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SYNOPSIS

This investigation was conducted for the purpose of making
8 bthorough study of the fundamental properties of the turbulence mise-
ing process involved in the flow of water in an open channel.

A channel 10%-in. wide, 10 in. deep, end 40 £t. long was con~
structed in such & manner that illuminated globules formed by the in-
jection of an immisgeible fluid inte the waber could be photographed.

A statistical analysis of the displacements of the globules from the
origin yielded the inbtensity of turbulence and the correlation of sucw
cessive velocities of a particle of fluide

Through these measurements of the intensity of turbulence
and the correlation of veloeities, the nature of the turbulence in open
charmel flow was determined. The results of the investigation led to
the conclusion that similerity of diffusion exists throughout the vertie
eal center line of open chamnel flowe Due to this similarity, the mix=
ing length may be proportional te the roct-mesn=square velocity flucbus~
tion and the mixing coeffiecient proporticnal to the mean-gquare velocity
fluctuation or energy of turbulence. The concept of a particle of fluid
losing its identity in the surrounding fluid was found to be untrue for
the flows investbigated herein.

This study was conducted wnder the directiom of Robert Te Knepp,
Associate Professor of Hydraulic Engineering, Cslifornis Institute of

Technologye
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AN EXPBRIMENTAL INVESTIGATION OF TURBULENCE MIXING

as a factor in the

TRANSPCORTATION OF SEDIMENT IN OFEN CHANNEL FLOW

The turbulence mixing of flowing water has for a long time
been of interest to the fluid technician end the hydraulic engineer.
Inherent in the turbulence of the water, this mixing is responsible
for the existence of many imbernal phenomena such as spparent shesaring
stress, convective heat transfer, and sediment suspensione

Mizing of water may be characterized by the mixing coeffieient,
or more technieally, the turbulenece diffusion coefficient. A debslled
investigation of the diffusion coeffiecient of the fluid itself is neces-
sary before we can determine whether this coeffiecient applies direectly
to the variocus mixing phenomens. Alsc essential is a knowledge df the
variation of the mixing coefficient from point to point, for withoub
thet, integratien of the fundamental equation for sediment suspension
ig impossiblee

Some observations® on diffusion in water have been made, but
most investigations have been conducted in air, either in the wind tun-

n&lg or the atmpspherez.

THEQRETICAL CCNSIDERATIONS

The diffusion theory for the turbulent motion of a fluid is
closely anslogous to the theory for the diffusion of gases snd of parti-
eles in Brownien movement. For this reason the latter theory will be

reviewed first.



Molecular Diffusicn=-Kinetic Theory.

From expe:rimezrbs&i on diffusion it has been assumed that, for the
steady state, the number of molecules =n diffusing through & given area

dx dy in o time t may be expressed by the relation
N
h= -D< % dxd (1)
D3z 4

where N is the concem;mtion of molecules at the point in questione The
constant D depends upon the gas in guestion, the btemperature, and to a
slight degree upon the comcentration.

Assuming that equation (1) holds for particlies suspended in s
fluid end N is a function of time and space, consider the diffusicn

into and out of an elementary cube dx dy dz in & moving fluid.
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In the x--direction the number of particles flowing into the cube per unit
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dx dt} Ji. Similar expressions mey be obtelined for the ¥y and 2z direc-




tionss The sum of the excesses in the three directions should then be

N
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Assming the fluid to be incompressible, S 3" -;3-4—";—-—-*- o 8nd we

deduce then, the gerneral equation for diffusion in a liquid streeam.

2wl T ("“)-\—)‘JQD-I'!-)-\—__(MN\ (2)

u} &2 74X

If v=o0, w=o0, N=N(z), and D is independent of %, ¥, and 2, it fol-

lows thst
LN

AN _ n 2N
T’é——— D }.*1.. (3)

Equetion (3) is the equation for unsteady one dimensional diffu-
sion in & liquid stream. It is interesting to note that this expression
is exectly the same as the heat conduction equation for a solid body.
BEquations (2) and (3) were derived for the case where diffusion
was due sclely te the random motion of the molecules, body forces having
been neglectede
Applying the fundementsl diffusion lew (1) to the condition where
the particles have a definite velocity r( in the direction of the 7 - axis,

equation (3) will become

i;l = r(—’-‘-"—‘---l—-“‘-—(l)%\ (4)




and for the steady state,

L\
e =A%) (5)

Upon integretion with respect to z ,

y(N=“D%'_'% +C

WN=—D3I% (6)

Equation (6) is the law governing the suspemsion of minute parti=
cles in a liguid at rest, suspension being duve purely te moleculer colli-
sions. It should be obvious that the diffusion coefficient varies with
the size of the suspended particles. The form of eguation (6) was check=

5
ed experimentally by Perrin .

Evalustion of D.

