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SUMIARY

Veaswemsnbs of the sediment and veloolty distributions in
2 laborabtory flume were umde for verious values of rate of flow, slope
of ohammel, and size and amocunt of suspended load, The experimental
sediment-distribution measurements were compared with the theoretiesl
distribution whieh assumes theat the ecoeffleclent for the Lurbulent trans~
fer of suspended sediment is the same as the coefficient for the bur~
bulent transfer of momenitun.

The following ere the main findings:

(1) The measured gediment distributions have the seme form
as the theoretienl distribution but do nob agrse quantitatively with
them, thus showing, as was amticipated, the invalidity of the asaump-
tion that the transfer coeffiecient for sediment was equal to that for
momentum. In general the messurements gave larzer concentrations than
the theory when the suspended load wes fine, while as the size of the
sediment was inoressed the agroepent improved wp to a certein size of
gediment beyond which the tendency was in the opposite direetion.

{2) Suspended sediment in a Flow tends to reduce apprec=
iably the turbulent transfer of momenbum and henee the resistenecs %o
flow, allowing the sediment-laden wabter to flow more rapidly than a
comparable clear water flowe This effect incrsases with the total
sedimont load and with e decrease in the grain size of the sediment.

(3) Suspended load in a flow tends to produce instability
and may be a faetor in eausing the seeondary cirsulstion ohgerved in

rivers.



Introduction

¥any important practical problems of today invelve the movemsnt
of sediments by wator and thelr somplote solution requires more Inmowloedsge
of this subject than now exists. Floed control mmd chammel maintenance
on ghreams, both lerge and small, iz just as much a problem of sediment
movement ag it is one of flow of waber. As a madter of fact established
practices are guite successful in handling the water flow of floods but
the problem of passing the sediment load is still unsolved. The work of
the United States Department s5f Agriculture in recent years in developw
ing methods of reducing aceelerabted erosion on agriecultural lands has ene
coumteored many new sediment-transporbtation problems that have shown the
urgent need for additional fundamental knowledgze of this subject. It ig
in commection with thess latter ussds that this study was undertalen.

Sediment may be transporbtsd by flowing waber in essentislly tws
different ways, il.9., by zrolling or sliding along the bed of the stresn
shanrel or in suspension in the body of the fluid. Habterial transported
by ths former mothod is called the bedload of the streanm, or simply bed-
load, whlle that carried in the latiter way 15 ¢alled the suspended load.
I the neizhborhood of the bed a continual inbterchange of material is oge
gurring between the bed and the overlying fluid and at this point it is
gbviously difficult to distinguish between the bedload and suspended load.

o

The two types of transportation are by no means indspendent, but they are
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eferring b them.

b

separated only for convenience in shudying and
The pressot sbudy deals only with suspended lcads IHowsver, be-
fore procseding to the discuszion of the main sujech s Loy remarits ré-
garding the relative gtatus of the Imowledge of the two kinds of sadiment
transportation anpear to be in order. By far most of the expsrimental
work on sediment transporitation has been dons on bed load, yet nc satise
factory thecry for this type of movement has appeared. OUn the other hand,
in the case of susrended load, the theorebisal work is far in advancs of
the experimental, there being no complets experimental data on thisz phase
of transportation. There is an abundance of measurements of suspendse
load in natural streams, but in general these wers made only to estimate
the sediment load and consequently do not include all the date necessary
to check the theory. Bed-load measurements in natural streams are very
few. This may he accounted for, at lesst in part, by the difficulties
and expense of making bed-load measurements just as the ease with which
suspended~load measurements can be made,; accounts for their relative

abundance,.

Previous Work

- Bmpirical theories.

Anong the earliest suspended-ioad transpertation studies were
thogse made by British engineers on the irrigation systemg in India. The
problen here was to design canals so that ssdiment in the waters diverted
from rivers would not Be deposited, while at the same time noc ercsion of

the boundariss of the canals would oocur. Hennedy (1) made a study of
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this probles upon which he based an enpirical sxwpression for ths oguili-

her deposit or ranove materisl. s oxw
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briwn velosity that woul

T=gg2 (1)

where ¥ is the eguilibrium veloeity, ¢ is the meaun depth and ¢ and
1 are constants. For the Indian canals and the footwseeond system of
unite, Hemnedy obtained walues of 0.84 and 0.84 respestively, for s angd
7. He expected & to vary with the srain size of the sediment load buk
d4id not feel that n would vary avpprscisbly.

Attempts to apply relations of this type to similar problems in
this country (2) have met with only pertial success sinee conditions were
apperently different from those upon which the relation was based. Other
engineers have varisd the constants ¢ and n in the Rennedy formila in
an atbempt to meke 1t cover = wider rangs of conditions bub no attempis
to introduce other variables seem to have been made.

Griffiths (8) developed an expression for the silt load of a
gtream by assuning that in the empirical Remmedy formula V iz the avere
age waloeity in a verkical of the srossesestison, 4 is the deopth at this
polnt and e is a coeffieciemt proportional Yo the sediment load 33 in

parts per 10,000 by welighte

leég@ (2)

Eliminaeting ¢ from I and 2, and vearranging

y

e m (3)

By fitbing the expression (3) to measured data Griffithe obtained
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values of 7«5 for ey and UeB7 for n. Bugineers discussing (3) his work

pointed out that the ezpression failed o accound for 2ill of the varisbles

&

affecting sediment trangporbtation and sould not anply renerally. Despite
< Ers & go) £ &

£

the enmpirical nature of ths formula in some cases it appears Yo give re-
sulte that are gatisfactory.

Btudents of sediment trensportation recognized that turbulense
wes a major facter in keeping the material in suspension and attenphed o
develop sxpressions for the vs;-%icai’i somponents of the turbulenca. Onea
the vertical turbulence velooibty was kmown it would be possible to deterw
mine the maximum size of materisl that c¢oculd be supported, and thersfore,
trangported. Amonz these attenmpts was thet of Krey (4) who assumed that
the distribution of vertical velocity was ellipticsl with the maximm at
midwdenth. This sassunphion is to be Qusatio:a@dj gince measurenents (5

have ghown that the turbulenee is a maximum at the houndary of the channel

and diminighes with the distance {rom the boundary.

lodern theories.

Hodern theories of suspended~load transporitation are based upon
the developrents in the mechanios of turbulent flow of fiuids.

Consider a two-dimensional turbulent flow im the = divestiosn
with a velocity U(y), where y is normal to ®. Then according to Rey-
nolds (8) the shear parallel %o =, on a plane normel t6 y may be omw
pregsed by

Temaou ¥ (4)
where Ois the mees densidty of the Pluid and 9" and v' are the turbulent

veloelty fluctuetlions in the =x and y directions respecstively, and the
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par densbes mean values Although thiz resuld was originelly obbained by
applying the Favier-Stokes equations, as shown by Prandtl {(7) it may else
be sbtained by & dirset appillsation of the momentum theorm.

Bouation {4) is of value in explaining the existence of the tur=

2

wlent shear stregs but bafors it can be used practieally it must bs poge

ot

sible to express the mesn produst in terms of known flow charssbteristics.

Boussinesg (2) introduesd an expressicn for the shear of the form,
T = /0€ s éyﬁ_ (8)
dy

whers the guentiby ~¢ is analogous to the cosfficient of viscesity in
the expression for viscous shear and ¥ is the mean velociby in the x
direetions The gquantity ¢ has the dimension of a kinematie viscosity

but unlike its cownterpart it ds a function of flow conditions, and there~
fore, varies from point to poind.

Bguation (5) may be written in the fora,
, 4 ' :
T = ¢ = {~Pu) {8)

The term »é% { ©U) is the momentum gradient in the y direction, and
gince the shear gitress is eguel to the momeritum transferred through wld
area in unit time, the guantity € iz a coefficient sxpressing the sxe
change of fluid between neighboring filaments. This gquantity is called
the goefficient of turbulent exshwages Ubviocusly 1% has the dimensions,
Iength x weloelty.

In order to procced Desyond the work of Bousalnesg, Pranditl intro~

duved inbo turbulsnce theory the scncept of the “wixing length® which is



snalogous to the "mean frse path®™ in the kinstic theory of zasss. Ascord-
. “ - @ : ¢ o o E N
ing to this coneept the fluctuatien U 1z pub egual %o the miming length

\ s ‘s . N S .
A times the noan veloslty gradient %;é- and ¥ iz asgumed proportienal

o) "‘Eis" ayr,
7= f %g (7)
and
7~ (8)
Introdusing sguations {7) and {8} ints equation {4) and absorbing the can-
stant of vroportionslity in /,
T = /"/\’ 2 (ﬁ%‘})ﬁ (9)
The ecerrelation coefficient, 7y, belween the velseity fluctuations
7' and V' is defined by,

i

/&1 af,ﬁ:'g{;m {10)

Tntroducing equaticns (7) and (10) imte {4), there is obtained,

T =0, o v'2 f %’» (11)
von Harmén (11) defines a correlation coefficient /P such that

T =GP v'/%g (12)

where V'  is the average of the sheolubte wlues of the fiuvetuations
normal to the main flows From equation (12) it is seen that the coeffi-
glent of turbulent wmixing ¢ , hag the value,

€ =S (13)

and the dimensiong, velocity z langthe
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Just as equation {12) sxpresses ths rate of transfer of momentum
ue o turbulent mixiung, it is possivls o write by a sinilar sguation the
transfer of heat, suspended particles or eny other sropsrbty that iz earried

by the fluide Thug, the turbulent heat transfer in wmit area and time is

-y da
and the rate of trenzfer of masy of suepended particles ver umit area is
t=-L v /&L (15)
dy
where g is the specific heat of the fluid, & the temperature, and ¢

the concentration of suspended material in mass per unlt velume. vwou
Xarmsn (11) pointed out that the values of &, ¥ and ./ in equetion (12),
{14), and {15) need not necessarily be the same.

