in Figure 8; this same difference is also 

evident in Figure 3. These data possibly suggest the existence of dif

ferent flow regimes between 1.2 m and 0.3 m above ground level. Cer

tainly, the height of the releases was more influential than the down

wind distance in the wake when considering the peak concentrations ob

served on the roof. 

A quasi-instantaneous line source release of tracer by an automobile 

moving within the wake was conducted to determine if mixing caused by 

the wake of the moving automobile could influence pollutant transfer. 

About 1.5 1 of tracer was released in the wake of the building from the 

automobile exhaust which was 0.3 m above ground level; the automobile 

was driven at a speed of 40 km/hr parallel to the length of the building 

in they direction and 1 H downwind of the building. The concentration 

of tracer was monitored on the roof, 1.5 m from the downwind edge. As 
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shown in Figure 9, the tracer curve exhibits some of the characteristics 

of a release 1.2 m above ground level, although the actual release height 

was 0.3 m above the ground. Apparently some mixing of the tracer did 

occur initially in the wake behind the moving automobile. 

It had been noted during the course of the experiments that the 

tracer could be detected inside the building, presumably drawn in through 

the main intake vents on the roof. In Figure 4, the data taken at the 

center of the roof represents the amount of tracer which could enter the 

main intake vents. If this curve is integrated over time for the first 

3 minutes, the resulting tracer concentration in the building, assuming 

that the building is well-mixed, is about 2 x lo-11 . However, as shown 

in Figure 4, the tracer recorded indoors reached a concentration level of 

about 10-10 . Possibly, direct infiltration from the wake into the build

ing had occurred. 

An important feature of the tracer concentration curves, especially 

clear in Figure 4, is that after about 5 min from the tracer release, 

concentrations on the roof approached a relatively constant value. A 

test was conducted to determine if contamination due to the main ventila-

tion exhaust on the roof was likely to occur. 
3 About 10 cm of SF

6 
were 

released inside the main ventilation intake, and concentrations were 

monitored inside the building on each floor and also outside on the roof 

near the main intake vents. The results are shown in Figure 10. The 

initial portions of the indoor curves indicate differences which occur 

between floors in the air distribution system. However, it should be 

11oted that after about 5 minutes, the building became fairly well-mixed. 

J\Jso, after ahout 5 minutes, the roof indeed became contaminated clue to 
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the building air being exhausted on the roof. Thus, only the data taken 

within about 5 minutes of a release can be attributed solely to the air 

flow patterns in the wake. 
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4. CONCLUSION 

This work was not meant to completely characterize the dynamics and 

dispersion associated with air flow around buildings. In this work, an 

inert, gaseous tracer, detected by means of electron-capture gas chrom

atography, was used to probe the characteristics of air flow and disper

sion of pollutants around a specific building. Using sF
6 

as a tracer, 

some basic characteristics of the wake downwind of a three-story build

ing were investigated . The experiments determined, among other factors, 

the extent of the recirculating eddy and the characteristic exponential 

decrease time in the wake. An important point is that only one specific 

building shape and size was studied; tracer tests on many other buildings 

are necessary before any generalization of the experimental results can 

be made. It is anticipated that future use of this tracer technique can 

be quite useful in elucidating the dynamics of air flow around urban 

buildings and building complexes. 
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ABSTRACT 

Sulfur hexafluoride was used as a gaseous tracer in a quasi

instantaneous line source release by an automobile moving along an urban 

highway in Los Angeles. Concentrations at various locations from 0.4 km 

to 3.2 km downwind of the highway were recorded at ground level as a 

function of time. The tracer data were used to test the validity of 

several theoretical models which can be used in predicting the dispersion 

from an instantaneous crosswind line source. The model based upon the 

semi-empirical turbulent diffusion equation, using a power-law vertical 

velocity profile and a power-law vertical eddy diffusivity profile, was 

found to provide the best agreement with the data. 
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1. INTRODUCTION 

At present there are two main methods of characterizing dispersion 

from pollutant sources in urban areas; one is the Gaussian plume model 

(Pasquill, 1962), and the other is the use of the so-called semi

empirical equation of turbulent diffusion (Morrin and Yaglom, 1971). Most 

tracer experiments in urban areas have focused exclusively on continuous 

point source releases and correlation of the data with the Gaussian plume 

model (Smith, 1968; McElroy, 1969; Sandberg et al., 1970). Hilst and 

Bowne (1971) used an instantaneous line source of tracer released by 

airplane and correlated the data with a Gaussian plume model. Various 

urban diffusion models based on this concept have appeared in the litera

ture (Turner, 1964; Clark, 1964; Miller and Holzworth, 1967). 

The semi-empirical equation of turbulent diffusion (sometimes called 

K-theory) uses the concept of an eddy diffusivity and offers greater 

generality. A common form of this equation for diffusion from a cross-

wind line source is 

(1) 

where c is time-averaged concentration, u is time-averaged horizontal 

wind velocity, and K and K are respectively the eddy diffusivities in 
Z X 

the vertical and the along-wind horizontal directions. Analytical and 

numerical solutions of this equation can take into consideration dif

ferent velocity and eddy diffusivity profiles, various boundary condi-

tions, varying ground terrain, and chemical reactions. The literature 

abounds with analytical solutions of this equation; Monin and Yaglom 

(1971) contains a good summary. Numerical solutions have ranged from 
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calculation of carbon monoxide diffusion very close to a highway (Danard, 

1972) to complex models of photochemical smog formation in the Los 

Angeles basin (Sklarew et al., 1972; Lamb and Seinfeld, 1973). 

The main drawback of this approach is the gradient transport assump

tion, which is essentially an analogy from molecular Fickian diffusion 

and should not strictly apply to mass transport qy turbulent eddies. 

However, values and profiles of eddy diffusivities are empirically 

derived to take into account the effects of atmospheric stability and 

ground terrain in much the same way as the empirical constants in the 

Gaussian plume model. Thus, both approaches are dependent on experi

mental diffusion data for their basic numerical constants. 

In this work, we tested the ability of the Gaussian plume model 

and various forms of the semi-empirical diffusion equation to predict 

the dispersion of an instantaneous tracer release. Specifically, sul

fur hexafluoride was used as a tracer in a quasi-instantaneous line 

source release by an automobile along an urban highway in Los Angeles; 

concentrations at various locations from 0.4 km to 3.2 km downwind of 

the highway were recorded at ground level as a function of time. These 

tracer concentration data were used to test the validity of the above 

theories in predicting the .dispersion from an instantaneous urban 

ground-level crosswind line source. 
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2. EXPERIMENTAL PROCEDURE AND RESULTS 

Sulfur hexafluoride, the tracer used in the experimental program, 

is an inert, non-toxic gas which can be detected in extremely low con

centrations by electron-capture gas chromatography (Collins et al., 

1965; Saltzman et al., 1966). Field tests have shown that SF
6 

is an 

ideal atmospheric tracer (Turk et al., 1968; Clemons et al., 1968). 

Concentrations were determined as a function of time by sampling with a 

squeeze bottle technique and analyzing the samples with an electron

capture gas chromatograph, as described in detail in Drivas et al. 

(1972). 
-8 -12 

The measured concentrations ranged from 10 to 2 x 10 parts 

SF
6 

per part of air. 

A quasi-instantaneous line source of sulfur hexafluoride was re

leased from the exhaust of an automobile moving along a Los Angeles 

highway. The length of the release was approximately 2.4 km in most of 

six runs. Rates of sulfur hexafluoride release and speeds of the re

leasing automobile are shown in Table 1. The section of the highway 

used, Interstate 405 (locally known as the San Diego Freeway), runs 

parallel to the Pacific Ocean coastline about 6 km inland. During the 

afternoon a brisk sea breeze normally blows inland perpendicularly 

across the highway. SF
6 

measurements were obtained as a function of time 

at various locations along a wide cross. street, Venice Boulevard, which 

runs inland in a straight line perpendicular to the highway for over 6 

km. The street, approximately 25 meters wide, is located in a flat 

urban region comprised mainly of one and two-story residences. All 

samples were taken on Venice Boulevard approximately 1.5 meters above 

ground level. 



Run 
No. 

1 

2 

3 

4 

5 

6 

Date 

8/21/72 

8/28/72 

12/1/72 

1/10/73 

1/12/73 

1/17/73 
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Table 1. Description of Experimental Runs. 

Rate of 
SF6 

Release 
(1/min) 

31 

33 

44 

31 

31 

36 

Car 
Speed 

(km/hr) 

80 

80 

88 

80 

80 

96 

Weather 
Conditions 

sunny, smoggy 

sunny, smoggy 

partly cloudy 

sunny, clear 

overcast 

sunny, clear 

Temperature* 
Inversion 

Height (m) 

271. 

230. 

none 

none 

510. 

none 

oe 
(degrees) 

5.6 

21. 2 

8.6 

10.1 

9.4 

9.8 

* Data obtained from the U.S. Weather Bureau station at Los Angeles 

International Airport. The airport is about 8 km from the testing site 

and the temperature inversion readings were taken about 2 hours before 

each experimental run. 