Evaluation of the coefficient D for molecular diffusion may be
made by following the method given by Lée'b6 in whieh the diffusion of
similar gases in two comnected vessels is considered. Dii‘f:‘usicn is as-
sumed to have conmbtinved for a sufficiently long time to athbein an equili-
brium state such thet %::‘— =0 o As the molecules of the gas interdiffuse,
let N be the number of molecules per unit volume at a certein section.
For a distance L on either side of this section the concentration will
be N+ L % end N = L %‘respectively. If L is the mean free path,

cne~sixth of the molecules moving with a velocity € will have veloecities

directed sc as to pass through dx dy as their next free pathe In time



dt +the total number of molecules having creossed dx dy from one side
will be 1/6 dx dy ¢ dt (W + L3;) and from the other 1/6 éx dy ¢ dat (W =
dan

ok The total net trensfer will then be = 1/3 dx dy ¢ dt L %:f o By

comparison with equation (1) it is seen that
D = /5 ¢ L (7)

Thus, the mean veloelity and the mean free path play an importent part in
the diffusion of moleculese

When I;articles are suspended in a liquid, the coefficient of dif=-
fusion mey be determined by measurement of displacements of the particles
in a certsain time interval. Einstein7 developed the following method of
approach.

Considering diffusive action in one direction only, suppose that
the number of particles at any place and time is N (x, t). Of the parti-
cles found between x and x + dx at time +t , let the fraction #(A )
dA be found between & and A&+ da abt the time + + Yo It is assumed
that T is smell but of such a magnitude that succession movements of a
particle are independent of each othere The number of particles between

x snd x4+ dx is then given by
+ oo

Nx b+ E)ex = dx f N (o %) b () dan

If £ is very small, we can px;b”
N(x,t+2)= N(x,t) + £ 3L

EBxpanding N ( =+, %) in powers of A ,



N(x+a,4) = \\\(X-E)»!-A N(x-l-_) ol N(x ) -
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and placing under the integral

400 +o° 400
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If on the right-hand side of this expression the higher order terms mey
he neglected, snd the second, fourth, ete., terms are dropped, since

(x) = § (»x) and remembering that

Jrerinm

400
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we get

400

R k'S A s . o
Since / AL 4:(:.) da = A", the mean=square displacement, therefore,

-— >

o AN (8)
Comparing equation (8) with equatiom (3), we recognize that

1 oat
— 9
! D=7 = (9)

———

It should be noted that AL is merely the meane-square displecement of
perticles from a plane sourece in the short interval of time *+ .
If the problem is treated as that of diffusion from a sourece

we cen then sey that the total displecement X in time NE =t is %

s DN

n
+ N -+ Kg + eee + X, s and the meanesquare displacement Xz = 2 %
|
the produet terms vanishing because of the independence of successive dise

18

e
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plecements. Again, because of independence of displacements xg is con=



stent end independent of the particular interval considered, so that

n
—z S
l

therefore,
>(L N Y :;?
= 0% - X = Cowsfant (10)
t + T T

Since & Will vary with the size of the wmaterial suspended, P will de-

pend upon A as well as the properties of the liquid.

Transfer Phenomenea

Fluids in turbulent motion exhibit a turbulence diffusion in
additon to a’diffusien due to molecular acbivity. The turbulence dif=-
fusion will depend upon the Reynolde number of the flow end the relative
boundery roughness. JThe relative effect of the turbulence and molecular
diffusion will depend upon the ebove comditicn and zlsc the entity dife
fusedes For example, salt and heat lend themselves rapidly to moleculsr
diffusion, whereas sand grains are affected only by turbulenceg moleculsr
momentun exchange in the form of visceosity has sn appreciable influence
only at low flows.

Sinee turbulent motion is random as is molecular motion, one
would suspenct that an equation similar to equation (L) could be set up

expressing the turbulence diffusion 8 of any lccal entity s, whence

S = = agé (11)

In this expression, € and y are more universally used than D and 3.

The derivaticn of equetion (11) and the significance of ¢ are



easily shown as follows:

S°+b‘j -d——-
Ay v / 1

Sb
—2Y / gy ds

Let s =s (y) be the average concentration of the entity s at e

particular point 0O in the fluid. Then the amount oi” 8 pessing
through an area A in unit time at eny instent is ﬁr (s.+ o4 ::A)AA .
o 3

The transfer per unit area per unit time is then

A A A
—A——fv(s.-‘-njﬁ%_)d,g = -;:—‘— v soclA +-—A—-— UA\J%{-}-C‘A
_—— ds °
=\ Qas
A ) “j

since -—k— f v s.dk =0 over a sufficiently large ares A. TUsing numeri-
cal values for v eand By, and substimtingp for Ay, and notleing

that + Ay is always associsted with = v and vice versa

T e (8
Sﬁwvgg‘; , (12)

Comparing equation (11) with equation (10)
€= V,Q _ (13)

It is seen that € , the wmixing coefficient, is the mean product
of the fluctuating veloecity and corresponding distance of travel.
Applying equation (10) to the momentum of & flowing streem, snd

balanecing foreces, we deduce the aspparent shearing stress at a point.
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dy (14)
On application to sediment transfer we get upon equilibrium
dN
WN=-&-"— (15)

which is idemtical with equation (6).

