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INVESTIGATIONS TO DEVELOP WIND TUNNEL TECHNIQUES 
FOR 

1. INTRODUCTION 

MEASURING ATMOSPHERIC GASEOUS DIFFUSION IN 
M)DEL VEGETATIVE SURFACES 

Turbulent diffusion in vegetative covers has as yet not been studied 

extensively, even though its importance in transferring gases and water 

vapor is recognized. One reason for this lies in the difficulty in obtaining 

data which can be generalized because the continually varying climatic con­

ditions and differences in topography lead to large variations of data. 

Therefore, a set of modeling laws are desired which will permit an indirect 

study of the natural situation in the controlled environment of a laboratory. 

The present study constitutes a first attempt to investigate 

possible model laws for diffusion in vegetated areas by performing experi­

ments designed to outline regions in which a s implification of the mathematical 

system of thermodynamic and aerodynamic equations governing the turbulent 

diffusion process is permissible . For this purpose, the problem was sub­

divided into four sub-problems . 

The first problem which required solution was the establishment 

of diffusion characteristics for a standard or reference turbulent flow. 

It appeared advisable to express the diffusion characteristics of gas plumes 

in vegetated regions in terms of deviations from a standard reference case. 

In boundary layer studies, turbulent flow over a smooth boundary is most 

generally used as the reference for descri"::iing wall effects; therefore, the 

turbulent bounda~y layer along a smooth f lat plate was chosen as the 

reference flow. For a diffusion source, a line source located at t he floor 

was considered most fundamental , partly because it offers certain experi­

mental and theoretical advantages, and partly because many diffusion phenomena 

in agriculture such as evaporation from area sources and dispersion of 

insecticides from aircraft are r elated to the line-source problem. 
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The results of this initial study tave been reported in the first and 

second semi-annual reports. In the meantime, a paper(3..;13) was prepared on this 

subject by M. Poreh and J.E. Cermak and submitted for publication. In it, 

the problem of diffusion from a line source into a turbulent boundary layer over 

a flat plane boundary has been discussed by using the concepts and tools 

commonly associ~ted with the theory of boundary-layer 'development. While 

these concepts are quite adequate to descri be gaseous diffusion in a phenomeno­

logical sense, they do not explicitly yield modeling parameters for practical 

field applications. The major contribution of this part of the study was 

a definition of zones of different diffusion behavior, which are useful for 

defining ranges of validity of model l aws . This study is summarized in 

Chapter 3 of this report. 

For practical modeling parameters , quantities are needed which can be 

measured or defined in the atmosphere as well as in the l aboratory. This 

need constitutes the second problem. Recently this problem has yielded to 

_analysis through the concept of "Lagrangian Similarity." J. E. Cermak 

extended this concept and applied it to, among other sets of data, the data 

for the study mentioned above. His paper (4-6) summarized the experimental 

efforts on diffusion studies in the Fluid Dynamics and Diffusion Labora-:;ory 

of Colorado State University . His r esults for neutral boundaries are 

summarized in Chapter 4 of this report. 

Successful as the modeling laws based on the hypothesis of Lagrangian 
I 

_similarity appear , they are nonetheless not easy to apply since they depend 

on some quantities which are well de fined) but very difficult to measure 

in the atmospheric boundary l ayer . The most important of these parameters 

are the roughness height z
0 

and the friction velocity u* Both a.re 

parameters which also determine the mean-velocity profile, and are usually 

derived from it by assuming a given shape of the mean velocity distribution . 

It is well established that for both wind tunnel and field measurements the 

velocity distribution for neutral st ability can be expressed, with a fair 

degree of approximation, by a logarithmic velocity-distribution law. This 

has been verified for smooth boundaries and also for rough boundaries where the 



roughness element h~ight is small compared with the boundary layer, and 

comparable to the thickness of the viscous sublayer . 

If, however , the roughness elements penetrate substantially into the 

boundary layer--like crops appear to do--tr.e validity of a logarithmic 

velocity-distribution law cannot be taken for granted, and a thorough 

examination of the velocity distribution within and above the elements has 

to be performed before any conclusions can be drawn on the quantities z , 
0 

and u* • Furthermore , the significance . of the grcmnd-level shear becomes 

questionable, and the shear r epresentative for the flow above the roughness 

level may be related to the ground shear in a complex manner . Also, the 

effective roughness height z
0 

, which for a rigid and dens e assembly of 

roughness elements appears to depend on the roughness geometry only, will 
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for flexible elements , like plants, become a function of velocity also and 

cannot be assumed a constant . This increases the difficulty of its definition. 

In view of these features which are pertine.t to most crops , the 

third problem was to find defining parameters for the aerodynamic behavior 

of and diffusion in simulated crops consisting of flexible plastic strips. 

Veloc ity profiles were measured, and mean concentration distributions within 

and outside the plant cover were determined by direct sampling. The results 

of this study will be analyzed in detail in a forthcoming Ph.D. Dissertation; 

but the most significant results will be presented in Chapter 5 of this 

r eport . 

The fourth problem concerns the effect of the extent of the rough­

ness. As fields of crops do not always extend far enough to permit 

establishment of fully developed turbulence conditions , and because single 

row-shelter belt tYJ?e obstructions - may have profo· . .md effects on the 

diffusion processes on their lee side, a study was initiated on the diffusion 

into a boundary layer which is obstructed by a flat plate placed on the 

wall perpendicular to the flow direction. This program, outlined in the 

Third-Semi-Annual Report has been concluded and is described in Chapter 6. 



4 
2. EXPERIMENTAL EQUIPMENT AND PROCEDURES 

The experiments were performed in two essentially different wind 

tunnels, with instruments which were improved during the course of the pro­

gram. This chapter describes the features of the wind tunnels, the equipment, 

and its limitations. 

2.1 The Wind Tu~nel 

At the beginning of the study, the available wind tunnel was of the 

open duct type, with the air ta.ken from the inside of the building and dis­

charged to the outside by means of a ventilation fan and a duct extending 

through a window of the building , as shown in Figure 2-1. The cross sec~ion 

of the t est section in which the experiments were performed is approxima~ely 

6 x 6 ft, slightly i ncreasing in width in the direction of the flow (1 in. 

per 8 ft) to provide zero pressure gradients at wind speeds of approximately 

15 fps. 

Preliminary studies showed a secondary circulation in the boundary 

layer. The secondary motion was eliminated by a honeycomb made of 24 in. 

long, 2 in. diameter paper tubes which were placed upstream of the t est 

section and followed by a 50 x 50 mesh, 0.008 wire size stainless steel 

screen. The honeycomb and the screen produced a high level of turbulence 

of about 0.6% in the ambient air. 

A turbulence stimulator consisting of a sa,rtooth strip and a 4 ft 

length of 1/4 in. closely packed gravel was placed immediately downstream of 
I 

the screen. This helped to "trip" the flow, so that a stable turbulent 
I 

boundary layer was obtained . 

Air flow in the tunnel was produced by means of an electric fan 

driven by a 20 hp motor. Velocities from 6 to 17 ft/sec could be obtained 

by adjusting regulating vanes in the exhau5t duct of the tunnel downstream . 

of the blower. 

In this wind tunnel, the experiments on the diffusion from a line 

source into the boundary layer on a smooth plate , and the diffusion studies 

for the boundary-layer flow obstructed by a plate perpendicular to the flow 

direction were performed. 

The studies on the flexible roughness were conducted in the new 

U.S. Army Micrometeorological Wind Tunnel Facility which was completed 

in November 1962 . This wind tunnel is described in detail in (2-1). Tte 
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features which are pertinent to the present r esearch are the low turbulence 

level (below 0.1%) and the fact that t he pressure gradient can be adjusted to 

zero. The air speed is obtai ned by an aircraft propelle.r driven by a 250 

hp DC-motor which permits, t ogether with the pitch adjustment of the pro­

peller continuous variation in speed from about 1 fps to 120 fps. The 

floor plan of t he tunnel is shown in Figure 2-2. 

The t unnel test section was eq_uipped with an instrument carriage 

that permitted remote positioning of t he instrument probes anywhere within 

the t est s ection. This carriage i s also de3cribed i n (2-1). 

2.2 Velocity Measuring Instrumentation 

The instruments used for measuring ~ean-velocities were a mean velocity 

hot-wire anemometer with auxiliary i nstrumentation and a pitot-static tube 

in conj unction with a manometer . For measuring turbulent intensities , one 

-channel of a two-channel, turbulence hot-wire anemometer was used. 

2.21 Mean-velocity Measurement 

The mean-velocity, hot -wire anemometer consists of a platinum wire 0.001 

in. t hick and about 1/2 in , long soldered across two needle prongs . The 

wire i s kept at constant r esistance by adj~sting the heating current to the 

wire until a Wheatstone bridge , of which the hot-wire anemometer fo rms a 

branch_, is balanced . 

The pitot static tube is of standard design . It i s used wi th a zero­

type, sloping-arm manometer (Flow Corporat:.on Type MM- 2) which permits the 

manometer pressure to be r ead with an accuracy of about 0.0005 in. of H
2
0. 

2.22 Turbulent-velocity Measurement 

A feedback contr olled constant -temperature , t urbulence hot-wire 

anemometer±/ was used to measure t urbulent q_uantities . This instrument uses 

platinum coated tungsten wire of about 0.00014 in . thickness and approximately 

1/4 in, length . The system has a f req_uency r esponse which is flat beyond 

lOJOOO cycles per second it i s thus adeq_uate for all freq_uencies encountered in 

the low operating speed ranees used . 

The AC component of the turbulence signal was fed into a Bruel and 

1/ Manufactured by the Hubbard Instrwnent Company . 



Kjaer type 2416 true rms (root mean square )-meter from which was r ead the 

rms value of the fluctuating signal , which is proportional to the rms value 

of the velocity fluctuations in the direction of mean flow. For some 

cases , the spectral distribution of t his rms signal was determined by an 

autom~tic audio-frequency spectrometer (Type Bruel and Kjaer 2109 with Type 

2306 level r ecorder ) which has an adequate frequency response of 16 to 

32,000 cps. 

2.3 The Gas Feeding and Sampling System 

The gas feeding was done from two different types of sources , a 

line source located at ground level, and an elevated line source. Two 

different systems were used for sampl ing . 

The method of supplying , s ampl ing and analyzing gas s ampl es was 

gradually developed during a number of years of diffusion studies at 

Colorado Stat e University's Fluid Dynamics and Diffusion Laboratory 

(Ref . 2-2 and 2-3). The gas was anhydrous ammonia (NH, 99.9911' pure ) which 

was purchased in bottles . 

2-31 G~s-feeding Equipment 
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The ammonia was emitted from a line source located within the 

boundc.ry leyer . The source at grounJ l evel consisted of a pipe counter sunk 

into the floor into which gas was passed at a constant rate--the r ate was monitored 

by a Matheson Type 205 rota-meter . The pipe had a number of holes through 

uhich the ge.s escaped into an equalizing chamber and then t hrough slots in 

the tunnel floor into the t est section . The source is sho-wn in Figure 2-4. 
The l ength of the source was 44 inches . 

The elevated source consisted of an airfoil made from a 1/4 in. pipe 

with t wo circular sheet metal cords as sh:nm in Figure 2-5 • Plastic tubing 

was placed t en tubes wide between the sheet metal cords and each t ube ending 

a distance of 1 in. away from the end of any other t ubes . The other end of 

the tubing was inserted into a 1-1/2 in , diruneter pipe into which the gas 



was fed from the ammonia bottle. The pipe served as a pressure equalization 

chamber. Each piece of tubing was of equal l ength, so that the discharge 

r ate was constant along the line source . The l ength of t he elevated source 

was 22 inches . 

2.32 Sampling and Analysis 

Downstream concentrations were measured by obtaining samples of the 

air-gas mixture and determining the amount of anw7onia present by colori­

metric analysis . 
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The sampling systems are schematically illustrated in Figures 2~5a and b. 

All connections between units consisted of polyethylene tubing which was 

selected because of its chemical inertness. The components of the source 

and s ampling probes were made from stainless steel . The diffusing mixture 

of air and anunonia gas was drawn t hrough the samplinG system by inducing 

negative pressure with a vacuum pump. The sampling velocity was maintained 

below the local velocity expected near the boundary. Between successive 

sampl es , the sampling system was steadily purged by diverting the flow t hrough 

a.n H
2
so4-bath to absorb ~ A dessicating flask containing silica gel 

elimin.a,ted moisture from the air entering the fine bore tube of t he sampling­

rate flowmeter . 

Tq.e metered sample of air containing ammonia was passed through an 

c'.bsorption tube containing 25cc of diluted hydrochloric acid, which 
! 

completely absorbed the ammonia from the sample . After sampling , the dilute 

ECl component of the sample was neutralized by adding 25cc of a dilute solution 

of Na0H which left NIS dissolved in a neu~ral solution . The neutralized 

sanple containing NH
3 

in solution was mixed with 2cc of Nessler's reagent, 

whi ch gave a yellowish-brown coloration dependent on the concentration of 

~ present in the sampl e . The absolute quantity of NH
3 

was ascertained 

wi-'-h the aid of an Evelyn Photoelectric C:>lorimeter which was calibrated by 

using a standr-i.rdized solution containing ~.l, 0.075 and 0.025 mg of ~ 

in lee of this solution . 
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2.4 The Accuracy of the Measurements 

A number of tests were performed in order to check the accuracy of 

the test r esults. The colorimetric method permits some scatter due to varia­

tion in the zeroing blank tube, and due to dilution errors in preparing the 

s amples. In addition, fluctuations are cau5ed by small variations in flow 

rates of sampling, feeding , and also in air speed in the wind tunnel. All 

these exter nal effects were encounter ed in a test where t he sampling probe 

was held at a fixed position, and samples were taken at time intervals of 

5 minutes over a long period of time . The result of one of these tests is 

shown in Figure 2-6. The maximum deviation from the mean is about 10°/o. 

The total effect of inaccuracies can best be judged from comparison 

of profiles t aken under precisely the same conditions but on different days. 

Apart from those profiles which were retaken to duplicate a questionable one 

(where obviously something went wrong durir:g the data acquisition of analysjs), 

repeats showed variations in excess of 10°/o , especially in the regions of 

between O and 461, . The maximum error corresponds however to an error of 

only 15% if r eferred to C instead of c 
max 



3 . STUDY OF A DIFFUSION FROM A LINE SOURCE IN A TURBULENT BOUNDARY LAYER 
OVER A SMOOTH, FLAT PLATE--Poreh and Cermak (3-13 ). 

3.1 Introduction 
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The ability to diffuse matter , heat and other contaminants is one of 

t he basic characteristics of turbulent flow . Turbulent diffus ion of matter and 

heat is of primary i mportance in several industrial and chemical processes 

as well as in agriculture, meteorology and atmospheric studies . Since the 

source of such contaminants is in many cases close to t he solid boundaries , 

t he study of diffusion in turbulent boundary-layer flows is of special interest . 

The general problem in diffusion studies is to express the turbulent 

t ransport rate of transferable scalar quantities in terms of st atistical 

f unctions of the turbulent motion and of the boundary conditions . A complete 

solution of the transport problem can be exprected only if there is a 

complete knowledge of the turbulent motion. G. I. Taylor (3-1 ) has demon­

strated that the characteristics of transport processes are related to the 

Lagrangian statistical functions of the turbulent motion . He has formulated 

suer. a relation for the simple case of homogeneous turbulence . Measurement 

of the Lagrangian statistical quant~ties is difficult and a relation between 

t he Lagrangian and Eulerian variables is a·railable only for highly simplified 

models . 