It is interesting to note that transfer occurs only when there
is a gradient of the property being trangferred and thet the net trensfer
is in the dirsction of decreasing concentration., If, for instance, in a
suspension of particles there is nc zradient the particles are wniformly
distributed in the fluid, and turbulent nmixing will merely result in a
circulation of the materiale. Ou the other hand, when there is & mixing
between levels of different concentration the less laden fluid is ex-
changed for L£lvid conlelinlog more particles asd the rasult tends toward
a more uniform distribution of the suspsnded material.

Por steady conditions in a suspension of particles, such as oo~
curs in suspended-sediment transportation, the turbulent transfer of parti-
cles in the upward direction is balsnced by the sebitling of the particles

due o the Iforece of gravity or,

»Bv‘f%}mw (16)
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whare W iz the sstiling welosity of ths nardiclss in ths wndisturbed

Transposing and introdueing eguation {18) ths differential sguse

tion for suspended sediment bssomes,
5 .
w0 + %{‘i = 0 (17}
Selution of eguatiom (17) nmives,
¥
« ,
log, S=-w & (16)
Iﬁ% 44 6
&
Y

where O, is the concentration at an arbitrary reference.lewal y = a .
IFf € is constant over the depth, ie%., € (¥) = canstand, equation

(18} may bs integrated to give,

wE ez

<for

- gi- (y~a) (19)
a

where ¢ iz the bage of the naturel lozaritims.

The above relation was apparently first given by Schmidi (12) whe
applisd it te the study of sugpension of dust particles in the atmosphere.
Bquatien (17) was derived by a formal procedure by O'Brien (13). The more
direct derivation given above is due to von Kerman (11).

In peneral € 310?'/ is a function ¢f y and must be so ex~
pregsed before squation (18) aan be solveds Susch a relation is furnished
by the monentumetransfer theory, ieee, equations (5} or (12), which yields
the expression for the cosfficlent of turbulent exchanges ag follows,

€ =Qv' S = ng (20)

o

5 o - L . ; o) . ‘ -
Tntrodusing equation (20) into equation {(18) vields the rslation

7 ay
, & o S ~
Loz, %, © > dy . {21)
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which was {irst presented by von Xarmén {11} in 1934,

In & wniforn opanechannel flow whose ratic of width o dapta is

sguilibrimm of & priem of Pluid of wnit widdh: and leagzth and of helght

d =y . Suming up the foress in the direction of flow, and noting thai
the statiswpressure foress F, are sgual,

T=Y(a=-3)s {22)
where YV is the specific weisht of the fluid snd 8 is the slops of +the

shannele The w;:mu wion san alse be wrltten in terms of the shear at the

\§\J

b

ige le ©Caloulation of fluid shesr in uniform two-dimensionsl
' open-ghannsl Fflowe

boundary as follows:

where T is the shear at the bottom or from egquation (22) 7' = VY a8 .

Hotwes
The average bottom shsar mey be saleulated by considering the aguilie
brium of a wait length of the entire or egsﬂaacﬁlun of the 3%raaﬂe The
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Tforee actiag along the bed is given by A8 where 4 iz the aren of
cz‘msw%cms“.g This is resisted by an averase shosy . avbing over
the wetted perimeter of length p, of ths el or o

= YE & .

M = = = A {25*)

@ ¥

where H iz the hydreulic radiug of the channals ’”fgvt cusly for wide o
nels R=d amd ¥ =vd 8 . qutmn (24) is nemed after DuBois {18}
has been used mﬁ?xsi‘w}}.y in the development of expreszions foy bed laé},ﬁ.
transportations

513
B

Introducing squation (23) inte squation {21) there results
s
. Too& :
g, 5, =% | ¥ (25)
- 3 o ...:ﬁ
P=)

au

By oompubing -5,3;- from measured *s;al?;ocitlas, e dlstribution of sediment
can be caloulated from eguation (25) for different sediment fractiocns and
compared with actual meagurenents,

Were 1t possible to cbisin an expression for the valoeity gradient
the above integral could be evalumted and the distribution of sedinent of
different grade simes, i.s., settling velocities, dobormined from sasily
obtained flow characteristiss. The von Hdrmdn (17) v sesal velocity de-
feot law,

U~Umax _ 1 log X

o

/T ‘ ° ¥, (28)
P

has been shown by Hikuradse (18) and (19} %o apply to pives and by Heulegan

(20) to alsc apply to open chammels £28) and therefore, furnishes a relaw
tion for the veloeity distribution. In the gquation k is a2 universgal
constent (0.40 for pipes), v is the distance from the well of the pipe of
rading 2z, . For wide open-chamnels, os discussed here, ¥, 1n equation
(26) is replaced with d, the depth of the flow, The derivative of the

veloeity then becomes,



(27)

@Ef-ﬁs

ft
e
& §m

whieh,when introdussd into eguation {2&}, rives

{28)
V_ ¥ (-35}

Integrating the sbove expression gives

F34

C - & 2| = (20)
E&. ¥ zdaa e

£33

5

whare 5 = H ., From this sguation 1t iz possible o plot the curves
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Aelotive Concentration &,

Fige 2« Distribution of suspended load
asosording to eguation 29.

of relative sediment distribution shown in figure 2. This chert was first
songtrusted by Arthur T. Ippen at the suggestion of Professor won Karmdn
and published by Rouse (21).

It is to be unoted that aquation {29) 25 well as those preveding



it give only o relative concenitration and therefors, do not smske possible
the caloulation of the dtotal transport of the stream. In order e nale
this possible 2 walue for 04 is zwed@ié sl the problem of obtaining the
trangporting ocapacity of a flow may be simply stated as one of detemining
this value. OBome stbtapis have been mads o develop relations for total
lecad but thisz work has net proceeded fer enough to indiente ite validity,

- y £, 1 -
disoussing the magnitude of Uy, vor Kérman (11) statss that it dow

=

pends probably on the size of the sedimend and cn the magnitude of the
shearing strssz acting at the ground. Rouse {22) has s zegtad that ths
limiting value of & in egquation (28) be made equal %o kg, the height

of the roughnsss elements. He further sugzssts that the sorresponding
concentration €, for this level be caleculated from equation (19) as-
suming that in the interval y =0ty =k, €(y)= €(k) = Constant,
and that the concentration at y = 0 be set equal o that of the bed
mﬁ:@ri&. Lano and Kalinske (23) approaching the problem from s statiw
gtical point of view argue that only those particles having fall velos
cities w, less than the vertical fluctuationa V' , of the bed velocity
will be picked upe By assuming a normsl distribution of ¥ and getting
the rost meanesquare fluetuation i/ pa‘uz}eﬁmml %o the frioction velow
aity ‘l/j/éz._ they proceed Yo ealoulats the probable rate of suspension of
nateriel. 4z a result of an snalysss of the snergy balauce of sugpended-
load transportation, Knapp (24) advanced the bypothesis that ths eapasity
of a gtream was limited only if the settling velesity w , of the sedivmnt
is greatey than the rate of fall of the strean U 5, wheres ¥ iz the

average veloelty of flow and B is the slope of the chenmnel. Yhen the
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savtling velocity is less than U § the meberial sontribubes energy to

Esd
"
]

= _— - » 5 - = " r
the Tlow thus meking i1t pessible o pick up additional lead wnill axhome-

3 run

Terifiecation of theoriss.

Althouzh no comprehensive suspendedw-load experimenis have hsen
made in whish the laporbtant variebles huve been systematlieslly investie-
gated, suwe noteworthy experimenital work has besn done.

Schnidt (12) appears Yo have first applied the turbulence thaory
te the problem of suspended loed in his studiss of the suspension of dust
varticles in air. He obteined eguatiom (19) which assumes a sonstant
value for the oxchange goelfisisnt.

In 1929 Hurst (25) reported a series of oxperiments on the susw
pension of sediment in a ¢ylindrisal colum of waber agitated uniformly
by & series of propellers much as was ussd by Joule in his experiments on
the mechanical equivalent of hest. He msasured the concentrations ab
varicus levels in his apparatus of three well graded sands (mean size 0.8
mmn, Oed mmn, and 0.2 mm} for several propeller speeds and found that the
digtribution of sediment followed an emponential relatiomship of the form
of eguation (18). Furst wos alsc able %o derive his relationship frem an
anglysis based upon the kinetiec theory of gases. He considersd the verti-
cal sguilibrium of a prima of fiuid of height dy, having ends of unit
arsa, by treating the partisles as wolesculesz in a gravitational field.
The pressure on the lower facs of the prism is then 1/3n n g where n
is the mass of each sand particle, n is the sunber per unlt volume and

% is the meen square of the vertical veloeity of the particlss. Similape



¥* and the
P - O
>

"
/
B S (i@ PE

dn

Or
—— O O
1/"3 an Ve %-w-ﬁ;go-»ggn dy = 0
8
soluation of which ziver Horstlz sguation
R w0 3
2 ‘
n=n 8 =) "‘E‘ 4 (30)
& "3 v’z

Rouse (28) performed some experiments similar to Hurst's, using an
agitater of scarse mesh bars which was osseillated in the vertical direction

with simpie harmonie mobions Fhe megulis of this worde for a comvposite gand
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Pilze . Vortical Blslribublion of the
components of 2 sediment mixture fop
conditions of wnifom turbulenca.
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> that eguaticon (19) is valid and verify the

theorye In the above rssults € way debermined as a Pfunction of agitaltor
frequency, from measured sediment distribution by applying equation (19).
Rouse observed a systematis deviation of the value of € obtained for the
soarse sand from that obtained from fine sand. The devistion was atirie
uted o o differsnce in the serrelatiomefactor (P of equation (13) for
mining of the fiuid and of the sedliment.

In 1932 Leighly (15) cutlined a method of calculating the exe
chanze coefficient € , for natural streams and discussed its sffect in
suspending gediment in the body of the flow. In a later paper Lelighly
{27) caleulated the amchange sosfficisnt from some sediment neasurensnts
on natural gtresms by using eguation (19)s He also caleulated the sedi-
meot distribution frem the exchange cosfilcient by step inbegration.