Equations (11), (14), and (1B) are very useful qualitatively,
but as yet they have not produced snything quantitetively. This is due
to the faet that the verietion of &€ as & function of y is not known.
There is alsc some question as to whether & may be used muiversallylcnce
it is defined, or whether a comnstent of proportionality must be applied
in each case. At present, experimsntsg are being eommducted to compare
the € %s in equetions (14) and (16). In eny case, a more fundamental
gtudy must be mede of € , and its variation as & function of the verbi=

cal coordinate .

Turbulence Diffusion=-Continuous Movements

Two imporbant &ifferences exist between molecular and burbu=
lent motion: (1) in molecvlar motion the movement of particles is inter—
rupted by collisions, whereas, in turbulent motion the movement is cone
tinvous, and (2) the length of the molecular mean free path is infinitesi=
mally small, whereby the size of the turbulence eddies is comparatively
large. ©OGince the size of an average eddy is of the same order of magni-
tude as the measurable displacement disbtences, successive movements are
no longer mubually independent phenomena, snd therefore, the history of

9=10

8 parbicle must be teken intc account. On this basis Teylor developed
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a theory of diffusion for the econtinuous movement of a turbulent fluid

by using the correlstion between the velceity of & particle of fluid at

any instant and velocity of the same particle after a time inbterval S .
Consider the random migration of particles in the y direction

end let v be the instantansous veleocity parallel +to that dirsction.

The correlation RE between the weloclty of s particle of fluid atb

time € and the velocity of the same particle after an imbervel of time

§ is given by

R - \rt \rt-i-:
S ‘r"—-—- \[—-.._..
If the turbulence is comsidered uniform throughout the field and Ri
ig an even function of § , then '1;: =u \}':*?a Uu;':s and

2

S v,

Consider the value of the definite integral
+

/bptv;-'g A?_

o
By the definition of R§ ¢ We have

+ +
/Tr:F;.sz /‘u’{ R dS.

]

Hence, since v_h2 does not vary with % ,

€
——— _ N~ (16)
| | v, U;-s dg = LA Rg d 5
but + ° e
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where Y is the displacement of a particle in time .

+
— — d Y*
]J'L/Rvgégz vY = -‘L. dt (17)

Henece,

whence,

T+
Y = 2V" /R,§ dg dt (28)

The problem of diffusion in a wniform turbulent field is now
resolved to the consideration of a single gquanbtbity, nemely, the correla=
tion coeffieient between the veloeity of a particle at one instant and
that after en interval of time § o

Equation (16) alsc conteins the turbulence imbensity Y?;g:-.
This could be measured by observing the displacement of particles so close

to a point that R?~—’~ le It follows that

A
\l \rL
o =

If the fluid is moving with the veloecity U in e direction trange

verse to the migration L =T T, and
‘ Y‘L

More interesting is the case when R_—» 0. If we can assuwe

§

that e time interval Tl exists such that the velocity of a particle at

the end of the interval T has no correlation with the velocity at the

T
beginning, then. /”RH d¢ is finite and
s

(]
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Tl
F R§d €= VY = Constant (20)

(-]

Bouation (20) permits us to define a length X N by the relation
L
| == ﬁ( (dE (21)
1
[)

thus,

— d YT
Q.V‘f" =UY= 1 at (22)
and
(23)

Bquation (23) is the equation of the straight line to which the
;—2- diffusion curve becomes asymbotice

When ¢ 1is wvery large, ?5 is proportional to the square
root of the time so that on eamp&riéson with equation (10) we approach the
condition of diffusiocn of particles in Brownian movement. It is, theree
fore, seen that Ql \{;:2: or VI plays the sawe part as D for mole=
cular movement, where Q 1 | is analogous to the mean free path and \{:g
analogous to the mean veloeitye From eguation (22) it is seen that & 1
is not & true length but must be called an effective diffusion length be-
cause it contains implicity the correlation between <+ and Y.

Tt should be observed that VY appears in such s form that it
can be measured without recourse to equations (14), (15), etc. Besides,

we have broken v into two additional measurable guantities so that one

cen make a deeper insight inte the mixing properties of the turbulence.
€ is now equal to (vg il‘
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PHYSICAL INTERFRETATICNS

The coefficient of diffusion can be seen to have the dimensions
of a wvelcelty times a lengthe Indee&, in both moleculsr snd turbulent
motion the ccefficients were found to be composed of eharacteristie velo-
cities and lengths. Little thought will soon convince one that the move=-
ment of eny entity from one point to enother depends upon the speed with
whieh the quantity is ecarried and the number of interruptions experienced.
The quantity rete of transfer, however, will depend upon the gradient of
the entity at the peoint in gquestion, because, dve to the gradient more

of the entity is carried past the point from one side than the other.

