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INTRODUCTION 

In recent years, a great deal has been learned concerning diffusion 

Attention has occasionally been turned to variations in the atmosphere. 

in concentration level with time and space, as well as to the more famil- 

iar study of patterns of average concentrationa; the term "peak-to-mean" 

or "peak-to-average" concentration ratio has become an increasingly more 

frequent Item for discussion in the literature. The resulting search 

for methods to rationalize observed peak-to-mean concentration ratios 

led to hypotheses concerning the relation of the variance of corcentra- 

tion to the averaging interval applied to the concentration before the 

variance is calculated. It is my purpose here to show how an explicit 

formulation of this relati.mship can be derived, and to check the results 

of the theoretical work with observed concentration behavior. 

The experimental desims chosen to provide concentration data pro- 

vided a substantial contrast in turbulent characteristics, since the 

theory developed here is independent of turbulence. 

gathered in a plume from a point source, another in the lee of a building 

with the source near the upwind stagnation goizt., thus yielding data from 

One set of data was 

both atmospheric and "aerodynamic" turbulecce 

In the following pages, the derivation of the governing equation and 

a brief description of the character of wake flow is given. 

discussion of point source plumes can be found in Pasquill, 1962.) 

experimental techniques employed are described, the data obtained are 

given, and a comparison of the data with the theoretical fonrmlaticn is 

carried out. 

(A complete 

The 

I 2 0 ~ s F i  I I 
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CHAPTER om 
THEORETICAL BACKGROUND 

In t h i s  chapter, the  der ivat ion of an equation r e l a t i n g  the va r l -  

ance of an increasingly smothed var iab le  t o  the smoothing i n t e r v a l  l a  

given, and the character  of wake flow is discussed. 

Concentration Fluctuations 

Fundamentally, the cause of concentration va r i a t ion  is turbulent  

motion which wafts t h e  plume of contaminant o r  t r a c e r  over and away 

from the sampler. 

is a famlllar tack i n  meteorology; much more is known experimentally 

about the latter than the former, so r e l a t ion  of va r i a t ion  i n  concen- 

t r a t i o n  is usual ly  made t o  the  mean concentration. 

This separation i n t o  instantaneous and mean plumes 

Two rather d i f f e r e n t  approaches t o  ra t iona l iz ing  the  var ia t ion  of 

concentration have been suggested. 

t o  cons is t  of an i n f i n i t e  s e r i e s  of d i f fus ing  disks, each with a gaussian 

d i s t r ibu t ion  within i t s e l f ,  which through atmospheric meander combine 

t o  produce a gaussian d i s t r ibu t ion  of concentration a t  points within the 

mean plum. 

t i o n  observed a t  a point, normalized t o  the mean concentration a t  tha t  

point,  must decrease as  a power l a w  of distance from the source if  the 

point  were near t h e  center l ine ,  and near ly  as a power l a w  in any case. 

A diffe;.ent starting point  l ed  Csanady (1967) t o  r a the r  d i f f e r e n t  

Gifford (1959) considered a plume 

One deduction from t h i s  model was t h a t  the peak concentra- 

expressions f o r  t h c  vaxlsticm of concantmtion a t  a poin t  i n  a plume. 

S t a r t i n g  with the equation of continuity,  he aerived a c o n s e m t i o n  

statement for  variance of concentration, then deduced a formulatian for 

the variance a8 a function of distance from the center l ine  of a slender  

1 2 5 . 4  i 3 
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plume. 

throughout t i m e  t o  be akin t o  a Poisson d i s t r ibu t ion ,  he showed approxi- 

mately the magnitude of peak-to-mean concentrations t o  be expected as a 

function of dis tance from source point  and center l ine  of the plume. 

It should be noted that two types of peak concentration can be 

Presuming the d i s t r i b u t i o n  of concentration observed a t  a poin t  

defined. One, as discussed by-Gifford and Csanady, considers variabil- 

i t y  of concentration i n  r e l a t i o n  t o  plume center l ine .  

from averaging the  time h i s to ry  of concentratiOn a t  a 

ing in t e rva l s ,  t h a t  is, considering the concentration 
- 

b o  the r r e s u l t s  

po in t  over differ-  

t o  be a random 

function of time, the  observed peak concentration w i l l  be a decreasing 

function of smoothing in t e rva l .  Gifford (1960) presents  a number of 

data from several workers which ind ica tes  the  effect  of increas ingly  

smoothing concentration measurements, A f a i r l y  w e l l  defined power l a w  

dependence results, with the index a function of displacement from the  

plume center l ine .  Singer (1960) presents a summsrizatioil of data which 

indicates a power l a w  dependence, a l so .  In a later paper, Singer e t  a l .  

(1963) present  ,I near ly  independent set of data, again from a number of 

workers, which a l s o  ind ica tes  a power l a w  dependence of peak-to-mean 

r a t i o  on smoothing in t e rva l .  

can be specified i n  terms of standard deviat ion of t h e  d i s t r i b u t i o n  of 

concentration observed through t i m e  (see Csanady, 1967), Singer and his 

Recognizing t h a t  t he  peak concentration 

co-workers (1963) hypothesized that a power l a w  connected variance and 

swathing i n t e r v a l ,  

Not all data ind ica te  a s t r ic t  power l a w ,  howeverj Faoro (1965) 

presents  data which ind ica te  that the  index may be a funct ion of smooth- 

ing  in te rva l ,  and Genikhovich and Crachew (1965) i n  an exaulnation of 
I Z O E i c ,  E 4 . 



3 

hor izonta l  dispersion derived a sum of exponential, inverse-linear,  and 

inverse-square terms f o r  the decrease of variance with smoothing i n t e r -  

val .  

The Governing Equation 

The effect of smoothing a variable before ca lcu la t ing  the  variance 

i s  presented i n  a formal representat ion of f i l t e r i n g  and its e f f e c t  on 

Fourier components i n  Pasqui l l  (1962), but  no explicit  re la t ionship  i s  

developed. An expression f o r  the change i n  variance with change i n  

smoothing i n t e r v a l  follows from a conoideration of the  de f in i t i on  of the  

v a r i k c e  of a smoothed function. 