Six runs were made in the afternoon when the sea breeze was blowing 

inland, two runs during the summer and four runs during the winter. 

The dates, general weather conditions, and heights of temperature in

versions (if any) are given in Table 1. The horizontal wind direction 

was measured during each run by means of an anemometer wind vane 2 meters 
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above ground level. From the recorded wind direction data, the standard 

deviation (cr
0

, as shown in Table 1) was calculated using a 3 second 

averaging period and a 10 minute sampling time. 

Typical SF6 concentration vs. time curves at various distances down

wind of the line source release are shown in Figures 1 and 2; these data 

represent Runs 3 and 4 respectively. As might be expected, the peak con-

centrations decrease and the curves spread with increasing distance 

downwind. A most interesting feature is that, except for the shortest 

downwind distance at 0.4 km, the curves are decidedly non-Gaussian; 

they exhibit a skewness to the right. This skewness increases with in

creasing downwind distance. 

A summary of the sampling locations and peak SF6 concentrations 

recorded in all the runs is presented in Table 2, along with four 

factors which were computed for each location from the recorded concen

tration curves. In all runs, the along-wind horizontal standard devia

tion (cr, calculated in the normal manner) increases while the total 
X 

area under each curve decreases with increasing distance downwind. The 

average time of travel (t ) was calculated at each location by: ave 

t ave 
= 

[ctdt 
0 

Jcdt 
0 

The corresponding apparent average velocity (u) was calculated by 

dividing the downwind distance by the average time of travel. It 

(2) 

should be noted that, except for one point in Run 2, the apparent 

average velocity in each run increases with increasing distance downwind. 



-108-

Variations in the actual wind velocity are not believed to cause 

this phenomenon. 

Run 
No. 

1 

2 

3 

4 

5 

6 

Downwind 
Distance 

(km) 

0.4 
0.8 
1.6 

0.4 
0.8 
1.6 

0.4 
0.8 
1.6 
2.4 
3.2 

0.4 
0.8 
1.6 
2.4 

0.8 
1.6 
2.4 

0.8 
1.6 
2.4 
3.2 

Table 2. Summary of Experimental Results 

Peak 
[SF6] 
(ppb) 

4.75 
2.35 
0.882 

1.81 
0.623 
0.365 

12.0 
3.02 
0.990 
0.500 
0.229 

2.32 
0.382 
0.126 
0.0565 

1.02 
0.610 
0.305 

0.285 
0.0855 
0.0478 
0.0294 

tave 
(min) 

3.05 
4.92 
7.52 

2.55 
5.38 
8.58 

3.10 
6.04 
9.24 

12.2 
15.5 

3.57 
6.53 
9.97 

14.7 

6.46 
11.1 
15.3 

7.97 
14.2 
18.1 
22.9 

u 
(m/sec) 

2.18 
2. 71 
3.55 

2.62 
2.48 
3.11 

2.15 
2.21 
2.89 
3.29 
3.44 

1.87 
2.04 
2.68 
2.72 

2.06 
2.41 
2.61 

1. 67 
1.88 
2.21 
2.33 

ax 
(meters) 

49.4 
86.8 

215. 

57.2 
134. 
217. 

57.8 
110. 
183. 
339. 
508. 

74.5 
179. 
365. 
407. 

122. 
242. 
345. 

102. 
214. 
323. 
377. 

Total Area 
(Arbitrary 

Units) 

46.3 
19.3 
15.5 

15.5 
9.58 
5. 77 

160. 
51.5 
19.2 
15.3 
11.4 

34.8 
12.1 

3.61 
2.72 

22.8 
13.7 
11. 6 

7.12 
3.50 
2.74 
1.77 
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Figure 1. SF6 concentration at the five downwind distances tested 
in Run 3 as a function of time from the automobile line 
source release. 
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Figure 2. SF6 concentration at the four downwind distances tested 
in Run 4 as a function of time from the automobile line 
source release. 
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3. COMPARISON WITH THEORY 

The Gaussian model equation for concentration from an instantaneous 

crosswind line source was tested in order to compare this theory with 

the experimental data. The equation used and suggested values of the 

variables were taken from Slade (1968). Details of the calculation are 

given in the Appendix to this paper. The results showed two major dis

crepancies: one, the peak concentrations for the case tested (Run 4) 

were overestimated by a factor of 20; and two, the time associated with 

the movement of the concentration peak downwind was grossly in error. 

This latter result is due to the fact that the model predicts a constant 

average velocity for the movement of the peak concentration; the experi

mental data show an apparent velocity which increases with time. Thus, 

the Gaussian model does not provide a good description of the dispersion 

from an instantaneous line source. However, it should be noted that the 

Gaussian model does provide an adequate description of dispersion from 

continuous source releases (Slade, 1968). 

Most analytical solutions of the semi-empirical equation of turbu

lent diffusion are for the steady-state case. A transient solution of 

equation (1) exists for the simplified case of a constant average velo

city u, independent of height, and constant values of the eddy diffu-

sivities, K 
X 

K 
z 

K, which are taken to be independent of time or 

position. The solution for an instantaneous ground level line source, 

simplified from Manin and Yaglom (1971), with the boundary conditions 

dC -- = 0 at z JZ 0 and c + 0 as x, z + 00 is, 

_ Q b(x - ~t)
2 

- z~ 
c(x, z, t) - 2nKt expl 4Kt J (3) 
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where Q is the source strength of the line source. This solution, how

ever, exhibits the same drawbacks as the Gaussian plume model, namely 

that it predicts Gaussian concentration curves and assumes a constant 

average velocity, both of which are inconsistent with experimental ob-

servations. 

The above analytical solution assumes an unbounded atmosphere above 

ground level and an infinitesimally small line source. In three of the 

experimental runs, however, a temperature inversion was present; in fact, 

the inversions were fairly low for the two cases in the summer (see 

Table 1). Also, the fast-moving traffic may provide some mixing of the 

line source release, perhaps to an initial zone with dimensions of high

way width and automobile height. To test the influence of an inversion 

height and an initial well-mixed zone, a finite-difference computer 

solution of equation (1) with constant u and constant K 
X 

K = K was 
z 

developed, with the boundary condition of 3c/8z = 0 at the inversion 

height. For a low inversion height of 200 meters and a large initial 

well-mixed zone 20 meters wide by 20 meters high, the computer results 

were essentially identical to the analytical solution (3) from 0.4 km to 

4 . 0 km downwind. Heines and Peters (1973) also concluded that the effect 

of an inversion height is negligible for sources close to the ground. 

Thus, an unbounded atmosphere and an infinitesimally small line source 

appear to be valid assumptions, at least for the downwind distances 

tested experimentally. 

The experimental results of non-Gaussian concentration profiles and 

an apparent velocity which increases with time can be interpreted by the 

effect of wind shear, i.e. a horizontal wind velocity which increases 
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with height. As the cloud of tracer grows vertically with time, the 

effective mean wind velocity which is transporting the cloud increases. 

The semi-empirical diffusion equation can account for this effect; how

ever, at the present time analytical solutions of the time-dependent 

equation (1) have not yet been developed for the case of~ as a function 

of z in the atmospheric surface layer. One approach to the problem is 

the use of analysis by integral moments (Aris, 1956) to obtain informa-

tion about the shape and spreading of tracer concentration curves. 

Chatwin (1968) used the technique of moments to analyze equation 

(1) for the case of an instantaneous ground-level line source tracer 

release, an unbounded upper atmosphere, a logarithmic velocity profile 

(~ = k
1 

ln z) and a linear vertical eddy diffusivity profile (Kz = k2 z). 

He neglected the axial eddy diffusivity term in equation (1), an assump

tion which appears to be valid (Walters, 1969). Chatwin obtained a very 

simple result for the ground-level spreading of the tracer concentration 

curve: 

a 'v t 
X 

(4) 

A linear least-squares fit of ln a vs. ln t from the data in Table 2 
x ave 

yielded slopes (which represent a power-law exponent, ax 'v t:ve) of 1.11 

to 1.47, as shown in Table 3 and in Figure 3 for three of the runs. Thus 

the experimental curves spread slightly faster than Chatwin's theoretical 

prediction. 