In view of these difficulties , phe~omenological theories based on the 

concept of a "mixing length" or an "eddy diffusivity" were introduced and 

have been used in meteorological and engineering studies . Such theories have 

attempted to relate the mean flux of the contaminant by turbulent fluctuations 

, to known variables of the turbulent field at the s ame point . The widely used 

Fickian treatment of atmospheric diffusion assumes that the flux qi= uic' 
de i s proportional to the gradient of the concentration ~ ; t hus , the flux 
ox. 

nor::nal to the stream becomes = 
de 

Edy 

]. 

, where E is called th~ 



coefficient of eddy diffusivity in analogy to the coefficient of molecular 

diffusivity. The existence of very l arge eddies comparable in size to the 

boundary-layer thickness itself does not justify such an analogy; however , 
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a coefficient of eddy diffusivi t y can always be introduced as a mathematical 

operation, hoping that such a representation will simplify t he problem. 

Such a construction was found successful in studies of free turbulence (3-2) 

where E can be approximated by a constant . It was disappointing to find 

that in a boundary l ayer E is not a constant (3-3 ). In view of the results 

found in the study of diffusion in homogeneous turbulence, there was some 

hope that E could be related theoretically or experimentally to simple 

turbulent 4uantities like vf2 or - u~~, which corresponds to an eddy 

dy 

diffusivity f or momentum transfer . The latter model was reported to be 

successful in a few cases of diffus ion fro~ an area source where a continuous 

flux of matter or heat , analogous to a wall shear stress , was emitted along 

the boundary (3- 4). In general, univer sal relations between E and the 

t urbulent 4uantities were not obtained but the use of the mathematical model 

has been continued since no theor et ica::!.. work has yielded methods ade4uate 

for use i n practical problems . The t heoretical difficultie s to formul ate 

a model of the diffusion pattern have encouraged much experiment al work . 

Field studies of atmospheric diffusion which suffer from the inherent 

dis~dvantages associated with an uncontrolled atmosphere did not r emove 

t hese difficulties . An alternative experimental approach i s a wind-tunnel 

investigation of diffusion within boundary layers . This chapter summari zes 

the work of Poreh (3-5) on diffusion frc-m 9. ground-level line source and 

fornulates and analyzes the diffus ion patt=rn fo r short and large distances 

do·,mstream of the source takinE; i nto cons i:ieration the non-homogeneity of t he 

boundary layer . The experimental work of Wieghardt (3-6 ) for a l ine source 

of heat is compared with the mass-diffusion data. 



3. 2 The Experimental Data 

Two series of experiments were con:iucted. In each series three 

ambient velocities were used--approximately 9, 12, and 16 ft/sec. In 
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Series I, the source was located at the boundary at station 33.5 ft (Fig. 

3-1). ~~asurenents of the concentration were taken at 3, 5, 9, 15, and 21 
feet dOimstream from the source . The mass flux of ammonia per unit width in 

Series I was G = o.66 mg/cm-sec . In Series II he source was located at 

station 15. 5 ft. Measurements were taken at 17, 23, 35. 5 and · 43. 5 ·ft 
doimstream from the source. The mass flux of ammonia per unit width in Series 

II wns G = 0.55 mg/cm-sec . 

The mean-velocity profiles within the test section shown in Figure 

3-2 were approximately similar and the boundary-layer thickness 8 varied 

from 5 to 11 inches (Fig. 3-3). The Reynolds number U b ~ varied from am V 

25,000 to 56,000. The limited turbulence measurements are plotted in 

Figure 3- l~ . 

3.3 The Experimental Results 

3-3l In~~~Quctory Remarks 

A relative-rate parameter ~ is defined to assist in dividing the 

fi eld do1mstream from the source into ZOLes and in considering the effect 
I 

c f the non-homogeneity of the flow field on the diffusion pattern. 

A characteristic Je ngth which gives an indication of the r ate of 

chEmge of growth of the boundary layer is 

(3-1) 
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A similar length can be defined to express tte diffusion process . If A is 

a characteristic height of the region contaminat ed by tracer matt er (hereafter 

referred to as t he plume ) then, 

½. 
A 

= tlA (3-2) 
dx 

The ratio: 
½. 

~ = 
Lo (3-3) 

can be considered as a measure of the relative rates of growth of the plume 

and t he momentum boundary layer . The value of ~ near t he gas source is 

determined by the distance of the gas source from the origin of the boundary 

layer which is assumed to start upstream of the source ; however , near the 

source ~ will always be small and it will increase with the distance down­

str eam from the source . Whenever the plume and the boundary layer attain 

a similar rate of growth ~ becomes unity. Since the ver tical-velocity com­

ponent v is related to t he rate of change of t he boundary-layer thickness , 

~ w·11 indicate the relative importance of transfer by mean vertical velocity . 

3.32 Description of the Diffusion Pattern 

Examination of the experimental results indicates that the effect of 

the non- homogeneity of the field in the diffusion is not uniform and suggests 

a division of the field into a series of fcur zones . Other cons ideration9 

which support such a division of the field will be mentioned later . A des­

cription of t he diffusion pattern becomes clear and simple by using zones . 
X Approximate limits of the various zones in terms of 6 where 

a 
average boundary-layer thickness as defined in Figure 3-7 are 

(1) The Initial Zone 

5 is an 
a 

suggested . 

Ver y large velocity ani concentration gradients made 

it impossible to obtain reliable data close to the source with the available 

equipment . I t is, however , possibl e that the l aminar sublayer and the l arge 

longit udinal gradients which are negligible further downstream will affect 



the diffusion process in this region . The sinilarity of the concentration 

profiles measured nearest to the source and tie profiles downstream suggests 

t hat measurements in the initial zone were not made and consequently, that 

t he upper limit ~ = w for this zone was not determined . Moreover, 
a 

one expects this 

l aminar sublayer 

limit to be related to some 
X 

charac~erist i c height of the 

(2 ) The 

rather than to 5 alone . 
a 

Intermediate Zone 

The diffusing pl~~e , within this zone , is submerged ic 

t he boundary layer; but , it_s thickness is large compared to that of the 

laminar sublayer . Longitudinal gradients are small compared to vertical 

gradients and the boundary-layer - type approximat ion become s possible . The 

r atio ~ is small and the diffusion depends only slightly on the rate of 

t he boundary-layer gro\rth . 

The mean- concentration profiles can be de scribed by a dimension­

l ess universal curve : 

where 

as shavm in Figure 3-5 - The 

C 

C 
max 

= 

y 
= X" 

function 

(3--4 ) 

and f (l ) = 0.5 

f ( £) appears to be independent 

of Uamb and 0 in this zone and is described in Figure 3-6. Variation 

of ).. i nitially is given by 

(3-5) 

where x and ~ are measured i n cm. Slight deviation of the data from 

equation (3-5 ) when Uamb = 59 ft / sec is noted . 

appear to be i nversely proportional t o Uamb 

The values of C 
max 

The i nit ial variation of 

C U ( in c.g . s. units ) can be approximated by 
max amb 

, 
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or 

The variation 

the rate of growth of 

= (5-6) 

/1. 
of f3 and 6 i s given in Figure 3-7• A decrease in 

A. 
6 i s noted beyond X A. 

-0- = 18 where 6 is about 
ave 

14 

0.39. At the same time , t he shape of t he concentrat i on profiles 

that described by f(~) ( see Fig , 3-11) . '.me value of X -c­
ave 

= 

changes from 

18, t here-

fore, can be t aken as an approximate upper l imit of this zone . 

(3) The Transition Zone 

The effect of t he mild mixing processes in the ambient 

air is to decrease the rate of growth of t he diffusing plume and to gradually 

change 

X of 5 
a 

the shape of the concentration profile , 

Within the zone , 18 < ~ < 60, f3 
).. a 

= 60, 5 r emains constant at 0.64. 

(4) The Final Zone 

i ncreases to unity. Downstream 

Diffusion of matter beyond the boundary layer into the 

ambient air i s controlled by the m)lecular action and the turbul ent fluctua­

tions in the ambi ent air , similar to the control of the diffusion of momentum. 

The final zone starts at approximately ~ = 60 . The limited length of t he 
a 

test section did not permit measurements in all t he zones for t he same 
I 

position of the gas source . Measurements in t he final zone were taken during 

different flow conditions- -Series II--in which the source was moved up stream 

a distance of 18 ft as shown in Figure 3-1. 
The concentration profiles within this zone can be described by 

C 

C 
max 

= (3-7) 

In Figure 3-10 , t he empirically detennined fo rrr. of F is shown . The ground 

concentrat ion C shown in Figure 3-9 can be approximat ed by 
max 

C cc (U b ' of1 
max am 

, 



or 

when c.g.s. units are used . 

C max 

G 

= 0. 55 
Uamb 

3.4 The Analytic Formulation of the Problem 

. 5 (3-8 

The conservation of mass for the two-dimensional case is expressed 

by t he eq_uation 

[ 
de -J kdx - u' c' . (3-9) 

Excepting near t he source , boundary-layer- type approximation of the eq_uat~on 

becomes possible which gives : 

d 
= dy [ 

de - J key - v'c 1 
• (3-10) 

Integration of eq_uation (3-10) i s possible ·.1sing the distribution functions 

obtained in the experiments . The variation of v'c' and € = -

can thus be examined. 

3.41 The Intermediate Zone 

Consider the following mean velocity and concentration fields (Figs . 

3-2 and 3- 5) : 

C = C f(!J max 

where s = 
y 

and f(l) x-
and u = uamb 

1/n 
T) ' 

Since c vanishes as y becomes large 

J00 

cu dy = G 
0 

(3-4) 

= 0.5 , (3-11) 

(n-~) 

(3-12) 

where G is a constant of the diffusion field and is eq_ual to the flux of 

t he diffusing q_uantity per unit time and width . It follows that 

C max ( 
~) 1/n Joo 

uamb A- o 
0 

15 
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and according to equation (3- 4) 

C = Joo 
0 

G 
(3-13) 

The value of was evaluated from the data with n = 7 and loo sl/n f(t) d~ 

is approximately equal to 0.98. The mutual variation of the parameters ol/n , 

;>.. and C U b shown i n Figure 3-6 is consistent with equation (3-13). max am 

Equation (3-10) can be integrated using equations (3-11 ) and (3-12) and 

a sswning for simplicity that ol/n is a constant within this zone (justification 

for t his assumption is seen by the small change in ol/n shown in Figure 3-6. 

The integration gives: 

koc v'c' 
G d).. 

[ F1 c,i - ~ F2 <,)] = 
G d).. 

~ (~, f,) (3-14) dy - = - I ax - I ax 
where s sl/n [n+l f( !; ) + S f I(~) ds 

F1 Cs) 
o n 

= 00 n 
, 

s f(s) d~ 

fcs lo n+l f' Cs ) d~ 
F2 Cs) 

o n+l s n 
= i oo s 1/n rCs) ds 

and f, is t he ratio defined in equation (3-3). The t erm f, F2 Cs ) i s 

the contribution to convective transfer by the mean vertical velocity. 
oc If v'c' is separated according to the Fickian model v'c' = - Edy one 

obtains 

d).. A. 1/n ~ (!;, f,) roo 1/n 
k + € = - ~ U amb ( -g ) f, ( s ) JO s f ( s ) d!; (3-15) 

The function fC s ) can be estimated from Figure 3-5 however, the evaluation 

of f' Cs) from the same figure i s not r eliable . Using the experimentally 

dete:rinined f(!;) , s,._ ( ~,~) was determined by graphical methods and is 

plotted in Figure 3-12. 
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Although f' Cs) was not evaluated, one can estimate E at the begin­

ning of the intermediate zone by using the following values: 

(~ )1/7 --\.) 0 • 75 J f I ( S ) = - o.6 (maximum), f(g) = 0.25, 

Uamb = 260 cm/sec , k = 0.23 cm2 /sec. 

Substituting into e~uation (3-15) one gets 

E ~ 5.5 crrF/sec >> k . 

Since E increases with x , it seems justified to neglect k in the 

intermediate zone except near the boundary. Neglecting the molecular­

C:.iffusi vi ty term one gets 

3 • l.:-2 The Final Zone 

€ = - A,cD. 
dx (3-16) 

(3-17) 

Similar integration in the final zone is possible even without approxi­

::::~J:.ir.~ the velocity profile in a power law. Using the distribution functions 

C 
F( '1) (3-7) C = 

max 
. r.n.c•. 

u g ( T)) (3-18) 
uamb 

= 

:~l1~rc 

Tj 
y 

and g(l) 0.99 = 6 = 



in t he integral equation of muss conservation, t he following expression for 

Cma.x is found : 

C 
max = 

G 

f 00 g(T)) F(ri) d7 
0 

Uamb • 
5 • 

Integraticn of equation (3-10) , neglecting the molecular term, gives: 

where 

and 

where 

= Q do S 
5 dx 5 

= roo 
0 0 

( i) ) 

T) lo g(z) dz 

F ( T)) g ( T)) dT) 

(3-19) 

(3-20) 

(3-21) 

I t is instructive to derive simila:::- express ions for v 'c' and E in 

the case of diffusion in homogeneous t urbulence 

G 
C = exp -

u~ 
2 

and the mass -conservation equation is 

= -
0 -oY v'c' 

I ntegrating the mass - conservation equation one gets 

= Q dcr s f Y) 
cr d.x cr <1 

(3-22) 
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where 

s ( z ) 
z2 

= z exp -2 (1 

and 

e: = Ua.mb 
dcr (3-23 ) ua:x 

I n general da er dx i.s a function of x ; however , when x i s very l arge and 

1/2 
O' CC X , e: becomes a constant--the limiting case in homogeneous turbu-

l ence . The structure of equations (3-16 ) (3-21 ) and (3-23 ) is similar but 

unfortunately within the boundary layer e: does not become independent 

of either the vertical or the horizontal coordinate . Comparing S with 
(1 

¾_ and S0 (Fig . 3-12 ) we find that the distribution of this dimension_ess 

function is very similar except that the value of S0 drops off faster as 

one approaches the edge of the plume . The decrease of S0 t ogether with 

t he increase of ~ (Fig . 3-11 ) is due to the reduction of the turbulent 

t ransport at t he outer edge of the l ayer . 

3.5 Discussion 

3.51 The Intermediate Zone 
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Within the intermediate zone , where the diffusing plume is totally 

submerged in the boundary layer , the rate of gro,rth of the vertical dimens ion 

of the plume is large compared to t he rate of growth of the boundary layer 

itself and thus ~ is small (0.10 to 0.33 ) . The diffusion pattern is 

affected little by the boundary- l ayer changes and the contribution of the 

vertical velocity fluctuations to the transfer is small as can be seen from 

the small contribution of the term in equation (3-14) , and Figure 3-12 . 
Equation (3-5 ), determined from Figure 3-6, indicates that the 

vertical scale of the plume is independent of the ambient velocity . It 

i mplies that the agents of the flow which control the vertical diffusion with­

i n t he boundary layer are proportional to the ambient velocity in such a 

way t hat the vertical transfer of the mass is approximately proportional 

to t he convection of mass by the longitudinal velocity . 