Iet X be a Singled valued, Continuius s t a t iona ry  random 

var i ab l e  

T be time, the independent var iable  

t 

T 

be the ( r e l a t i v e l y )  sho r t  smoothing i n t e r v a l  

be the  ( r e l a t i v e l y )  long length of record 

Xs be t h e  smoothed value of X, over the i n t e r v a l  t 

be the average value of X, over the i n t e r v a l  T 

0; be t h e  variance of X, over the i n t e r v a l  T 

The smoothed variable I s  defined by 

7 +t/2 
a 

where a dummy variable 1, has been introduced as the var iab le  of i n t e -  

grat ion.  The def in i t ion  of variance i n  terms of X, is  then 
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It may be noted that the operat ior iof  smoothing X over periods of length 

t yields  a continuous var iable  If overlapping means a r e  considered, and 

a d i sc re t e  var iable  if end-to-end means a r e  considered. 

pine means w i l l  be assumed. 

Here ove rhp-  - 
- 

Expanding (Xs - X)a and d i f f s r e n t i a t i n g  w i t h  respect t o  t yields  

T/2 , 

d t  T d t  

The der ivat ive of X, is a function of t he  limits on the i n t e g r a l  

(1) (when the i n t e g r a l  is d i f f e ren t i a t ed )  and X,, 

L 

L - 
For simplicity, l e t  $ k(r+t/2) + X(~-t/2] be defined as XL. 

Then 

( 3 )  

Insert,ng t h i s  expression f o r  dXs/dt i n  Equation 3 yields 

Each of the numbered integrals will now Se examined. 
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F i r s t ,  consider In t eg ra l  IV i n  Equation 5. It can be written as 

This is J u s t  t he  average of X, over t h e  i n t e r v a l  -T/2 t o  T/2, which i s  

equal t o  F. ~ h u s  

Consider now I n t e g r a l  111. This can be wri t ten 

-T/2 -T/2 J-T/2 J 

These are i n t e g r a l s  of X over a s l i g h t l y  d i f f e r e n t  record than or igin-  

a l l y  used t o  define 

of the  i n t e r v a l  -T/2 t o  T/2, as shown i n  Figure 1. The f irst  i n t e g r a l  

i n  Equation 8 involves a loss of t / 2  length a t  -T/2, and a gain of t / 2  

length beyond T/2. Conversely, the  second i n t e g r a l  involves a gain of 

t / 2  length a t  -T/2 ( i - e . ,  in tegra t ion  over a port ion of X preceding 

-T/2) and a los s  of t / 2  length of the o r i g i n a l  record a t  T/2. 

t he  first i n t e g r a l  i n  Equation 8 is  (ignoring ? f o r  the moment) 

and Q:, with a s h i f t  i n  record of t / 2  a t  each end 

Thus, 
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T---------, 
Figure 1 

S h i f t  of Record vhen f(?) is CilanGed to 
f (?it/2) 
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while the second in tegra l  i s  

(10) 

A f t e r  s d n g  Equations 9 and 10, it can be seen that the Integral I11 

in Equation 5 is very nearly 9. 
and 3 is  only that due to interchange of -t/2 -T/2 with -T/2 +t/2 and 

T/2 -t/2 with T/2 +t/2, that is  the record within t /2 outside the bounds 

of the or iginal  record is  added and the record within t /2  inside the 

bounds of the or iginal  record is deleted. 

from the different ia t ion of the limits on X,. 

stationary, an assumption implicit  h this ent i re  argument, the sum of 

Equation 9 and 10 i s  very nearly 2. 

The difference between Integrel  I11 

This odd manipulation resu l t s  

Nevertheless, i f  X is 

Now, both Integral  I11 and IN in Equation 5 have been shown t o  be 

(very nearly) 9, but with opposite sign. 

Consider now Integral  I i n  EQuation 5. 

ten as a product of mean and fluctuating values: 

The integrand can ‘e w r i t -  

= (Ts + xi) (TL + xi) = (57 + <) (Z + xi) x,xL 

= 3 + zxi + E; + xix;. 
- - 

since zs = XL = X as shown above. Uhea each term is averaged over the 

in te rva l  -T/2 to T/2, 
- 

(11) 
7 XSXL = F? + XSXL 
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A similar proced.dre applied t o  Integral  I1 i n  Equation 5 yieXs 

- - - -  X"s s (T + xi)" = s + 2xx; + x;2 = 572 + q (12) 

Thus Equation 5 can be written as 

An insight into tne character of X A X i  is  possible by defining X;(T) 

in terms of X'(T),  the primitive deviation of the function from the 

mean. 

defined) we nay mite 

A t  any time T ( the midpoint of the i o t e r r a l  O v e r  which X, is  

(is) 

L' Then, using the expanded form of X 

or, i f  X ( T )  i s  stationary, so t h a t  x ' ( T )  x ' ( ~ + t / 2 )  = x' (T)  ~ ' ( ~ - t / 2 ) ,  

- 
Equation 15 indicates t h a t  ;&iL is clcsely related t o  the autocovari- 

ance of x a t  lag t/e. 

definit ion as t -4 0, and mt f. l ra l ly  aFpmach zem a t  large t, since it 

is a correlation. A maxiarm value m y  be a-ctaired a t  sone lag time, but 

the magnitude cannot be large rind seem l i k e l y  +a be zero, since 1) 

G' is i tself  small compared to  X', and 2) X:' m y  be e i the r  posit ive 

o r  negative fo r  R given sign on x'. 

The term x ~ ' ( T )  x ' ( ~ + t / 2 )  appmaches zero by 

mus, zo a good apprcximation, 
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Let P(t/2) = X'(t ) X'(~+t/2), so that E ~ u a t l c n  13 may be m i t t e n  

e 2  2 - + - .'s = - P(t/2) 
d t  t t 

or 

Equation 17 o r  18 is the exp=ssion of the deRndence of variance on 

smoothing interrral vhicb vad suaght. _- 

Approximte S o l u t i w  o f  the m e -  Equation 

The existence of .p w e l t  and unique solution t o  Equation 17 or 

18 is dependent t p  tbc cdstcnct  of an expl lc i t  function for P(t/2), a 

: ~ 4  res t r ic t ive  cond i t i on  In a pract ical  sense. However, good results 

may be expected by 8 s s m i . q  mclply  plausible forms for P(t/2), since much 

of the e r ror  introduced by an erroneous form for P(t/2) will be smoothed 

out by the integration; any reasonably accurate form f o r  P(t/2) w i l l  

serve the purpose. 