In 1935 Christiansen (28) attempted to check equation (18) by
applying it b0 sediment measuremsnts made by Fortier and Blamey (29} in
the Imperisl Canal, In gemeral the observations agreed with eguation
{18) but the results wers not antirely conclusive sinse somplste dete
was not aveilable and 1t was necessary to estimate sush quantities as
the slope of the canals, and the settling veloclty of the sediment before
saloulations could be made,

Ricnhardson {30) has meds some simultenecus sediment and velosity
meagurements in the laboratory which led him to concluds that the verti-
22l distribution of sediment iz neariy exponsntisls These ewperiments
were performed in a chummel 5 om wide, 8 om deep and 150 en in length, and

it iz doubtful whether stsady sonditlons could be obtainsd in sush 2 shord



veaah. In a later peper (31) this same author reperts the results of oxe
neriments iz & somewha’ larger channel {1° % 5') and goneluded that

i the boundary reglon the concentration of suspendsd sediment is inverso-
Ly proportional fo ¥ and that in the open streanm it varies exponentielly
mush as ezpressed by oguation (13} These ezxveriments are sub jeub bto the
sume oriticignms as ths precsding ones, and it iz doubiful if the date can
be uged to check the theory sincs the conditions for which relaticns ars

developed were probably not atbainede

Objective of Bxperiments

The main ebjective of the present experiments is to ostablish
the physicel law for the dist rl‘ba‘tmﬁ af sugr;@”mad sedinent in turbue

lent open~chammel flow and at the same time to wverify the theorebicel
distribution luw expressed by eguation (28).

in order to accomplish this objective it is clear from equation
(25) that in addition to measuring sediment concemtration it will be
necessary to measure the wleeity of flow and the settling rate of the
gediment. This will Purnish informabion whish san alss be uvsed in choolw
ing the applicability to open channels of the relations for velosity dise
tribution developsd for pipes. Of considerable fundamental importance
will be the determination of € , the miming coefficient, from the meaw
sured sediment distribution by using eguation (17),. %nwleage of this
guantity will give fuwrther ingight ints the nmechanism of burbulent mige
lng that will contribute to the somplete understanding of the problom.

It iz o be omphasized again that onee the relations for the dige



tribution of sediment are established 1t will still not be possible to
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prediet the total lsoad of the stresam. Zhe present emperin
some daba on the totel transport. Howsver, complete determination of the
relationy iz obvicusly not possible within the limited soope of this work.
It is aiso bo be pointed out that the present study 1s only & small pard
of a somprenengive investisgetlon whose broad objeetives are to finally

nrovide laws and raletionsghips that can be used by enginsers and other

water is involvede

Avvarabus and Prosedure

Hain flume,

The experiments were performed in s flume 55%;— ingches wide by &0
Peet long, srranged so the slope and discharge could be varieds. The szlope
wag adjusted by means of 4 palrs of screw jacks end the dischargs wes
varied from I %o about Se8 cue ft. per second by changing the speed of
the pumyp in the systesn through s varisble-ratie tranamission in the elage
trie motor drives The sides of the channel were made of l2-inch strue-
tural channels lined with 1/8~inch-thick rubber. The bottom was & 5/16~
inch steel plate artificlally roughened with sand. By making the circula-
tion sysbem closedwsireuit with the minimum weloelty in tﬁa Llume, 1t was
possible o resireulate the suspended sedinment with the water withoub
danger of depositing material in the piping systen.

he flume as first constructed was described in considerable ds-

tail by Oaks and Kuapp (52) and is shown disgramatically in figure 4.
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Expsriments with the sbove sircull, yielded faly results but indieabted
that the dizturbances due W the punp smd inlet wers suwerting an sppre-

gizhle affact an Plow annditions in the flume. This condition wasz ime

proved by revising the eoirculd as shown inm figure 5.

f

Adjustable . Litfuse Lol for

. Controllng iniei.gEorh el 60'¢ang
Cume 60 Lorg,,
. - Llow e [z
\ oo doct S
N Lloor Lune. ! 4 ,1
63|
l 0P
= e i 1 . B
: M- e e x
Y /.
L Neptver Mreter Lropetter Pump  \Vorjobk Speed
N Cop_Gefs P

Coosco-cireu T FLume
Lor
SUSPENDED -1 0AD _STUDIES

Section Throu ol A-A

Fige 5» Revised flume cireult used in final experiments. (series
11, runs 1422).

The pump and venturi meter wers placed at the discharge end of
the flume, thus providing a run of about 50 feet of L0winch pipe to "equal~
ize" the flow before emntering the transition to the 53i-inch-wide flume
section. In order to elinminate the possibility of separation the include
ed angle between the sides of the transition was made 5 degrees.

Particulay stbtention is called to the adjustable horlgzontal dife-
fuger 1id shown in figure 6, which permits the control of the depth at
which the water is introduced into the flume sections By thisg meansz the

upstream depth is made equal to the equilibrium depth in the flume and



wnifors conditions are atitained in & much shorter reach than would

otherwise be possible,

DIFFUSER

TDIFFUSER  TONGUE

commmerey

SECTION-B-B

LEGEND
() DIFFUSER TONGUE
@ TONGUE MINGES
() FLEMBLE JOINT OF SPRING BRASS
(@) SPRING BRASS LIP CONTROL

) LIP ADUSTMENT MECHANISM
(8 TONGE ADJUSTMENT WEGHANISM
() AuBBER HOSE SEAL

Fige 6. Diffuger 114 at inlet 4o flume section.

Figure 7 shows the inlet of the flume corresponding to the final
eireult shown in figure He The adjustable diffuser 1id is shown at the
left along with the adjusting mechanism, while at the right is seen the
downegtrean part of the B-~degree transition seckion. Ths mmbers 1 and
& on the side of the chaunel merk the distence in feet Irom the end of
the diffuser 1id and are referred to as stations. ZThe flume discharged
inko & collection tank from which the water and sediment entered a 10winch

pipe and were recirculsteod,
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Fige 7. Inlet to flume showing diffuser 1id for conw
trolling inlet depth and downstream end of 5° trans-
sition seobion from l0-inch pipe o flume.

General view of ﬁm'aisahargé end of the flume
showing eollection and storage tanks.

Figure 8 shows a general view of the discharge end of the flums.

Digsturbances of appreciable magnitude in the collector tank tended to
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gause alr to be entrained and had %o be eliminated by properly designed
baffles. Horisontal vanes in the baffle in the end of the tank showm in
figure 8 helped to turn the flow vertieally downward without disturbance.
Disturbences that did occur wers prevented from reaching the surface by
the shest-metal covering over the venes. In the background is shown the
tank in which the water is stored when the flume is draineds The pump in

the center of this btank is used o rebturn the water to the Plum.

Fige 9» General view of £1ume i‘mau
inleh end.

Figure 9 shows a general view of the flume from the inlet end.
The beam gpamning the channel at about mid-length carries the insbtruments

used in meking neasurements.



23

Adjustment of -flow.

Adjusting the flow in the flume to & given depth was readily ag-
complisghed by punping the correet volume of water into the system and
varving the discharse until wiform flow was resched. Unee the roughuness
of the charmel was obtained from actual messurement of a flow, the dig~
charge for sny other depth could be predicted gquite closely from the
Harning formula. @niforn flow for a given disgeharge was sesily obimined,
(onee the flow was set with the water manometer on the venturi meter) by
adjusting the amount of water in the closed systeme No difficulty was
ever experienced with the vlosed system because of pendulatlon or amy
other instabilitys The flow was easily adjusted and remained gtesdy for
indefinite lengths of time.

_D_qpth measurenents.

Water depths were measured with the point gage shown in figure
10 which can be read to 001 ft. by means of a vernlier seale. The pro-
esdure in making depth measurements was ‘mli‘irst, adjust the elevation
of the bracket holding the instrument so the scsle read gero when the
point was resting on the bottom and then to 1ift the point so it just
cams in contact with the surface. The scale then showed directly the
depth of the water. Considerable judgement had & be exsrcised in sebe
ting the pointer to the surface of the water since waves of some magni-
tude were always pressnte The average depth was read from the point zage
when %}ﬁe pointer was hitting the water about half of the tine. The aver-

age depth for the channel was obbained from measurements of at least 10

or 15 points. The mecheanism and scale of the point gapgewere also used



for an instrument holder.

Fige 10s Point zage for measuring
woter depth.

Velooity measurements.

Veloeities were measured with a 5/18-inch dismeter pitot-static
tube of the standard Prandtl desipgn. The differential pressure on the

tube was read to 001 ft. on a water manometer and converted to velooity
by assuming a coefficient of unity for the tube. (Thet this assumption

is Justified ie shewm by Peters (33).)



Pige 1l Pitotestatic tube and menometer used in
measuring v@lo@i%i&s.
Pigure 11 shows thé got=up used iﬁ.making velocity measurements.
The manometer is shown at the right while at the left the pitotestatic
tube may be seen m@unﬁ&d‘in the instrument holder on the cross beam.
The entire assembly is arranged so it can be readily moved along the

flume on the carriage which is shown in place under the apparatuse
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Diffieulties from clogging of the pitot tube with sediment in
the flow were avoided by frequently flushing it out with tap water passed
out through the tube into the strsame. Even with this technique there
was still some tendency to clog the dynamie vort of the tube. Howover,
this was practically eliminated by first inbroducing wabter into the
nanometer, so the differential was greater than the final wvalus and
then letting equilibrimm be reached. In this manner the flow is alwamys
out of the dynamie port and sand is kept from entering the tube.

Prequent additions of elean tap water to the manometer system
tended to keep the glass tubes clean, thus reduocing errors dus to sure
face tension effects. Before this techmique was adopted the menisci of
the water columns were often wnsymmetrical and poorly formed, but with
frequent additions of water this difficulty wes eliminated complately.

The manometer was always connected directly to the dmmestioe
water line so flushing-out could be done conveniently. Brass cocks at
the top of the glass columns smd in each of the pressure lines to the
pitot-static tubs served to control the flow of tap water during the

flushing-out aparatione.