However, the formulation of t he r esults in the form A 6 o.8 ::: 0.07 X 

and the above conclusion should be r egarded as an approxi .. tation since they 
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do not t ake i nto consideration t he size of the boundary l ayer and t he changes 

which t ake place in t he velocity fi eld. Th~ small value of ~ in this region 

indicates that the rate of change of t he boundary layer is not i mportant , but 

the proces s of t he diffusion at any section is definitely determined by the 

local t hickness of the boundary layer. The deviation of t he data obtained 

at t re velocity U = 59 ft/s ec from the above formula i s t herefore , 
8I:lb 

a result of the different rate of growth and t hickness of the boundary l ayer 

near t he source rather than experimental scatter . 

The same arguments hold with r egard to Wieghardt 's formulation of 

his data . Wieghardt (3-6) approximated his findings by the expression 

e 
-e-

max 
= ] a( 

where e is t he temperature increase , and found that F
1

(x) , which can be 

regarded as a measure of the plume size 

[ 

U X) -l/5 
F1 (x) = 0.55 x ~b ::: 

similar to . A , varies as 

0,55 X 0,8 ( U~b r/5 

This formulation i mplies that the pattern of diffusion is completely independent 

of the t hickness of the boundary l ayer and that the diffusion pattern wil l 
! 

be t he same if the source is placed close to or f ar away from the l eading edge . 

In his attempts to formulate the data in this manner , Wieghardt found it 

necessary to vary a f rom 1.64 for U = 17.7 ft/s ec . to 2.0 for Uamb = am'\:, 

59 f t / sec . 

It appears that a more adequate formulation of the data is obtained 
A X 

in t erms of the paramet er 5 and -6-- as shown in Figure 3-7. Such 
ave 

a formulation accounts for the non-homogeneity of the space and the thickness 

of t he boundary layer at each section . One can see in FiguI'e 3-7 that 

Wieghardt ' s data with Uamb = 59 ft/sec agrees better with t he other 

data when formulated in this manner . 



Equation (3-16) exhibits the shortcomings of the Fickian model aLd 

t he cQncept of an eddy diffusivity . One hopes to find that E is a function 

of the flow field and that its value at a point can be specified as a function 

independent of the position of the source . However , the form of equation 

(3-16 ) indicates that this cannot be so . Recalling that the intermediate 

zone can be r egarded as an approximate model for atmospheric diffusion from a 

ground source in the absence of buoyancy forces , one concludes t hat a 

description of the ability of the atmosphe~e to diffus e matter in terms of 

an E varying only with height is incomplete and misleading . 

I t should be remarked that an initial dependence of E on the distance 

f rom t he source is expected . As in the case of diffusion in homogeneous 

t urbulence such a dependence would probably last for a distance of the order 

of the Lagrangian integral scale . Direct measur ements of the Lagrangian 

integral scale are not available . It is shown , however , t hat a tine de_ayed 

dimensionless velocity correlation can maintain large values for a longitudinal 

distance of four boundary-layer thicknesses (3-8) . Measureraents by Baldwin 

and Mickelsen (3-9) in a pipe flow show that the space_-time correlation 

coefficients have a magnitude of about 0 . 2 at separation distances of 16 
pipe r adii . It is , therefore , possible to assume that the Lagrangian integral 

s cale of the boundary layer uill be of the order of 10 boundary-layer thicknesses . 

Another interesting result is the s imilari ty of the distribution of 

v' c ' i n the boundary l ayer and in homogeneous turbulence as shown by equations 

(3-17 ) and (3-22) and Figure 3-12 . In bath cases , v ' c ' is i nversely 

proportional to the characteristic lengtt scale of t he diffusing plume and 

t he dimensionless distribution is very similar . 

3.52 The Final Zone 

Some of the features of the diffusion , such as the dependence of 

V 1 C 1 G 

uamb 
and of c on are the same throughout the diffusion field . The 

major difference between the intermediate zone and tre f:in al zone is that the 

characteristics of the diffusion field are independent of the position of 

t he source in the final zone, as expressed by equations (3-7) and (3-8). 
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Once such relations are established, it is possible to relate para­

meters like v'c' and E to the velocity field as shown in equations (3-19) 
and (3- 20 ). It i s also possible to relate E to other parameters like E 

m 

= ; however , the various expressions are related and none of t hem 

express a t rue relation between the phenomena and its causes . 

It should be realized that the developing boundary l ayer is not self 

preserving (3-10), which means that the cl:-_aracteristics of the diffusion will 

change t ogether with the boundary layer ar.d any similarity will be limited to 

a certain range of Reynolds numbers . The changes will be mild for large 

Reynolds numbers ; however , the Reynolds number is undoubtedly a parameter 

to which the diffusion process is related. 

The second parameter upon which the diffusion process depends as 
V suggested by the dimensionless equations is the Schmidt number k 

Although the i mportance of the molecular diffusivity in determining the 

spatial distribution of the diffusing scalar is fundamental , one realizes 

that it is mainly caused by .the t urbulence of the boundary layer . It is 

expected therefore , that even fo r large Schmidt numbers the matter will 

quickly diffuse and "fill'' the t urbulent boundary layer and that further 

growth of t he plume will be similar to tte grO"l-rth of the boundary layer . 

If the value of k i s increased, it is clear that the diffusion 

r ate of me,ss near the upper ede;e of the boundary l ayer will be amplified and 

t hat the plume size will increase more rapidly . It remains to be asked 

whether , for very small Schmidt numbers , the plume will increase indefinitely 

beyond the boundary l ayer and a s:milari~y will not be established . That 

t his is not likely to happen can be concluded from the exact solution of 

diffusion of matter and momentum i n l ami:iar flow (3-11 ), which indicates that 

t he corresponding ratio of % , which is a function of the Schmidt nlLmber , 

does not depend on x Since the growth of the turbulent boundary layer is 

f aster than that of the laminar l ayer , it i s unlikely that the diffusing plume 

will continue to grow faster than t he boundary layer . I t is important to 

note that beside the Schmidt number, t he turbu ent structure of the anbient 

air will be an i mportant parameter in t]:-_e final zone . 



Similarity of scalar and momentu.m diffusion has been found in heated 

j ets. Corrsin et . al. (3 -12) introduced a concept of an "effective Prandtl 

number" by comparing the relative diffus ion of heat and momentum in l aminar . 
and turbulent jets . He found that the effective Prandtl number in the 

t urbulent jet is the same as the ( laminar ) ?randtl number . This suggests a 

comparison of the relative diffus ion of the plume within the boundary layer 

for the laminar and turbulent cases . Fi gure 3-13 compares the results of 

t hese experiments V 

k = 0 . 72 with the larr_inar case . The similarity of the 

structure suggests that the effect of the E-chmidt number on diffusion in 

l aminar and turbulent boundary layers is similar . 

3.6 Nomenclature 

Unless otherwise stated instantaneous values of any fluctuating 

variable p will be written as p + p ' , where p is the mean value and 
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p' i s t he fluctuating component . Time av2rages w·11 be denoted by (- ), for 

example p + p ' = p 

Symbol 

C max ' 

C , 

F( TJ ) 

Fl ( £ ) 

F2 (~ ) 

f( J 

G , 

g (ri ) 

k , 

, 

, 

, 

, 

, 

Definition 

maximum value of concentraticn profile , ground level con­
centration; 

concentration of the diffusing matter; 

uni versal concentration function in the final zone , defined 
i n equat ion (3-7); 

defined in equation (3-14 ); 

defined in equation (3-14) ; 

universal concentration function i n the i ntermediate zone , 
defined in equation (3- 4 ); 

f lux of the diffusing matter per unit time f or a unit width; 

universal velocity function in the t est s ection, equation (3-18); 

molecular diffusivity; 



Symbol 

sA,so,sa, 

uamb , 

u , 

V , 

X , 

x' , 

y , 

13 , 

6 , 

5 , 
ave 

€ 

, 

, 

'V , 

, 

rJ , 

Definition 

dimensionless functions assocLated with the description of 
v'c' , defined in equations (3-14 ), (3-20), and (3-22); 

velocity of the ambient air stream; 

velocity in the x-direction; 

velocity in the y- direction; 

distance downstream from the source ; 

distance downstream from origin of turbulent boundary layer; 

height above the boundary; 

defined in equation (3-3); 

boundary-layer thickness , 

defined in Fig . 8; 

u ( s,.) -- 99 u o. ; 
uanb 

coefficient of eddy diffusiv~ty, 

dimensionless height r. 0 , 

characteristic height of t he diffus i ng plume , 

kinematic vi s cosity; 

di mensionl ess height 
y 
X 

::: 0.5; 

the variance of the concentration profile for homogeneous 
turbulence . 
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4. LAGRANGIAN SIMILARITY HYPOTHESIS AS APPI,IED TO TURBULENT SHEAR FLOW-­
Cermak (4-6) 

4.1 Introduction 

Although the analytic formulation ~resented in the last chapter cor­

related the data for the smooth, flat plate case quite satisfactorily it 

lacks the essentials for atmospheric modeling . The entire correlation of 

Chapter 3 is based on 5 , the boundary-layer thickness . This parameter 

has essentially no meaning in the atmosphere . A satisfactory modeling 

criteria must be based on parameters that are measurable in both the wind 

tunnel and the atmosphere . 

The most striking features of the diffusion problem in Chapter 3 

were the different diffusion behaviors in different flow zones. It can 
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be said that a diffusion plume which r eaches t he edge of the atmospheric 

boundary layer will in general be very rare , or at least of minor i mportance. 

Therefore, t he modeling l aws for atmospheric diffusion depend only on tne 

lower regions of the velocity field , in which the boundary shear "' 0 
and 

t he roughness of the ground are the deternining factors in the development 

of the mean and turbulent velocity fi eld . In the terminology ~f Chapter 3, 

this means that experimental data can be ·.1sed for the atmosphere only if 

they are measured in the intermediate or initial zone . 

Although no model exists for the turbulent motion in shear flow from 

which a detailed theory of turbulent diffusion may be constructed, gross 

characteristics of the concentration field may be predicted through use of 

similarity arguments . Batchelor (4-2) demonstrated the power of s imilarity 

r easoning when he applied t he hypothesis that t .1rbulent motions of particles 

i n steady, self-preserving , free shear f_ows possess similarity in the 

Lagrangian sense . Based on this hypothesis he was able t o predict that 

dispersion and maximum mean concentrations are proportional to certain powers 

of x for single particle r elease and c•Jntinuous particle release. The 

application of Lagrangi an similarity arguments to a turbulent shear flow 

produced by flow along a solid boundary (boundary layer flow) in the region 

where mean velocity varies as the logarithm of wall distance y was 
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suggested by Batchelor (4-3) . For this case where the Eulerian properties of 

t he f low depend only upon the shear velocity u* and t he r oughness length 

z , Batchelor (4-4) and Ellison (4-9 ) determined the power of x at large 
, 0 

distances with which maximum mean concentration decays at ground level . The 

results were calculated for a continuous point or line source of passive 

particles r eleased at ground level . 

The basic formulation of Batchelor and Ell~son is used t o predict 

-the way in which gross characteristics of the concentration field for continuous 

point and l ine sources vary with x when t he source he_ight is arbitrary and 

x i s not necessarily large . This extended formulation of Cermak (4-6) 
presented here permits use of data f rom both atmospheric and l aboratory 

diffusion experiments in checking theoretical predictions based on the 

Lagrangian similarity hypothesis . Laboratory data are provided by a group 

of studies conducted in a wind tunnel where a tracer gas was diffused (Davar 

4-8, Poreh 4-16, Malhotra 4-12) and where heat was diffused (Wieghardt 

4-18). Atmospheric diffusion data within a neutral surface layer are avail­

able from the studies at Porton (Pasquill 4-15 ) and, for approximat ely 

neutral conditions , from Project Prairie Grass (Barad C-1 ), 

4.2 Basic Theory 

Foundations for the basic theory involved in applying the Lagrangian 

s imilarity hypothesis t o diffusion in turbulent boundary layers is given by 

Batchelor (4-4) end Ellison (4-9 ). For clarity in extending the basic results 

and i n the i nterpretation of experimental data, a review of t he basic theory 

is presented. The formulations needed for t reating the experimental data are 

then developed . 

4. 21 Review of Basic Theory 

Only motion of a marked fluid particle or some cons erved scalar 

ent i ty which is carried with the fluid without affecting t he f luid motion 

i s considered . The flow considered is a r egion of the boundary l ayer where 

t he velocity u* , exceptinc for the roughness length z which is a 
0 



measure of t he scale of turbulence where the mean velocity vanishes ; i.e., 

a region where 

For such a region of flow t he hypothesis may be expressed as follows: 

"The statistical properties of pc.rtic::..e motion at t ime t 

depend only upon u* and t - tv when t ~ O(h/u* ). A 

virtual- time origin with magnitude o~ order h/u* is 

r epresented by t and h i s the value of y when the 
V 

perticl e is marked at t = O." 

( 4-1) 
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A direct result of the hypothesis is that r elative to the mean position (x o, , 
y), the distribution of particle-displacement probability density for an 

ensemble of single-particle releases 

O(h/ u* ); thus , 

p 
sp 

P will be similar in shape for t> sp 

y - y 

y 
, ( 4-2 ) 

This form follows from dimensional re asoni ng since t ~e only l ength arising 

from variables in t he hypothesis is u*(t - tv) which i s shown in the next 

paragraph to be proportional to y 

For particles released from y = h at t = 0 , a r elationship 

can be obtained between the mean longitudinal position x and the mean 

vertical position y at any t ime t > O(h/~* ). As a consequence of the 

hypothesis three equations may be written - -

d2y u* 
dt 2 a:: 

t - t 
, ( 4-3) 

V 

d2x u* 
dt 2 cc 

t - t (4-4) 
V 

and d2z u* 
a.t2 cc 

t - t ( 4-5) 
V 



E4uation 4-5 is trival since the assumed mean flow does not vary in t he z-
d2z dz 

direction; therefore, because of symmetry di? = dt = 0 and z = 0 

by proper selection of the origin of coordinates . If dy is to be finite 
dt 

for all finite time , the constant of proportionality for e4uation 3 must be 

zero and the e4uation for y becomes 

dy 
dt = (4-6) 
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sub j ect to the condition that y = h at t = o, the mean vertical displace­

ment of a particle at t ime t is given by 

y - h = bu*t ( 4-7) 

An integration of e4uation 4-4 gives the longitudinal velocity of the mean 

lonBitudinal position of a particle as a function of time . However , neglecting 

longitudinal diffus ion, the velocity ~ may be given with reasonable exact­

ness by the mean fluid velocity at he i ght y = y corresponding to x = x; 

therefore , 

dx 
dt = u* f(y/z ) • 

0 
( 4-8) 

·Time t may be replaced with the variabl e y by virtue of e4uation (4-7) 

to give 

dx 
dy 

Thus, the mean longitudinal position 

x = i J f(y/z
0

) dy + constant 

may be obtained from a knowledge of the mean-velocity function f 

( 4-9) 

(4-10 ) 

The hypothesis is us ed to obtain information on the concentrat ion 

field by employing the probability density function in the form given by 
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eq_uation 4-2. When Q particles are r eleased from a point instantaneously the 

concentration X at (x , y, z) is proportional to the probability density 

at the same point; therefore, 

X(instantaneous point source) = 
y - y 

y 
, ::) • ( 4-11) 

y 

For t he continuous point source the mean concentraticn xcp is then obtai~ed 

by integration over all time to give 

rco _'V 
= Qcp dt 

u O y3 ( 4-12) 

Since the function t is expected to have a sharp maximum at x = x, 

an approximate expression may be obtained for xcp by changing the variable 

of integration to (x - x) y and considering that the contribution at x = x 
dominates the integral . Effecting the change of variable through equation 

(4-7) and (4-8) gives 

= Qcp !co 
bu* 0 r[ x :_ x 

. y 

(X :.. X) 
y 

and the maximum ground-level concentration is 

(X - X Qcp fco iv(x - x, 0: 1) 
o, 1) xcp - , = 

bu* 
y 

d (X:.. X) 
y 0 ?[ X:.. X 1 f(y/z

0
)] 

y 
b y 

Thus, when t has a sharp peak at X = X , 

X (O, O, 1) oc 
Qcp 1 

cp u* y2 (x) f(y/z ) 
0 

where X and y( x ) are r elated by eq_uation u ~-10). 