Saffman (1962) used the technique of moments to analyze equation (1) 

for the more general case of an instantaneous source and an unbounded 

upper atmosphere with power-law velocity and vertical eddy diffusivity 

profiles, namely: 
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(5) 

Neglecting the contribution of the axial diffusion term, his basic re

sults for the ground-level apparent velocity and spreading were: 

a 
2-c 

u 'v t (J 
X 

t
l +~ 

'v 2-c (6) 

A linear least-squares fit of ln u vs~ ln t from the data in Table 2 ave 

yielded slopes or values of a/(2-c) of 0.13 to 0.55, as shown in Table 3 

and in Figure 4 for three of the runs. A comparison of the u and a 
X 

time exponents for each run in Table 3 with the theoretical predictions 

of equation (6) exhibits excellent agreement. The power-law model thus 

accurately predicts the increase with time of both the spreading and the 

apparent average wind velocity. Also, Saffman's analysis of the third-

order moment 

Table 3. Comparison of Experimental Results with Theory 

Exponent: Exponent: Constant Stress Region 
Run - tb tb a 

0 
(degrees) u 'v a 'v a C 

No. ave X ave ave ave 

1 0.55 1.47 1.04 -0 . 04 5 . 6 

2 0.13 1.11 0.14 0.86 21.2 

3 0 . 33 1.22 0.38 0.62 8.6 

4 0.30 1.33 0.46 0.54 10.1 

5 0.28 1.22 0 . 33 0.67 9.4 

6 0.33 1.29 0 . 45 0.55 9.8 
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Figure 3. Linear least squares fit on log-log coordinates of the 
along-wind horizontal standard deviation versus the 
average time of travel for Runs 3, 4, and 6. 
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Figure 4. Linear least squares fit on log-log coordinates of the 
apparent average velocity versus the average time of 
travel for Runs 3, 4, and 6. 
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yields the theoretical prediction that the skewness of the tracer curves 

should increase with time, a prediction which is verified by the experi

mental curves. Thus, the semi-empirical diffusion equation, using 

power-law velocity and eddy diffusivity profiles, works quite well in 

predicting dispersion from an urban ground-level crosswind line source. 

One further result from Saffman's theory is that the total area 

under the curves, actually the zero-order moment, should decrease pro

portionally as time to the power -1/(2-c). Analysis of the total area 

data with this relationship and use of the values of a/(2-c) in Table 3 

yielded values of a and c which resulted in the quantity (a+ c - 1) 

> 0 in five of the six runs, a relationship which indicates that the 

shear stress is not maximum at the ground but increases with height. A 

probable explanation for this anomaly is the fact that the original line 

source was released with a finite velocity, and deformation of the line 

source by the wind as it was released resulted in crosswind diffusion, 

which reduced the experimental areas more than predicted by the theory. 

Crosswind diffusion, however, would not affect the spreading along the 

direction of the wind, and the results of equation (6) would still be 

valid. 

Use of the constant shear stress assumption (c = 1 - a) and 

the above values of a/(2-c) yielded average values of a and c as shown 

in Table 3. Run 1, which occurred under the most stable conditions 

tested (the lowest value of the wind direction standard deviation) 

resulted in essentially a linear velocity profile and a constant 

vertical eddy diffusivity. Run 2, which occurred under the largest 

turbulent intensity tested, resulted in a velocity exponent of about 
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one-seventh. The relationship between the constant shear stress 

average velocity exponent and the wind direction standard deviation is 

shown in Figure 5. 
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Figure 5. Average constant shear stress velocity exponent as a 
function of the horizontal wind direction standard 
deviation. 
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4. A PRACTICAL APPLICATION 

An important application of the above results is to determine how 

much distance from a heavily-travelled highway is required for automobile 

pollutants to have dispersed to ambient concentration levels. This in

formation is important in deciding how close to a highway residential 

housing can be built without being exposed to high concentrations of 

automobile pollutants, particularly carbon monoxide. Since a heavily

travelled highway can be treated as a continuous line source, an analyt

ical solution of equation (1) (without the time-dependent and axial

diffusion terms) exists for the case of an unbounded upper atmosphere 

and power-law velocity and eddy diffusivity profiles. Using the constant 

shear stress assumption, 

K = K z 1 
1-a 

z (7) 

the solution, simplified from Calder (1949), for the ground-level con-

centration from a continuous, ground-level crosswind line source is 

c(x) = (2a + l)Q 
a+l 

ulr 2a+l 

a+l ---2a+l 
X 

where Q is the source strength of the line source. 

(8) 

A value of the source strength for carbon monoxide emission from a 

heavily-travelled highway will be used for the following calculations. 

Using the emission-speed correlation in Roberts et al. (1973), the 

average carbon monoxide emission from an automobile travelling 96 km/hr 

is 24.8 gm/km. A typical noontime traffic density for the section of 

highway tested, Interstate 405, is 8750 cars/hr (Roberts et al., 1971). 

The resulting value of Q is then 0.523 cm3 CO/cm-sec. 
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A typical value of the velocity profile exponent a of 0.25 will be 

used in the sample calculation. To estimate a value for u
1

, a velocity 

value u = 3 m/sec will be assumed to apply at z = 10 m. In a recent 
0 0 

study of radon-222 vertical concentration profiles, Cohen et al. (1972) 

estimated that for near neutral conditions, a value K = 2 x 105 cm2/sec 
0 

applies at z = 100 m; these values will be used to calculate a value 
0 

for K1 . Using the above numerical values, equation (8) becomes 

c(x) = 0.150 
-0.833 

X 

where xis in km, and c represents the ground-level carbon monoxide 

concentration in parts per million. 

(9) 

Using a relatively close distance of 100 meters (0.1 km), the re

sulting carbon monoxide concentration from equation (9) is 1.02 ppm. 

Thus, only 100 meters away from a heavily-travelled highway, the carbon 

monoxide concentration resulting from the highway automobile traffic is 

predicted to be below normal ambient levels in the Los Angeles basin. 

At closer distances, equation (8) may not apply, since the assumption 

of an infinitesimally small line source becomes unjustifiable; a numeri

cal solution may be necessary to take into account the dimensions of 

the highway. 
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5. CONCLUSION 

Tracer experiments, involving a release of sulfur hexafluoride, were 

used to test the validity of the Gaussian plume model and various forms 

of the semi-empirical equation of turbulent diffusion in predicting var

ious characteristics associated with the dispersion from an instantaneous 

ground-level crosswind line source. The model based upon the semi

empirical diffusion equation, using a power-law vertical velocity profile 

and a power-law vertical eddy diffusivity profile, was found to provide 

a consistent interpretation of the data. Saffman's analysis using this 

model was found to more accurately predict the experimental results than 

the other models tested. It should be noted that these results apply 

only for an instantaneous crosswind line source. 
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APPENDIX 

Using the Gaussian model, the ground-level concentration downwind of 

a ground-level instantaneous crosswind line source is given by (Slade, 

1968): 

X = (A-1) 

The following estimates will be used for the crxI and 0
21 

factors; these 

estimates apply for neutral conditions in the range 100-4000 meters 

downwind (Slade, 1968): 

0.06(x) 0• 92 

a = 0.15(x)o. 7o = 0.15(ut)O.]O 
zl 

For Run 4, which occurred under nearly neutral conditions, 31 1/min 

of SF
6 

were released for 100 sec or 1.67 min; thus, the total amount of 

SF
6 

released was 52 liters. Since the density of SF6 at 25°C and 1 atm 

is 6.42 g/1, the total mass released was 330 g. The length of the 

release, 80 km/hr for 100 sec, was 2200 m. Therefore, Q1--the mass 

released per unit length--was 0.15 g/m. 

For an estimate of the average surface wind velocity, u, a value of 

1.87 m/sec will be used; this value was calculated from the arrival of 

the concentration peak at the closest distance, 400 m. Using the above 

values, concentrations were calculated from equation A-1 for x = 400 

meters and x = 2400 meters. The concentrations were converted from g/m3 

to the experimentally measured [SF
6
], parts SF

6 
per part of air, by the 

relation [sF
6

] = x/5.86 x 103 • The comparison of the theoretical 

curves calculated from equation A-1 with the experimental data taken at 
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400 meters and 2400 meters is shown in Figure 6. 



-125-

I o-?r----"T'-1 _ ___,.;..--.-1 ______ 1 __ ---.l ____ l __ 

400m 

0 

( 

0 

0 

0 

0 

GAUSSIAN MODEL FIT 
TO RUN 4 DATA 

o - 400 m 
6 - 2400 m 

-

-

-

10-12 ___ ...._I __ __,_1 __ __._l __ .....___.1.___ _ __._11..___ _ ___. 

0 5 10 15 20 25 30 

TIME FROM RELEASE, MINUTES 

Figure 6. Comparison of Gaussian model with experimental data 
points from Run 4. 
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Table 4. Experimental data for Runs 1, 2, 5, and 6. 