Note t h a t  P!t/2)/."s i s  approximately an autocorrelation of X a t  Lsg 

t/2. 

a c e ,  EC P(t/2)/2s must decrease less  rapidly and regularly than the auto- 

correlation R(t/2). Nevertheless, i f  P(%/2)/9s i s  interpreted as BP auto- 

co rx la t ion  of the form ekt in  Equation 18, the solution is 

However, the normalizing varisnce AS ."s rather than the total varf- 

Since k is  negative, this is  an alternating series which, although con- 

vergent for all t, converges slowly a t  even moderate values of t >  1. 

3 2 U t r 9 2  I 
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One of the simplest approximations which may be made f o r  the solu- 

Lion of Equation 18 is  t o  presume that 
- _ _  

from which, by comparing Equation 18 and 20, 

- 
P'(t/2) = $ (2+b+kt) e= 

Thus, an estimate, P'(t/2), of the autocovariance function, P(t/2), 

If Equatioa 21  i s  possible by d i rec t  calculation, i f  b and k are known. 

accurately re f lec ts  autocovariance data, then the l inear  approximation 

made i n  Equation 20 i s  probably adequate. 

from integrating an approximate form are lust  i n  the calculation of 

P'(t/2). 

ra ther  good estimates of the autocovariance function. 

It is c lear  that any benefits  

Nevertheless, it w i l l  be shown h t e r  that Equation 21  yields 

The constants b and k can be evaluated f r o m  a comparison of the 

solution to Equation 20 w i t h  data. The solution is  

0% - = (kr .k(t-t0) 

G,O 
so that b can be calculated f r o m  a point a t  small values of t/to, and 

k a t  a large value t o  t/to. Another check of the theory then results 

f r o m  a com2lete comparison of Equation 22 w i t h  $s/2s,3 data a t  a l l  

intermediate t/to . 
Note tha t  If Equation 20 is simplified to 

d t  



an equation ident ical  t o  that hypothesized by Singer e t  al. (1963) re- 

su l t s .  

Wake Structure and Diffusive Charac= 

There are  several descriptions of the formstion and structure of 

wakes available i n  the l i t e r a tu re  (Bir'khoff e t  al., 1957; Halitsky, 1963; 

M a r t h ,  1965) so only a br ief  definit ion of terms is required here. 

Figure 2 indicates the several portions of the wake as described by 
- 

Halitsky. 

ment zone and the cavity. The displacement zone is the volume of a i r  

near the building which is characterized by streamlines curved around 

the obstruction. 

O f  most importance i n  the present discussion i s  the displace- 

The inner portion of the displacement zone is marked 

by a rather  stationary series of vortices generated by severe flow dis -  

tor t ion a t  the building edges and corners. 

upon the upstream speed and direction; changes i n  direction, especially, 

cause the vortices to be shed from their  s i t e s  and carried downwind, t o  

be replaced by a new geometry of vortex placement depending upon the new 

wind condition. 

ina l ly  outside the wake streamlines becomes enmeshed in the cavity, tfie 

stationary eddy attached t o  the downwind side of the building. The 

cavity i s  marked by a weak upwind flow, a decrease i n  wind speed and 

increase i n  turbulent intensity.  

The vortices are dependent 

The vortices provide a mechanism by which material orig- 

Separation of flow to cause the cavity and wake depends strongly 

upon the geometry of the obstacle; in general, c i rcular  shapes show a 

variable point of separation, depending upon wind speed, w h i l e  pr is-  

moidal shapes character is t ical ly  induce separation a t  the upwind or  lat-  

eral corners. The l ine  of separation i o  important in d e U e a t 9 g  the 
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volume of contaminated a i r  i f  the pollutant is released d i rec t ly  in to  

the cavity, since l i t t l e  contamination of theeobstscle upstream of the 

separation is  possible. (This is c lear ly  inapplicable to pollutant 

introduced upwind of the separation point. ) _ -  
The shape of the wake is  approximately independent of the obstacle 

shape, being paraboloidal downstream of the obstacle (Birkhoff 1957). 

However, the shape of the cavity is  closely related t o  the obstacle 

shape, since the upstream boundary of the cavity is the obstacle i tself .  

Evans (1957) showed a var ie ty  of cavity shapes due t o  a variety of obsta- 

c l e  shapes; i n  general, the cavity shape varied more slowly with modula- 

t ion of obstacle shape than did the obstscle itself. 

The placement of the source is  an important parameter i n  determin- 

ing the final pattern of contamination. 

t h i s  expl ic i t ly  i n  a ser ies  of i l lus t ra t ions .  

note that U s  data indicate tha t  very short  stacks, say less than one- 

half  obstacle diameter in height, a re  l i t t l e  i f  any different  from f lush 

vents (Halitsky, 1963, 1965) f o r  introducing contaminants i n to  the wake. 

Halitsky (1963, 1963) shows 

It is illuminating t o  

His work shows t h a t  nearly a l l  positions of source point with respect t o  

the prevailing wind produce similar patterns of contamination i n  the 

cavity. 

obstructicn, i n  which case a strongly assymetrical pattern i n  the cavity 

The exception is  a source placed a t  the ou+,er edge of the 

results; still ,  a substant ia l  degree of contamination throughout the 

cavity i s  evidenced, apparently due to the mirhg indtlced by vortices 

detached from the building separation l ine.  

Entrainment of emissions from short  stacks has captured the greater 

i n t e re s t  of workers to date, par t icular ly  i_? field studies. Since 

t 2 0 4 2 5 
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emission from short stacks is only intermittently entrained i n  the  cav- 

i t y  o r  wake (c.f e Sherlock and Stalker, 1940; Hohenleiten and Wolf, 1952), 

this is  inherently a more complicated study than considering ground l eve l  

or flxsh-vent sources. 

concerning diffusion i n  wakes is from stacks. 

used wind and water ttznnels t o  model the flow about a reactor building, 

then carried out a verification of the tunnel studies ir the f ie ld .  

They succeeded in modeling the beha-rior of effluent and wind speed in te r -  

action showing t h a t  a c r i t i c a l  effluent-to-wind speed r a t io  governed the 

entrainment of the plume. 

pling system and bivane measurement of horizontal and ve r t i ca l  turbulent 

intensity,  tes ted a variety of diffusion models used fo r  estimatiw con- 

centrations i n  building wakes (Barry, 1964), and ver i f ied at l ea s t  qual- 

i t a t i v e l y  Davies and Moore’s claim. 