( 4-13) 

( 4-14) 

( 4-15 ) 
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The fundamental equations resulting from the Lagrangi an similarity 

hypothesis are equations (4-10) and (4-13) while equa~ion ( 4-15) permits cal-

culation of the way in which 

source. 

varies with distance downstream from the 

4.22 Equations f~r Neutral B?undary Layers--LogaritlL~ic Velocity Distribution 

In this case, expressions for ma.ximwn ground- l evel-concentration depen­

dence on x are presented for continuous point and line sources and an expression 

for plume-width growth with x is given for a continuous point source. The 

mean velocity distribution is given by 

( 4-16 ) 

where k is the Karman constant. The mean trajectory defined by equation 

(4-10) with the approximate condition that x = u(h) (h/u*) at y = h becomes 

x y y (y-h\ ) h h 
bk - = - log - - -~ + (b-1 - log -z z z z z z 

0 0 0 0 0 

(4-17) 

or, introducing dimensionl ess variables 

and 

bks = t log ~ - ( ~ - H) + (b-1) H leg H (4-18) 

A "relaxation period" of order h/u* during which similarity of the mean con­

centration distribution is attained fa provided by the condition on x for 

y = h. The maximum ground-level concentration given by equation 15 for a con­

tinuous point source t akes on t he form 

Q k 1 
X ( 0, 0, 1) cx: u cp z 2 ~2 log t 

cp * o 
(4-19) 

and the corresponding expression for the continuous line source is 

1 
t log t (4-20) 

All of the experi mental data reported in the literature have been used 

to determine t he power m in an expression of the form m 
X ex: X Therefore, 
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in comparing theory and experiment , an expression. for m must be obtained from 

equ~tion (4-18, 4-19, 4-26 ). Since m represents t he slope of a t angent ~o 

points on t he curve where log X i s a f unction of og s, the required rela­

tionships are 

and 

m cp 

d(log X ) 
--,---c"'""p_ = - (kb s) ( ]-+2 log t \ 

= d( log d \ t logZ--V 

d(log xc1 ) 

mcl = d(log s ) = (kb s) {_l+log ~ )' 
\{ log2 ~ 

(4- 21 ) 

(4-22) 

If t he probability density function does exhibit s imilarity as eJQressed 

by equation (2), it follows t hat any measure of the plume width will va:ry with 

x as does y (this is true also f or any measure of t he plume height). Let 

the r elationship for plume width Y be 

n 
Y CC X • (4-23) 

Equation (4-18) gives , for the continous point source , 

n = j._(log ~ ~ = bk ~ . 
cp d( log s { log t · (4-24) 

4.3 Diffusion Data f rom Experimental Studie3 

Brief descriptions will be presented of t he experimental studies ~n t he 

l aboratory and in the atmosphere in which data r equired to t est one or mo::-e of 

t he equati~ns for mcp ' mcl' . or ncp were obtained • . The essential data from 

t hese exper~ents are tabulated in Table I . All experimental values of n cp 
were obtained from information on plu_~e width . 

The .data of Davar (4-8 ) and Ma.lhotna (4-12) were obtained by dif::"ising 

ammonia gas in a turbulent boundary layer formed on the smooth floor of a wind 

tunnel t est section which was 6 x 6 ft square and 24 ft long . By using r.:,ugh­

ness elements at t he beginning of the t est Eection a boundary l ayer about 3 in. 

thick was created at t he location of the socrce when the ambient velocity was i n 

the r ange 6-25 ft/sec • .Ammonia gas was introduced through a tube 0.1 in. in dia­

meter penetrating t he floor and turned through 90° to emit gas in t he di=ection 

of mean flow at a maximum elevation of about 1/8 i n . Poreh (4-16) diffu5ed 

ammonia gas from a line source made from a porous strip 3/16 i n . wide pl~ed · . 

flush in a smooth floor and orientated at r ight angles to the mean- flm, c.irection-



X z h L kb~ H a -m -m n 
Experiment 0 cp cl cp 

ft ft f t 

1. Laboratory--
point source 

-5 9 .38x10-3 Davar (C-8) 1.5 9.9x10 DO 621 95 0 1 ~20 
4.5 10.5 II 9.38 II It 1750 89 " 1.47 

Malhotra (C-12) 4 . 5 2.4 " 5 . 20 II II 738o 208 II 1.47 
2.5 2.5 II 5 . 20 II II 4100 208 II 0.60 
2~5 10.5 II 9 .38 II " 975 Bo II 0.60 

Wieghardt (C-18) 1.03 3.7 ' II II 1140 11 L42 0.67 
1.03 2.0 II 2130 11 1.42 0 .67 

2. Laboratory- -
line source 

2,5xlo-5 5 .2ox10-3 Malhotra (C- 12) 4. 5 DO 738o 208 0 o~Bo 
Poreh (C-16) 7 . 5 6 . 2 II II 4350 11 0. 90 

7.5 4. 8 II II 64oo II 0~90 
7 . 5 3 . 5 II II 8700 If 0~90 

Wieghardt (c-18) Lf3 3.8 II 11 1320 II 0. 90 
l ,'23 2 ,04 II 

II 2470 II 0. 90 

3 . Field--
point source 
Porten 

8 -2 xlO-l (Pasquill C-15) 164o 2. 5xl0 5* DO 685 5 0 1.76 
656 9. 85 11 5 II " 273 5 II 0.74 

Prairie Grass 
(Crruner C-7) 1976 3 . 28 II 9.85 II II 2460 30 II 1.8 o.Bo 

4. Field- -
line source 
Porton 

8 -2 xlO-l (Pasq_uill C-15) 164o 9, 5xl0 5* DO 685 5 0 0.9-
1,0 

*Estimated with the assistance of Dr. Pasq_uill 

Table r. Data on diffusion in neutral boundary layers -- Cermak (4-6) 
\.>l 
N 



The work of Poreh (4-16) was accomplished in a wind tunnel test section 6 x 6 ft 

square by 8o ft long with an ambient air- speed range of 9-17 ft/sec (discussed 

in Ch. 3 of this report). At the source the bounda_ry-layer thickness ranged 

from 5 to 7 in. Wieghardt (4-18 ) diffused heat created by an electrically heated 

coil 3 mm in diameter placed in a slot cut into an otherwise smooth floor. To 

produce the point source , a 1-1/4 in. long slot with axis in the flow direction 

was used while the line source was created ty a slot cut across the entire width 

of the tunnel. Dimensions of the t unnel used by Wieghardt were 4-1/2 ft wide, 

1.3 ft increasing to 2 ft high and 20 ft lor;g . The mean air-speed range was 17 
to 100 ft/sec. 

The exponents given for the field data obtained at Portou (4-15) repre­

sent the mean values of several separate experiments. In each case smoke was 

diffused into a nearly neutral atmosphere from smoke candles or other smoke 

generators placed on the ground. The site ~or the Portion studies was flat 

grassland. Although no exactly neutral conditions were encountered during the 

experiments of Project Prairie Grass (Barad 4-1), Cramer (4-7) estimates the 

exponents for a point source from the near ~eutral data . These experiments were 

realized by releasing sulfur dioxide into the atmosphere from a point source at 

a height of 30 cm. As at the Portion site , the terrain was flat grassland. 

4.4 Calculation of Parameters 

For all the laboratory experiments, in which the boundaries were all 

smooth, the value of z was estimated by using the mean velocity function 

u/u* = i log u..: y + 4.9 ~ This gives the r esult z
0 

= 0.141 (~0. The value of 

the shear ve1.od ty u* was ta.ken as the mean value oiler the distance x up to 

where thee anent of x was measured and was calculated either by differentia­

or by using the Schultz-Grunow drag formula ~io)1Q2 the momentum thickness e, 
( 2 1 uamb9 
\cf = 6.30 log v + 2.4o. 

In all cases the exponents m m 1, and n were obtained by cp' c cp 
measuring the slope of a tangent drawn to curves constructed by plotting the 

logarithm of the appropriate variable as a function of log x. In all cases x 

was restricted so that ~ ~ 0.4o. In this ratio 5 is the boundary-layer thick­

ness and ~ is a characteristic length of the concentration field--the height 

y where the mean concentration is one-half the maximum. 

a l ine source the concentration profiles are similar for 

As shown in Ch. 3, for 
i 
5 ~ o.4o, but then 



gradually changed form until 
:\. a = 0 .61~ , when a new similarity profile is 

attained. Since the s imil arity hypotnesisis formulated only for t he inner part 

of the boundary layer , only the first similarity r egion is strictly within the 

restrictions of the analysis. 

In numerical calculations , the value of Ka.rman 's constant k has been 

t aken as o. 41 and the value of b (Batchelcr 's constant ), has been taken as 0.1. 

The value of 0.1 for b gives good agreement with the data but should be con­

sidered only as a rough approximation until more precise data are availabl e to 

determine the true value. Batchelor (4-4 ) estimated b t o be about 0.1 or 0.2. 

A rough estimate of Batchelor ' s constant may be obtained by multiplying t he 

approximate maximum vertical plume velocity of o.75u* reported by Monin (4-14) 

by t he r atio of elevation at mean concentration to el evation at 0.01 of m:l.Ximum 

concentration (outer edge of plume ). Using the exponential function for the ver­

t ical concentration distribution given by Calder (4-5 ), this rat i o of elevations 

is 4.82 which gives a value of b of 0.15 . Ellison (4-9) concluded that 

b == k = o. 4 on the assumption t hat the tur·:mlent diffusion coefficients for 

mass and momentum in the vertical are the s :l.l'lle ; however , since the boundary con­

dit ions for mass and momentum are entirely d.ifferent--point or line source for 

mas s and area sink for momentum--the assumption has little justification . 

4.5 Discussion 

!Data given in Table 1 obtained f rom the studies briefly described in the 

preceding section may be used to determine the validity of results obtained from 

t he hypothesis of Lagrangian similarity . Figures 4-1 to 1~-.3 show both the experi­

mental data and selected theoretical curves to facilitate comparison . For an 

aerodynamically smooth surface the curve where H == 75 corresponds to h · equal 

to the laminar sublayer thickness and H = 225 corresponds to an h where 

transition to the logarithmic profile has been completed. The curves for H 

equal· to .30 and 100 correspond closely with the value of H for the Prairie 

Grass data and certain wind-tunnel data respectively. The degree of agreement 

between theory and data is sufficiently good to justify use of the Lagrangian 

similarity hypothesis as the basis of diffus ion modelling i n the atmospheric 

surface layer . 
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4.51 Comparison of Theory and Experiments 

In Figure 4-1 all the values of m for aerodynamically smooth boun-cp 
daries (wind t unnel experiments ) correspond to t heoretical values of H > 75. 
Where the value of H is known from the experimental conditions , the exponent 

m cp from experiment is within 10 percent of the corresponding theoretical value . 

For the da·i;2. of Wieghardt i n which H i s not explicitly known, the r elation-

ship between the experimental points and t he theoretical curves indicate that 

the apparent source height for a source embeided in a smooth boundary is be­

tween the height of the laminar sublayer and the height corresponding to where 

the logarithmic velocity distribution is attained. The mean Porton and Prairie 

Grass data for neutral conditions shown in Figure 4-1 are within about 2 percent 

of the corresponding theoretical values . Project Prairie Grass data for mildly 

non-neutral surface layers are also shown in Figure 4-1 to emphasize the impor­

tance of the parameter H i n the present t heory . As is evident , the mild l apse 

and mild inversion produce values of m cp which diverge with increasing dis-

t ance above 4nd below respectively from the neutral curve f or H = 30 • 

Figure 4-2 gives the available exper imental data and theoretical curves 

for attenuation of maximum ground- level concentration for a continuous line 

source i~ ~eut~~l bound~ry l ayers in terms of mcl • The wind-tunnel data of 

knmm H due to Malhotra was obtained by integration of his point-source con­

centrations and is about 5 percent l ower than t he corresponding theoret ical 

value. WincJ. tunnel-data of Poreh with gas emitted from a smooth porous line 

source is cons istent with the idea of the e~fective source height parameter for 

such sources being i n the range 75 < H < 225 • The progression of points from 

left to right represent increasing mean ambient velocity and conseq_uently decrea-

sing ve.lues of ,., Since the data of Wieghardt correspond to values of '"'o 
H < 75 fo:r this ca.se ; it is concluded that the transverse boundary slot con-

t aining the source produced a large scale disturbance making the effective z 
0 

(local turbulence scale ) larger than that calculated by consideri ng the boundary 

to be smooth . FielQ data obtained at Porton give a range of mcl with a mean 

value very ne2.r the predicted value of about - • 95. The scatter of mcl at 

t his site cQn easily be accounted for through varying roughness and small depar­

t ures from neutral conditions. 



Both average values of n cp giving the rate of plume-width growth for 

Parton and Prairie Grass data under neutral ~onditions are in good agreement 

with the theoretical values shovm in Figure 4-3 . Values of n cp for the neutral 

wind tunnel-data and the corresponding theoretical values are also in satis-

factory agreement . 

4.6 Significance of Findings for Modeling 

The basic formulation presented here for the neutral boundary layer has 

been extended to include the diabatic case (thermally stratified flow) with 

arbitrary source height. Gifford (1-10) also extended the analysis to diabatic 
h flows but without including t he parameter H = - • There was, once again, satis-
Zo 

factory agreement between theor y and experiments. From this extended analysis 

it is seen that diffusion in the boundary l ayer of a wind-tunnel model of the 

atmospheric surface layer will be similar to the prototype if the. parameter 
h Zo 

H = z and oc - L is the same for both. Here L i s the Obukhov stability 

lengtR which is e4ual to ~ for the neutral case (thus oc = 0 for neutral 

flows ). Hence, similarity seems assured if H is the s ame for model and pro­

totype for neutral flows . This can be seen by examining e4uations (4-18, 4-21, 
4-22 and 4-24 ). 

Inoue (4-11) reached the same conclusion by re4uiring that the angle of 
UT diffusion and a dimens ionless diffusion length h (. is the Lagrangian time 

scale for motion i n the direction of mean velocity U) be the same for both 

model and prototype. Of course , the modeling can be accomplished only if the 
A 

wind t unnel boundary layer is sufficiently thick to ensure that 5 ~ o.4 over 

the ranges of ~ covering the model . 

An even more i mportant conse4uence of the agreement between results of 

the Lagrangian similarity hypothes is and data from field and laboratory is the 

implied similarity of the turbulence structures . This means that in properly 

designed laboratory experiments measurements of turbulence structure for con­

trolled stability and roughness will yield information applicable to the atmos­

pheric surface layer. 