&

The coefficient of correletion between successive velocities
of a particle of fluid has shown ibts significence in the theory of dife
fusion. By following successive paths of particles of the fluid it is
possible to obtain the wvalue of‘& L \riif or VY by use of equation (22).
Correlation is a measure of the association of wariables with one
enother. The measure is propor=

Utrg . Verg

tional to the algebraic mean pro=

Uy

E=0

duct of the varisbles. In the

€ small

/,
Parfect Correlation High Correlation case of the successive wveloecities

of & partiecle at the begimming and

Uts«E

end of an interval of time g ,the

o Ut
‘;,,,W, correlation is indicated by vy vy "Y °

""" Low Correlation Zero Correfation

Of course, a sufficient pumber of mea=

. : . . surements must be taken to insure a
Fige 1o Schematie representation re

of correlation of successive

velooities of a fluid particle. true meene
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Figure 1 is a schematic picture showing various correlations between
veloelties, the high correlation corresponding to e short time interval,
the low, corresponding to a long interwvel. The dots are imaginary mea-
surenents, the value of the correletion being obtained indirectly by
other means in this paper. In order to make the correlation ecefficiemt

dimensionless, is divided by the product of the standard

v% v% +g
deviations @ o “W .

In & similer sense, the correlation coefficlient may be inter-
preted as a measure of predietability; leee, from the velocity at one
instent, how well one cen predict the velecity at e later instent. If
the correlation is unity one cen predict with swensss, but if the core
relation is zero there is no chaunce of predicbion.

There is one importent limitation to the correlation coeffi=-
clent as defined above: 1t cem be applied only to data which scatter
about a straight line. If the date have a curved trend, a correction
must be applied. However, in random fluctuwations which are encountered
in turbulent motion there is no reasom teo believe that the trend will
be anything but linesre. In the case of correlating velocities of the
same particle the regression is obviously linear.

Many other types of correletions exist between velccities in
a turbulent fielde For details see reference 1 and S. Ty

Bquation (21) defines s length, )1 = ‘_? R§ i§ .
This may be considered as being the length which the fluid technicians
end engineers call the "mixing length®. The "mixing length® is inber-

preted physicelly as either o measure of the average size of the eddies
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or the effective transverse distance the flulid masses are carried
before leosing thelr identity in the surrownding fluid. If the former
interpretation is given, ;91 zould be epproximately half the aversge
size of the eddies, since / &Rg dS may be thought of as an aver=
age measure of the time a pzrticle takes to travel to the top or botltom
of the eddy and \iig? is the mean velocity of travel. Eéasuremgntsll
in the wind tuunel tend tc substantiate this @onaépt» On the other hand,
if the latbter interprebation is given, the integral is the effective
time that a particle requires to penetrate the surrouwnding fluid fer
enough to lese its initisl identity. It is necessary to note that the
time of penetration is given by § for Eis = 0, whereas, the integral
tekes into account a correlation between the velcoelty of penetration

and the time for penetration. As mentioned before, the "mixing length'

has meaning only when a correlabion is implied.

SCOFE

This paper is concerned with the discussion of an investi-
gation into the nature of diffusion due bo bturbulencs in open channel
flowe Thecretical considerablons are reviewed for the purposs of ace
guainting the reader with the necessary fundamental ooncepbs and bechni-
cal tormse .

Although the variation of turbulence intensity was measured,
particular atbention was focussd upon the measurement and variation of
the Téylor lengﬁh,?lf with the hope that it would throw some light on

the significance of the "mixing length®.
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Two chennel conditions were used in the investigatbtion, smooth
walls and bottom, and rough walls and botbome. The meximun depth was
held constant at 0,65 feet. In the smooth chammel, three discharges
were studied, 0«88 cefefs, LoD cofese, and 175 celfes.y in the rough
channel one discharge, l.51 cublie feet per second. The flow in the
rough channel had the same slope as the high flow in the smooth channel.
Heasurements wers made at five points in the cenbter of the channel for
the lowest flow, while only two poinbs were investigated in the remaine

ing flows. The Reynolds numbers ranged from 97,000 to 294,000,

LABORATORY EXPERIMENTS

AE? aratus

The experiments were conducted in a closed circuit flume, (see
figures 2, 3, 4, and 5) 10} ine wide, 10 ine high, and 40 fbe long. The
slope was adjustable by means of a jack and pivet combinatione On each
side of the flume was a glass window 5 £t. long and 7 £t. from the downe-
gtresm ende Also at the downstresm end was a motor and propeller puap as-
sembly the discharge of which sould be varied from % to 3 cubic feeb per
geconde

Smooth walls and bottom were obtained by application of bitu-
mastic paint. Rough conditions were produced by covering soft bibtumastic
paint with sand grains having o mean size of 06820 mme. and a geomebris
standard deviation of 1.18. Figureyé shqws a representative sample of
roughness.

Qusntities of flow wers set by a venturi mebter which had been
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Fige 2o Diagrametic sketch of 10" closed-circuit flume.

Pige 3o Bilde=view of flume showing asdjustable and pivet
supports, observation window end venturi mebser.
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Fige 4o Upstream end of flume showing diffuser,
transition seetion and varied cornsrs.