Nevertheless, nearly a l l  information a-ailable 

Davies and Moore (1964) 

Munn and Cole (196’j), using a portable sain- 

Martin (1965) carried out an ambitious and informative coqazison 

of wind tursel and full scale diffusioa experiments, v e r i f y i a  the us2- 

fulness of wind tunnel work fo r  e s t i m t i n g  diffusive capasi5ies of the 

atmosphere. 

correspondence of wind, wake and obstacle, t.hxs enhancing the velue of 

thorough wind tunhe1 t e s t s .  

Martin’s work demonstrated both quali tative and quantitative 

I s l i t z e r  (1965) measured the e f fec ts  of buildings on both turbulence 

and diffusion using a ground source in the lee  of a reactor complex. 

found t h a t  i n  ucstable conditions the e f fec t  of the wake i s  essent ia l ly  

damped out i n  800 meters of travel,  and that the e f fec t  of an obstacle i s  

t o  reduce the wicd speed (outside the c a a t y )  by some 3 6 ,  and increase 

He 

. 

the turbulen‘; intensity.  Thus, he found a net decrease i n  concentration 

2 0 1”; U] 2 b 
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i n  the lee of the building relative to unobstructed sources. Culkovski 

(1967) later suggested that point source ground release results provide 

an absolute upper bound on mean collcentratlans in wakes. 



The general method fo r  measuring the diffusive character of the 

atmosphere i s  to  release an inert t racer  in a specified fashion and mea- 

sure the result ing concentration (or related parameter) a t  one or several 

points downwind. 

from the rather well-lmown methods previously used i n  larger  scale 

experiments carried out a t  Hanford and other sites. 

the tracer and the method of i t s  dispersal are described, the sampling 

techniques and instruments are discussed, and the layout of the sampling 

The techniques used in the present series were evolved 

In this ckapter, 

geometry is shown. 

Tracer Technique 

The atmospheric t racer  material used during these experiments was 

the fluorescent pigment zinc sulfide, U. S. Radium Corporation desig- 

nation No. 2210. It i s  a very f ine  particulate that fluoresces green 

under u l t rav io le t  l igh t .  The par t ic le  s ize  dis t r ibut ion is nearly log 

normal with a geometric mean of about 2.5 microns and a standard devi- 

ation of logarithms of the diameter of 0.70. The density of the zinc 

sulfide par t ic les  i s  4.1 grams per cc. 

O r d i n a r i l y ,  the t racer  is suspended in water f o r  dispersal through 

high volume insect ic idal  foggers. In  the present case, the use of water 

as the suspension ag:nt was thought to be impractical, since some t rave l  

distances on the order of m l y  a few meters were used, which might well 

preclude complete evaporation of the droplets. A dry cleaning solvent, 

trichloroethane, was substituted; this liquid has a very high vapor 

pressure a t  n o m 1  temperatures, and evaporates completely within a 



meter. A small backpack type of herbicide dispenser (mnufactured by 

Solo Kleimotoren), which used a high speed air f l o w  to break up the 

t racer  suspension in to  s m a l l  droplets, proved t o  be a satisfactory low 

flow dispenser. Figure 3 shows the sprayer and associated equipment. 

Sampling Techniques 

Two t-ms of a i r  sampling were conducted durlng t h i s  series of tes t s :  

time-integrated concentrations, and time history of coccentrsticn. The 

time-integrated concentrations w e r e  comparable t o  the standard measure- 

ments as made in nearly a l l  atmospheric diff'usioa experiments, whereas 

the time history measurements are relat ively new. 

wake measurements were to  be made d i rec t ly  within the cavity, ra ther  than 

i n  the wake proper where the mean wind direction has been re-estabushed. 

In both cases, the 

The air flow within the cavity is  unsteady, since each change i n  

wind direction causes a new orientation of the building with respect t o  

the prevailing wind, and thus a different equilibrium shape and position 

of the cavity. W i n d s  within the cavity thus show a remarkable variabil-  

i t y  i n  direction a t  any given point, often. gcing full c i r c l e  i n  l e s s  than 

a minute. Since the efficiency of any sampler, whether aspirated o r  not, 

is a function of the relat ive direction of sampler port and wind direc- 

t ion (Green and Iane, 1957) and rapidly appmches zero when the wind i s  

against the back of the sampler, some means of assuricg wind flow into 

the  face of the sampler was required. 

The design evolved for the a i r  samplers i s  shown i n  Figure 4. The 

a i r  sampler i t s e l f  is ident ical  with that used in previous t e s t s  (Barad 

and F'uquay, 1962), a membrane filter aspirated by gasoline engine powered 

vacuum pumps through calibrated c r i t i c a l  flow orif ices .  !he samplers 
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FI'GURE 3 .  Tracer D i s p e n s e r  and A s s o c i a t e d  Equipment 
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PIGURE 4. The S e l f - o r i e n t i n g  Sampler 
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were mounted with a large tail to  provide orientation with minimum over- 

shoot and adequate turning moment i n  l i gh t  winds, and dubbed SOS (Self- 

Orienting Sampler). 

The measurement of t i m e  his tory of concentration was made with a 

Self-Orienting Real Time Sampler (SORTS), which is  a R e a l  T h e  Samplw 

(RTS) (Nickola e t  al., 1967) mounted wi2h a tail similar t o  the SOS. 

RT5 uses the phosphorescence of u l t rav io le t  i r radiated zinc sulfide to 

The 

activate a photcmultiplier, and can rel iably yield cmcentration measure- 

ments i n  the range from about 3 x 

precise measurement, of the time const& of the RTS is available (or  

possible, since- stationary sources of accurately know-concentration are 

3 t o  3 x 10-3 g/m . Although no 

_ -  - _- - - 

Inordinately d i f f i c u l t  t o  provide), it may be estimated by laowing the 

travel time through the sampler and the recorder speed. The time t o  tra- 

verse the sampler i s  sbout 0.8 seconds, and the fill scale response time 

of the recorder is  0.5 seconds. Thus, t o  assure adequate accounting of 

instrument snoothing of the r ea l  concentration, average concentrations 

over f ive second periods were chosen as the m i n i m  t i m e  resolution fo r  

data reduction. Figure 5 shows the SORTS*. 