Sediment sampler.

The distribution of sediment was determined from samples siphoned
from the flume through a 5/16-inch outside diameter brass-tube pipette
shaped much like a pitot tube. The tip of the sampler, which is shown
in figure 12, was flattened so its inside dimensions were 04430 inches
by 00139 inches. The average velocity at whieh ths sediment-laden fluid

entered the flat tip section was made equal to the stream velocity at
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the sampling point, by adjusting the head on the siphon.

Pig. 12, Flat tip of §/18~inch
brass~tube sampler used in ob-
taining suspendsd load
sampleg.

Piguré 13 shows the set-up used in samplings. The elevater in the
center,which carries the end of the siphon and the liter sample hottle,
permits convenient adjustment of the head on the siphon whieh can be read
directly from the scale on the right post of the elevator. The end of
the siphon was mounted on & pair of gliding shafis so the flow could 'ba
gquickly shifted from tha semple mmg to the waste and vice-versas At~
tention is called to %he gtation numbers on the side of the flume. Samples
are being talken at station 40.
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Pige 134 Seteup for taking mspsnﬂa;d—-load s&mplaéa

The time o remove a leliter sawple was caleoulated for each point
from the mesasured stream velocity and the area of the flat tip sampler
(.Gﬁé §q. in.), the head on the siphon required for the rate of flow de~
ternined by trial and three liter samples taken. The time for each sample
was measured with a stop wateh and recorded. The gediment was removed
from ‘?:hé sample by filtering and was dried and weighed. The average
vieight of the three samples was taken ag the concentration at the point,
Heiphta of aver 1 pram wore determined €5 1 centisrem while the smaller
guantities were determined to 1 milli;gmm.

Hater removed from the {lume in sampling was replaced in order
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t¢ keep the depth uwniform. It was found that rewoving or adding as little
as 3 gallong of water made a me#surable difference in the tail-water depth.

The effecet of the rate of sampling on the amount of sediment re-
moved with the sa}ﬁple was studied experimentally. A serles of liter samples
were ramoved frem a noint at rates (veleeitiag af the Pinid at entranes
to the flat +ip sgmp}.er) corresponding 0 1.00, 0.86 and 0.75 times the
local stream veloecity. The sampling point was 0.5 feet from the center
of the flume, 44 feet from the inlet; i.e., at station 44, and 0.1 feet
from the bottom. The local velocity was 3,13 ft/sec., the flume wes set
to a slope of (0025 and the water was flowing et an equilibrium depth of
04495 foet. The suspended load had a mean settling rete in still water
of 0,058 ft/sec.

The results of this experiment, presented in Taeble I show that as
the sampling rate decreases, the amount of sediment collected per given
volume of fluid increases. When the sampling veloeity is lower than the
local stream veloeity, the fluid stream lines ourve away from the sampler
tips Due to their greater inertia the sediment particles follow paths of
less curvature than the fluid with the result that sediment is trensferred
to the fluid entering the sampler and the apparent concentration is inm
ereased. When the aagnpling velooity is greater than the strean velosibty
the curvature is toward the sampler, and, therefore, a tendency to dew
orease the amouwnt of sediment collected would be expected.

The values of % in Table I give some idea of the fluctustion in
goneentration at a polnt in the flow. While the deviation of individusl

sample weights from the mean was as high as 10 percent it is interesting
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TABLE I

Experimental deltermination of the effect of re-
lative sampling velecity on the amount of sediw
wmeut collectesd. U = local stream velocity
(3.19 £4/s0e). W= veloclty of fluid at en=
trance to flat-tip sampler.

1) ¢ [

s K3 - e
0 gre DT ]

v ' liter cl

0a99
1,04
0699 ,
1.00 0e95 1403 1600
0e87

1.06 ()

0498
0e94
1.08
090
Qe88 1.00 1,08 1.05
.99
1,05
0a91
1,10

1.13
0.99
0496
Oe78 0.99 1.12 1.08
1.00
0497

¢ = sediment collected lu grams per liber.
T = average value of € for given rate of samplinge

to note that the deviation of the average ol thres consecubive sanple

weightes from the mean does not exceed 3 percent. It is also interesting
to note that the length of , filament of fluld having a wluwe of one
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ige 14e Photographs of sampler operating in stream ai
different velakive sampling rates, Uy/Us

of the flat-tip sampler oparale

Fioure 14 shows thres photo;



ng at ratios of swipling velosity %o strean velocity of {a) 1.9,

(b} 047, and (2} Oele The center photograph (fige 14b) shows very
clearly the curvaturs away from the samplsr, while the lower photograph
indicates that even for no flow in the sampler some sediment enters the

tubo.

Sediments used as suspended load.

Sedimats uged as sugpended load were prepared by zrading a
silica sand in a wind-tummel classiflier sonstructed for this purpose.
This device, which is deseribed by Obtto and Rouse (34), is arranged
s0 that send is introduced into the uppsr part of a horigontal wind
stream end is collected in pans along the bottom of the stream. For
any wind veloecity the horizontal distance travsled by the particles iz
determined by their settling weloclty zo material collected at a point
on the bottonm is well sorted as to settling rate or hydraulie diameter.

Pigure 15 shows a logarithmic-probability plot of sleve analyse
es of the thres sands used as suspended loade The table within the Pig-
ure shows the size parameters of the sediments. The quantity 4, 1is
the geometric mean sieve diameter and is read direetly from the plots
For a normal distribution, ie.e., straight line on plot, the geometries
mean and median dlameter are equal. The quantity g g 1s kuown es the
geometrie stendard deviation of the sieve diameters. It ig the ratis of
the geometric mean asize, d,. to the size thal passes 16.2 percent of the
material which in bturn is alseo egual to the ratio of the size passing
83.8 percent of material to d,. The method of calculsting these para-

meters was shown by Otto (35).
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Pigure 16 shows photomicrograchs of the three sediments whose
mechanical analyses are plotted in figure 18. The sand grains are quite
well rounded and uniform in shape.

The quantity “é'g, in figure 15 is ths mean sedimentation diameter
where the geodimemtation diameter of a partiecle is dofined as the diamoher
of the sphere of the same density having the same settling veloecity as
the particle. The geometric mean settling veloeity w, in water was dee
termined from observed settiing times for individual particles of a re-
presentative sample of the sediment. The mean sedimentetion diameter is
then the diemeber of the quartz sphere having the settling weloeity w ,
in water.

Calculation of the sedimentaetion diameter was based on the re-
sistance coefficients for spheres es outlined by Rouse (38)e This opera=
tion was considersbly simplified by using curves of setiling velooity
versus dismeter of sphere for various walues of the temperaturs (fig. 2a).
The mean sedimentation dismeter was alsc determined from sieve analyses
by taking a weighted mean of the sedimentation dismeters of the material
held in each sieve. This latter diameter was determined from actual sete
tling velocity messurements of samples taken from the sieve separates.
The procedure in making the sedimentation-diameter determinations is
described in detail in Appendix I.

The average sediment concentration for the enbtire flow was de-
termined from samples siphoned from the collection tank through a 3/4-inch
pips and rubber hose. The entrance of the siphon was directed vertically

upward so the dowward flow in the tank could enter withoub chanpinz die
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~oction. During sar-pling thes pipe wos noved aroumd

from all parts of the eross ssctior. In general

1.

was greater than the wvelocity of flow at the sanpling point and according
to the preceding discussion one would expect the sample to show less con-

somtration than astually ewisted.

Bottom voughnoss.

As mentioned previcusly, the sides of the flume were lined with
rubber waille the bBotton was roughened with sande The twe bottom rouginssse-
es used in the experimenits wers formed by the sands whose sieve analyses

are plotted in figure 17,
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Pige 17 Logerithmie probability plot
of gieve analyses of sands used to
roughon botbem of flume.
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layer decpe The eoxcess material was swept off afber the paint was dry,

leaving a wiform sand bed one prain in thickness,
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Goneral outline of ezperiments

g

The experiments on this study may be divided into two series,
In the first series, whish was carried out in the fluwe circeunit shown
in fizure 4, the slope of the flume (s = .0025) was kept corstent

aad only ooe Lotbom rouphness {sand Ta) and one suspended load (semd I)
were usede Only the rate at which wabter was discharged end the smound
of sediment in the system were varied. As wentimed under "Apparatus
and Procedure® this cireuit (fig. @)- gave e disturbed enbrance con=
dition end was not comsidered completely satisfactory. The distur=
banees were due to the puwp, which was near the inlet Lo the fluns

and to separation of the flow in the transition from the pipe to the
Plume. The latter was remedied, at least in part, by baffles whieh,

of course, introduced considerable reosistance and therefore, turbulence.
& good index éf the performence of the svsbtew is given by the head
loss or the head developed by the punp which amounted to _g,hout 5 feet
for a discharge of § eubic feet per second.

The second series of experiments was made in the revised
circult shown in figure 5. No separation occeurred in the transition
section and the velocity distributiom was quite wmiform and symmetrical.
Only ebout 8 feet of head was required Yo circulate § cubic feet of
water per second in the revised system. In this series, complete
neagswenents were nade with one bottom roughuness, (sand Ila)}, three
gizes of suspended load and two depths et sach of teo élopes thus

covering a falrly wide range of conditims.



Velecity distribution

Gauation {(29) buz The dsbribebion of sedlmmb over o verbical
section of & stroan was derived Yor w Llow with & larpge width-depbh
ratic, lis @, two dimensional sonditians and for the case of logarithmic
volooity distzivublone Sefore the relabion cax: be applisd to the
present experiments 1 is necessary to show that the assuned condibtions
obtain, Figurs 19 shows the veloelby distribution across the fiums for
the first series of experiments, l. €., series I (Runs 1~13) while some
typical velocity distribution ciwvves for series II (runs 14~22) are
shown in fipure 21, Comparison of figure 21, (a to d) with figure 19,
(d to £) shows at once the improvement in the flow effected in series
IT by ehanging the system from thet showm in figure 4 to the one in
figure ba. These wveloeity distributions elso show that the influerce
of the walls of the chennel does nobt exbend to the soumter of the flume
and that the asswypbion of two dimensimel cm&ti;@ns near the serter
of the flume is justifieds The only way tiab the resistance of the
walls can be tremsferred to the cecter of the channel is by twbulent
shear or mmeﬁtma transfer which can exist enly if there is a horizone
tal velocity gradiemb. The faet that this gradient is zeroc or very
smell permits the conclusion that near the center of the i‘}.u#m the inw~
fluence of the walls is negligible.