Fige 5o Downstresm~end of flume showing collecbion
tank, vari-=drive motor end ecireulating pump.
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previously calibrated by el
ther pitot tube or miniaturs
current-mster measurements.
The depth was regulated by ade
ding small quantities of water
to the flowe

Figure 7 shows injec=

tion apparatus in positiom. A

-

Fige 8. Representative sand roughuness
and benzene adjusted to the sample. Magnified 10 times.

mixbore of carbonbetrachloride
same spscific gravity as the wabter was injected into the flow through a
small 24=-gauge stainless steel tube having an internal dismeter of 00123
inches. Upon leaving the tube, the mixbure broke up inbo mmall immiscible
globules which could be traced phobtographically. A buretbte btube was used
to provide the head necessary for the proper injection veloclity. Aligne
ment of the injection tube was determined by means of an adjustable plate
supported in the flow downstream from the tube. The small immiscible
globules of ecarbontetrachloride and benzene were photographed by a Leica
camers using Kodak plus X filme.

Figure 8 gives the calibration of the flume for smooth condi-

tionse

Procedure
A particular discharge and depth of waber at wniform flow was
established by adjusting the slope of the flume and speed of the pumpe

The injechbion tube, connected bo the burebtbe tube by a flexible sondult,
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Fige 7e Injection apparatus.

1000x S ~ BOFTOM SLOPE -
'8 .6 4 L2
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" FLUME
WALLS AND BOTTOM SMOOTH

o0 02 o4 ‘0.6 08 7.

L1

0 r2 T L6 +8 2.0 22 EX] 26 28 a0
Ah~ DIFFERENTIAL HEAD IN FEET

Fige 8o Calibration curves for the 10
closed-cirecuit flume.
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was fixed at the desired depth. The aligmment plate was then inserted
15 ine downstream from the injector end at the seame depth. A sample of
water was then taken from the flume. This sample was used to meke a
final test on the relative density of a previously prepared mixbure of
carbontetrachloride and bengzene. Knowing the wvelocity of the water at
the desired depth from previous calibration and the diameter of the ine
jector from measurement, the height of the injection fluid in The burette
tube was adjusted to produce an effluent velocliy equal to that of the
water.

With the diaphram set at fo 18 and 1/1000 second, the cemera
was placed on one side of the flume. A bank of three flood lamps in a
horizontal row was placed on the obther side of the flume as close as
possible to the plane of alignment of the edge of ﬁhe area to be photo=
graphed and the camera. Then a wooden strip was placed in front of the
glass on the camera side to shield the lens from the glare of the lamps.

Afbter the flow became steady, the immiscible fluid was injechw-
ed into the water. A roll of picbures was then taken by hand in rapid
succession. According toe preliminary studies on the amount of data re-
quired for & good statistical mean-square-displacement curve, from four
to five rolls of film were used at each point for a particular {low,
Between rolls, it was necessary to clean oubt the returning globules.
This was accomplished by running the water through twoe layers of cheess
clothe

Figure 9 shows poinbts of three typieal insbanteneous photographs

of diffusion at the seme injection depth end discharge.
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Fige 9. Typiecal diffusion photographs. Note the periodic wandering
which gives some indieation of a definite turbulence patbern.
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After development, the films were projected on a screen to
exactly full size. At various distances downstream from the injector
bube, the vertical positive and negative displacements within a marvow
band were read off the soreen to the nesrest 1/100~inch by means of co=
ordinate paper. For the study of the two lower discharges, displacements
were obbeined at the following downstresm points: %5 %3 1, l%; 2, $,==13
inches, and as far as 30 inches at one depth. For’the higher discharges
these points were used: 1/8, %, &, 1, 15, 2, 3,~=13 inches, or 1/8, %,

%; 1, l%, 2y 35 45 6, B==l4 and one case to 32 inches downstream.

ANALYSIS OF DATA

Method

The analysis of the data was purely sbtatistical. At each depth
for o certain discharge the date was taken off the film as desceribed
above and averaged algebraieally. The process of averaging eliminated
the possibility of extrameous mean-vertical currents affecting the mean
displacement of the globules. All the data for the various distances
dovmstream were then sguared to the nearsst 0,001 (:‘m.)2 for disbances of
1 ine or more from the tube, and to the nearest 0.0001 (:’m.)2 for poinbs
%~in. away or nearer. The mean of these squares was determined by divid-
ing the sum of the total number of squares. The final procedure in the
analysis was bto subtraet the square displacement of the particles of fluid
over a period of time T or distence downstream X =0 T.

For all depths and discharges, the meah~square displacement

wes plotted on logarithmic paper against the distance dovmstream. In
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every case, this plot yislded a definite curve which was most useful
in studying the turbulence and its diffusion characteristicse. A plot
of the square root of the curve near the injection point was used to
obtain the intensity of turbulence T;i through equation (17) by extra-
polation to the origin. The curve i'bgalf gave the curvabture of the abe-
solute mean-sguare displacement curve by the relation
A B 2
ax* U 4tt %t

where n 1is the slope of the logarithmic eurve. The curvature in turn,

n(n-1) (24)

led to the value of the correlation cocefficient R through the deri-

s

vative of equation (17), namely,

LTL
“iil:* = V™ Ry | (28)
dt
Solving for RS and using equation (24),
R.= 4—(*9-)1. d” Y* (26)
= = —_— 5

NYAAYE S
= (ﬁ.{) = h(n—1) o

or with the help of equation (19),

omm—

x 2 Yl .
Re= +- """") —= h(n- (28)
§ L(\r\?—i x:Dx )

Sinee it is desireble to plot R TOrsus ’g s We use

3
$= %" (29)
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Bquations (19), (28), and (29) are the final ones used in
this investigabion. In using these expressions, the assumption of
uniform turbulence was made. The assumption was good near the surface

of the watere

Presentation of Resulbs

Figures 10 to 13 show the mean-sguare displacement curvsse
Eoch point represents an average of about four hundred measurements.