Other errors i n  sa;ipling, such 9s anisokineticity and deposition 

were neglected. 

through the sampler being different  than the ambient -And speed, resul ts  

The an isokbet lc  error, which is due t o  air  €peed 

from curvature of streamlines near the sampler which f i n i t e  par t ic les  

may not follow due t o  the i r  iner t ia .  

par t ic le  sizes in t h i s  series,  t h e  anisokinetic e r ror  was not Large, on 

For the range of wind speed and 

the order of 2 6  a t  most, and probably about 1 6  in  general (Sehmel, 

*B. N. Nelson, Jr. of the Pacific Northwest Iaboratory conceived and fab- 
ricated both the SOS and SORTS orientation system. 0 201:0,32 



8 

h 
k- 

FIGURE 5 .  The S e l f - o r i e n t i n g  Real T i m e  S a m p l e r  
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1966). 

t i o n a l  o r  eddy f l u x  loss  t o  the surface, c80 be la rge  over long travel 

periods (Simpson, 1962; I s l i t z e r ,  l963!,the shor t  distances involved i n  

t h i s  series did not allow time f o r  Large amounts t o  deposit. 

Although deposition, the loss of t r a c e r  mass due t o  grav i ta -  

Assay of the SOS samples was by use of the Rankin counter (Barad 

and Fuquay, 1962), which counts s c i n t i l l a t i o n s  emitted from zinc sulfide 

when bombarded by alpha pa r t i c l e s .  

Design of the SGpling Grids 

Two separate sampling g r ids  were used i n  this study. One, the Con- 

t r o l  grid, was l a i d  out around the -ford 400 foot  meteorological tower 

t o  ind ica te  the h i s to ry  of concentration var ia t ion  from an unobstructed 

point  source. The second w a s  l a i d  cu t  around a f a i r l y  large prismoid- 

a l l y  shaped abandoned building t o  provide data showing the difference,  

i f  any, i n  concentration h i s to ry  i n  the  lee of a building. 

The Control g r id  consisted of three a rcs  of samplers at  distances 

of 30, 50, and 100 meters frcm the source point. 

degrees i n  azimuth r a n g e , w i t h  samplers spaced 8 degrees apar t ;  access 

roads allawed posit ioning of the SORTS near the center  of the me= plume. 

To avoid introducing confusion, the SORTS w a s  placed i n  posi t ion before 

t r ace r  release and l e f t  s ta t ionary  without regard t o  subsequent wind 

shifts. 

wind direct ion.  

The arcs  were E38 

Figure 6 shows the  Control g r id  from r i g h t  angles t o  the  t e s t  

The Wake gr id  consisted of three arcs  a t  30, 50, and 100 meters 

from the  center  of a building 24 x 34 x ll meters high. The arcs w e r e  

considerably g rea t e r  In angular coverage than the Control gr id ,  due to 

$he expected large s h i f t s  i n  wake posit ioning with vind d i rec t ion  
f 2e3vwi 
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changes. The inner a rc  covered 310 degrees, the middle a r c  270, and the 

outer a r c  200, degrees, w i t h  samplers spaced a t  20 degree in te rva ls .  

Figure 7 shows a portion of the Wake grid,  lookigg essen t i a l ly  across 

the cavi ty  area. 

Field Procedure 

The advent of favorable winds s e t  the crew in motion, one man s e t -  
- -  

t i n g  up and checking out the generator and preparing the t r ace r  formu- 

l a t i on ,  another t o  s t a r t i n g  the sampler engines, and a t h i rd  t o  placing 

f i l ters i n  the SOS samplers. The operstor of the SORTS was t en ta t ive ly  

s ta t ioned downwind where ca l ibra t ion  and checks were completed. Usually 

within an hour the f i n a l  posit ion of the SORTS was  chosen, and t r ace r  

re lease was begun. 

only short-term t e s t s  could be attempted in t h i s  se r ies ,  and t r ace r  

Due t o  the small s i z e  of the fomula t ion  container, 
~ - 

re lease usual ly  was r e s t r i c t e d  t o  10 o r  15  minutes. 

The SORTS recorder was run a t  a char t  speed of six inches per min- 

ute,  so the (mechanical) in tegra tor  vas read i n  incrementa over half 

mches, a simple task ,  t o  yield average concentrations over five-second 

in te rva ls .  



F I G U R E  7. The Wake Sampling Grid 
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CHAPTER TKREE 

DATA REDUCTION AND' PRESENTATI3N 

The data gathered i n  t h i s  series of diffusion experiments consisted 

only of concentration measurements. 

f o r  meteorological tasks, and shctlld be explained. 

This is a rather unusual s i tuat ion 

The most important 

factor  was log i s t i ca l  i n  nature; althcugh f a i r l y  sophisticated meteo- 

rological measurements were readllv avaihble f o r  the  Control tests, 

only t he  most gross measurements were possi6le f o r  the Wake {est, 

since no portable instrunentation was available. Since the variance of 

concentration was t o  be investigated, there was l i t t l e  point i n  measur- 

lng only mean wind over t h e  period of testing; any useful information 

must surely come from the variance of wind speed or direction. How- 

ever, the governing equation derived i n  Chapter One l s  independent of 

meteorological parameters, depending only upon the  time his tory of con- 

centration, so no need fo r  wind o r  temperature measurements w a s  in t ro-  

duced. Furthennore, t o  investigate whether f i r s t  order difference i n  

concentratioi, va r i ab i l i t y  were introduced by the ]?resence of a large 

obstacle, the d i r ec t  measurement of concentration rather than a i r  flow 

parameters i s  the more desirable. Therefore, rather than d l s t r ac t  from 

the investigation of coycentration per se  by attempting t o  correlate  

resu l t s  wi th  mean atmospheric conditions, a procedure wh!ch i s  increas- 

ingly questioned (Pasquill,  1963), no wind o r  temperature data were 

recorded. 

The decision to divorce the Wake and Contra1 tests from atmospheric 

conditions was not made hast i ly .  

cated that i n  wakes t h e  presence of aerodynamically produced turbulence 

Martin's work (1965) strongly Indi- 



overshadowed ef fec ts  of atmospheric s t a b i l i t y  o r  wind conditions so 

long as the wind was strong enough t o  produce a wake, say f ive  meters 

per  second. This i s  par t icular ly  true i n  the cavity, since even very 

strong s t a b i l i t y ,  o r  very strong winds, are disrupted en t i re ly  due t o  

the increased turbulence intensity.  

atmospheric conditions t o  be known i n  de ta i l .  