4.7 Conclus ions 

Examination of the data and analytical results presented by Cer mak (4-6) 
support the Lagrangian similarity hypothes is . The~efore, this simple but 
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powerful concept affords a rational basis for describing the gross characteristics 

of a diffusion field within a turbulent bouniary l ayer . The use of z as a 
0 

reference scale of turbul ence successfully accounts for differences i n diffus ion 

rates when diffusion takes place on scales varying f:rom those encountered in 

the laboratory to thos e existing in the atmospheric surface layer. Further 

study of diffus ion rates for a wide range of z 
0 

and H , such as can be 

accomplished in a wind t unnel using boundari es with fixed or flexible roughness 

element s accompanied by heating or cooling C·f the boundary would be particularly 

illuminating . In applyi ng the existing formulation of the Lagrangian similarity 

hypothesis to diffusion in wind tunnel bouncary layers the plume of diffusing 
X. . 

mass or heat should be well within t he boundary layer--(i.e. 5 ~ o.4o). On the 

other hand, the foregoing analytical r esults do not apply i mmediately downstream 

from the source for distances of order u (h ) (h/u*) . 

The analys is states that two fields of diffusion within the i nner r egion 

of a turbulent boundar y layer will be similar if H and oc for one field are 

e~ual to H and a respectively for the o~her field, This not only gives a 

basis for modeling practical cases of diffusion in the atmospheric surface layer 

but also provides a means by which laboratory measurements of basic turbulence 

structure may be applied to the atmosphere . 

4.8 Nomenclature 

Symbol 

b , 

cf , 

f(~) z , 
0 

h > 

H 

k , 

Batchelor ' s constant ; 

drag coefficient ; 

Definition 

universal velocity distribution function; 

source height 

non-dimensional source height, 

von Karman constant ; 

h 
z 

0 

; 



Symbol 

L ' 
M 

' cp 

Mel ' 

N 
' cp 

p 
sp' ~~ , 

Q ' 

Qcp ' 

t 
' 

t 
' V 

u 
' 

u* ' 
uamb ' 
x, Y, z ' 
x, Y, z' 

y 

X , 
V 

z , 
0 

a , 

0 , 

Definition 

Obukhov stability length 

slope of the ground concentratiJn attenuation with x for 
a point source; 

slope of the ground concentration attenuation with x for 
a line source ; 

slope of the width of plume growth with x for a point source; 

particle - displacement probability density for an ensemble 
of single -particle releases ; 

strength of the instantaneous point source ; 

strength of the continuous point source ; 

t ime measured from release; 

h 

u* 
mean longitudinal velocity; 

virtual time origin, ; 

shear velocity; 

mean ambient velocity ; 

instantaneous position of particles with origin at source; 

mean position of particles; 

width of plume; 

r elaxation distance ; 

roughness height; 

z /L· 0 J 

boundary layer thickness; 



Symbol 

p , 
· e , 

).. , 

V , 

~ , 

T , 

xips 

X.cp , 

Xcl , 

, 

Definition 

non-dimensional height, 

momentum thickness ; 
xcl (x, 11.) 
Xcl (x, 0) = 0.5; 

kinematic viscos ity; 

non-dimensional distance , 

Lagrangian time scale; 

z/z 
0 

x/z ; 
0 

instantaneous point source mean concent~ation; 

continuous point source mean concentration; 

continuous l ine source mean concentration . 
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5 • DIFFUSION IN AND ABOVE sn.rnLATED PLANT COVERS 

An experimental program on modeling vegetative cover faces a problem in 

that every crop might have entirely different characteristics regarding its inter­

action with the wind blowing over it. This then is reflected in the behavior of 

the diffusion cloud above it or inside the cover . Fortunately, experience has 

shown that most diffusion patterns over roUGh or smooth boundaries tend to reach 

similarity profiles at some distance downstream from the source , with the type 

of roughness cover , wind speed and geometry of boundary affecting only the 

similarity parameters. 

Since there was some hope that a dmilarity of the velocity distributions 

at some distance from the upstream edge of the plant cover might be found, an 

analysis could be based upon the similaritJ' profiles for mean velocity and 

concentration. Results of such an analysis would have more than local 

significance . The problem then became one of defining regions of validity for 

a s imilarity assumption for a trial crop cover which exhibits the characteristics 

of a natural crop , preferably wheat or corn . For these regions , the appropriate 

form of t he Lagrangian similarity hypothesis was to be applied, and the results 

of the calculations compared with the results of the experiments . 
\ 

5.1 Roughness Elements 

Since it was the task of t he present study to define modeling parame­

t ers for modeling diffusion in and above crops, the model roughness cover to 

be decided on for the experiments should have been determined experimentally . 

However , the type of model roughness had to be selected without benefit 

of prior experimental information . 

A first step in deciding on the types of flexible boundaries to be used, 

cons i sted in studying the literature on field data in order to obtain some 

information on the properties which such e roughness should have . However , 

the references are very scarce indeed. The only data found was t aken during 

the 193O 1 s and reported on by Paeschke (as reported by Geiger reference 1) 

on wind profiles over different crops , sone data on wind profiles in tree 

stands (Geiger , Ref . 5-1), data reported by Lemon (5-2) and (5-4) and data taken 

by Lemon as r eported by Tan (5-3 ). All these data were presented i n raw form. 

Only. the last of the quoted references (5-3) contains an attempt at an analytical 
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description . This approach, however , merely r esulted in a number of di fferent 

empirical coefficients which appeared to be valid only for the part icular crop 

(corn or wheat ) and velocity of a i r considered. The data in (5-3), however , 

showed t hat a well-defined crop characteristic appears to be the distribut i on of 

the velocity within the crop . This distribution can be represented in dimension­

less form, i n a rather elementary manner by using the crop height , or a length 

dimension proportional to the crop height as reference length, and by usins the 

mean air velocity at the reference height as a measure of the velocity parameter . 

Both these parameters are easily determined in the wind tunnel and in nature . 

The plot made of the field data is shown in ?igure 5-1. I t is very interesting 

to note that the data for wheat agree quite Mell f or data taken under as tifferent 

conditions as t he one of Paeschke (5-1) in Germany and Lemon (5- 2) in New York 

State . 

I t was t herefore decided to use a crop , chosen according to availability 

of material and convenience in manufacture , which exhibits a s imilar velocity 

distribution law within the crop as was foucd for wheat or corn in (5-3). 
After trying a number of other ideas , roughness elements were chosen which con­

sist of strips of plastic , flexible material fast e:ied to l umber strips as shown 

in Figure 5-2 . The present data were obtained with plastic strips 0 . 25" wide , 

0. 01" thick, and of a height h of 4" . I n one case they were arranged to face 
0 

t he direction of the wind with their broad side (Arrangement 1) with a trans -

verse spacing of one element per 2 linear i:ich, and a spacing in the direction 

of flow of one r ow every 2 inches. A secon•:l arrangement was used in which the 

flexible elements were turned 90° , so that the wind struck the thin side 

(Arrangement 2 ). The setup is shown in Figure 5-3· 
An initial experiment was performed in order to determine the geometry 

of the roughness elements under the action of wind . At no wind speeds , the 

elements were of curved shape, all el ementE being de formed approximately by equal 

amounts , but deflected randomly either to the upwind or the downwind direction . 

With gradual increase of the wind velocity: the former of the elements WJuld 

f irst be straightened somewhat and then deflected dmmwind, so that at a wind 

speed of approximately 20 fps almost all e=..ements lean somewhat in the down­

stream direction. For higher speeds the deflection of the elements by wind be­

comes more noticeable , t he elements become bent do,1n and the height of the rough­

ness cover z decreases . This is shown in Figure 5-4. 
0 
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5.2 Velocity Measurements 

Velocity profiles were ta.~en over the model crop for three different 

velocities of 10, 20 and 40 fps, at various stations downstream from the rough­

ness cover 's leading edge . The velocity profiles are shown in Figures 5-5 to 

5-8, and the pertinent profile parameters ar~ listed in Table 5-1*. 
An analysis of the velocity distribution along the lines commonly used 

for turbulent boundary layers - i.e. by using a logarithmic distribution law -

cannot be used directly . This is mainly due to the unusual shear situation in 

the canopy . The friction losses in the canopy are o·oviously not caused by fric­

tion on the ground alone but also by the drag of the plant cover . This rules 

out a determination of the shear from the gradient of velocity profile at the 

ground . 

There is considerable activity going on in different ~uarters to cir­

cumvent this diffi culty . The writers are aware of efforts being made by the 

staff of the micromet eorological group of the Mete rology Department , 

U.S. Army Proving Ground, Fort Huachuca, to analytically determine canopy 

flow profiles; the efforts of Tan et . al. (5-1) were already mentioned, and 

Lemon (5-4) gives a number of references which are to be published soon . Since 

all these analyses depend on experimental d~ta for their empirical constants , it 

seems sufficient at the present time to determine parameters which correlate the 

wind-tunnel data. 
I 

The main objective is therefore to find similarity parameters 

for t he velocity profiles, and define regions in which the similarity profiles 

are valid. 

5.21 Similarity Profiles 

For this purpose , the data were anc:.lyzed in an entirely empirical manner . 

All data were i nitially plotted in dimensionless form obtained by dividing 

by the local boundary --layer thickness 5 and u by the ambient velocity 

y 

u 
a 

The results are shown in Figures 5-9 to 5-~2. The figures show that the velocity 

*The velocity profiles have been t aken with partial financial support by the 
Army Micrometeorology Department, ~ort Huachuca, under a grant for the investi­
gation of boundary-layer roughness . 



follows an approximate similarity law, at least from a station which has a 

distance of about 10 ft downstream from the leading edge of the canopy. A 

closer inspection shows, however , that similarity profiles are no "[here exactly 

reached; for there is a small increase of the convexness of the distribution 

noticeable for all velocities. A. correlat io~ was obtained for the profiles in­

side the canopy by defining arbitrarily a velocity ~ which is equal to 

o.4 u5 • This is the "theoretical" velocity at the canopy top, which may actually 

occur slightly above or below . y ::: h • The level h then will be a function of the 

wind speed and the crop geometry, with the values for the present geometry and 

those velocities of 10, 20 and 4o fps listed in Table 5-2. For the velocities of 

20 and 4o fps, comparison with Figure 5-4 sh:::iws that : is about 1.2. If this 

result could be generalized, it would mean that the eff~ct of wind bending on 

the canopy flow finds its expression in the fact that the reference height should 

be related to the deflected canopy and not to the original . With this reference 

velocity ~ and h, the velocity profiles become similar in the canopy for 

all velocities and stations (Fig. 5-13) larger than 10 ft from the edge of the 

canopy. The result indicates t hat , for a given arrangement of crops , the wind 

profile in t he canopy would depend only on the drag coefficient of t he plant, on 

t he density of the plant spacing, and on t he deflected plant height, but would 

be independent of the velocity. Contrary to the behavior of flexible elements 

chosen for this study, for actual plants t he drag coefficient might change with 

velocity. The fi eld data of Figure 5-1 indicate , however, that if this effect 

exists it is small indeed - as long as the plants are in the same stadium of 

growth . For wheat, the change might not be too significant , as indicated by the 

agreement of the data taken by different observers at different locations . For 

crops which grow seed heads, however, the effect can be quite large . 

The average curve of t he data points is indicated in Figure 5-1. 

According to this curve , apparently the arrangement chosen offers somewhat less 

obstruction to the air flow than either corn or wheat, but the conclus ions drawn 

from these data are , in the light of the foregoing discussion, just as valid. 

The profiles above the canopy are markedly improved in similarity if the 

velocity ratio is plotted versus the non-dimensional ratio (y-h)/(o-h). The 

profile obtained can be r epresented with good accuracy by a power l aw of the form 

(5-1) 



which holds for t he upper 8J percent of t he frofile, but deviates (as it must ) 

in the lower portion , The profile has been 1:ketched into Figure 5-14 together 

with t he experimental data . It can be noted t hat the velocity data for Sta . 6 . 
and for t he velocity of 10 fps show t he largest deviation f r om the average curve . 

The deviations of the 10 fps data are undoubtedly mainly due to calibration 

errors of t he hot wire , since the manometer for velocities small er t han 10 fps 

gives unreliabl e r eadings , The deviations for Sta . 6 are systematic, indicating 

that s imilarity was not yet obtained. 

The similarity parameter 5 depends on the station downstream from the 

leadiP.g edge_ of t he crop as well as of the boundary layer . It is shown , for t he 

experiment al data, in Figure 5-15, 

5.22 Calculations of Boundary Shear 

In principle , three different methods commonly used i n wind-tunnel experi­

ments could be used for det ermining the boundary shear . The first one starts 

from t he assumption , t hat t he logarithmic velocity distribution law holds for t he 

distribution over a crop . This proposition , used by Tan et . al (5-3) is of 

doubtful value ; as is shown in 5. 21 , t he profile i s more adeq_uately described by 

a power l aw with l arge exponent (a log-lau can be approximated generally by a 

power l aw with small exponent ). The second method is to use the friction coef­

fici ent as defined by the equation of Ludwie6 and Tillmann (see equation 6-8). 

Again, for a canopy, t his is a dubious proceiure since the lower portion of t he 
5 '* pr ofile contributes highly to the shape f actJr 0 while certainly in it the 

drag is not governed by the boundary . 

Both these shortcomings do not apply to t he third method; t hat of the 

application of Karman ' s momentum principle. According to t his the shear per unit 

area -r
0 

i s given by 

where e is t he momentum thickness , 

provided that no pressure gradient exists in the x direction, and provided that 

the contri butions by the t urbulence can be i gnored . The r esults of these calcu­

lations gave shear values of 

-r = 2,24 10-3 l b/ ft2 fc,r u = 10 fps 
0 

5, 20 10- 3 l b/ ft2 
a 

-r = for u = 20 fps 
0 

6.11~ 10-3 l b/ ft2 
a 

-r = fc,r u = 40 fps 
0 a 

as an average value for all stations from 10 t o 20 ft. 
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5.3 Diffusion in the Region of Flexible Roughness 

The results obtained for the velocity :;irofiles in and above t he canopy 

suggest the use of h as a meaningful value fJr separating the flow and diffusion 

field into an upper and a lower layer . This separation should lead to an entirely 

different approach for t he inside of the canopy as above it, with the flow above 

the canopy expressed as the flow along a flat plate, located at some distance h 

away from the true boundary . 

This concept governed the analysis of the diffusion data which were t aken 

for this part of the study. The diffusion prcfiles are shown in Figures 5-16 
to 5-23 . They we:retal<en with the 4411 long grc-und-level line source 2 ft upstream 

from the canopy , and with the elevated 22 11 lor:.g line source l ocated inside the 

canopy at x ' ft from the canopy beginnfog . Tne elevated source was placed at 4 

different elevations : H = 0 11 (ground level) H = 211 (about half the cover 

height ) H = 4" and H = 811
• For the roughness arrangement 2 (across the rows ), 

only t wo sets of data were taken, with the elevated line source at 8 ft distance 

f rom the cover edge, and source elevations of H = O" and H = 411
• In order 

to note the development of the profiles inside the canopy , t he profiles uere 

t aken , for this case , somewhat closer togethe::- . 

The elevated line source was not enti::-ely satisfactory. As was found 

during the experiment, the source lost its 2-dimensional character at a rela­

t ively short distance downstream. from its location . This became apparent by 

taking transverse profiles at a fixed elevati•Jn, and is mostly noticeable in t he 

total amount of gas discharge found by integrating the product of velocity and 

concentration over the vertical , as shown in Figure 5-24. This three-dimens ional 

effect will influence the maximum concentration and to a lesser extent also the 

r ate of spread. For the present , however , it is i gnored . 