Ieble I gives the results of measurements of “:ﬁ? near the
injection pointe In solumn 4 are the p@fcentages of turbulence at the
origin as given by measurements at various distences from the origin.

Curves of variation of \\_;E, Ql and ﬁ. Q 1 at the low
Plow are shown in figure 14.

Figure 15 shows the correlation curves for each flow sbudied.

DISCUSSION OF RESULTS

Mean Displacement Curves

It can be seen from figures 10 to 13 that the data plot on de=
finite straight lines except mear the injection pointe. Since the plots
are‘GnAlogarithmic paper, the straight lines signify that the mean-square
displacement ocurves are exponential of the form §§.= e X2,

Very near to the origin where R_,—> 1, the mean=square dis=

€

placement should be proportional to the square of the distance or in other
words perszbolic. The Y2 curve should then plot with = slope of 2 on

log paper. In the other extreme, far from the origin where R_-»0, T2

$
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should be a linear function of distance and a log plot would yield =
curved line approaching a slope of n = 1. With thess limitations in
mind a curve was drawn on the plobtted points. An approach to the proper
eurvature was noted for small valuss of X, bubt no systematic curvabure
was evident for large values of X . Even for such extreme distances
downetream as 30 ilnches there was no pronounced tendenecy.

There may be some guestion as to the effect of a vertieal
variation of turbulence on the mean displacemente True, a vertical
variation 4id exist and this also implied & variation in diffusion
strength. In the lowest flow there was a marked tendency for the mean
globule path 4o fall at the 1 in. and 6% ine depthse In all the remain-
ing flows the 1 in. depth showed sn upward displacesent within 9 in. of
the injector and a downward displacement for the remaining distance, evie-
dently showing an effect of the injector. At the 4=ine depth in the high
flows the mean movement was always upward. In any case the maximum means
displacement was 0,26 in. in 32 inches. It is doubtful whether the move-
ment is due to a bturbulence variation or a consistent vertical mean-motion
in the chawnel. At.any rate the mean-displacement correction had to be
made for definitely observed movements due to the presence of the tubes
Besides, the corrected data do plot with striking characteristics.

That the straight line portions of the curves are parallel for
each flow is very interesting. This means that at any vertical section
of chamnel the mean~-square displacements at corresponding depths are pro-
portional.

Further inspection of the curves for all smooth channel disge
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charges shows that for corresponding depths of 1 ine. and 4 inches the spac=
ing of the curves is the same. Therefore, it can probably be concluded
that for sny flow at a given maximum depth and chamnsel roughness, the mean-
square displacements are proportional for corresponding depths. In fact
it so happens that for the 1 in. and 4 in. depths the rabtioc is 2. The
rough channel curves give evidence that the latier similarity conclusion
sanmot be exbended bo cover changes in roughness.

The slopes of the curves do not bear any relation to one another.

nig from data collected by Richardson and Proc%ora on the

Sutto
diffusicn of balloons in the atmosphere, found a linear varilation very
similer bo the wariations found in the invesbigation in water. Assuming

, - P
that R ¢ o< (Ug ) , he obtained by use of equation (18)

Y e<Ug )20 (30)

or by equation (29)
¥ = k@ (31)

where K 1is a proportionality factor amd m is substituted for 2 = p .
Using equation (31) es a guide, Subbon plotted Y° versus X logarithmie-
cally and got m = 1,76, This is in perfect agreement with the authoris
results on the low flow. However, it does mot agree with the results on
the remaining flows. OCbviously the factor K depends upon the intensity
of turbulence at the point in guestion.

It cannot be over-emphasized that this investigation confirms

Sutton'®s theory of diffusion as a funetion of distance rather than time.
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This means that turbulence diffusion in an open chammel is analogous to

the diffusion in the abmosphere.

Intensity of Twrbulence

The Inbtensity of turbulence abt a point is determined by exitra-
polation of the square root of the mean-square curve to the origin. The
slope of the root curve at the origin is then the intensity of the turbue

lensce QVBQ referred to the mean velocity of flow. (In the present case

the transvggss velocity fluctuations are referred to the mean longitudinal

velocity). If the acbual displacements are used to find the mean fluchuate
ing velocity \f?ié', table I shows that accurascy attained as the origin

is approached. Columns 8 snd 9 indicate that in the two lower flows the

%&in. distence is reliable whereas, in the lighter flows the L/Buing dis=

tance is necessarye.