Mean Concentration Patterns 

There was thus no necessity f o r  

The average concentration patterns as shown by t h e  SOS gr id  were 

used t o  i l l u s t r a t e  the position of the SORTS with respect t o  the  source 

and were not required f o r  other work, so the patterns are given i n  

-_ - -  arb i t ra ry  units. _ _  - ___- 

Figures 8 and 9 present the mean concentration isopleths f o r  the 

Control tests C-3 and C-4. 

bimodal. 

t o  forecast, as indicated on the  figures.  

Note t h a t  the patterns are both s l i gh t ly  

The SORTS wa;i s i tuated as nearly due downwind as was possible 

The patterns from the Wake tests are  shown i n  Figures 10 and 11 

f o r  Tests W-6 and W-7, respectively. 

cated on the figures, was placed a t  an upwind corner, s t i l l  an asym- 

metrical concentration pattern resulted. 

of the mean wind being s l igh t ly  off the corner; since tl point source 

was used, effect ively only a single streamline was traced near the 

uource. 

Although the source point, indi-  

This i s  probably a ref lect ion 

Time History of Concentration 

In an appendix, the concentration recorded by t h e  SCRTS is  given 

fo r  each of the t e s t s .  

concentration, normallzed t o  t h e  mean a t  t h e  SORTS position. 

The tabled data are five-second averages of 
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Figure 11 
Mean Concentration Isopleths f o r  Wake Test  
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CHAFTER FOUR 

DATA ANALYSIS 

Several points investigated using the data gathered during the four 

t e s t s  are discussed here. 

ceatration a t  a point is given. 

smoothing the concentration trace are then compared t o  the theoret ical  

forms derived i n  Chapter One. 

i n  wakes and point source plumes are  examined and compared. 

F i r s t ,  some idea of the distributions of con- 

The data derived from increasingly 

Finally, the peak-to-mean r a t io s  observed 

Distribution of Observed Concentrations 

Although not nearly enough t e s t s  have been completed f o r  a defin- 

i t i v e  tes t  of the dis t r ibut ion of concentration observed a t  a point, 

some guidance concerning w h a t  may be expected i s  cer ta inly possible. 

It has been assumed on occasion t h a t  the  time dis t r ibut ion of concen- 

t ra t ion  i s  akin t o  a Poisson distribution, more for  convenience than  

r igor  (Csanady, 1967). 

principle, since each of the  observations forming a Poisson distribu- 

The Poisson dis t r ibut ion i tself  is incorrect i n  

t ion  must have the same expected value, a condition which is obviously 

i n  confl ic t  w i t h  t h e  f i n i t e  memory of the atmosphere embodied i n  the 

f i n i t e  time scale of autocorrelstions. 

If, i n  fac t ,  the dis t r ibut ion were Poisson, the variance and mean 

of the dis t r ibut ion would be identical .  Table I shows the observed 

values of t h e  variance and the mean; c lear ly  the s t r i c t  Poisson d i s t r i -  

bution is Inapplicable. However, the standard deviation and the mean 

are  approximately equal, a phenomenon which has been reported f o r  tube 

flow a lso  (Csanady, 1967). 
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TABU I 

Standard 
Test Mean Variance Deviation 

c-3 0.656 x 0.878 x 0.937 x 10- 

- 
4 -  

c-4 

W-6 

0.310 x 0.358 x 0.598 x 

4 
4.83 x 167.0 x 12.9 x 10- 

W-7 0.817 x 0.760 x 0.872 x 

The frequency polygons of concentration observations a re  presented 

in Figure 12. 

but W-7 is anomalous i n  appearance. 

(6 minutes), it may well  be t h a t  the dis t r ibut ion is  not stable - that 

a considerable proportion of va r i ab i l i t y  w a s  y e t  t o  be evidenced in the 

length of record. 

decided upturn a t  low values of x/z. 

shown i n  Figure 13, the composite of a l l  four tests. 

frequency of low values of x/z i s  a c lear  indication of the importance 

of Intermittency i n  concentration fluctuations even near the centerline.  

Three of the t e s t s  are rather  comparable in dis t r ibut ion,  

Since W-7 was a very short  t e s t  

It should be noticed tha t  a l l  the tests show a 

This tendency is  more c l ea r ly  

The increase i n  

Variance of Concentration 

Any attempts t o  compare the theoret ical  forms discussed i n  Chapter 

One with the data described i n  Chapter Three should begin by calculat-  

ing the parameters b and k d i r ec t ly  from covariance data. 

calculations were not a t  a l l  successfil .  

accumulate during such calculations, mostly concerned wlth the lack of 

knowledge of the variance and autocovariance of the  unsmoothed f b c t i o n .  

Clearly, the character of the  unsmothed function becomcs cmcial as t, 

However, such 

A variety of problems seem t o  
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the smoothing interval,  approaches zero. 

t = 0 thzt b can be calculated, it is not surprising that estimates o f  

b are not accurate. 

Since it is at o r  very near 

On the other hsnd, k is determined by approximating 

the area under the autocovariance function, which is a function of the 

covariance a t  t near zero, also; hence, k depends upon knowledge of b, 

so neither parameter can be w e l l  estimated. 

Alternate checks of the theory against data are possible, ?,owever. 

F i r s t ,  b and k can be experimentally determined by, respectively, the 

slope of $s/$s,o near t/to = 1, and by the displacement of the data 

from a power l a w  a t  some large t/to, say 20 o r  40. 

t ions are accurate, the curve generated with these values of b and k 

should f i t  the data a t  a l l  other t/to. 

values of b and k, the observed autocovariance function can be compared 

t o  the function calculated from P'(t/2) = $ a b + k t )  6, whcre P'(t/2) 

is  an estimate of the autocovarimce as a function of lag time t. If 

If the approxima- 

Also, using the calculated 

the approximations are accurate, P' ( t /2 )  should correctly r e f l ec t  the 

observed covariance in a smoothed fashion. 

The resul ts  of the first comparison arc shown i n  Figures 14  and 15, 

for the Control tests, and 16 and 17 f o r  the Wake tes ts ;  the correspond- 

ing values of b and k are  given in Table 11. The agreement between 

theory and dafa i s  good, and by sllght a l te ra t ion  i n  the values of b 

and k, would be made bet ter .  The i l lus t ra ted  f i t  was chosen t o  point 

out a regularity in the values of b as a function of release t i m e .  Fur- 

ther  evidence of b increasing as length of record increases is presented 

by Hinds (1968), where a record of crosswind turbulent f luctuations f o r  

one hour yields b FJ - 1/6, and I s l l t z e r  (1963), who indicated one and 
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two hour records of wind direction yield b w - 1/8 and - 1/16, respec- 

t lve  ly . 