5.31 Concentration Profiles Ins ide Canopy 

The most r emarkable trend of the concentration profiles inside the canopy 

is the tenden~y to r each a constant vertical concentration within t he plant 

cover . The shear generated on the flexible plants produces a large amount of 

turbulence, which in turn causes a rapid spreading of matter inside the ca~opy . 

Outside the canopy the turbulence level, and therefore , the spreading of the gas 

is somewhat slower, so that t he turbulence underneath can eliminate all concentra­

t ion gradients . This t endency lends support to considering the canopy diffusion 
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as a problem essentially unrelated to the boundary-layer diffusion above , with 

only the boundary condit ions for both l ayers r el ating them. This means that 

the maximum concentration outside the canopy will be affected by t he spreading 

into the canopy , while the concentration profile above the canopy has a shape 

which is independent of the canopy. Also , t he other similarity parameter, the 

spread ;\·-h , is independent of t he canopy r egion, so t hat the diffusion out­

side behaves l ike a diffusion cloud on a smooth flat plate. It should be noted 

that the case of t he instantaneous source would require an entirely different and 

more involved t reatment t han the one whi ch can thus be given for the continuous 

source . 

Another observation pertinent to the diffusion in the canopy can be made 

if attention is given to t he concentration rrofile obtained for the case of 

flow across the row, line source elevated t o H = 4, Sta. 91 8" and Sta. 11 ' 4". 
These profiles look approximately symmetrical with respect to a horizontal line 

t hrough the source height , This r esult is egain not unexpected , The t urbulence 

level inside t he canopy i s due to t he effect of the roughness element and is 

ver y nearly homogeneous , Since t he spreading i s done by the t urbulence , a homo­

geneity should be reflected in t he spreadin5 of the gas by producing a plume 

with symmetry about a horizontal plane . 

No attempts have been made to follow the ppread of the diffusion cloud 

insi de the canopy in detail; these considerations will have to be made when t ur­

bulence measurements are available . 

5.32 Concentration Profiles Outside the Canopy 

As was stated before , the concentration profile above the canopy shall 

essentially display the features of a flat plate displaced by the height h . 

Therefore, the profiles were made dimensionles s not by dividing the elevation 

by ;\, but by dividing y-h by A--h, as shown in Figure 5-25, The result 

is of great interest . The profiles are essentially separated into three dif­

ferent categories , which should, in the notation and concepts of Chapter 3, cor­

r espond to the intermediate , transition, and final zone . If t his i s the case , 

t hen the results of Chapter 3 concerning th~ l imits of these zones should hold 
:X.-h 

also. Therefore , the values of o-h have been plotted for the three zones in 

Figure 5-26, The result indeed shows that t he same criteri a apply for t he 

canopy covered boundary as for the smooth flat plate . 



No attempt was made to define a parameter t3 for the canopy . It was 

found that the concept developed in Chapter 3 did not apply for this case. 

A length paremet er defining the distance from the edge at which each one 

9f the zones begins was not well defined . The fir st puzzling f act was that the 

811 elevated source reached the final zone earlier t han any of the others . This 

cen be eA'l)lained ~y t he same consideratic~s used for the flow inside the canopy, 

except t hat here t he low tu~bulence of the ambient air outside of the boundary 

l ay<:!r prevents a spreading t o the outside . For the sources which were located 

w~ll within the boundary layer , the final zone was r eached at Station 16, t hat is 

8 ft downstream from the source l ocati on. For t he ground source located in front 

of the cover the final zone was r eached at Station 10 , or about 12 f t downstream 

from the source . All other data for these sources fell into the transition 

zone , ~nd no attempts were made to investigate the i nitial zone , since this 

should essentially reflect mainly the local effects ; i.e . source geometry, feed 

velocity, etc . 

The other p~rameters defining the profiles are the spread A - h 

"nd t he r.!o.:<ir.um concentr at ion c These quant ities will vary with distance, max 
~-~:.th the trends shown for "'A. · in Figure 5-24 and for c i n Figure 5-28. In max 

gro1.md concentration rather t han t he maximum concentration is 

si:ren" TM_s co:::responds t o the maximum concentration only in the zone of 

t j__"C.nsition nnd in the final zone . 

Th~ data a.re plotted without regard f or the parameter h , and some 

jJ.l:::_1~·ovc.ment co11ld no doubt be obtained by considering it . The data show, 

1::.r.ireve:c , t h2.t a~ l arge distances downstream the e;round concentration are the 

s :::iuC for al 1 source elevations , f or t he same velocity . The deviation of the 

10 fps dat2. are caused by the deviations of t he velocities . The r eason i s that 

for a cc,nstant feed rate 7 the concentrations are related to t he velocity, since 

f or simi12.r velocity profHes , the product u c must be equal . a max 

The ~rena.s :i_n tbe values of A. are not easily explained . It appear s 

·u,.at, by su:i.tablc choice of coordinate origin the data for 20 fps; arrangement 

oneJ cc:.n be b:::'oue;ht i r..to agreement , but the justification for this has not yet 

been founa .. 
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5.33 Lagrangian Similarity Hypothes is 

The attenuation of the ground concentration can be determined by using 

t he graphs of Figures 4-1, 4-2 . It is seen in Figure 5-27 t hat t he exponent of 

decay i s given for source heights H = 0 by 0. 95 for the ground source , The 

parameters t o be computed are 

kb~ = ( 0. 41) , (0. 1) : 
0 

where z ::::: h For 20 
0 

fps , h = 4.611 so that for an average x of 
15.12 ---15 ft ~ = 4.6 = 39 and kb~ = 1. 6 As can be seen from Figure 

4- 2 t his is in reasonable agreement for a value of H of less t han one for 

a continuous point source . However , the agreement is partially fortuitous, 

s ince t he velocity profile for the case considered is not very similar to a 

logarithmic profile , as required by the equation 4-22 . Therefore , it is not 

surprising that no reasonable agreement can be found for the data on elevated 

sources especially since the elevated source has a beha.vior intermediate 

between the infinitely long line source and t he point source. 

It will be one obje·ctive of the Ph .D. dissertation based on this work to 

develop a suitable set of parameters which will bring the well- defined r esults 

of the present study into agreement with the findings of the Lagrangian simi­

l arity hypothesis. 

5.4 Conclusions 

5. 41 Velocity Distributions 

By searching for similarity paramet er s , it was found that the velocity 

pr ofiles exhibited true similarity outside of the canopy , with the boundary-

l ayer thickness 5 and the ambient veloci~y u 
a 

as simil arity parameters , 

i f the height h was subtracted from y 

defined as the height where u( h ) = o.4 u 
a 

and 5 The height h is 

and was f ound to be dependent 

on the roughness t ype and ambient velocity . Most of the dependence upon 

ambient velocity is accounted for by relating h to the height of the 

deflected roughness elements 

h ~ 1. 2 h 
0 

h 
0 

The a?proxi~ate relationship is that 



However, in order to reach simila~ity profiles, the air flow had to 

t ravel a length from the leading edge of the crop of approximately 20 to 30 

times the crop height. 
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Within the canopy, it was found t~at the profile u 
VS 

z 
h 

exhibited 

similarity for all stations downstream fr,:::>m Station 6 . These results together 

with the field results demonstrated in Fi6ure 5-1, are indicative of the pos­

s ibility that each crop has its own "characteristic wind profile" within the 

canopy. This conclusion should be tested in the ~ield for many different 

crops , at different stages of growth . 

5. 42 Concentration Distribution 

The conclusions of different zones of diffusion are, at least for ground 

level sources, well confirmed also for diffusion above a canopy. The intermediate 

zone and the final zone are well defined both in the ratio of boundary layer 

thickness to plume width and in the profile shape . However, the height h 

had to be subtracted from all vertical heights before formation of parruneters, 

which is in agreement with the velocity cehavior . 

The trend of the similarity pararr.eters is , due to the influence of 

both the undisturbed and the canopy dist~rbed portions of the boundary layer 

and to distance from source, not well defined, and considerable work 

needs to be done to separate the influences of all pertinent variables. 

Inside the canopy, the concentration assumes a value which is 
I 

approximately constant with height. 
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5.5 Nomenclature 

Symbols 

y , 

6 , 

~ ' 
u 

' 
u ' a 

6 
' 

B* , 

't 
' 0 

h , 

z , 

H , 

A. 
' 

X , 

kbs_ , 

s ' 
zo = h 

' 

Def inition 

vertical elevation; 

local boundary layer thickness ; 

ambient velocity at y = h; 

velocity at y ; 

ambient vel ocity; 

boundary layer thickness ; 

displacement thickness ; 

shear at wall; 

height representing reference height of crop (defined by U(h ) = o. 4 
Ua) ; 
b height of wind deflected roughness elements ; 

0 

source elevation; 

spr ead of diffusing plume , 

station from source ; 

s ee Chapter 4; 

coefficient = 
X 

; 
z 

0 

roughness height . 

y at whic~ c = 1/ 2 C ; max 
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6. DIFFUSION DOWNSTREAM FROM A TWO-DIMENSIONAL WALL 

The cases treated in the foregoing chapter are quite idealized com-

'pared to actual natural conditions , and two problems are s een at once in 

attempting to apply the results to other than very similar geometrical situations. 

The one concerns the fact t hat rarely is the "fetch II or. the· distarke ·' of . 

approach before the crop equal to a smooth flat plate with a correspondingly 

developed boundary layer . Rather, the bound~ry layer of approach is a dis ­

torted and twisted flow field reflecting influences of topography, plant 

cover, and temperature variations which have occurred long distances upstream 

of the considered crop cover. 

The other problem arises because 9f the finite length of any field , 

As was noted before, a certain length of crop cover is required before a 1dnd 

of eciuilibrium of flow and concentration field is obtained . 

In an attempt to find some indicaticns on how serious both these 

problems are, the effect of a flat sharp edged wal_, placed 

perpendicular to the direction of flow, and i n contact with the floor, on the con­

centration field caused by a line source loccted upstream from the wall was studied. 

The natural situation which might be simulated by this arrangement is the 

diffusion field which is distorted by a shelter belt of great length and :iigh 

density, or of a dense and long zone of long crops of little downstream extent 

or of a mountain range , all in essentially neutrally stratified flow. Th~ 

results are extreme values in the sense that no other non-active obstacle 

can generate more profound disturbances . 

The case of the diffusion in a boundary layer disturbed by a wall was 

studied in some detail. Concentration meas·.1rements were made for four wall 

heights of h = 1/2 11
, 1 11

, 1-1/2" and 2". T:-ie case of h = l" was considered 

the reference case, and for it velocities were varied (U = 5, 9 and 14 fps 
a 

for diffusion measurement , Va= 14 and 20 fps for me~suring velocities ) and the 

effect of varying the distance between the source and the plate ~as- studied. 
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6.1 Experimental Set-up 

The source for the gas was the ground l evel-line source described i n 

Chapter 2. The plates consisted of 1/4" steel plates of appropriate height 

with the edge facing the wind sharpened to a width of less than 1/ 64 11
• The 

1/2" plate cons isted of a piece of ang e iron which was screwed to the 

t unnel floor; the other three plates were screwed to the 1/2 11 plate . 

The velocities were measured with a mean velocity hot-wire anemometer 

calibrated against a pitot - static tube . In addition to mean velocities , 

turbulent intensities i n the flow direction a~d their spectra were determined . 

as described in Chapter 2, 

The concentrations were measured in the open-circuit tunnel with one 

set of velocity data . The data on velocities taken p~oved to be somewhat 

erratic , so that another set of velocity profiles , this time at a higher 

ambient velocity , was t aken i n the closed-circuit tunnel . 

6 . 2 The Velocity Field 

6.21 Flow Zones 

The flow around a flat plate in contsct with the wind-tunnel floor 

can be subdivided into four zones , as shown i n Figure 6-1. Zone 1 i s the 

r egion upstream from the plate in which the plate effect is not yet felt; the 

boundary l ayer behaves like the boundary l ayer along a smooth flat plate with 

zero pressure gradient . Directly upstream from the plate the flow is re­

tarded, the pressure is increased, reaching a maximum at the upper part of 

the plate . The flow fi eld separates at the sharp edge of the plate , and zone 

2 contains t re fixed eddy zone behind the plate . The fixed eddy region is 

separated from the somewhat accel erated outer flow through the separation 

streao l ine, along which the pressure , after a sudden drop at the separation 

point first decreases and then slowly increa3es again, r eaching t he undisturbed 



ambient pressure again downstream f rom the location of the stagnation point 

at which the separation streamline reattaches to the wall . The pressure 

measurements for U = 20 fps and U = 14 fps f or all plate heights a a 
shown in Figure 6-2 r eveal that this pressure is approximately similar for 

all plate heights , but the point where the pressure comes back to the value 

of the undisturbed flow i s not well def ined . 

The pressure measurements were made w~th the static holes of the 

pitot static tube . Since the velocity and also t he t urbulence level in the 

fixed eddy r egion i s very low, and since accor ding to experimental r esult s 

by Arie and Rouse (6-1) the pressure in the s~anding eddy r egion is const ant 

in every vertical sections , t he pitot tube was placed at a distance of 1/411 

away from the floor . The accuracy is quest io~able due to t he small pressures 

involved . 

It was found by Nagabhushanaiah (6-2) on the basis of an extensive 

series of experiments with velocities of 9 ani 12 fps , and plate heights 

r anging from 0 .5 to 12 in ., that the downstream stagnation point is locatel 

at a distance of 12. 5 h downstream f rom t he plate . 

The point L = 12,5 h marks the beginning of t he third zone , that 

is the transit ion f rom the standing eddy zone to t he re-established boundary 

layer. Clearly, the boundary layer at the end of this zone must obey the 

classical distribution laws found valid for t he bounds.ry l ayer on a smooth 

flat plate by many experimenters . Hcwever , t he flow i nside zone 3 

is not conveniently defined by similarity laws, and only qualitat ive infornation 

will be given which may l ead to a better understanding on how to treat thi s 

type of flow . 

6.22 Sandborn ' s Criterium 

The stagnation point of the separation streamline at t he point of 
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reattachment exhibits all t he geometric features of the point of inception of 

separation. Therefore , similar flow conditions should exist downstream f r om 

· the r eattachment point as exist in the flow before separation, and the 

same met hods should apply for both situat i ons . Of all the numerous analyses 

of separation -- as su."lll1larized for example by Schlichting (6-3) none appears 

to hold for more t han some restricted cases. Hmrever , r ecently Sandbor n 

(6-4) and Sandborn and Kline (6-5) have developed and applied a criterium -

on purely empirical grounds - which appears to be applicable to a wide variety 

of separation cases . The bas ic idea behind the criterium is an attempt t o 

extend the well-known power law velocity distribution to the two-layer model 

for the t urbulent boundary layer which has become accepted as a valid concept 

t hrough t he efforts of Hama (6-6), Clauser 1:6-7) and Townsend (6-8) . The 

velocity di. stribution law of Sandborn (6-4) is written 

u 
u 

a 

A + B (1 - Y..)m = 6 + C (1 - Y..)2n 
6 

where U and 6 
a 

have t heir usual meaning , while A, B, C, m and 

· di sposacl e constants . Because of this l a:rge number of dis-

n are 

posable constants t he profile was found to fit -practically all known dis ­

t ributions , including the one fo r l aminar bJUndary ayers . For the case 

of separation Sandborn obtained 

2n = oo, A= 1, and B = -1, leading to 

By introducing t he profile parameters 

6* = Joo 
0 

(1 - Q_) dy u 
a 

(6-1) 

(6-2 ) 

(displacement t hickness ), 

e = J oo (1 - i-) 
o a 

u 
u 

a 
dy 

(momentum thickness ) 

(6-3) 



and the form parameter H = 
6* 
e , the expo~ent m can be eliminated to 

yield the Sandborn criterium for separating flows : 

H = 
1 1 +---5-l<· 

1 - ~ 
D 

5.5 

In orde:i.· to apply this cri terium, a special series of experiment s 

was performed at the distance of 12 . 5 h downstream from the plates . 