Run 1 

0.4 km 0.8 km 1.6 km 

Time (SF
6

] 
Time [SF

6
] Time [SF 

6
] 

(~~ (min) (min) 

2.U 9.70xlO-lZ 4.0 8.00xlO-ll 7.0 8.82xl0-lu 

2.5 l. lUxl0-9 
5.0 2.35x10 -9 8.0 5.75xlO-lO 

3.0 4. 75xl0 -9 
6.0 l.llxlO-lO 9.0 l.02xlO-lO 

3.5 J.07xl0-9 7.0 3 .60xl0-ll 10.0 4. 30xl0-ll 

4.0 2.05x10-lO 8.0 l.40x10-ll 11.0 5 .50xl0-ll 

4.5 1.52xl0-ll 9.0 2.6ux10-12 
12.0 6.0SxlO-lZ 

5.0 3 .50xl0-12 
13.0 2.40xl0-12 

Run 2 

0.4 km 0.8 km 1.6 km 

Time [SF
6

] 
Time [SF

6
] Time [SF 

6
] 

_(min) (min) (min) 

1.5 l.30x10-ll 4.0 2 .40xl0-ll 8.0 3 .65xl0-l0 

2.0 3 .40xl0-l0 5.0 6.23xlO-lO 9.0 8 .OOxlO-ll 

2.5 l.8lxl0 -9 6.0 l .60xlO-lO 10 .o 5 .80xl0-ll 

3.0 2 .40xlO-lO 7.0 1.85xl0-ll 11.0 1.05x10-ll 

3.5 3 .SOxlO-ll 8.U 5 .50xl0-ll 12.0 1.30x10-ll 

4.0 3 .15xl0-ll 9.0 6.lOxlO-lZ 13.0 7. 80x10-lZ 

4.5 5.60xl0-12 14.0 2.40xl0-lZ 



-127-

Run 5 

0.8 km 1.6 km 2.4 km 

Time 
[SF 

6
] Time 

[SF 
6

] Time 
[SF 

6
] (min) (min) (min) 

4.0 4.lOxl0-12 
9.0 3 .20xl0-ll 11.5 4.20xl0-12 

s.o 9.00xlO-ll 10 .u 6. lOxlO-lO 13.0 7. 80x10-ll 

6.0 l.02xl0 
-9 

11.0 2 .28xlO-lO 14.5 3.05xlO-lO 

7.0 2.55xlO-lO 12.0 l .20x10-lO 16.0 1.92xl0-lO 

8.0 5. 80xl0-ll 13.0 6 .50xl0-ll 17.5 5 .05xl0-ll 

9.0 6 .50xl0-ll 14.5 2. 75xl0-ll 19.0 5.50xl0-ll 

10.0 4 .60xl0-ll 16.0 l.13xl0-ll 21.0 1.07x10-ll 

11.0 2 .15x10-ll 17.5 4.lOxl0-12 
23.0 4.25xl0-12 

12.0 9. 70xl0-12 

13.u 6.20xl0-12 

Run 6 

0.8 km 1.6 km 2.4 km 3.2 km 

Time 
[SF 

6
] 

Time 
[SF

6
] Time [SF 

6
] Time 

[SF 
6

] lmi~ (min) (min) (min) --- -
6.0 7 .20xl0-ll 9.U 2.50xl0-12 

14.5 2 .55xl0-ll 19.0 9.50xlo-12 

7 .0 8. 80xl0-ll 11.0 l .40xl0-ll 16.0 2 .85xl0-ll 21.0 2 .50xl0-ll 

8.0 2.85xl0-lO 12.0 3.90xl0-ll 17.5 2.78xl0-ll 23.0 2 .94xl0-ll 

~.o 5 .30xl0-ll 13.0 3 .28x10-ll 19.0 4. 78xl0-ll 25.0 1.23x10-ll 

10.0 1. 95xl0-ll 14.5 8.55xl0-ll 21.0 1.40xl0-ll 28.0 3. 70xlo-12 

11.0 1. 72xl0-ll 16.0 2. 70xl0-ll 23.0 5.40xlO-lZ 

12.0 7. lUxl0-12 
17.5 1.12xl0-ll 

13.0 8 .80xl0-12 
19.0 4. lOxl0-12 
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ABSTRACT 

Sulfur hexafluoride was used as a tracer in a large-scale test over 

the urban region near Los Angeles, California. On July 19, 1973, 33.5 kg 

of SF
6 

was released over a period of 45 minutes from the city of Anapeim. 

The transport and dispersion from Anaheim was traced in five neighboring 

communities including Palm Springs, which at 124 km away was the furthest 

location tested. A preliminary analysis of the data indicated that the 

cities of Riverside and Palm Springs may possibly lie in a direct path of 

the pollutant transport from Anaheim. 
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1. INTRODUCTION 

There has been a long-term and growing interest in the meteorology 

associated with pollutant transport throughout the area surrounding Los 

Angeles, California (Edinger, 1959; Pitts, 1969). Edinger (1973) has 

measured the vertical distribution of the photochemical smog in this 

region. Angell et al. (1966, 1972) have used tetroons to track wind 

trajectories in the Los Angeles area. 

Use of atmospheric tracers can characterize the dispersive power of 

the atmosphere in addition to tracing wind trajectories. The most com

mon tracer which has been used in urban areas is a fluorescent particu

late one, zinc-cadmium sulfide (Leighton et al., 1965). This tracer has 

been used over the San Francisco Bay area (Sandberg et al., 1970), over 

Los Angeles (Dreyfuss, 1972), over St. Louis (Pooler, 1966; McElroy, 

1969), over Johnstown, Pennsylvania (Smith, 1968), and over Ft. Wayne, 

Indiana (Hilst and Bowne, 1971). Continued use of this tracer over urban 

areas is somewhat perplexing, in view of the fact that cadmium sulfide is 

classified as toxic, "which limits its use in heavily populated areas" 

(American Chemical Society, 1969). The toxicity of this fluorescent 

particle tracer has been discussed in more detail by Spomer (1973) and 

commented on by Nordberg (1973), Mitchell (1973), and Lewis (1973). 

Another problem with this tracer is that the particles settle out; com

parison of zinc-cadmium sulfide with a gaseous tracer, sulfur hexa

fluoride, showed that a distance of 70 km, 50% to 80% of the particles 

had been lost (Niemeyer and McCormick, 1968). 

Sulfur hexafluoride has also been suggested as an ideal tracer 

(Collins et al., 1965). The gas is chemically inert at normal 
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temperatures and is stable to ultraviolet light (Saltzman et al., 1966); 

it is extremely insoluble in water (Ashton et al., 1968). The method of 

detection by electron-capture gas chromatography, as first reported by 

Lovelock and Lipsky (1960), has been continually improved. Currently, 

-1? it is possible to detect SF
6 

in concentrations lower than 10 ~ parts 

SF6 per part of air (Simmonds et al., 1972; Dietz and Cote, 1973). Pre

liminary field tests using SF
6 

as a tracer have shown quite successful 

results (Clemons et al., 1968; Turk et al., 1968; Hawkins et al., 1972; 

Dietz and Cote, 1973). 

Due to the growing concern as to the possible health hazards asso-

ciated with atmospheric tracers, it is not inappropriate to carefully 

document the information regarding the toxicity of sulfur hexafluoride. 

Apparently the first experiments aimed at determining possible toxic 

effects associated with the inhalation of SF
6 

were reported by Lester 

and Greenberg (1950). Animals ~ere exposed to SF
6 

concentrations up to 

80% by volume for periods up to 24 hours. No indications of intoxica-

tion, irritation or any other disturbances were observed during these 

exposures or at any time thereafter. SF
6 

is not hydrolyzed or otherwise 

altered in the body, with the formation of substances which might possi

bly have some toxic actions. Eagers (1969) has concluded that SF
6 

"appears to be physiologically inert when pure." A brief survey of the 

recent literature indicates that SF6 is finding use in various pulmonary 

ventilation studies (Wood et al., 1969; Martin et al., 1972). The first 

study involved human subjects who breathed mixtures of 10% o2 and 90% 

SF
6 

under a pressure of 2 atmospheres. Some of the experiments in the 

second study involved dogs which breathed a mixture of 5% o2 and 95% 
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SF6 (by volume) under a pressure of 4 atmospheres. No mention of any 

toxic effects was noted in either of the above mentioned articles, or in 

any other studies of which the authors are aware. 

In this study, sulfur hexafluoride was used as a tracer to study 

pollutant transport and dispersion throughout the large urban area near 

Los Angeles. About 33.5 kg (74 pounds) of SF
6 

were released in Anaheim 

between noon and 12:45 p.m. during July 19, 1973. Air samples were 

collected throughout the afternoon in five communities which were thought 

to be somewhat downwind of Anaheim during the afternoon of the test. The 

purpose of this work was to demonstrate the applicability of the SF
6 

tracer technique in studies of large-scale urban regions. 
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2. EXPERIMENTAL APPARATUS AND PROCEDURE 

From 12:00 noon until 12:45 p.m. (PDST) on July 19, 1973, sulfur 

hexafluoride was released at a rate of 750 g/min near the intersection 

of Katella Avenue and Lewis Street in Anaheim, California. The release 

was made using a single lA cylinder with the second stage of the two

stage regulator set at 2.1 kg/cm
2 

(30 p.s.i.g.). The total amount of 

SF6 released, 33.5 kg, was thermodynamically limited. The liquid SF
6 

in 

the tank became progressively colder throughout the release and even

tually froze; at this point, about 75% of the SF6 in the cylinder had 

been released. The height of the release point was about 1 meter. The 

terrain near the release point was level with no buildings closer than 

about 100 meters. 

During the afternoon, a SW sea breeze normally occurs in Anaheim. 

The Orange County Air Pollution Control District station in Anaheim was 

located 2 km north of the release point; this station reported a steady 

SW surface wind (measured at a height of 8 meters) from noon until 12:33 

p.m. at about 2 m/sec. However, from 12:33 until 12:37 p.m. the wind 

direction shifted to SE, and then shifted back to SW from 12:37 until 

12:45 p.m. During the rest of the afternoon, the surface wind in 

Anaheim was constant from the SW at a speed of 3 m/sec. During the 

time of the release, the base of the temperature inversion was reported 

to be 550 meters near the ocean and 750 meters inland near Pomona. The 

day was sunny and all locations except Cajon Pass had considerable 

build-up of smog. 