Test - 
c-3 

c-4 

W-6 

w 7  

- o.oog0 
- 0.0130 
- 0.0053 
- 0.0181 

The r e su l t s  of calculat ing P'(t /2) from b and k are presented i n  

Figures 18 and 19 f o r  t he  Control t e s t s  and 20 and 21  fo r  the Wake t e s t s .  

Although the observed d e t a i l  is  not evident i n  the calculations,  the 

scale  is rather accurately estimated. Note t h a t  t he  l i n e a r  approxima- 

t ion  i n  Equation 20 does not Imply a l inea r  autocovariance, due t o  the 

appearance of 2s, a nonlinear parameter. 

The solut ion following from Equation 19, which a s s w d  an expon- 

e n t i a l  form f o r  the quasi-autocorrelation P(t/2)/ai ,  is  awkward t o  work 

with, due t o  the slowly converging nature of the se r i e s .  However, ca l -  

culations from it a l so  f i t  the data reasonably well, a8 shown i n  Fig- 

ure 22. 

f u l  extent  of t/to is smaller than i n  Figures 14  through 17. 

Peak-to-Mean Concentration Ratios 

Here only two term8 i n  the  se r i e s  have been used, so the use- 

There a re  several  manners i n  which peak-to-mean r a t i o s  may be pre- 

Perhaps the most informative i s  that used by Gifford (1960) i n  sented. 

one of h i s  f igures .  He presented the peak-to-mean r a t i o s  as a f'unction 

of t o t a l  time of data col lect ion divided by the period of averaging. 

I 2 0 v E d  
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Since the peak observed with a period of averaging equal t o  the sampling 

period is Just  the average, the peak-to-mean r a t io  must approach unity 

as averaging in te rva l  increases. 

It I s  physically obvious that the peak-to-mean ra t ios  which are 

observed must be 8 f’unction of position in the plume, since sites much- 

removed from the centerline must be only intermit tent ly  exposed t o  % 

f i n i t e  concentration, and thus must show larger  peak-to-mean ra t ios  fo r  

the same’value of averaging interval .  

p lo t  indicates. 

This is exactly what Gifford’s 
* * 

Figure 23 presents the data from the Wake-and Control t e s t s  in the 

- present se r ies  along with the l ines  which Gifford tentat ively suggested - - -  - - -  

as representative of a i tea  near and removed from the plume-centerline. 

It appears that the control data indicate that Gifford’s near-centerline 
- 

curve may underestimate the var iab i l i ty  which is observed near the 

centerllne. However, In  view of the very few t e s t s  in the control 

se r ies  and t h e i r  bimodal nature, no r ea l ly  firm statement can be made. 

Perhaps the most c r i t i c a l  conclusion result ing frorn the  data in Figure 

23 is t h a t  peak-to-mean ra t ios  in wakes are  somewhat greater  than those 

f o r  point source plumes, and may iudeed be comparable t o  ra t ios  observed 

on the ground near an elevated release. 

source f o r  the Wake t e s t s  was a t  ground leve l  i n  t h i a  series. 

This is t rue even though the 

An al ternate  representation i s  enlightening In showing more con- 

s i s t e n t  behavlor between the var!.ous t e s t s  in the Wake and Control 

ser ies .  Plott ing the peak-to-mean ra t ios  as a m c t i o n  of averaging 

i n t e m l ,  as shown i n  Figure 24, indicates that all tests have about 

a toll2 dependence on averaging interval, similar to  the consistency In 

1 2 j r;. ““1 5 q 
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behavior indicated ealier in the comparison of variance for the differ-  

ent t es t s  against the f’unctional forms derived i n  Chapter One. 
- 



SUMMARY m cor?cmIoNs 

Contemplation of the present state of knowledge of peak-to-mean 

concentration ra t ios  in atmosphkk diff’usion led t o  the consideration 

of the rate of change of the variance of a stationary continuous random 

variable with increasing smoothing. The resulting equation is 

where 

8s is the variance of the smoothed variable 

t is the smoothing in te rva l  

P(t/2) is the autocovariance of the unsmoothed variable a t  lag t/2. 

Since no additional assumptions were introduced concerning the nature of 

t he  variable, the equation applies t o  a more general c lass  of random 

variables than concentration, but a t tent ion w a s  res t r ic ted  t o  verifying 

the equation fo r  variations in concentration in t h i s  work. 

A short  se r ies  of four tests was carried out t o  gather data w i t h  

which to t e s t  the theoret ical  results. 

source plumes and two in the  cavity region i n  the lee  of a large building. 

Two tests were conducted in point 

Five second averages of concentration were measured by a real-time samp- 

ler  from which variances were calculated a f t e r  differ ing periods of 

smoothing were applied. 

The data indicated t h a t  t he  simple l inear  hypothesis t h a t  

2 EP(t/2)/at)  - 4 = b .t k t  produced good resu l t s  f o r  both point-scurce 

and wake concentration histories,  and that  calculations of the auto- 

covariance function from 

2 g ! ! . q > 3  
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P(t/2) = $ [2+b+kg CY: 

yielded fai r  estimates of the observed autocovariance f’unction. 

a l ternate  solution containing a single adjustable constant was shown t o  

y ie ld  good results,  also,  but a t  t h e  expense of a l e s s  tractable func- 

An 

A second result from the data analysis pointed t o  the probability 

that peak-to-mean concentration r a t i o s  in building wakes from ground 

leve l  sources are qu i t e  comparable t o  those observed from elevated 

sources. 

o r  over building wakes w i l l  lead t o  peak-to-mean ra t ios  which w i l l  exceed 

elevated source peak-to-mean rat ios ,  due t o  the intermittent entrainment 

and release of an elevated plume i n  a wake. 

t h i s  possibil i ty,  since peak-to-mean ra t ios  are of considerable in t e re s t  

i n  the diffusion of some types of toxic effluents. 

elso continue examination of the appl icabi l i ty  of the governing equation 

t o  other types of random variables, such as turbulent components of wind, 

o r  temperature, and seek al ternate  solutions which require l e s s  res t r ic -  

t i v e  assuxcptions ebout the behavior of  P(t/2). 