Velocity profiles were taken and the parameters 6 , 0 , 6* and H 

were computed . The results are shown in Figure 6-3 together with all other 

data points taken during the p:ogram on the distorted boundary l ayer . Two 

observations stand out clearly: 

a. no other data points but the ones taken at x = 12.5 h f all 

anywhere near the curve denoted by the criterium , 

b, the data points taken at x = 12.5 h fall with surprising 

accuracy on the curve defining t he criteriurr .. 

In view of these results , it appear quite obvious that the criterium 

might serve as a starting point for defining the profile at the dovmstream 

stagnation point, and also , the data results prove that Sandborn's distri­

bution law equation (6-1 ) can be applied to the present data. 

The application of equation (6-1) r equires the knowledge of two para­

meters , namely m and 6. They can most conveniently be calculated fro~ 

the bottom shear T and the momentum thickness 9 through the r elations 
0 

and 

't' = µ 
0 

e = o 

du 
dy 

m 

at 
um 

a 
y = 0 = p 5 

(m+ 1) (2m+ 1) 

(6-5) 

(6-6 ) 

6.23 Calculation of Local Shear Stress 

The local shear T 
0 

has to be found from a~ empirical r elation . 

is known that , if the profile parameters ar~ known , then the local shear 

coefficient 
2 T 

0 = - --2 
p u 

a 
(6-7) 

It 



can with reasonable accuracy be computed from the Ludwieg- Tillmann formu~a 

(see Sandborn and Kline (6-5) ) 

cf = o. 246 . 10-o.678E (Re )-0.268 (6-8) 
0 e u 

when Re
0 

= the momentwn-thickness Reynolc.s number T 
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The cal culated values of Cf ~rom the data of t ~e present study have 

been plotted against ~ in Figure 6-4 . The results indicate that, at 

least for the sharp- edged plate, the friction coefficient can be approxi~ated 

by a singl e curve . Whether the deviation for the 20 fps data from the curve 

through the 14 fps data is significant remains to be determined. There 

is good r eason to believe t hat the momentun-thickness Reynolds number might 

enter as a third variable , in accordance with the law of resistance for 

the flat plate . (Schlichting (6-3 ) (p . 54o )). 

6.24 Calculation of Momentum Thickness 

For determining the momentum thick~ess , use can be made of momen­

tum . considerations for th~ simplified case of two dimensional flow with 

zero pressure gradient. 

It has been shown before t hat excluding a region extending slightly 

beyond the fixed eddy behind the plate , the pressure along the floor i s 

essentially const ant . For the case where the turbulence does not contr~bute 

e,ny significant amount t o the momentum flux and the pressur e is constant 

at the vertical sections which denoted the control volume (see Fig . 6-1), 
the drc.g difference D between t he b .fo vertical sections is given by 

p u 2 (e - e ) = D a 2 1 
(6-9) 

where e
1 

and e
2 

are the momentum thid:nesses at the upstream a.1d do·,m­

stream vertical control surfaces r espectively (Schlichting (6-3) (p. 161 )). 
The drag between t he two vertical sect ions is given by the drag on t he 

plate and the drag on the floor. 
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In the standing eddy zone, a floor drag exists in the opposite direction 

of the floor drag in the boundary layer. It is canceled out to some extent 

by the drag in t he redeveloping boundary layer. The distance at which these 

t wo portions are equal can be found by the use of equation (6-9), assuming 

a floor drag of zero. Then equation (6-9 ) becomes, after division by p U2 
a 

= (6-10) 

where e
2 

is the measured momentum thickness , Sl is the drag coefficient of 

the wall (as determined experimentally by integrating the pressure over the 
l 2 ) whole wall and dividing by 2 p Ua , and e10 is the momentum t hickness 

of the undisturbed boundary layer at the location of the wall, The data are 

plotted in Figure 6-5, and it is clear that equation (6-10) is satisfied for 

all plate heights at about X 

h = 30. 
To find the moment um thickness at other stations , the wall drag has 

to be considered so that 

= 
at~= 30 
C h d 

f X 

For Cf , Figure 6-4 should be used for ~ < 50 , while for 

~ > 50 t he wall frict ion for the undisturbed boundary l ayer can be used. 

The result 1 should be a e2 
curve which, for each h , lies parallel to 

(6-11) 

the curve for h = 0 
X 

downstream from h = 50 There is however, too much 

scatter of the data to show t his trend in Fi3ure 6-5. But there exists no 

doubt that the momentum thickness can be calculated from equation (6-11) . 

However , the momentum thickness at the reattachment point can only be cal-· 

culated if the pressure also is known, and for the present, this is not the 

case . 



If the momentum thickness can be predicted, then another profile 

paramet er, the displacement thicknes s 8* can also be computed, for as shown 

in Figur e 6-6, a unique r elationship appears to exi st , for the given plate 

' heights , between the shape parameter 

the disturbing plate ~ 
H and the non-dimensional distance from 

6.25 Velocity Profiles Downstream from the ?oint of Reattachment 

In the absence of a general t heory o~ reattached flows , a search was 

made of similarity parameters for the velocity--distribution l aws. The non­

dimensionalized profiles for all plate heights have been plotted in Figures 

6-7, 6-8, 6-9 and 6-10. Semi-logarithmic paper was used in order to facilitate 

detection of a l ogarithmic distribution l aw . 

The outstanding observation is t hat the profile does appear to exhibit 

similarity i n t he upper portion for all stations . The s imilarity profile for 

this portion can be expressed by a form of the defect l aw : 

u - u 
0. 

u a 
= A log t 

where A does not appear to be constant but rather depends on t he plate. A 

correl ation was empirically found for A as function of ! , as shown i n 

Figure 6-11. 

The profiles i n t he lower portion are , over t re observed l-'.agi-OU, ~u.rves 

of about constant slope for all do:ta, but with an intercept depending on t he 

distance from t he plate , No conclusions could be r eached on the functional 

form of t he intercepts. 

6.26 Turbulence Downstream f rom St nation Point 

The l arge gradients in velocity nea.:- the l eading edge of the dis­

turbipg plate generate a high intensi'ty of local turbulence vhich is spread 

out downstream and t ends to decrease t he difference between lower and upper 

layer of the boundary l ayer . The r esult is t hat the transition between the 

two l ayers becomes more gradual with i ncreas ing distance downstream from the 
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disturbing wall. Measurements of turbulent ~ntensity have been made in order 

to demonstrate this process . The results of the measurements of intensity 

profiles are shown in Figures 6- 12 to 6-15 . These profiles have a number of 

interesting features . They show that a larse intensity turbulence remains from 

the plate distortion even at large distances downstream. In fact , integration 

of the intensity over the whole profi_e has shown that this integral which 

represents an essential part of the total tu~bulent energy in the boundary 

layer , does not change with distance in a noticeable way - indicating that 

the decay of the turbulence generated by the plate is very slow indeed . 

Another observation of interest is t :'1e fact that the turbulent intensity 

has a tendency to become uniform - and a stuiy of the data by Arie and Rouse 

(6-1) indicate that this might be true also for the fluctuations i n the 

vertical direction . Thus , over a substantial part of the turbulent boundary 

layer the turbulence field can be approximated by a field of homogeneous turbulence 

with a velocity gradient . 

The spread of the zone of homogeneous turb~lence was determined by 

defining the upper edge of the spread to be rihere the turbulence i ntensity 

has dropped to 90 percent of its maximum value in the homogeneous zone . 

(The turbulence very near the wall was thereby not considered, since this 

represents t he effect of the boundary on the turbulence ). The spread was 

found to be essentially linear with distance as shown in Figure 6-16 . 

The contribution of the turbulence t •) the monentum thickness is 

given by the integral 

e 
t urb 

= Jo 
0 

2 2 u 1 - v ' dy (6- 13 ) 

This q_uantity could not be determined since •)nly u 12 was measured . How­

ever , since v t
2 

can only be positive , i gnoring it w.:11 make eturb t oo large 

than actual. It was found that the ratio eturb/e was at most of the 

order -)f 5 percent , so that no large errors ·,rere introduced in ignoring it in 

calculating the momentum thickness . 
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For a number of points on each vertical profile the spectrum of ictensity 

was taken, for which an example is given in Figure 6-17. It appeared that 

the spectra were similar for all points within the region of constant intensity, 

while they deviated noticeably in other parts of the vertical profile . 

6. 3 The Diffusion Far Downstrea'Il From the Disturbing Plate 

The concentration measurements for this part of the study were per­

formed in the open-circuit wind t unnel. They were correlated in an entirely 

empirical manner by attempting to express the concentration profiles through 

suitable s imilarity profiles. This "search for similarity profiles" was 

guided by the findings of Chapter 3, according to which it can be expected 

well that tl1e d2.r,a mignt obey th~ laws for the transition and final zones . 

The similarity parameters are the p~ume width A and the ground 

concentration C 
max 

6.31 The Plume Width 

The plume width A is eq_ual to the distance from the wall of the 

point where the concentration c has dropped to half the maximum. It was 

plo-~tc:u. ln Figure 6-18 as function of the di3tance from the source , with 

the well height h as third variable . This double logarithmic plot indicates 

the following : 

a. The rate of spread follows apprJximately the same law for all plates, 

including 1h = 0 , over the distances considered . A region immediately downstream 

from the plate has to be excluded where · A varies at a smaller rate than fur-

ther do~mst:rec.m . To c:. first approxim2.tion the limit between the two zones is 

given by x/h ~ 50. For the region downstream from 
, 0.63 
A increases with x • 

X 

h 
= 50 the value of 

b, The spacing of the lines of the decrease of A show a systeo.atic 

trend. It is clear that , e.t least within tr_e distacces considered, paral~el 

lines imply much faster mixing for the hjgh plate than for the low plate, which 

can be attributed to the higher turbulence level generated at the edge of the 

large pl,rce. Therefore ; attempts were made to relate the spread A to a 

length pa:::-ameter depending on the turbulence. Since this parameter should 

be of an average nature rather than of local significance, the length 

e I u t 



where the length 8 I u 
denotes the contribution of the turbulent f luctua-

tions in the flow direction to the turbulent portio of the momentum 

thickness. The ratio 

8 I u 
8 I u 

0 

= e 
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was plotted versus the ratio A/A = A where the subscript o refers to the 
0 

case of the smooth flat plate without disturbance. The r esults are shown in 

Figure 6-19, from which can be seen that I is equal to 8 This i ndicates 

that in a distorted boundary layer t he diffusion depends mostly on the 

existing turbulence . In general it is suggested that the spread of t he 

diffusion cloud can be expressed by an equation of the f orm 

where s is the exponent determined by t he Lagrangian similarity hypothesis 

according to Chapter 4 (which has t o be moc.ified to account for the different 

velocity distribution of this case ), and C is a coefficient depending on 

the turbulence . 

A critical experiment for the validity of these conclusions might 

consist of a diffusion experiment using a ground source discharging into 

a boundary layer with a high and controlled turbulence level superimposed, 

The results found in Chapter 3 for the intermediate and for the final 

zone are compared with the data of this phase of the study . The ratio 

A/5 , with 5 being taken from the open-circuit wind tunnel data, has 

been ·written at each data point of Figure 6-18. It is seen that the final 

zone is reached with A/5 ~ o.64, as in Chapter 3, while all other data 

f all into the intermediate zone . No value A/5 '"• exceeds the value of O .67 

significantly , thus confirming the consist.ency of A/5 i n the Hnal zone 

of Chapter 3 for this phase also . 

6.32 The Maximum Concentration 

The maximum ground concentration represents the second similarity 



parameter for the concentration profiles. However , instead of c 
max 

the 

product c • u has been plotted in Figure 6-20 . 
max a 

This should be , for a 

given source strength, G , a well defined ?arameter , as explained in 3.32 . 
The results for the open circuit where t re V3locity was var ied but the source 

strength was kept constant , is shovm in Figure 6- 20 and does in fact confirm the 

uniqueness of the r elationship for u = 5 and 9 fps . a 
For variation of source - wall distance , an effective source location 

can be defined as located at the position of the wall; fo r the given velocity 

of 9 fp s t he r esults are shown in Figure 6-20 . Wit'1 the exception of the 

distance of 4.5 ft, all data plot well on a common curve . The devi ation of 

the data for 4.5 ft might be due to the fact , that the profile was already 

well established upstream of the wall , so tLat only the lower portion of the 

concentration profile was affected by t he Wc-11 disturbance . 

No attempts were made to check out the Lagrangian similarity hypothesis 

for these data, as presented in Chapter 4, since t he velocity distribution 

is quite diffe r ent from a similarity l aw of logarithmic form as was used in 

Chapter 4. 

6 .33 The Profile Shape 

The concentration profiles obtained during this part of the study are 

shown in Figures 6-21 to 6-30• They all ca::i be represented i n the form 

C - Jn2 (~.}°' 
= e A. 

C max 

where ex is an exponent to be determined, A. is the elevation at which 

c = 1/2 c , and c is the maximum concentration . 
max max 

In order to determine profile parameters , tne profiles were calculated 

by us ing B1uation 6-14 and, by assuming c as given by the data , t he best 
rr..ax 

fitting curve was obtained with t he parameters >.. and cc disposable . The 

best fit was obtained t hrough t aking the double logarithm of both sides and 

minimi zing the square of t he logaritli~ic deviations by means ·of a digital 

computer . The final results r equire careful interpret ation since the logarithmic 

deviation places uneven emphas is on different parts of the curve . 



The results of the computations are shown in Table 6-1 . The values 

of a , while fluctuating very strongly, nevertheless decrease quite noticeably 

with distance from the plate . A plot of x versus a i s given in Figure 6-31 
It appears that the value of a= 1 . 4 to 1 .6 r epresents an asymptotic 

limit to the di stribution, while it is quite likely that near the plate the 

value a:: is approximately 1 . 8 to 2 .o, i n agreement with t he values found for 

the smooth flat plate (see Ch , 3) . 
The dimensionless concentration profiles for the intermediate zone 

a.re shown in Figure 6-32 , the profiles for the f inal zone in Figure 6-33. 
The plots show that a similarity profile exists for each zone . 

6.4 Conclusions 

·For a f lat-plate boundary layer whi-~h is disturbed by a sharp edged, 

two -dimensional wall a flow field exists doMnstream from the wall which is 

largely governed by the drag coefficient of the wall . It is found that 

approximate similarity profiles of the mean velocity field is obtained at 

a distance of about X 

h 
~ 50 downstream from the wall with a profile , however , 

which appears to be different from the profiles in the undisturbed boundary 

l ayer . Within the distances considered, the integrated turbulent energy 

did not markedly decay; instead, the local maxima were reduced with distance 

but were ,accompanied by a wider spread of the high-intensity field . 

The high-turbulence level causes a much faster spread of a diffus ing 
I 

cloud originating from a two -dimensional line source at ground level. The 

ratio of the spread of the diffusion plume for the wall cases to t he 

spread of the plume for the smooth-plate boundary layer is equal to t he 

ratio of the r espective turbulent contribu~ions to the momentum thickness . 