Pigure i%, (@ to £) and figure 21, (a to d) :ive the velocity
digtribution at veriovs stations, i. e., distances Trom inlet, along
the flwe and show the pradual stabilization of the velcooity front.

<

Here again may be noted the improved flow conditions in series II (ig. 21)
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Figures 20 aud 23 show dimensionless seni-logarithmic plois

]

of veloclby profiles for series I and II, respectivelve The ralative
Ly 9 &

digtanee from the botten, %*, is plotted on the logaritimie srdinste

soale against the dimensionless velocity Veds on the abscissa acals.

The ouantity gde iz the sow-called frictisn veloclty commonly written
= Xy o

To
r

the figurs, the abscigsa value 16 being indicated for each curve. The

« The abseissa seale is shifted for sach curve s may be seea in

surves in fizure 20 are arranysd indto four grouss aceording to the
averaze sodiment content of the flow, while those in figure 23 are
grouped ascoording to size of the sediment being transported.

In all cases the velocity distribution fits the logsrithmic
lew very well. There ig a svetematic deviation from the law as the
bottom is approached which may be atlributed to the effect of viscosity.
In azef%ing its influence the viscosity teads to suppress the turbu~
isnce which has the offect of lessenin

g the exchange coefficient, €

“

in the sguation,

In order to develop the shear, the decrease in the mixing coefficisnt
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is compenseted for by an increase in the pradient which results in

the inereased veloelbty near the bottome It 18 to be noted that ths
deviation from the lavw cocews in the lower 10 percent of the depth

and that it is therefore not of major importance as far &s the dis-
trivubion of the sedimen® in the main bedy of the flow is concerned,.
An epparent deviation from the law is alsc to be noted at the free sur-
faces However, due to surface waves and the disturbarnss of the pitot
tube itself it is felt that {these weaswenents are not too reliable
and that conclusicuns based on thes must be drawn with reservation.

The velocity curves of flgures ZU and 49 are ot the Yorm,

g U omaxe 2.8 3 ¥ (s1)
= ; > O, =
Vids  zds k a

where k is a miversal constent. The gquantity 2.5/k is the slope of

the semiloparithmic plot of the veloeity profiles which should be con~
start if k does not varye 4 close inspeetion of figures 20 and 23 will
show that the slopes of the curves do vary, as the size ard consentra=
tion of sediment are variede The wvalues of k for the individual curves
are shown in tables to the right of the figures and in bable II, colums
6 and 7. In general, k decreases as the concentration is incressed or
as the size of sediment in suspension is decreased.

Figuras 22 and 24 show the veleeity profiles for series I and
11, respectively, plotted according to the von Kermgn veloeity defeet
low, equation (26). In figure 22, the date of figure 20 have been com=
bined according to the s ediment content of the flow and shows clearly

the variatlon of ke In figure 24, the data of figure 23 have been
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grouped according to the valuss of ke The surves show that k is de-

sreased b the yresencs of the sediment but the relatlion between size

nd the universal ecaastant, b, is not clasr. Fipuras 22

¥ ete however, thet the loparithnic velesity law is walid end
Justify its use in developing cquation {29} for suspended load distribu-
tiotie

Distribution of Suspended load

Bguation (29} plotted logarithmically is a straight line with

& slope,

Loggg-

¥

Log H

% = {32}

which may be read directly from the graphs Figures 25 snd 27 ghow
the sediment distribution deta for series I and II, respectively,
plotted in the sbove mamner, i. €., log (/Ca against log H. The
origin of the ebeissa scale {(log H), which occurs &t C/Ca = 1, is
shifted for sach curve,

The wvalue of g ray alse bs caloulated from the expression,

W

Vf f~ds

whers w is the settling veloeity of the sediment, k is the von Kerman

3)

&

{
%

umiversal constant and '[/—' ig the frietion veloeitye In order to dise
tinguish between the value obtained by equation {33) and that obtained
by fitting the experimental dabe in figures 25 end 27, the latter walue
is denctod by sy. Obviously, if the thoowy ls correst the two values

will agres.
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The intersection of sach curve wibh the lime log H = 1.0 is
indicated by a short horizonbsl dash. Ths vertical distance fron the
orizin {6/Ca = 1) to the dash, weasured in cycles on the logarithmie
seale is the wvalue of By The values of both g and zy are listed in
tablo II (eols. 12 and 13}. The twe velues epree quitse well for runs
L bo 17 which were all made with the conrsest suspended lozd (sand 1),
For all of the rus with finer send the velue of 2z is from about 20 o
40 percent grembter than z;.

From inspection of figures 285 and 27, it is at once apparent
that the v esults of series II are ln much closer sgroement with the
distribution law (equation (29) } than those of sories I. The dis=~
agreement ccours in the upper levels of the flow, l.e., for small
values of H, where more sedimemt is found than would be expscted from
the law. Comparison of the resulbts of the Lwo series must be mnde
only far those runs rade under ctmparable conditions with the seme
size sediment, Runs 14 bo 17 of series II were msde with the seams
sediment as the runs of series I and may therefore be compared. These
runs {14~17} also show more sediment in the upper levels than given
by equation 29 but the difrersmnce is slighte The rather large deparbtures
from the dlsbrivulles luw in series 1 are no douwbt due tu entrance dis-
turbenses in the {lew whiech, as pointed out previously, were appreciable
compared with those occouwrring in the revised circulation system (fig. 5)
uged in series II,

The disagreement betwsen the theoretical and measured concen=

trations shomm in figwres 25 and 27 are, in finel enalysis, quite amall



and the cuwrves show conclusively that at least the form of ths dis-
tribution function is sorrect. This sonelvsion iz confirmed bv fipures
2C and 28 which show plots of 2y log H areinst log ¢/ta for series I

Io Here again the disagrecment in the upper levels bsbween
mgasurenent and the distributian fumetion is noticeable as iz alse

the better agreemsnt of the resulbs of sories Il.

Figures 29 and 30 show the sediment distribubion, bhoth
neaswed and caloulated, (equation 29) as a fimebion of the relative
depth weesured vpward from the refersnce level a = ,05d. The measure=
wents ere indieated by circles while the theoretical distribubian is
shomm as a solid line. The ggreemsnt for series II (fig. 30) as
previously seen is quite good over the entire depth, whereas series I
(fige 29) shows the departure in the higher levels noted befare.

It is well to mnote that in ealeunlating the sediment distribue
tion the experimental wlues, 51s of tho exponents were useds Table
II, Colse 12 and 13 shows agreement between z amd zy for only one
sediment s0 it is not possible to say that the distribution law
(equation 29) pives the correct velves of the relative cancentration,
¢/Ca. Yt cam be said is that the distributiom funection is of the
sorrect forme. The sigzzificé&ma of the lack of agreement in some cases

belween z and al will be discussed balow.

Coefficient of turbulent mixing

The turbulent nixing cocefficient is given by equatiom (20),

€= 3373“’/(:: -0 (20)
/O y

&
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Introdvsing eguaticms (28} and (27) inbe (20) vives,

€=vds a'@;(i - %d (34)

a

This expression asswmss logarithmic velocity distribution and linear
digtributiam of shear and gives the coeffleient € ; for momenbum trans-
fere In deriving squation (29) the assumption was made that the
nixing ccefficient for momentum would slso apply to sediment transfer,
the mixing coeffieient for the sediment by aprlving eguation {17)

whioh gives,

L (35)

4
dy

The mixing coefficients may be reduced to a dimensionless form by
dividing by the depth times the friction velocity as follows:

%ﬁm =k (1 -4 (36)

€ = o x ..._w"
anas ggd&; dgj

Figure 31 shows both the mixing coefficient for momentum

(87)

{(eqs 36) and for sediment (eqe. 37) for four identicel flow conditions.
Ihe a and b curves of the figurc are for series 1 with aversge sus~

pended loads of 1.34 and 3,38 grams per liter (see table II, col, 16),
rezpechtlvely, and in general ere typical of this series, Gwves ¢ and

d are typleal of resulis cobtaired 1 series I[I, the foraer being for
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mentum transfer and sediment transfer
The agreement between the twe mixing coefficients for series

I (fig. 31la and b) is quite g;aqd. For the ccerse sediment in series
zz,' ths sediment cgoefficient is smaller than the momentum coefficient,
while the opposite is true for the fine sediment. Eguwetion (18) shows
immediately that emell values of € give syzll valuse of the cancentra-
tion, Ce It is also apparent from equation (29) and figure 2 that
inereasing € , and therefore G, will tend to make the concentration
more uniform, iet., Gocrsase z. These effects may be noted in figure 31
¢ and ds In the former cese, the € valus for sediment mixing is less

than assumed, l.0., less than the coefficient for momentum tremsfer,
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ot of suspvended lead on the veloelty distribution

=

g ! ! 3 o - .
The von Herman universal constent lk, (eq. 26 end 31} depends

b

only on the mechenism of turbulent mixming and a chanpge in k meens
that the mixing mechanism has in some way been albered. From equations

(5) and (27),

(28)

or the mixing coefficient is dirsctly proportimel to ke A decrcase
in k deoreases the mixing coefficient end if the shear (depth and
slope) is kept ocanstent the veloeity gradient will have to inorease
to compensate for the reduced € » This will result in an increase
in the velecity of flow, Thus it is seem thet k is also a factor in
oatablishing the velocity distribution.