Analysis in the field was accomplished by two portable, battery

operated electron-capture gas chromatographs. The electrical output of 
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each gas chromatograph was connected to a portable, battery-operated 

recorder (Esterline Angus Tl71B). Each chromatograph employed a cylin

drical detector equipped with a 200 millicurie tritiated foil. The 

carrier gas was prepurified nitrogen. The column was 1.1 meters long 

and made from 0.6 cm (1/4-inch o.d.) stainless steel tubing; the column 

was packed with 80-100 mesh 5A molecular sieve and operated at ambient 

temperature. The flow rate of the carrier gas was adjusted to permit 

the SF6 peak to appear in 20 seconds after injection; the large oxygen 

peak appeared about 45 seconds after injection. Optimum SF
6 

response 

was obtained with a pulse period of 200 µsec and a pulse width of 1 µsec. 

Ambient air samples were drawn in through a sample valve with a 50 ml 

syringe. The volume of the sample loop was 1 ml. 

Calibration of each chromatograph with a well-mixed exponential 

dilution system indicated that the output signal of each instrument was 

linear from 10-9 to about 10-12 parts SF
6 

per part of air; the limit of 

detection for each instrument, determined as three times the peak-to

peak noise level, was about 1.5 x l0-12 parts SF
6 

per part of air, which 

-8 3 corresponds to about 10 g SF
6
/m. 

The portable gas chromatographs, operated within automobiles, were 

used to locate the tracer cloud as it passed through various geographical 

regions. One chromatograph was used to follow the tracer cloud north 

along a route encompassing Riverside, San Bernardino, and Cajon Pass; 

the other was used to follow the tracer east from Pomona to Palm Springs. 

The locations sampled and the general wind directions are shown on 

Figure 1. The shortest distances from the release point in Anaheim to 

tile sampling locations are given in Table 1. 
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_. Estimate of 
surface w,nd 
direction 
during test 
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I t t I 
SCALE-KM 

O SAN DIEGO 

figure 1. Geographical points of interest associated with the 
tracer test conducted July 19, 1973. 
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When the SF6 tracer began to appear in Pomona, Riverside and in San 

Bernardino, individuals were left behind to collect air samples every 12 

or 15 minutes by the squeeze bottle method described by Drivas et al. 

(1972). The averaging time for sampling was about 10 sec; if necessary, 

the concentration data could be adjusted to represent longer sampling 

times (Cramer, 1959; Hino, 1968). The bottle samples were analyzed in 

the laboratory during the day after the field test was conducted. All 

air samples were taken about 1 meter above ground and in open spaces 

(generally in public parks) with no buildings in the immediate vicinity. 

Ambient air sampling, two days before the field test with the portable 

gas chromatographs, indicated no detectable SF
6 

concentrations in each 

of the locations. 
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3. PRESENTATION AND DISCUSSION OF RESULTS 

The concentration versus time data obtained at each location are 

shown in Figures 2-6, and a composite of the results is shown in Figure 

7. Although the base of the temperature inversion at 750 meters near 

Pomona around noon was somewhat higher than usual (typical heights dur

ing the sunnner are close to 300 meters), all locations except Cajon Pass 

had concentrations well above the minimum detectable level. It is rea-

sonable to expect that higher peak concentrations would be observed with 

lower inversion heights when wind velocities are similar. In order to 

facilitate discussion of the data, pertinent results are listed in Table 

1. 

The Pasquill-Gifford dispersion graphs, as described by Turner 

(1970), probably do not apply to these data because (1) the graphs are 

based on experimental data associated with relatively smooth terrain in 

rural surroundings and (2) these graphs are based upon data for a con

tinuous point source (i.e. for release times greater than the time re

quired for the tracer to travel between the release point and the sample 

point). However, it is still instructive to discuss our data with 

respect to the quantity X u2/Q, where X is the peak value of the tracer 
p p 

observed in grams SF
6

/meter 3 , u
2 

is an average velocity associated with 

the movement of the concentration peak, and Q is the release rate of SF6 

in Anaheim. It is reasonable to expect that the Pasquill-Gifford 

graphs represent an upper bound to dispersion experiments for finite 

release time of tracers over urban areas. Thus, the values of xpu2/Q 

can be expected, in general, to be lower than the values of xU/Q re

ported in Figures 3. SA-3. SF of Turner (1970) . 
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As indicated in Figure 2, the tracer reached Pomona quite rapidly; 

however, the tracer peaked at a relatively low value of concentration. 

As shown in Table 1, the value of xpu
2

/Q for Pomona was 9.7 x 10-9 

meters-
2

; the only situations for which this value could be a downstream 

value would be if the Pasquill stability were category A with an inver

sion height near 5000 meters. Since the inversion height in Pomona was 

certainly below 2000 meters, we suggest that the Pomona data simply 

reflect the fact that it was not directly downwind of Anaheim during the 

time of our release of tracer. Among the locations sampled, the highest 

concentration peak was observed in Riverside, which is located 55 km 

northeast of Anaheim. As shown in Table 1, the value of XPU
2

/Q = 2.8 x 

-8 -2 10 meters ; this value of XU/Q corresponds to a distance 55 km direct-

ly downwind in the Pasquill stability class A with an inversion height 

of 2000 meters. Although the inversion height at Riverside during the 

test was unknown, the inversion height generally increases with increas

ing distance inland and with increasing time during the afternoon 

(Edinger, 1959). Consequently, it is not unreasonable to suggest that 

Riverside may have been directly downwind of Anaheim during the day of 

this tracer study. The value of Xpu
2

/Q for San Bernardino also suggests 

that it was not directly downwind of the tracer release. Of all the 

locations sampled, Cajon Pass received the lowest peak value. Two 

distinct concentration peaks were recorded in Palm Springs which, at 124 

km from Anaheim, was the furthest location sampled. This phenomenon may 

be <lue to two separate paths associated with the wind pattern from Los 

Angeles to Palm Sprinr;s. The value of ~u
2
/q associated with the second 

peak is in agreement with a downwind position in the Pasquill stability 
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class A with an inversion height of about 3000 meters. The atmospheric 

conditions during the day of the test were estimated in stability cate-

gories A-B (Turner, 1970). 

The concentration curves in Figures 2-6 were numerically inte

grated over time in order to determine the fractional contribution at 

each location of the original amount of tracer released in Anaheim. The 

results of this calculation are given below in Table 2. The fraction 

of tracer recor<le<l at each location is defined as: 

Fraction 
[f cclt] 1 . l . 

_ _ - 00 _ samp ing . ocation 

[i:00cdt] release roint 

Table 2. Fraction of tracer recorded at each location. 

Location 

Riverside 

San Bernardino 

Pomona 

Palm Springs 

Cajon Pass 

Fraction of original amount released 

38.4 X 10-12 

19.6 X 10-12 

16.4 X 10-12 

8.3 X 10-12 

1.0 X 10-12 

It should be noted that Palm Springs, at 124 km distance, received eight 

times the amount of the tracer recorded in Cajon Pass, and half the 

amount recorded in Pomona, which was only 34 km distant from the release 

point in Anaheim. These data further verify that the main urban air 

mass from Analll'im flows along the Riverside-Palm Springs route. 
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In the data for Pomona, Riverside, and San Bernardino, a small 

secondary peak occurred aiter the main peak (see Figures 2-4). This ob

servation is possibly due to the fact that near the end of the tracer 

release, the wind direction in Anaheim shifted away from the normal SW 

direction for 4 minutes, and then shifted back to SW during the last 8 

minutes of the release. 

As shown in Table 1, these data indicate the existence of winds 

ranging in speed from at least 3.7 to over 10 meters/second even though 

the surface wind at Anaheim was measured between 2 and 3 meters/second. 

This is not inconsistent with typical velocity profiles (Jones et al., 

1Y71; Turner, 1Y7U); by using a one-fifth power law velocity profile, a 

velocity of 3 m/sec at 8 m gives rise to a velocity of 7.5 m/sec at a 

height of 750 m. 

Certainly these data are subject to other interpretations and many 

questions raised here will be answered only through future investigations. 

However, this study clearly demonstrates that SF
6 

is eminently useful as 

a tracer in probing tne air flow within and around the Los Angeles basin. 

Other compounds suitable for electron-capture detection, which are 

emitted from industrial sources, may also be useful tracers in probing 

the air flow away from the Los Angeles basin (Simmonds et al., 19 74) . 