The similarity parameters and concentration distribution laws 

appear to obey the laws for the different zones of Chapt~r 3, however, the 

Lagrangian Similarity Hypothesis as used i n Chapter 4 is not directly 

appli cable. 



6.5 Nomenclature 

Symbols 

h , 
u , 

a 

u , 
X 

' 
0 

' 
A , 
B , 
C , 
m 

' 
n 

' 
8* , 
e , 
H , 

't , 
0 

µ , 

cf , 

p , 
u e a 

V 
, 

D , 
CD , 

Df , 

Definition 

height of plate vertical above datum plane; 

velocity of ambient air; 

local velocity; 

distance from source ; 

boundary-layer thickness; 

disposable constants in 

disposable constants in 

disposable constants in 

disposable constants in 

disposable constants in 

displacement thickness ; 

moment um thickness ; 
8* 

f orm paramet er = e ; 
boundary shear; 

dynamic vi scosity; 

local shear coefficient; 

density of air; 

Sandb·::>rn ' s 

Sandb:::>rn ' s 

Sandborn ' s 

Sandborn's 

Sandborn ' s 

moment um thickness Reynolds number; 

drag difference; 

drag coeffici ent ; 

f loor drag ; 

velocity 

ve_ocity 

velocity 

velocity 

velocity 
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distribution law; 

distribution law; 

distribution law; 

distribution l aw; 

distribution law; 



Symbols 

~l ' 

0 I , u 

O! 

).. 

, 
, 

C , 
max 

C , 

Definition 

station of the stagnation point; 

contribution of the longitudinal velocity fluctuations 
to the momentum thickness; 

exponent in similarity law of concentration; 

elevation at which C = 1/2 

maximum concentration; 

local con,centration; 

C • 
max' 
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7. SUMMARY AND CONCLUSIONS 

The report is concerned with four different aspects of the diffusion 

problem and their applications to field use . 

The first problem is presented and analyzed in Chapter 3. It 

concerns the diffusion from~ ground level ~ine socrce into the turbulent 

boundary l ayer along ~ smooth flat plate - or along a smooth portion of 

the earth's surface. Since a theoretical EOlution for the concentrat ion 

distribution was not obtainable , experimental re9ults were used throughout 

to draw conc lusions. 

For a detailed investigat ion of the concentration field the field 

was divided into four zones , according to the predominance of terms in 

the diffusion equation . The zone near the source was excluded from the 

study, and for the other regions the diffusion equation becomes 

~c I de u v.._-
x oy = (k de - v' c') dy 

where generally the mol ecular diffusion te rm can be ignored, By 

assuming appropriate similarity laws for both t he distributions of velocity 

and concentrations - which had to be found experirr_entally - the distribu­

tions of v'c' could be determined. For the par&~eters describing the 

diffusion cloud it was found t hat in the i ntermediate zone , where the rate 

of change of the plume spread is much l arger t han that of the boundary 

layer , the spread of the diffusion cloud depended on the distance from the 

source only and not on the brundary-layer characteristics. This zone 

corresponds most closely to the atmosvher~c surface layer for a ground­

level source. 

In the final zone , the r ate of sp~ead of ~he diffusion cloud 

becomes independent of the distance from ~he source and is governed by 

the growth of the boundary layer alone, with the ?lume spread A pro­

portional to 5 (A = o.64 o). The coefficient of proportionality and the 

shape of the distribution function for the concentration probably depends 

to some extent on the molecular diffusivity of the tracer gas ; however, this 

dependency is of little significance for practical applications , 



The second problem, analyzed in Chapte~ 4, was concerned with the 

applicat ion of wind-tunnel experiments to field needs . The concept of 

"Lagrangian Similarity" was expounded . This concept presumes that , in 

the absence of vertical temperature gradients , a significant length 

( z = r oughness height) and a significant velocity (u* = friction velocity ) 
0 

suffice t o describe the whole velocity field, and thus the diffusion process . 

With these assumptions it was possib_e to predict the rate of 

decay, and also the magnitude , of t he ground concentrations. However , in 

order to compare field and experimental results, it is necessary that the 

wind-tunnel results be r estricted to a ratio of A/o < o.64 , in agreement 

with the finding s of Chapt er 3 . 

I n Chapter 5, data are presented and analyzed, on the diffusion 

characteristics for flow in and above~ model vegetative cover . It 

was found that a vegetative cover could be modelled, and a distribution 

function for the velocities inside a crop is given by ~ 
uh 

= f (l.) 
h 

where 

h is a significant crop height and ~ is the velocity at y = h The 

shape of the function depends on the type of crop. Experimentally, ~ 

was found to be related to . the velocity u in the ambient air by 
a 

~ = o.4 ua The velocity distribution outside the cover can be repre-

sented by a power law of the fo rm 

u 
u 

a 
= 

i n agreement with power-law r epr esent ations for mean velocities i n turbulent 

boundary layers over rigid rough boundaries . However , similarity of the 

mean velocity profiles was established only at a distance of between 24h to 

30h from the beginning of the crop . 

For the conc entration di strib-1tions the separation into a layer 

above and a layer ins ide the canopy w~s found useful. Inside the canopy, 

t he concentration becomes constant wit h height at some distance dmmstream 
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from the source. Outside the cover , the behavior of the concentration 

distribution in the form 

C 

C max 
= F ( L_::__E ) 

;>,. - h 

closely followed the s ame laws as for a smooth boundary (Chapter 3) except 

for the maximum concentrat ion, which naturally reflected also the 

concentration change inside the vegetative cover . 

The most important conclusions drawn from this part of t he study 

for applications to field problems are the fo _lowing : 

1. Ther e exists a region havi ng a length of 30h f rom the upwind 

crop edge in which the velocity cannot be r epresented by a similarity l aw . 

This indicates that in this zone t he boundary layer not only responds t o 

t he crop below but also to the ground cover upstream from t he crop being 

considered . 

2. The vertical spreai of the concentration plume i s larger in 

a dense crop t han in a sparsely planted crop . Therefore , if it is desired 

to obtain high concentrations near the ground, the gas or diffusing material 

should be applied at low wind speeds in t he direction where the crops offer 

low resistance to the flow . I t if is de s i red to spread the gas uniformly 

over the whole plant height , then it is more advant ageous to apply the 

gas at wind in the direction wher e t~e crop offers the largest r es istance 

to flow . 

Chapter 6 gives an investi gation of the fourth problem, diffusion­

f ield per t urbat i ons caused when the boundary layer is distorted by~ s imple 

t wo-dimensional roughness ele~ent such as~ hedge _£E solid fence . The 

flow associated with this probl em is a separation f l ow with r eatta2hment 

downstream from a standing eddy zone behing the wall . It was found that 

Sandborn ' s criteriurn for separation held reasonably well also at t he point 

of reattachment which was located at a distance of 12 . 5 times the element 

height downstream f rom the wall. The data showed that at a dist ance of 

about 50 times the wall height from the wall t he ground shear stress and 
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the form parameter H approached again that of the undisturbed boundary layer, 

while the velocity profile shape never returned to its original form over 

the distances considered . The main effect of the disturbance was a large 

increase in turbulent intens ities. 

For the diffusion in the r egion downstream from the disturbance 

it was f ound that the rate of spread remained constant for all heights 

of the disturbance, but the magnitude of the spread increased with height 

of the wall. This was closely r elated to t he turbulence intens ity, the 

non-dimensional ratio of A t o the Lon-dimensional turbulence integral length 

8 r emained constant . A propose~ express ion for the spread A i s 

of the f orm 

where s is an exponent to be determined by the Lagrangian similarity 

hypothesis , and t he coefficient C depends on the turbulence . 

For practical applications , the fo llowing observat ions are 

i mportant. A t wo- dimensional wall introduces a turbulence l evel into 

the flow which persists for very long distances beyond the point at 

50h where approximate similarity of the velocity distributions is obtained . 

This affects the initial spread of the diffusion cloud, but not the rate 
I 

of spread . The shape of the cloud behaves similar to the cloud formed 

over a sJooth boundary excepting near the disturbance . 
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TABLE 5-1. Profile Parameters for Velocity Profiles 

u = 10 fps a 

Station*-l<· -4 0 2 6 10 12 lli- 16 18 
8*(in .) 1. 865 2.301 5. 521 7.296 7~252 6.625 7.960 7.993 8.461 
e(in.) 1.320 1.815 1.068 1.874 2~181 2.471 2.700 3.119 3.339 

8* 
H =e 1.342 1.317 5.17 3.~9 3.33 2.68 2.95 2.56 2.53 
u (fps) 10.1 10.5 10.0 10.0 10.1 10.2 10.1 10.2 10.0 

a 

u = 20 fps 
a 

Staionff 

8* 1.664 .972 4.216 5.468 5.798 6.284 6.808 7 .045 7.389 
e 1.304 .814 1.104 1.633 2.107 2.429 2.602 2.346 3.012 
H 1.276 1.193 3.91 3.35 2.51 2.59 2.34 2. 47 2.44 
u 2.5 20.2 20.0 20.2 20 . 2 20.4 20.2 20,0 20.5 

u = 4o fps a 

Station-!H'.-

8* 1.176 1.352 3. 446 4.862 5.256 5.297 5. 860 6.270 6.546 
e ,924 1.152 1.395 1. 417 2,017 2.167 2. 380 2.604 2,644 
H 1.273 1.173 2.18 3.29 2.61 2, 49 2. 46 2, 41 2.47 
u 4o.4 41.0 4o.o 4o.o 4o . 4 40 ,0 4o.o 4o.4 4o.o 

*·* Station in ft from the upstream edge of the plant cover . 



TABLE 5-2 . Similarit y Parameter 

(Along the row . ) 

Velocity 10 ft/sec . 
H = 0 H = 2 H = 4 H = 8 G. S. 

Sta . 5 h h C A. C A. C A. C A. C A. 
av max max max max max 

181 21-5" 6 . 211 28o 17 .0 
16 1 20 .1 11 4. 711 Av. 360 15.0 
14 1 18.7" 6 .3" 5. 70" 370 12 .3 
12 1 17-3 11 5 . 8 660 11.1 
10 1 16 .0 11 5 . 5 900 8 . 4 
6 ' 13 • 2 II 6 • 3 II 
2 ' 10 .711 5. 211 
0' 10 . 2" 0 .1" 

Velocity 20 ft/... sec . 

18 1 20.3" 4.611 120 16.0 115 16 . l~ 110 16 .3 133 17 .6 50 17 .00 
16 1 18 .6 11 4 .7" Av . 170 _4 .6 155 14.5 165 14.7 170 15 . 2 70 14 .oo 
141 17 .3" 4.811 4. 56 11 240 :1.4 220 11.8 250 11.6 225 13 .9 70 12 . 4o 
12 ' 16 .0 11 4. 5" 410 9 .1 370 9 .6 350 10 . 5 290 12 .1 8o 11 . 70 
10 1 14.6" 4. 211 84o 6 .6 740 7 .o 64o 7 . 4 450 10 .0 90 11-2 
6' 12 .0 11 5 .3 150 8 . 25 
2 ' 9 . 2" 4, 3 II _430 3 . 55 
O' 8.0" 0 

Velocity 40 ft/ sec . 

181 17 .9" 4.o" 
16 1 16 .711 4, 3 II Av . 
14 1 15 .6" 3 .9" 3 . 92 
12 1 14.3" 3 . 611 
10 1 13 .3" 3 . 8" 
"6' 10 .8 11 4. 2 
2' 8. 7" 2.3 
0' 8. 2" 0 

(Across t he r ow.) 

Velocity 20 ft/sec . 

16 1 411 16 .0 2. 0 700 3 . 811 340 7. 7" 
14 1 811 15 .0 2.05 830 3 .1" 370 7 , 211 

13 10 11 1oeo 2_.9" 450 7 .1" 
11 1 411 1575 2. 811 570 5. 3" 

9 1 811 3200 _. 811 64o 6 . 8" -- ·- -------



TABLE 6-:.. 

h D.S. u X Code A. ex C UC X-DS 
max max 

1/2 11 1.5' 9 3 1222 1.43 1.80 657 5910 
9 4.5 1232 2.04 1.15 532 4790 
9 6 1242 2.36 1.75 346 3120 
9 9 1252 2.47 1.53 309 2780 
8.7 12 1262 3.64 1.85 263 2290 
9.2 15 1272 4.15 1.13 229 2110 

l" 1.5 9.5 4.5 2232 2.46 Lli-0 350 3330 3 
9.4 6 2242 2.95 1.54 290 2730 4.5 

3.18 1.49 
9 9 52 3.84 1.54 245 2210 7.5 
9.2 12 62 5.11 1.42 178 1640 10.5 
9.4 15 72 4.77 1.29 153 1440 13.5 

1-1/2"1.5 9.7 3 3222 3.36 2.15 518 4510 1.5 
9 4.5 3232 3.34 :... 79 357 3220 3 
9 6 3234 4.18 2.11 281 2530 4.5 
9 9 3252 4.62 1.28 224 2020 7.5 
8,8 12 3262 6.oo 1.56 179 1580 10.5 

2" 1.5 9.0 3 4222 5.08 1.30 458 4120 
9.4 4.5 4232 5.15 2.03 242 2280 
8.8 6 4242 5.50 1.40 219 1930 
8.9 9 4252 6.oo 1.18 153 1360 

6.50 1.44 
8.9 12 4262 7.85 1.34 123 1100 
8.9 15 4272 8.64 1.16 120 1070 

l" 9" 9.2 1.5 2211 2.52 4.10 696 61100 0.75 
9 3 2221 2.62 1.74 356 3200 2.25 
9.2 4.5 2231 3.16 1.05 325 2990 3.75 

2.98 0.94 
9.2 6 221~1 3.54 1.25 274 2520 5.25 
9.2 9 2251 4.97 1.55 198 1820 8.25 

4.91 1.30 
l" 2-1/4' 9.0 1.5 2213 0.63 1.9 1282 11620 

9.0 4.5 2233 2.69 2.00 421 3790 2.25 
2.53 1.74 

9.0 6 2243 3.20 1.51 316 2840 3.75 
9.0 9 2253 3.98 1.41 24o 2160 6.75 
9.2 12 2263 4. 43 1.53 191 1760 9.75 
9.2 15 2273 5.46 1.48 145 1340 12.75 

l" 4.5• 9.0 9 2254 374 1.40 228 2050 4.5 
9.0 12 226l~ 4.33 1.48 179 1610 7.5 



Table 6-1 continued 

h D.S. u X Code A. a C UC X-DS 
:!l'l.8.X max 

l" 1.5' 5.2 3 2122 2.56 2.65 730 38oo 1.5 
3.17 1.65 

5.3 4.5 2132 2.97 1.30 616 3260 3.0 
5 6 2142 3. 48 2.16 502 2510 4.5 
5 9 2152 4.39 1.67 439 2190 7.5 
5.2 12 2162 4.81 1.61 360 1870 10.5 
5.2 15 2172 5.00 1.70!~ 282 1470 13.5 

4.19 1.29 
l" 1.5' 14 3 2322 2.51 2.16 393 5600 1.5 

14 4.5 32 2.92 1.57 306 4270 3.0 
13.8 6 42 2.60 1.28 215 2960 4.5 
13.8 9 52 3.64 1.42 190 2620 7.5 
13.8 12 62 4.68 1.40 133 1830 10.5 
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