The wvaluss of k cbtained for various sediments and flow con=-
ditions are shown in table II, colwms 6 and Te The offeet upon k
of inereasing the sediment load is shownm by series I, l.e., runs 1 bo
13« 48 the load was incressed {see table II, eols, 18) the k values
decreased, Series II, ise., runs 14 to 22, shows thet the coarse
sediment (160 m) although redusing k scmewhat has less effect than
the finer sedimerd, I[n general, for the fine sediment, k appears to
decrease as the frietica veloslty V/pds decreaBes. lHowever, thers does
not appear to be any simple relationship between the various factors.

From the above results opne would emect k to be a funetlion of w, the
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settling veloelty of the sedinent, the averaze sediment load and the

frietion velocity \Juds. [urther ermalysis and invesbizabien will be

v

flact or sediment on the flowe.

o

ught of as tending to suppress the

vortical components of the turbulence, thus making the transfer of
momentum less effective. (The late ¥r, Hemry M, Hakin advenced this
idea to the writer in 1936 dwring s discussion of the guspended load
problemy

Attention is ecalled to the lack of agreement between the values
of k obtaioed lu series I and II for similer flows, For ingtence, the
average k for clear water for series I was 0.372 while for series il
it vas G.8%4. UNo straightforwerd explamstion of these results can be
offered. However, the difference is most likely due to the difference
in the inlet conditions for the two series of experiments. The k velue
vblalned for series II which was run with very pood flow conditions
checks very well with that obtained for pipes and it is guite reasone
able to assume that the results of this series are more reliable ‘han

those of sories .

The effect of suspended load on the resistance to flow

As remarked in the preceding diseussion, a reduction in k
rosults in an increased velocliy which will slso give a reduction
in the resistance coefficient of the channel. The Chegy lormuls for

flow in cendunits is,

T = %/:‘ (39)
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is the msan velocity in the cross sectiai, o is ths Chezy
coefficient, R is the hydrauvlic mesn depth, le@ey aresn of cvoasy
gection devided by webtad perlirver, ang 8 lg the slope or pressure

i

gradient. ¢ for open chennels is given by the ¥amine fornuls, -
bt & &y & T2 5

40}

where n is e roughness coefficlernt. The Chegy cosfficisnt can also

be expressed in terns of £, the resistance ccefficient,

¢ -_ﬁ/ﬁé | (41)
£

Eqizaticﬂs (39) (40) and (41) can be solved for n and £ with the
following resulb:

» 3
1,456 = (42)
g
% »
£a = &S (43)

Several values of n end f for flows with and without sediment are
shown in table IIX,

The effect of the suspended load in redusing the resistance
is clearly seen. The redustion in both » and £ appears to be the same
for the two sediments but is greater for the low flows thran for the
high flows.

Buckley (88} observed from weasurenents on the Hile that susw
pended load decreased the roughness coefiicient of the river channel,

&n average sediment load of 1.7 grams per liter gave n @ (028 whils for
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Lion dn resietanee to the day

bulsage in the vieinity of 4 bed of the strosm,
fegistance Coafficients with and without Sus peznded Laad
Pun \ ki e . for %?do C
g T [ ¥ . .

- 43 & . i x heand G4ig o

Qe ...a?cau ﬂg 1@ Fesre ¢ %yr/L
14 | (554 658 #0113 L0201 Hone Gel

108 1,07

14 | LB38 Z.88 3108 « 0187 «1G0 1,83
18 | 482 2428 0114 «0215 Hone Cal

Lokl 1,22
18 | .482 2688 0103 0176 =100 1.18

20 | #4861 B.18 20117 0224 Hone Qe
1,04 1.09
20 | L4862 5030 #0112 «0205 «100 1.12

21 «234 208 «0L2% «03G8 Bone TeO
. 1.10 1,22
21 | .234 2487 0113 «0280 «100 1,07

n, and fw = Ooafficient with clear water
LAl

iy and ng w Coefficient with suspended load

Distribution of suspeonded lcad.

ALl the measurements of swsponded load distribution followed
very closely the form of the sedizent distribution law, squation {29},
but agreement betwsen the caloulated and measursd velue of the G
ponavt 2, ossurred only for the coarsest suspended load {de = 16U ) e
FPor the finer 53&1&&1%‘ the valus of the exponent that it the data,

lece, caloulated valus, was ebout 20 perosnt less than the value



The mixing coefficient € , is given by

¢ x@v'i (1)

3 . e £ - . N
nesessarily the some vaius {von Zarmin (11) For & fine sedieent

rbum wWals corresponding

v ez roadily be ssen that increase-

s

uniforn igtribubion which

Phe differenas bebtween the coelficient for sediment and wmomen—
tum brensfer can be aceounted for, at leawst in partd, by the aebtion of the
randon burbulenes in zupporting sedinent. For momsntum transter a8 core
ralation is reguired between the veloelty luctuations. However, for
sediment trensfer Yhe eoryelation is not necessary snd random veloolity
flugbwtlons also carry sediment. The &:{g}keﬁ@?iﬁw% show that as ths sedis
mewt zots Liner the sediment soefficient sxceeds the nomenbum soeffisisnt.
Thie would indicste that the ccefficlent for sediment tramsfe is o fune-
tion of w, the sebttling velosity of the sediment. In visw of the sbove
remarks, it appesrs thet the good agresment bwwefm 2y and g for the
econrse sediment is mersly e coinsidencs md that if still coarsesr sedis

would have bsen of

betweon 2 and g

the opposite sign,; leve; 8 would be smallor than Zye

[0 TP PUNE S T S LN R <7 PR T, wrent as el
Althourlt it is possi ble to seleulate the nurerical velusg of
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wob possible To assign

factors {3 LV g A o It zeems rossomble o

values
CEDEs gedimant transfer should not diffsesr appresiely
Trom U value for mamarbum transfer aud thet wost of the
sodimant and momentum coefficlsnbs should be
agoounted for oy ,Z .
ney for the ssdiment sontent near the surfaecs of the

iveliastad

e agtion of

up te the very surface, thus giving
the mixing ceefficlent For sediment a finite value st the surface.
Thiz cean be noted in figure 35l.

Attenbion is called %o the wids dlsagreemant between the
meagured and caloulated values of z in the first two sediment profiles
of run 17 {(table I, cols, 12~13, lines 48-44}, Considerable 4iffie
culby was ewperienced in this run in gebting the sediment to distribute
itsel? umiformly over the cross sectione Sinss the flow was very low
end the sand coarse, considerable maberial was woving alomg the hobtom
and any lack of wniforaniby lo the distribution was easily notiged.
The first measwement (line 43, table II; and curve s, fig. 27) was

mads over a point where conslderable sedimsat waz in notien in s

nmarrow buad on the botboms The sbnumelly lerge valus of z could be

>
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e cccurrense of g breansverse transfer of sediment

e wsasuring polmt, brought
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considerable sand was being cerried. Ths trausverss

traunsfer of sediment intoc the measwring secbion dscreasses the vertisal
soneeutration gradient and therefors the value of g that will £it the
datas It is surprising that sver under such condivions the distribue

tion should follow Lhe lawe

Instahility and seeondory flew duse to suspended load

The effect of the suspended load was first noblced in weasure
ing the veloeity distribution over cross sections of the flume. Distei-

a

butiens that were gquite wmiform with clear water beecane guils distorted
by the sddition of very smpll amounts of sande This effect may be
noted in figuro 19 o, b and ¢ which show the wvelociby distribution

for clear water, and for average sediment smesntrations of 0,75 and
Se0 grams per liter, respectively. To give an idea how small the cone
centrations actuelly were, it might be well to remark that the first
cansentration {Cm = 0e75) was obtained by adding only 12,5 pounds of
send to the entire sysbeme The elfest of this smll concenbrabion

on the flow may also be seen by comparing the center colum of fipure
19 wﬁ.%?-. the right solumm. The effect is small for this smll concenw

tration but it is noticeable. Incldenmbally, before leaving figure i3,

attention is callsd to the wnifors spasing of the veloeity lines, ose
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top line of ourves,

Tons with sedimert in the flow. Fizures 21} and

& (=3 - f

w phow 2 esfis whara hhe sadineant appavertly has s ababhilizing
For thiz parbloular case, Lhe condibloms were apmurently just right to
ezbablish zood flow zt this partisuler stabion. Ths fact that the

velooity with slesr wabter was distorted ssrves to illustrate apain

ot

hat the gediment has sonsiderabls infilusnes on the flow,
in observing the flow it was nobiced that the sediment

appeared to be Lransported in clouds or ribbons perallel to the {low,

&% low flows whern approsiable saterisl was moving along the bobvbom, these
P i & Y

ribbonz appeared as bands of sand on the hottome When proper flow con-
ditions had been atiained, these ribbong were symmetrieal and gquite
steble over the entire range of flow, Attenpts to bresk them wp
artificlially were only partially successful, Figure 32 is a photograph
of these bands of sediment taken after run 18, lookivg upstream. The
photograph waz taken after the flow had besn stopped and the water
slowly draived off. HMeberisl in suspension sebblaed Yo the bottom, thus
ghowing how Lt wes distribubed in the fluid, Three min streaks avre
sz in the cenbter portion of the flume while two less pronocunced

treaks ceow et the walls. This pabtern, whiech was quits symmebriesd,
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then suddenly dr the center concsnbrablon

z thse clear arcas grd finally incrsssed to
about 50 perosnt of walls. The consentrae

senter & inel vns about pavoent less than thet over
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the goncantrated streaks at ths aﬁ inehes wils
r 12 inches deop)e