It is of some interest to note several economic aspects of this 

study. The cost of material associated with the tracer release (the SF6 

gas cylinder plus a two-stage regulator) was $300. Six persons were 

involved in this test, one for the release and five for sampling. Four 

of the persons were trained during the morning of the test after perti-
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neut meteorological data had been received and a decision to conduct the 

test had been made. All the data were analyzed and graphs prepared 

during the following day by one person. Thus, about 56 man-hours were 

required to conduct the test and to obtain the data. If a larger number 

of sampling points were desired during a test, it may be possible to 

reduce costs through the use of remote sequential air samplers. 
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4. CONCLUSION 

The applicability of the sulfur hexafluoride tracer technique was 

demonstrated in a large-scale test over the Los Angeles area. A release 

of 33.5 kg of SF6 from Anaheim over a period of 45 minutes permitted dis

persion data well above the minimum detectable concentration limits to 

be obtained in five neighboring communities up to 124 km away: Pomona, 

Riverside, San Bernardino, Cajon Pass, and Palm Springs. A preliminary 

analysis of the data indicated that the cities of Riverside and Palm 

Springs may possibly lie in a direct path of the pollutant transport 

from Anaheim. Since the tracer is non-toxic and the entire test was 

relatively inexpensive, sulfur hexafluoride appears to be an ideal 

tracer for studying the transport and dispersion of pollutants over 

urban areas. 
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(by G. A. Griffith, P. J. Drivas, and F. H. Shair) 
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ABSTRACT 

A remote sequential air sampling unit has been developed ,·1hich is 

compact, lightweight, and quite inexpensive. The sampling device con

tains a number of spring-loaded syringes which are released sequentially 

by the motion of a rotary mechanical timer. Field tests indicate that 

the sampling device can take accurate sequential air samples automati

cally and contain each sample without leakage for at least a period of 

18 hours in an outdoor environment. 
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1. INTRODUCTION 

In atmospheric tracer studies and air pollutant monitoring, a need 

often exists to obtain a series of ambient air samples and return them 

to a laboratory for analysis. Due to the economic consideration of man

power cost, a self-contained sequential air sampling device is desirable. 

However, the only currently available sequential sampling instruments are 

for collection of particulate matter in air or for absorption of a spe

cific gaseous compound in a liquid solution; most units are not portable 

and are fairly expensive (American Conference of Governmental Industrial 

Hygienists, 1972). A few studies have adapted such instruments for 

remote use, but again only for sampling particulates or absorbed gases 

(Beddoes, 1967; Chatfield, 1967; Labdon, 1967). 

To obtain manual ambient air samples (sometimes called grab samples), 

previous studies have used evacuated stainless steel containers (Turk 

et al., 1968), plastic bags (Conner and Nader, 1964; Schuette, 1967), 

and plastic squeeze bottles (Collins et al., 1965; Drivas et al., 1972). 

However, none of these methods can be easily or inexpensively adapted to 

an automated sampling system. The purpose of this note is to describe a 

new , inexpensive, and fairly simple device which functions as a remote 

sequential air sampler . 
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2. DESCRIPTION OF SAMPLING DEVICE 

The sampling device consists basically of a number of spring-

loaded syringes which are released sequentially by the motion of a rotary 

mechanical timer. As shown in Figure 1, four 20-cc plastic syringes 

were used; larger syringes could be used if a greater air volume is re

quired for analysis, and a larger number of syringes could be incor

porated by extending the length of the device. The syringes are attached 

by a thumb-screw mechanism to the outside of a 12-inch length of a 5-inch 

wide aluminum channel. The plunger of each syringe is attached to a 

strong spring which is anchored at the rear of the aluminum channel. 

To spring-load each syringe, the spring is extended across the 

entire width of the channel and latched at the forward edge of the 

channel by a metal pin held in place by an L-shaped lever arm (in Figure 

1, the two syringes at the rear are fully spring-loaded). The rotary 

mechanical timer is connected to a shaft with four adjustable metal arms. 

As the timer turns, the extended arms sequentially push each L-shaped 

lever arm forward and thus release the metal pin which latches the spring; 

the spring thus pulls back the syringe plunger and takes in an ambient 

air sample (in Figure 1, the two syringes at the front have taken sam

ples). A 60-minute rotary mechanical timer was used for this device; 

shorter or longer desired time periods could be accommodated with a dif

ferent timer. 

Near the end of the sampling process for each syringe the s ame 

spring which operates the syringe plunger pulls back a guided brass ro d 

a ssembly which forc es a rubber s eptum against a needle on the front of 

each syringe (as shown in Figur e l for the two syringes at the front). 
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Figure 1. View of the sampling device. The front two syringes have 
taken samples, while the two syringes in the rear are in 
the spring-loaded position. 
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The needle ends have been squared off to form a tight fit against the 

septums. Thus, each syringe automatically closes itself, using a small 

amount of spring tension to provide a good seal between the end of the 

syringe needle and the rubber septum. The amount of closing tension is 

adjustable by means of a screw thread on the forward end of the brass 

rod assembly (Figure 1). 

The total cost of the materials (not including labor) for the 

sampling device was under $12.00. The device is completely mechanical, 

requiring no batteries or external source of power. The total dimen

sions of the device in Figure 1, including the syringes, are 15 in. x 

13 in.x 7 in. The sampling device is quite portable, weighing only 

about 3 pounds. 
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3. FIELD TEST 

An experimental study of the time for room ventilation was used to 

test the sampling unit, operating completely automatically. Sulfur 

hexafluoride, an inert, non-toxic gas which can be detected in extremely 

low concentrations, was used as a tracer; the analysis procedure by 

electron-capture gas chromatography is described in detail in Drivas et 

al. (1972). A small amount of the tracer (0.1 ml) was well-mixed in a 

room and its decay with time caused by the room ventilation air flow was 

followed. The sampling device was set to release the syringes sequen

tially at ten minute intervals. As the sampling unit was automatically 

operating, simultaneous manual squeeze bottle samples were taken. The 

squeeze bottle technique has been shown to be an accurate manual air 

sampling method (Drivas et al., 1972). 

At the end of the test, the sampling device with its four closed

off syringe samples was set outdoors on a building roof for 18 hours, ex

periencing a maximum temperature of 86° Fin the afternoon and a minimum 

temperature of 56° F overnight. The squeeze bottle samples were kept 

inside the laboratory during this time period. Analysis of bqth sets of 

samples the following morning produced the results shown in Figure 2. 

The sequential syringe samples were essentially identical to the 

manual squeeze bottle samples, proving that no leakage occurred on ex

periencing temperature fluctuations outdoors for 18 hours. The room 

ventilation test showed a characteristic decay time (the time required 

for an initial concentration to decrease by a factor of 1/e) of approxi

ma tely 15 minutes. Thus, the sampling device can take accurate stque n

ti~l nir sample s nutomatic~lly and contain each sample witho11t leaka ge 
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10-0---------------------. 

0 10 

ROOM VENTILATION TEST 

o MANUAL SQUEEZE BOTTLE 
SAMPLES, ANALYZED 
AFTER 18 HOURS INDOORS 

r:;. SEQUENTIAL SYRINGE 
SAMPLES, ANALYZED 
AFTER I 8 HOURS OUTDOORS 

texp= 15 MIN 

20 30 40 50 60 

TIME, MINUTES 

Figure 2. Tracer concentration versus time for the room ventilation 
test; the sequential syringe samples are compared with 
manual squeeze bottle samples. 
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for at least a period of 18 hours in an outdoor environment. 
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4. APPLICATIONS 

An important application of the remote sequential air sampling unit 

is in the fields of atmospheric tracer studies and routine air pollutant 

monitoring, where automated sampling would produce a considerable saving 

in manpower cost. The remote sampling device would be ideal in areas 

where toxic or explosive gases are present, for example in gaseous 

mines. An added safety feature to sampling in mines is the fact that 

the sampling unit is completely mechanical; there is no electrical hazard 

which might trigger an explosion. Finally, since the sampling device is 

extremely compact and lightweight, it could be suspended or supported in 

areas where :nanual sampling would be very difficult, for example within 

a few feet of fast-moving highway automobile traffic. 
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APPENDIX A-6. CLEANING PROCEDURE FOR TRITIUM FOIL 
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At three month intervals, a tritiated titanium foil was sub

jected to a cleaning procedure similar to those suggested by Holden 

and ·w11eatley (196 7) and Claeys and Farr (1968). The tritiated sur

face of the foil should never be touched with the fingers, since 

natural perspiration can contaminate the foil; a tweezers or needle 

nose pliers should be used to handle the foil. No attempt was made 

to optimize the following cleaning procedure: 

1. Immerse foil for 3 minutes in boiling 5% potassium hydroxide 

in 95% ethanol (5 g KOH/100 ml 95¼ ethanol). 

2. Wash foil twice in hot 95% ethanol. 

3. Wipe foi 1 gently with pipe cleaner dipped in Arm,rny paste 

metal cleaner. 

4. Clean off excess metal cleaner with pipe cleaner dipped 

in acetone. 

5. Wash foil in: 

References 

(1) hot acetone 

(2) hot 95% ethanol 

(3) methanol 

(4) acetone 

Claeys R.R. and Farr T. (1968) A venting apparatus and cleaning 
procedure for electron capture detectors. Anal. Chem., 40, 
847-848. 