also, from the contemplation of the unification which apparently resul ts  

from using the variauce as  a tool, since it seems that regardless of the 

mechanism which produces the fluctuations of a variable, a single equa- 

t ion can describe the changing variance of any progressively smoothed 

It seems likely,  then, that elevated sources discharging in to  

Future work should examine 

Future work should 

Some pro f i t  may result ,  

random variable. 
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APPENDIX I 

CONCENTRATIONS MEASUIIEI) BY W SORTS 

TEST C-3 

Release time 15 minutes 

= 0.656 10-4 @/.3 

* 27 
2.67 
4.80 
4.26 
4.80 
4.00 
4.00 
8.56 
3.12 
5.85 
4.64 
1.68 
32 
0 
0 . 163 

2.52 

2.56 
2.96 
2.28 
2.14 
2.38 
.605 
11 . 082 
055 . 082 
082 
820 

1.48 

a 685 
3.48 

. 388 
9137 
0 
0 

. 0855 
125 . 051 

1.87 
- 2.91 
4.43 
3-17 
1.28 
2.25 
5.23 
1.01 
.342 . 228 
,171 

.080 
194 

. 0548 . 274 

.410 
194 . 110 
0 
410 
0 

331 . 274 . 490 
1.15 

1.31 
.274 
0055 
0055 
.110 
*055 
055 . 0274 
.110 
.605 . 548 
e 274 
137 
137 . 685 
.548 
e274 . 274 
,410 
1.37 
1.78 

1.78 
3.44 

.685 
137 

.821 

.974 
137 
0 
* E 5  
935 

1.20 

1.67 
3.76 - 
1.84 
2.01 
1.07’ 
2.05 
295 
..342 
.81 

.251 

.E6 
0855 
.216 
.126 

2.78 
3.68 
2.96 
2.05 

1.84 

1.67 

.685 

.251 

0855 
.251 
775 
.434 
.171 . 560 . 251 
171 

2 171 

1-93 

. 434 . 64 
* 1.88 

,434 

0855 

1.7i 

1.26 

. O w  

. O w  
1.59 
4.01 
2.49 
5.05 
4.62 
1.59 
2.01 
,342 
.go3 

. 434 . 171 
0855 . 126 . 126 
56 

1.03 
.434 

. 217 
00855 

2.86 

.171 

1.12 
.514 

a0855 
’ 388 
.171 
0855 
00855 
.0434 . 0434 . 126 
.296 
.126 . 171 
855 

e 8 5 5  
* 855 
855 . 434 
855 
0 
0 
0 
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TEST C-4 

Release time 10 minutes 

= 0.310 x 1- -4 gm/m3 

I 

58 0 . 182 . 182 
0 0 . 182 092 

0 0 . 092 . 092 

. 181 . 182 .- .092 
.092 

-87 
0 1.19 

3.49 - 0  4.83 0 
5.80 

1.16 0 1.72 0 
0 3 -73 0 

0 
4.07 

0 2.62 0 2.08 

0 0' 0 . 092 

0 0 0 .182 

- 2.91 0 7-07 

3.10 58 - - 0 4 6  - - _ -  ' 9 L - = -  - 

0 2.28 73 12.3 
0 4.45 . 267 2.37 
0 1; 81 - -267 1.26 

1.74 6.0 - *  363 533 
2.52 9.55 5.45 363 

0 ~ 9 8  1.65 363 
58 73 . 46 363 
87 1.19 1.65 915 
0 533 63 0 
0 363 1.09 0 
0 .182 . 46 0 
0 . 182 363 0 
0 092 1-55 0 
0 . 092 1.57 0 
0 092 63 0 
0 092 0 
0 0 0 
0 0 0 
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TEST W-6- 

Release tune 15 minutes 

g = 4.83 10-4 g./m3 

~ 

e238 . 431 
e 476 
0770 . 219 
257 

.165 
e 238 
092 
055 
073 
055 . 046 

e 128 
e 046 
.O64 . 046 
e E O  
092 . 238 

,696 

,348 
8 257 
e 248 
e 092 
e 073 
e 311 
.183 
e 942 
e 302 
193 

,230 - 677 

1.37 

e 202 

.156 
e 183 
532 . 623 

.414 

.165 
073 

e E O  
e 209 . 147 
.476 . 230 
046 
128 
.u8 
e 100 
e 120 
l l o  

e 120 
.202 . 156 
.083 
037 
037 
071 

e 092 
0 

0 412 
173 
173 

e 018 
0 . 018 

e 284 . 083 

e o 1 0  
046 

e092 - 
e 027 
.018 . 018 
.027 - 
329 
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0 
0 
0 
0 
0 

0 110 
' 193 
.248 
e 267 
e 642 
055 
0120 
0 

e 092 
.O46 

018 
e 018 

0 
e 027 
.018 
-055 , 

e 348 
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e 010 
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e 027 
.083 
e E O  
eo73 
.046 - .  
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e E 8  
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-055 . I20 
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.642 
,487 
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e 083 
.209 
.092 
.010 
0 
.027 
037 

1.50 

2.31 4.33 
1.12 2.30 
2.98 1.76 

1.20 1.23 
4.14 1.06 
1.64 
3.70 
3.70 

6.44 
8.11 
3.35 

1.32 
2.92 
3.98 

6.09 

1.06 
1.15 
1.32 . 706 
2.38 
3.98 

530 
4.41 
6.79 
2.92 

22 . 36 
20.91 
6.17 

2.67 1.23 

530 
.800 

965 

10 . 41 
1-23 

2.30 
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Release time 6 minutes 

R = 0.817 x loo4 p / m 3  

. 052 
,261 

7.47 
3.29 
2.14 

522 
365 

.680 

.680 
0732 

1. i o  
-887 

1.73 
2.46 
2.09 
2.03 
1.36 . 836 

365 . 261 
0473 . 261 
.626 . 418 . 626 
313 
365 
365 
574 . 680 

1.51 

1.25 

1.21 

1.10 

1.83 
574 

,261 
365 

e 313 

1.51 2.03 
1.15 

.680 . 261 

.261 
313 

.418 

.836 

0 574 . 784 

,888 
.941 
993 

.836 

.888 

1.21 

1.04 

1.04 

313 
313 
313 

.626 

.680 . 522 . 888 
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