The ecawme of - baads of sedipent 1z net

nown, although it iz falt thet they are dus to zecondary sireulabtion
and disturbances dus to the preosence of susponied load. Fven the
glightest departwe from g uniform sedizent digtritvtiocn will cause
sorizontal density gradievts that cenm seb wp secondary flows. The
sediment disbribution described above shows & concentrabion gradient
and one could then expeet a elreulation with an wpward flow at the
poinbs of low cozcentraticn and a2 downward flow where the load was
highe Sinse there are throe points of low cascentration, tihree palrs

of sirsulations might be eupeched. No direet observations were made

te attenpt to cheek this hypotheslis and it 1z doubtful if this could

be dons without considorable wurk, However, this is a possible sxplana-

tion of the astion of the sedinment in distorbisg the fleow. Further in-

vestization will shew whether or not this ildes is wvelid.
e

If siroulation could be ecaused by sodinant in & curefully

sonbroliled laboratory channel, it was felt thet the possibility of its
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Fig, 83, Velocity and sediment measuremerts
on the River Po (Glandobti) end expected
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oncentration of suspended lead at about the 4 points
of the sections Yhe circulation expscted from this distribution is
shown in figuwre $3ce. 1he writer is not able to state whebther or not

thisg distributian is typical of rivers. However, in this cass there

is certeinly evidence that e ecirculation can be caused by the sediment,

The circulation that would be indused is the same as that advanced as

an explesstion for the depressiom of the maxinum velocibty iz nabtuwral

streans. Although this circulation explained the veloelty distributien,
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terious phenomenon.

s

invegrated over the depth to zive the

averane value of the relatlive concenbrablon over v yroflile, ag follows:

T ot a
(I de’».’ 4"
Cq g Ry (%i}
1)
whare § is gome snmll value of ye If then, the valve of {3 iz Imewm,

the averare soneenbration can be oaleulated from equation 44 and the
load of the stresm debermined. Fipwre 34 shows a plot of this funmetion
for o = é = JOBd upon which have beon plotted tho reasvits of the socond

series of ecrxperiments.
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suspenelion,
material
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capaaity

1 amourts of smnd wers used In (he present ex-
periments wmad 1% Lz doubbtiul 1P snourh meteriazl was ever available %o
complotely lead the flow exnept for the very low veloeities, ‘iﬂe., laree
e in zerics I of the experimemts three smounts (1 3;, 2% snd BO lba.)
of send were used as suspended losd. Columis 15 and 18 of bable IX
show that ﬁa. end the average sedimant concembrabion varied sbout as the
total sand in the system, end that no gapaciby was ever reached.
{(Golwm 18 of Table II was deternined from samples teken from the ond
tank and represents an averass for the emtirve flow)

Tn the sesond series of experiments, the value of € incrsases
ag z decrsases. However, if mors sediment were sdded, it ig pessible
that T would still increase without apgrsciably altering 2 as ceccvrred
in series I. It is apparent that further study of this problem is pecw

gasary befors it san be understood,

Catoulation of the avergse velocity for leserithmic velocity disbribublon,
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is hhs avsrass velon

1
=T (48}

T -
on squabiong

; d - ..
Yg = T - »568d (&7}

where ¥
3

is the distance from the bothtom 4o the point where the everage

. ®

velocity ocsocurse ‘hus it ls seen that the average velooity is elways

lospted at a cormstert relabive depth as long as the veloeiity disbribie
tlan is of the lopavithule-~forme This distanse iz independent of the
vrw,g?mess ar the value of ke

In the pressnt experiments the everage veloclties were
determined by graphical inmbegratlon of the veloeiby profile and by the

37

above zule {ogs 47}, The btwe rosulbs egrecd within 1 or & percemb.



the depth bolow the surface, legs, & = U4, or thet it is the averags

of the volcelitlsz abt the 0.2 and 0.8 depthse The arrecwent bahwean
the ruls developsd above and the rule developed by experiencs is quite
goods Also for loparithmic velecity distribution the average of the
velocities at the 0«2 and 0.8 depths (v/d = 0u8 and 0.2) is oxmctly
equal Lo the velocity at the 0.8 depth. This is readily ssen from
Plgures 20 and 2B, The sbove evidence would indiecste that the veloo-
ity distribubion in natural strssms is sleo loperithmic.
A'similar|rule,tc that derived above {eg. 47} for open
channels can also be obtained for pipes. DSakhmeteff (40) has ob-
tained the following espreseion for the averagse velesity defeet iz a

pipe with logarithwies veloelty distribubion:

Umax -4 3% 1 (a6)
T T2 k
)

introdusing oyvation (48) into (26), and remembering thet for pipes d

ig

v

eplaced by rg, the wadivs,

&
rof »
o
it
B
Jond
o
i

3
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where v 1s the distance from the wall of the pipe to the filamentd

moving at the average velocltye. The distance g is elways o224 ¢

Lo

S s

and is constant regardless of the roughness or sny other condition.
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pended load has the form of the derived distribution lew (egs 29)

but does not apree guantitebively with it, i.%., ths value of the ex-~
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b agree with 245 ‘the expoment that

5

fits the ewperimeptal results, When the suspended sediment is fine,
2y iz less then =2. Thie shows thet the relative concenbration iz mere
wmiformly distributed and hag o grester average value than that ine
dicated by the theoryve. In other words, a flow san support and,
therefore, tramspart fine sediment more effectively then the theory
indlicates. As the sizé of the gedinet is xnaieaﬁaﬁ, the agrecmsnd
betwsen the two exponents iwproves up Yo s certain point beyond which
the value of 3 may be expested to oxceed By

2 The dissgreenent bebween the esleulabad and weasuved
@istribatigns cited under (1), is attributed to the setion of the
random turbulent fluctuvations in suspending sediment, The theory
is based on the coefficient for momentum tranafer which does n
agoount for the action of the purely random tuwrbulence. Such disegreew
went was anbloipeted and the present results confirm it.

Ss For {ins material the coefficlent of sediment-transler
tends to exesed the goefficient of mommbum~iransfer, while Por coarser
sediment the opposite tendensy is founde IThe present conelusion, i.e.,
Los (3}, way be considered a ga?silary of conclusion (1), the physical
reason for the sonslusions being set forth in (2}

3 load desreases the coeffisient of nomertime
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wmiversal constant,k, of turbulent suchange which cherschberisges the

effsotivensag of the tuwrbulence in btransferring momentum. Hedusbion
of ¥ means that the wixing is less sffsctive and would indisate that
the sodiment temds to 3 suppress or danp out the turbulence. The
prosent sonslusien follows dirsetly fron conclusicn {(4).

8s Suvspended load redusses the resistance bo fiow, thus
cavsing sediment-laden water to flow faster than clear water, (This
follows diveetly from (4) amd (5)y) In the laboratory channel an
average suspended load of 1.8 grams per liter reduced the frictiom
factor, £, as mush as 200, while the Marming roughness coofficient was
reduced as much as 10%.

7. The sbove conelusims (1 Lo &, incle) can all be related
to sgsentially two effects that cecur in the flow in the presence of
the gediment: (1) the sediment eppears to damg} out the turbulencge in
such a way thet the mosebum-transfer 1 redused, amd (Z) random

2

turbulence, which is not a fackor in the traunsfer of mementum, conw=
tributess to the btransfer of sedinent.

#. Sugpended load tunds Yo eause a flow Yo begome unstable
and wunevenly distributed. Unsymmetrical sedinent disbribubticen within
the Flow may cause sesondery oirsulation.

¢ In rivers, density gradientsz dus to suspended load may

e an important cause of the sssondary clroulstion that las the offsah



Flume
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This velooity can alse be determined

mic disteibubion, the averags velociby cocurs at depth 0,832, whils

the mean of the velosities at deoptis De2 and 08 is ewsetly squal to
the veloeity at depth UOs6. The good aprecsent on the losabion of the

average veloclty in rivers and for logarithmis valosity distributien
is taken as ovidence tlat the wsloelby distributien in rivers follows

at least spproximately the logaritimic law.

at depths 0.2 and 0.8. For a logarithe
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Settling Veloeibty of Spheres

Consider a sphere of diemetber d; and demsity, g settling at
ite terminel veloeity w in a fluid of demsity © and viscosity

The gravitational force F acting on the partiecle is given by

des
8
Fzg-g"-v(/os =~} {1la)

where g is the acceleration of gravitye This force is oppossd by a

fluid resistance of The sawe magnitude given by the expression,

2 2
ML, (22)
G S— 2a
Ty 32 '

where sr is a resistance ccefficient which is in tuwrn & function,
(//(Re), of the Reynolds nurber

st
BE 2 e (3a)

o
Bquabting (la) end (2a) and rearranging the quentities there follows:

2

¢, Y. = & (’? /) (4a)

r -5 -
gés 3

Fer very small Reynolds nuwbers (0 to O.1), Stokes obtained the



following value Ior Lhe resistance goefliclents

Introdusing squations (3a) and (5a) inmto (4a) and clearing there

Iollows,

177 ) / 2 3
W enf = - 1] gdg (6a)
18l@ 14
wisre ) is the kinemstic viscosity, o, of the fluide Bquebtion {8a)
is nowm s Stokes law. For higher Reynolds numbers the function,
2# (Re) has been determined experimenmtally. Figuwre {la) shows a plot
of the results as summarised by Rouse (36) and can be used to solve

equation (4a). It is to be noted that this function is valid for

spheres of any demnsity in eny fluid.
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(% o 2e£5 grams per cc) and their sebtling veloeily in alr end water

z

vemperatures renging from O to 40 degrees centigrade.
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Fige 2a. Settling velesity of quartz spheres in air and
wabter

Analvsis of Direeh Sebtling Velmeity

Consider sediment particles
1, 2, 3 v o o 8 v 8 © » o 11

sebiling in a fluld at terminal velocitiss
Wls Vo, Wy © ¢ & ¢ & o s ¥y

The average sobtling veloeity, Woygs Of the particles is then,

Vgve ¥ EW (72}
n
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particles is piven by,

h
% - Z ?;ai;:z.i
0

The sedimentatiem diametor ds, of a particle is defined as the

The settling veloclhy W of the center of pravibty of

o
£
S

the group of

(%)

diamster of the sphere of the same specific gravity heving the same

settling veloeity as the perticle and can be caleuleted from squation 4a.