Holden A. V. anct Wheatley G. A. (1967) Cleaning of tritium foil 
electron capture detectors. J. Gas Chromatogr., ~, 373-376. 
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APPENDIX A-7. DISCUSSION: "MULTIPLE BOX MODEL FOR DISPERSION OF AIR 

POLLUTANTS FROM AREA SOURCES" 

In press, Atmospheric Environment. 
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DISCUSSION 

MULTIPLE BOX MODEL FOR DISPERSION OF AIR POLLUTANTS FROM AREA SOURCES* 

In his recent paper, Ragland (1973) stated that "The surface layer 

extends to z = ku*/f for neutral stability," and used this value in the 

calculation of eddy diffusivity profiles. However, this height is a 

normal estimation not of the surface boundary layer but of the planetary 

boundary layer or Ekman layer (Blackadar and Tennekes, 1968; Hanna, 

1969). If values for u* under neutral conditions are taken from Table 3 

-4 -1 of the paper and the values k = 0.4 and f = 10 sec are used, the 

resulting values' for the height of the "surface layer" range from 920 to 

4000 meters. However, in Figure 3 of the paper, surface layer heights 

are used which are lower than the above values by a factor of about ten. 

Thus, the surface layer values used in Figure 3 are reasonable, but it 

is unclear how they were estimated. 

In addition, there appears to be an error in the integration lead

ing to equation (33) in the paper. The correct equation should be 

u ; : (1 + a)l{: 20

) 

0 

There are also some obvious typographical errors in equations (25), (27), 

( 30) and (34) . 

Peter J. Drivas 

* Ragland K. W. (1973) Atmos. Environ., l, 1017-1032. 
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AUTHOR' S REPLY 

Here is my reply to P. J. Drivas regarding my paper entitled 

"Multiple Box Model for Dispersion of Air Pollutants from Area Sources." 

For the calculations I assumed that the surface layer for a neutral 

atmosphere extends to 10% of the planetary boundary layer thickness. The 

text on page 1024 should read, "The surface layer extends to z = 0.1 

ku*/f for neutral stability." 

Equation 33 is obtained by setting z =Lin Eq. 32. Since Eq. 33 

is really an empirical relationship, it is perhaps better not to specify 

~Min this particular instance. 

Regretably the following typographical corrections should be made. 

Eq. 25 1 + az/L 

Eq. 27 

Eq. 28 ¾1 
2 2 

0.1 k u*/f 

Eq. 29 

2 2 

[1 -0.lk u* 

¾1 = 
f 

Eq. 34 
u* Iz+zo 

u 
k z z(l -

0 

for z > 0.1 ku*/f 

l.Sku*r.25 
fL for z > 0.1 ku*/f 

dz 

15z/L)" 25 

Kenneth W. Ragland 
Associate Professor 
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BY OXYGEN AND WATER VAPOR 
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ABSTRACT 

Oxygen and water vapor are known to separately desensitize 

photographic films and plates. An examination of the character

istic times involved demonstrates that the desensitizing process 

must be diffusion-controlled. An analysis technique is proposed 

which uses this desensitizing property to obtain an effective 

diffusion coefficient for oxygen or water vapor through a photo

grapnic emulsion layer. Experimental data on the loss of photo

gra~hic sensitivity with time due to water vapor showed good 

agreement with the theory. Comparison of this effective diffusion 

coefficient with a normal diffusion coefficient through a non

pnotosensitive emulsion may yield basic information on the 

mechanism of desensitization, in particular the stability and 

perhaps the fraction of the oxygen or water vapor which reacts 

to cause the desensitization. 



-177-

l . INTRODUCTION 

The desensitizing effects of oxygen and water vapor on photo

graphic emulsions have been known for some time. In 1878 Abney(!) 

noted that photographic exposures made in "atmospheres free from 

oxygen" showed greater sensitivity to light than exposures made 

in air. Blau and Wambacher( 2) in 1934 fowid that the sensitivity 

of photographic film was increased by reducing the air pressure 

or by substituting pure nitrogen for air. Recently, a number of 

studies have examined in some detail the effects of the environment 

on the sensitivity of photographic emulsions to light, on the onset 

of low-intensity reciprocity failure, and on the stability of 

the latent image. 

The important environmental factors affecting photographic 

( 3) 
emulsions were found to be oxygen, water vapor, and temperature. 

Films which had been evacuated and then exposed either in vacuum 

or in dry nitrogen or helium showed much higher sensitivity than 

films exposed in room air. Addition of either dry oxygen or 

oxygen-free water vapor desensitized photographic emulsions; the 

combination of oxygen and water vapor desensitized more strongly 

1 
(4,5) 

than either a one . In general, exposure in vacuum greatly 

- 1 · . d l . . . . f · 1 (6 ) reauced ore iminate ow-intensity reciprocity ai ure. 

· · 1 ( 7 ) d f ·t· For this reason, Lewis et~· suggeste or more sensi ive 

astronomical photography that plates be evacuated and then exposed 

in dry helium and also at low temperature.* Latent-image stability 

• In general, lowering the temperature increases sensitivity; this 
effect is separate from the effects of oxygen and water vapor. 
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was foW1d to be greater in a vacuwn than in either dry oxygen or 

room air. (S, 9) A good review of the environmental effects on 

sensitivity has recently been presented by James. (J) 

Photographic emulsions normally consist of sensitized silver 

bromide grains in a hardened gelatin supporting medium. The 

mechanism by which oxygen and water vapor separately desensitize 

emulsions is thought to be the formation of o
2 

or tt
2
o on the 

surface of the silver bromide grains in the emulsion:(J) 

+ 

+ 

The oxygen and water vapor react with trapped electron sites (et 

on the silver bromide which would normally promote the formation 

(1) 

(2) 

of the latent image. The electrons are trapped by a silver bromide 

crystal defect or by an impurity center caused by chemical sensi-

. . (10) d . h tization. For oxygen an water vapor acting toget er, more 

(5) 
complicated desensitization mechanisms have been proposed. 

Of some interest is the rate at which oxygen and water vapor 

desensitize a photographic emulsion which has been initially 

evacuated. 
(5) . . 

Babcock et al. present data relating the decreasing 

sensitivity of a film to the time of exposure to oxygen-free water 

vapor; they concluded that after 80 min, the sensitivity of emulsions 

up to 11 }lll1 tl1ick had been lowered to a constant level. The main 

purpose of ,At.his proposition is to demonstrate how such sensitivity-

time data can be used to ol.Jtain some basic infonnation on the 
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mechanism of photographic desensitization, in particular whether 

the mechanism is diffusion-controlled or reaction-controlled and 

possibly the stability and fraction of the total oxygen or water 

vapor which reacts to cause the desensitization. 

2. THEORY 

2.1 Diffusion-controlled reaction 

Rate constants for reactions (1) or (2) have not been measured, 

however a simple analysis of characteristic times can decide whether 

the desensitization process is diffusion-controlled or reaction

controlled. Experiments involving a series of short intermittent 

exposures have demonstrated that trapped electrons have a relatively 

short lifetime, of the order of a few seconds, before they recombine 

with positive holes in the silver bromide crystals. 
{11) 

Maerker 

found lifetimes of trapped electrons ranging from 3 to 10 sec for 

various types of emulsions. 
(12) 

In more recent work, Tamura et al. 

found lifetimes ranging from less than a second to a maximum of 

6 sec for various emulsions in dry air. Thus, a characteristic 

time for trapped electrons to react with oxygen or water vapor 

must be of the order of one or two seconds. However, the data of 

Babcock et al. (S) on the rate at which oxygen-free water vapor 

desensitizes an initially-evacuated photographic emulsion indicates 
/ 

a characteristic time of about 5 min for the desensitization process. 

Thus, since the reaction is relatively rapid, the desensitization 

process must be controlled by the rate of diffusion of oxygen or 



water vapor through the emulsion layer. 

2.2 Diffusion through a thin layer 

Normal diffusion of a single gas through a thin layer of 

homogeneous solid can be described by a one-dimensional Fickian 

diffusion equation, 

oc 
dt = 

with the important assumption that the gas does not interact with 

th l 
.. d (13) e soi • For diffusion of a multicomponent gaseous mixture 

( 3) 

through a homogeneous solid, the same equation applies for each 

gaseous component, since the concentrations of the diffusing species 

are very low compared to the solid concentration. This simple 

Fickian diffusion approach has been used extensively in the 

measurement of diffusion coefficients of gases through solids by 

standard techniques such as time-lag measurement(l4 ,lS) or steady-

d . ff . (16) state counter i usion. 

For the case of water vapor diffusion through a photographic 

emulsion, some adsorption takes place in the gelatin supporting 

medium. For the diffusion of water vapor in a hydroscopic medium, 

. ( 17) 
Barrer suggested using a diffusivity which is concentration-

aependent. A better description of the adsorption process would 

ue the addition of a loss term in equation (3): 
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::;::: (4) 

If the amount adsorbed, ca' is related to the water vapor concen-

tration by Henry's law, i.e. c = kc, and the process is diffusion
a 

controlled, then equation (4) reduces to: 

de 
dt 

::;::: (5) 

Thus, standard techniques of measuring water vapor diffusion which 

use equation (3) would result in an effective diffusivity which is 

somewhat lower than a diffusivity without adsorption. In the 

following analysis, equation (3) will be assumed to apply for both 

oxygen and water vapor; for the case of water vapor, the diffusi

vity D will represent an effective diffusivity which includes the 

effects of adsorption. 