/ 2 3 4 5 6 7 8 9 10 "
7 7 ¢ 7
Q S | Deptn | VaZ o |[E=ve| 2 A A (TET)/(”ﬂ (%)
T T Yo
in cfs.| Slope |in Inches| T at origin | V% K Vi T4 @ A
Smooth Ze Yo FA
/ 3.75 24 0.0427 87 97 '4\}
2% 4.25 114 0.0485| 86 98 \}asss 0.703
0.58 | 0.00027 4 5.38 113 0.0608 87 97 [
5§ 6.15 1.06 o.0652| 89 98
&% 6.50 0.96 0.0624 S0 98
Smooth / 5490 2.2/ 0.1/195 86 94
108 |[0.00080 0,696 0.7/3
< 775 2./16 0./675 86 95
Smooth 7 32 | 345 | 0/560| 7% 57 38
1.76 | o.0022 - 0.696 0.7/3
4 6.50 3.36 0.2/85 78 87 85
Rovgh
7 5.96 3.0/ 0./793 | 81 90 97
157 o.0022 0727 | 0737
< 8.20 2.97 0.2435]| 79 88 94

TABLE I-COMPLETE RESULTS OF TURBULENCE INTENSITY MEASUREMENTS



31

The complete results of inmbtensity of burbulence measurements
appears in table I. The percenbage intensity is given in column 4.
Columm 6 gives the absolute mean vertical velocity fluctuations. The ef-

fect of roughness is evidente

) 07—
3 !
Figure 14 shows e plot of column WATER SURFACE —

\ = \ —_
6e The shape of this ourve, which has \ngMmM/ﬂA'

e
N

been checked by other experiments, refer-

N

Proportional to
VI®d, and T2

N

ences (13), and (14), signifies that most

of the energy of turbulenece occcurs and is

VERTICAL DISTANCE~Y IN FEET
< © <

\
Q=058 cfs. /

generated near the boundary. The turbu- Y

lence energy near and at the free surface el _——”///

o oor 002 0.03 0.04 0.05 006 007
VERTICAL VELOCITY FLUCTUATION ~ VD2 IN FEET /SEC.

®
<

ig the result of diffusive migration of

eddies from the bobttom or side walls. Fig. 14. Mixing properties of
However, as we have shown, the turbulence
energy plays only one part of the diffusion phenomenon; the other pert is
discussed later.

It is interesting to note from column 10 that the ratios of ine
tensities at the l-in. and 4-in. depths are the same for all smooth chane
nel flowse This results, of course, from the spacing of the displacement
curvese The ratios of the absolute values of the turbulence agree very
well according to column 11, and it might appear that the absolube values
vary inversely with the fourth root of the depths. However, other ratios
for the same flow do not substantiate this latbter relationship.

An inconsisbtency appears in the variation of the intensity with

discharges the inbermediambe smooth flow has a greater intensity then the

turbulence in open chamnel flows
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high smooth flowe However, the absolubte values are in the expected order
of magnitude. The inconsistency is probably due to vibration of the in=
jechion tube, because at this particular pump speed some vibration was
noticeable although apparently remedied at the timee But since the vibra=-
tion depends somewhat upon the depth of the tube in the flow, there may
be some question as to whether the vibration was actually present or
whether the inecrease in tur’culemce was part of the nature of the flume as

& wholes

Correlation Curves

Figure 15 shows curves of correlation coelficisents for vertical
velocities at all points measured. As stabed sabove, these curves were ob=
teined by meens of eguations (28) and (29).

These curves yield three imporbant conclusions: 1) that of core
relation R € is reasonably independent of the depth of flow, 2) that
the curve falls off very gquickly for small wlues of § , and 3) thet the
curve never gets very near to Rs = 0, The first conclusion is a direct
result of the similarity of the mean~sguare displacement curves. In fact,
for each flow the R € curves could have been brought tegether by inten~
tional selecbion of the intensity of turbulence. The second conclusion
means that very small eddies are present which destroy the early high core
relation and diffuse the particles of fluid rapidly. These small eddies
are elther generated by the stem of the injection tube, or are inherent
in the flow. The third conclusion drewn from the curves signifies that

no matter how far the particles of fluid travel these velocity correla-

tions never get to zero, abt least within the distances included in this
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investigation. In other words a particle never loses its initiel Iidentity
as far as veloeities are concerned, or bebter, as the particles spread
apart, larger and larger eddies show their effecte. It is evident, there-
fore, that the flow must be made up of variable-sized eddies, since very
small eddies would quickly diffuse particles when close btogether, and

large eddies would tend to keep the particles moving when far apart.

Mixing Length

It was thought that the measurement of Tgylor's Ql s would
yield considerable information on the significance of the "mixing length".
Inspection of the correlation curves show that a quantitative value for

9 1° cannot be atbained, at least within the mesasurements made in this
investigatlion.