Agsume now that the massg, n

ito scdimenbebion diamster cubed or,

3
X d
B X gy,

Introdueing squation 10a inte %a,

n 3

- = ¥ivg
¥ o= > i
3

Z 4%

of a particle iz proportionel to

{10s.)

(lla)

4s w first approximatian it is possible to write,

waw + {dg - d3)

(12a)

where dg 18 the diameter of the sphere of mass density o, having

settling veloeity w, 1e0e, having the setiling veloecity of the senter

of mass of the proup of particles. Introducing equation 12a into 9a

dey =

e d
. EE*@-@i

od
f% Y

gives n
g

{13a)
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Litubing eguation 10s into 13a rosuibts in,

The approximation made in eguation 12a is quite good for smell
ranges of dye. 4 close approximation of the range of dg for the
sediments vwsed in the experiments can be obtained from the logarithmie
prokability plots of the sigve analyses shown in figure 15, For sasd
Iii, whieh is the most poorly sorted, the ratioc of the size which is
larger than 92.8 percent to that whieh 1is 3@&11@? than YU.u pereent 1is
leGe The geomotric standard deviation of the size of this sedinment
is only 1415 and indicates that the zreatest part (880} of the material
is made up of sizes whose ratio to the wean size is between 1/1,13 =z 0.88
and lel3e« For such a small range in size eguation 10a can be expected
to give a very close approximation.

Boguation 9a was derived by considering individual particles
but it also applies to groups of particles where w is the settling
velooity of the center of wass of the grovp and m is its mass. In the
same way equations 12a and 1l3a can be applied to a group of particles.
Eguations 10a, lla and l4a can also be applied by merely cansidering
that the group can be represemted by the p&rtiele‘with a dismeter equal

to the average for the group.

Procedure in Feasurements and Caleunlations

s

As indieated under "Progedure” the settling velocity w, and



sedisemtation dlmweter 4., wers determined for the material retained
B
sreve
on sach of ths standard set of=sdewes, and these results were than

used to determine the ssdiventetion dismeter of a sedimemt composed of

Ssmll samples (B0 to 75 grains} of cech sisve fracbion wers
taken, and the time Por individual grains to settle a piven distance
in tap water was measvred., Tho sebtling column was a liter praduate
(diamoter 2-3/8 in.) which was £illed with tap water having the same
temperature a3 the roome In gemersl the wmeasurements were wade during

ture were small. The terperatures

a Tims when the ¢hangpes in

Y

wors neasured with an immersion thermometer reading to 0.1 degree

conrtigrade,

The peometrie mean settling velocity W, , (eq. 8a) and the
corresponding sedimentation diaweter were determined by arithmetic
computation, end the sedimentation diameter, d_, of the center of mass
of the particles was cslculated from equetion l4s. To reduce the work
involved in this caleulabion, partieles were grouped inte a nwber of
sonvenisnt classes acecording to sebtling times and the averape diametor
for each class weighted according to eguation l4a to zive ’3;.

Table Ia gives the resulis of these settling velosity memsure~
menrts along with other pertinent daba, Figure 3a shows a plet of the
sedimentation diameters shown in table Ia sgainst the average sieve
opening, leve, average of openings of sieve rebainiung material and
of sisve throuwh which rateriel passeds. The plet shows clearly that

mco/’- 3 = 13 * %, LY = -
the, sedimentation diswoter 1s larger than the aversye sieve cpeming,



ols Sedimentartion dia.-mem.
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2ve S/ze
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The sieve analysis gives ths percent

<

materiel hold on sach sisve. Table Ia gives the sedimenbetion dlameter
fad

of eash sieve fraction whish, alenz with the weight, makes possible

o

the caloulation of d, for the semple by using equatien Sa. In this cass
ench {rectlion can be considered ag having a »aes whish I8 P peroant

of the tobal mass ¥ of the sampls. bguation 13a Tthen becomnes,

n
— “1dg
€y . {15a)

Teble Iia shows the avplication of equation 18a to the calouw
lation of the sedimentatian diameter of sand I vwhose gleve analysis is

shawn in figrre 16.

TABLE IXa

Caleuwlation of Sedimentation Dlameter of sand I from
Sieve Analysis.

Sedimen~-
Sieve Pervent | Percent tation
opening | Fassing | retained | diameter P x dg

Hilfe (?) ds e
0246 9588 OuQL « 270 «003
208 99496 003 o227 <007
+175 97454 Ze6E «198 «520
147 48,35 50,99 168 8,566
124 5488 40,486 2153 64151
«104 013 5,76 2129 « 748
088 0.08 005 «107 +005
« 074 a8 0603 s 056 <003
> = 16,084
doe = « 160 mm

S

The sedimentebion disweters for the sieves vwith opanings of
#2086 mm ard «246 mm were estimated from figure 3a. The effect of any

error in this estimabe iz obviously nepligi?

the above caleulaw-
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vercontages for this size ayve guite suall.

in ordsr Lo check trs caleulstiom o the mean sedlamibation

dameber illustrated by btable I[Ia, dirset settling veloelty weasure=

(]

menbs were nade of saumples of the complete sedivente The sebtling=-
tine neaswenents a5 well as the calculatlos to thiain Ef; wers mae
in the wanner outlined Tor the sieve fractions. The results of sugh
measurements on 2 sarples of send I end 3 samples of sand II arec shown
in teble Iils and indlicabe very ¢ ood egrecment bebusen the twe methods

of deternining the mean scedimertation diamoter ds’

TABLE Iilae

Conparicson of sodinontoebion diamstors obbtained from dirvoet
settling velosity measurements and from slieve analyses by the
method illustrated in teble Ila.

From direet setiling veloeity

——

Sard megsvrements dg = mm
9.2’* e p—— Ay vy »
Smﬂ}}le o . cf d& - e i rom 8 3.973
Mice Grains Sample Ave, | analysis

1 257 Cel61
I 0,160 0160
2 130 04180

3 69 0,131

II . 4 90 0.132 0.132 0e133

5 80 0,132

g

Figure 4s shows a logarithmic probability plot of the sottling

velocity for sample 1 of table Iiia. The abeissa secale is laid out
seomatrically so velocities one srace apert are in the ratio of V2 .

The ordimste values are tiwe -ercenberss of the Lotal nuwet




whose sebbling veloelty is less than the corresponding sbolsse value,
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Fige 4. Lozarithmic probabllity plot of

sebtling velocity distribution for sand

sample 1, teble Illa,
The straight line plet en the figure shows that the disbtribution of
settling velocities Follows the normel error law and gubstantiates

the statsment by Cbtto and Rouse (34) that the air olassifier used to

prepare the sediment actually sorts material according b6 its settling

»

velogity. Yhe plobt of the sieve analysis of this same sand in figure

-

15 shows that the distribubtion of slieve diawmeters is also very close
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that obtained from seuablion Jae The valuc of the pecretric standard

b

devietion, O = 110, read fron the curve is the ratic of the welosity
at the ordinate value of 84,17 to ths goometric mean veloelty, or the
ratio of *the pecomsbtric mean veloeity to the veloelty at the ordinete
velue of 15.9%. Or in other words, the ratlc of the extreme selbtling
veloeities of the cembral 684 of the parbicles is 1410 x 3,10 = 1.21,
Incidemtally, the wvalue of Og ealeulated from the mumerical data was
1.1l while 0g for the sieve analysis, figure 15, is l.14.

The good agreement of the sattlixxg velocity meesuwements can
be takeon as a justification of the assumptions made in the snslysis
and as an indicetion of the wiformity of the technigues The absolute
aceuracy of the results is of course determined by the accurasy of
the original settling time measwements on individual grains. The most
likely souwrce of error arises f‘r 5 temgse;ature gradients within the
fiunid of the sebttling coluem, which in turm give rise to density
gurrents or comvection currents. In zeneral, the temperatures were
riging during the weaswrenents and ocme would then expect the outer
layers of the fluid in the ecolumn to be wermer and thérsfere lighter
then the cerbters This would give rise to comvection currents g;oing
duweward in the center, whers Lhe particvles were sebibling, amd upward
at the oylinder wall ard would iamcrease the apparent sebtling velocity

and hance the sedimentation dlsweter of the sediment. IF such cons



vestion cuwrrenks do

marticles ineroas

296
in slze and wighlt be teken as prool of ihe existenve of convecslion
currentse

The work of Knanp (37}, wio found that for subsieve vaterial

the sedimemtation dizmeber was aboub 44 szaller than the sievs

size,
algo leads o 2 similsr conclusion. However the gheve resulis srs
in close agreement with setiling vsloeity measurements made by Rouse

{(28) in a 12 inch diametor zlass jar.

Althovgh the sbove diseussiwn indicetes the possiblliby of
grrors in the sebiling veloelty neasurements, it is felt thet further
investigation is necessary before further coneclusionms een be made,

it
is also Telt that any errors that do exist are smll.
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Concentration of suspended lcad
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8, = Consenitration of suspemded load at reference level
B 3 2t £ enem oy gy o d s T & Y. P
T OAG8N VRLUES o6 SenocsaTralisn over Srass c%h«%}au‘u;

Crn
T = Aversge value of concembration over profils
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Specific walght of fluid

= Dopth of water
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Sedimentation diameter of sediment

Geonetrie mean sieve glze
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Frietion factor for pipes
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Humber of paritisles per unlt wvolums

A : ;
< Kingmatic viscosity

f

Wetbed perimeber of cross ssction

Hydraulic rading of seotion
Haynolds number

Radiug of pips

Dengity of fluid. Hozs psr unit voluwne

e

Dansity of sediment.
Siope of bottom of chamnel
Geometrie standard deviation
Bhearing stress at any point

Shearing stress at boundery

¥pan wvelocibty in horigonbal or z directlon
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1/A Average velocity

Averape weloclty at proefile

Hate of discharge; wolume par unit time

¥ags ver wunlt volume

arcss sesbion



w o= 8’ sembayr of nass of a group of particies
2 o= ibution funetion

k

#. = Exponewh for guspended-losd distribution funelbion thet fite
1 = = .
data. (exserimemtal walue)