Photographic film consists of a thin emulsion layer (of order 

10 }lll) on top of a relatively thick base; diffusion through the 

base will be assumed negligible. If the film is initially evacuated 

and then exposed to a constant outside concentration c
1

, diffusion 

through a thin layer of thickness L can be described by the 

following boundary conditions: c (x) = 0, t <. 0; c (L) == c1 , t ?! 0; 

(de/ox) =Oat x = O. The solution of equation (3) with these 

boundary conditions can be found in Crank(lS) and the analogous 

. (19) heat-transfer case in Carslaw and Jaeger; the solution for 
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t ?! 0, 0 ~ X ~ L is : 

Cl:> 

= 1 !L (-l)n (2n+l)wx -Dt 2 2 
2n+l cos 2L exp(-2-(2n+l) 1T /4) (6) 

n=O L 

The important quantity when desensitization of the film is 

considered is the average concentration through the photosensitive 

emulsion layer. Since in general a photographic film can have a 

thin gelatin overcoat which is not photosensitive, the average 

concentration should apply only through a photosensitive emulsion 

thickness L , where L ~ L: 
e e 

C 
(--) 
c

1 
ave 

= { 7) 

Substituting equation (6) into (7) yields: 

00 

L (-1) n . (2n+l)lTL -Dt 2 2 
2 

sin e exp(-
2
-(2n+l) n /4) 

{2n+l) 2L L 
n=O 

As can be seen, if the ratio (L /L) is known, the average concen
e 

tration is a function only of the dimensionless group, Dt/L
2

. 

2.3 Stability of reacted species 

Equation {3) does not accurately describe the desensitization 

process, since the oxygen and water vapor react to form o
2 

and 

-tt
2
o. Since it has been shown that the desensitizing process is 

diffusion-controlled, the assumption will be made that reaction (1) 

( 8) 
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or (2) is at equilibrium. An equilibrium constant for equation (1) 

can be defined as 

K = 

where (et-) is the number of trapped electron sites on the silver 

bromide crystals where the reaction can take place. Since 

(9) 

+ = (10) 

where ct is the concentration of total oxygen, then: 

This can be written simply as 

C 
r 

= 

= 

(0 !: f ~ l) 

(11) 

(12) 

where cr is the reacted (02 ) concentration and f is the fraction 

of the total oxygen which reacts to cause desensitization of the 

photographic emulsion. Likewise, c = (1-f)ct' where c is the 
u u 

unreacted concentration. The above equations (9-12) are of course 

similar for desensitization by water vapor. 

As will be shown in section 3, photographic data on the loss 

of sensitivity with time can be used to calculate an effective 

diffusion coefficient for oxygen or water vapor, using equation (8). 

However, an important point which is not clear in the photographic 
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literature is whether the reacted species (0
2 

or H
2
o) can 

recombine quickly with positive holes in the same manner as trapped 

electrons or whether the reacted species are stable and relatively 

immobile on the silver bromide crystals. These two cases will be 

considered separately; in each case, an effective diffusion coef

ficient can be calculated. 

Case l. Unstable reacted species. If the reacted molecules 

can recombine with positive holes in the silver bromide as quickl~ 

as trapped electrons, with a lifetime of only a few seconds, then 

this recombination will be fast compared to the diffusion process. 

Thus, the reaction will not hinder the diffusion process and an 

equation for the total diffusion can be written: 

= ( 13) 

Analysis of photographic data on the loss of sensitivity with time 

should yield an effective diffusion coefficient identical with a 

normal diffusion coefficient through a non-photosensitive emulsion. 

Case 2. Stable reacted species. For a long-lived reacted 

species, the nnreacted oxygen or water vapor concentration would 

decrease through the thin layer due to adsorption of the reacted 

species on the silver bromide crystals: 

= ( 14) 
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Expressing this equation in tenns of the total oxygen or water 

vapor concentration, with the assumption that the fraction f is 

relatively independent of concentration, yields: 

= ( 15) 

Thus, analysis of photographic data on the loss of sensitivity with 

time, using equation (8), should yield an effective diffusion 

coefficient: 

D 
e 

= (1-f) D (16) 

Comparison with a normal diffusion coefficient D through a non

photosensitive emulsion can yield the fraction of the total oxygen 

or water vapor which reacts to cause the desensitization. Note, 

however, that if f is very small, this case is indistinguishable 

from case l. 

3. COMPARISON WITH EXPERIMENT 

(5) 
Babcock et al. present data showing the decrease in photo-

graphic density at constant exposure of an initially-evacuated film 

as a function of time of contact with oxygen-free water vapor 

(35% relative humidity in nitrogen). The corresponding case of 

exposure to dry oxygen has not been studied in such detail. The 

film tested had a 1-µm thick silver bromide emulsion layer covered 

with a 10-µm thick gelatin overcoat; thus, in equation (8), 
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L /L = 1/11. The film had a 175-µm base whicn can o~ a~sumed to 
e 

have effectively stopped diffusion from the other side. The 

0 temperature was controlled at 20 C. 

It will be asswned that the photographic density decrease 

from the evacuated condition is directly proportional to the 

average concentration of water vapor in the photosensitive emulsion 

layer. After 80 min, no further density decrease was observed; 

the density difference will be nonnalized on this point (i.e., 

80 min represents c/c
1 

= 1). The following data in Table 1 are 

taken from the straight-line region of Figure 3.III of Babcock 

et al. (5) Photographic density (d) is a dimensionless quantity, 

defined as the logarithm of a transmitted light intensity ratio. 

Table l. Desensitization due to oxygen-free water vapor. 

Time(min) Density (d) d - d c/c
1 0 ----

0 0.805 0 0 

5 0. 725 0.080 0.308 

10 0.610 0.195 0.750 

20 0 .575 0 .230 0.885 

40 0.555 0.250 0.962 

80 0.545 0.260 1.000 

To compare these data with theory, equation (8) was solved 

numerically for L /L = 1/11; the result is the solid line plotted 
e 

as c/c
1 

as a function of Dt/L2 in Figure 1. From Table 1, the point 
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at 5 min was fixed near the correct concentration at a value of 

2 
Dt/L = 0.25. The other points were then plotted as the corre-

sponding values of Dt/L
2

(i.e., 0.5, 1.0, 2.0, and 4.0). The data 

points are compared with the theory in Figure 1. Considering the 

large nwnber of asswnptions in the analysis technique, agreement 

is quite good. The resulting effective diffusion coefficient is 

-9 2 approximately 1.0 x 10 cm /sec. 

Ideally, a comparison of this figure with a normal diffusion 

coefficient for water vapor through a hardened gelatin layer could 

determine the stability of the reacted molecules and possibly 

reveal the fraction of the total water vapor which causes the 

desensitization, using equation (16). UnfortW1ately, since water 

vapor adsorbs on most substances, it is rarely studied in diffusion 

experiments; diffusion studies through gelatin are apparently also 

rare. Some studies on the diffusion of aqueous solutions into 

. . . . . (20,21) b h . abl semi-liquid gelatin pastes exist, ut ave question e 

applicability. 

Since hardened gelatin shows a structural behavior quite 

. . . . l 1 · k l h 1 { 22 ) similar to a semi.crystalline polymeric materia 1 e po yet y ene, 

diffusion studies through thin polyethylene layers may be used for 

· . 1 . l <23 > d' d b f . 1 comparison. M.1.chae sand Bix er stu ie y means o a time- ag 

tecnnique the ctiffusion of eleven relatively small molecules (but 

not including water vapor) through semicrystalline polyethylene and 

-7 -9 2 
found diffusion coefficients ranging from 10 to 10 cm /sec. 

Since water vapor adsorbs on gelatin, its diffusion coefficient 
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through a non-photosensitive emulsion might be expected to fall 

in a low range due to adsorption, as discussed in section 2.2. 

The low values of diffusivities found by Michaels and Bixler and 

-9 2 the low value of 10 cm /sec found by the analysis technique 

may indicate either an activated solid diffusion process or a Knudsen 

diffusion process through small and very tortuous pores. 

4 • CONCLUSION 

Due to the lack of data on normal diffusion of water vapor, 

it is not possible to make any statements about the mechanism of 

water desensitization. However, it has been shown that the 

desensitization process in general is diffusion-controlled and 

that the analysis technique appears valid for obtaining an effec

tive diffusion coefficient through a photographic emulsion from 

data on the loss of sensitivity with time. Future work should 

certainly include basic diffusion data fo~ oxygen and water vapor 

through non-photosensitive emulsions taken by standard diffusion-

. (14-16) measurement techniques. Comparison of these data with some 

systematic experiments on desensitization rates may answer some 

very basic questions on the stability and fraction of the oxygen 

or water vapor which reacts to cause photographic desensitization. 
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