As stabed in the previous sectbion, the correlation surves
demonstrate that the size of the eddies in our chennel has apparently
no upper limit, comparable to the sibtwation in the atmosphere as found
by Subttone This is probably to be expected as there was really no "a
priori® reason why the eddies should have a definite scele or size, 1.9,
here was no honeycomb or grid placed in the channel. The eddies were
ocreated only by the channel boundaries unless some eddies generated by
the punp and elbows prewvailed in the flow at the measuring sections AL
least we are certain of one thing and that is:s +the veloeclty distribubion
curves (ses figures 16 and 17) at the test section appeared to be fully
developed although quite different from those 13 feet upstream. No velo=
cities were measured below the section to test for further development.

Another important comelusion may be drawn with respect to the
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correlation eurve. If it is trus that the mixing length is defined by
equation (21), and that the correlation does go to zero afber a finite
time, then, since the curves are reasonably independent of the injection
depth we can conclude that the mixing length is proportional to the root-
mean-square valus of the turbulence fluctuations, as shown in figure 14.
This variation does not agree wvery well with results obtained by other
methods™®®

After all, the time interval ‘f is less than one second in
all investigated cases. However, if the correlation values did go To
zero for intervals as large as € = 10 or 20 seconds, and this is nob
an unreasonsble durabion of time, the areas under the curves would be
reasonable and the resulting ,Ql’s would be of an ezpected crder of
magnitude.

As mentioned before, the size of the eddies is large with
respect to the measured displacements, and therefore, suwoessive dis~
placements cannot be expected to be independent of one another. If dif-
Tusion measurenents were made in a large tank many feet in diameter and
with the same turbulence properties as preveil in the 10=-inch flume, then
there is no doubt that the mean=square displacement would become propor=-

tional to time as is the case in molecular measurementse

Diffusion Coefficient

The "mixing coefficient" or more technically, the diffusion co=
efficient is given by the mean produet of the velocity fluctuation and
the depth of penetration. This was shown to be equal to \J ? 9 1°

+
If it is assumed that R —» ry larg
assume < 0 for € wvery l&?é%}/Rﬁ de
(-]
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becowss finite, end & becomes proportional to w2 or varies with the
energy of turbulence as shown in figure 14. The results are consistent

. b 1é ‘
with those obtained by other means.

However, if the mean-square displecement curve does Lollow the
logarithmic linear law, it is obvious that no definite scale cen be ag=
signed to the eddies and, therefore, the diffusion coefficient defined
above is likewise indefinite. But we know that this ecannot be so, since

it is obvicus that a finite cceflficient must exist in order to transfer

momentum and sedimente.

RESUME AND CONCLUSIONS

A laboratory experiment was conducted for the purpose of
measuring certain diffusion properties of water flowing in an open chane
nel with the aim of etteining a more fundamental understending of phence
mensa such as apparent shearing stress, convective heat transfer, and sedi-
ment suspension.

The experimentel work consisted of the measurement of displace-
ments of smll imwmiseible globules injected at wvarious depths in four
different discharges with two channel roughnesses.

Theory, reviewed to scquaint the reader with the necessary
basie concepts and terminology, wes applied to determine the varistion
of inbensity of turbulence, Tayior's Q 1° end the diffusion coefficlient.

The results of the investigation lead to the following con=

le Within the range of conditions tested in the lsboratory,
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the ratio of the mean=square vertical displecement at corresponding depths
in sny vertical section of any flow with fixed boundary econditions is ipe
dependent of the distance from the origin.

2e¢ In any case, the mesn-square displacement is an exponential
function of the distance from the source, except very near to the source.

3¢ The diffusion exhibited by wabter flowing in an open channel
is similer to stmospherie diffusion.

4e The intensity &n& energy of turbulence are greatest near the
boundary.

¢ The effect of roughness is to imeresse the intensity of
turbulence.

6o The correlation of successive velocities of a particle of
flvid falls off rapidly for short-time intervals but never stteins the
value of gerce This means that there exists a large varistion in the
size of eddies, similar to the condition in the atmosphere.

Te From result (6), a particle of fluid never loses its velo-
city identity in the surrounding fluid in the open chennel flow investie
gated herein.

8¢ The correlaticn coefficient is independent of +he depth
for any partiecular flowe

9 Taylor's length Q 1° which nmey be interpreted as the
"mixing length", is proportional to the root-mesn-square veloeity flue=
tuation, provided that the correlation coefficient IRg beccomes zere
after a finite interval of time.

10 The diffusion cocefficient 1;'? Rl’ sccerding to result



40

(9) is proportional +o the energy of the vertical component of the flue=
tuating velocity.

The shortcomings of the laboratory technigue used in this in-
vestigation should not be overlooked. They are: 1) the insertion of
en injecbion tube which disturbs the flow, 2) wvibration of the tube, 3)
inertial effect of the globules at the origin, 4) the size of the globules
which may be as large as some of the smellest eddies, end 5) the tedious—
negs of the enalysis of the data.

It should be remembered that the results of this study were
limited by the number of eonditions investigated. Future work of this
type should be done in other channels as well as the chammel used here=
in, to completely understand the nature of the turbulence of open chen=

nel flowe
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