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FOREWORD

This report presents the results of a study made with the T70=foot
tilting flume in the hydraulics laboratory at Coloradc Agricultural and
Machanical College., The experiments were performed during late 1953 and early
195} ender the direet supervision of the authors.

411 data collected are summarized in the Appendix so that the original

data may be readily available to other investigators in the field of sediment
transportation, r

Tho study was sponsored by the Corps of Engineers, Department of the
Aymy, through the Research Foundation of Colorado Agricultural and Mechanical
College. Mr. Don C, Bomdurant represented the sponsor., The cooperation and
assgistance rendered by hinm and hie staff are greatly appreciated.

The project was conceived by Dr. M. L. Albertson; Head of Fluid le-
chanice Research, who also offered many suggestions in the courss of the
etudy and thoroughly reviemed the manuscript of this report. Dr., D, F.
Petorson, Head of the Department of Civil Engineering, made helpful commente
in the preperation of the report. For the encouragement and assistance of
both, the authors are much indebted, '

Prof. T. H. Evans, Dean of the School of Engineering, is the Chaix-
man of the Resesarch Foundation of the Colorado Agricultural and Mechanical
College.

The folloewing staff members of the Department of Civil Engineering
contributed in either collection of data or construction of equipment:

Mesars. D. J. Sadar, R. V. Asmus, A, R, Chamberlain, R. E. Bruce,
and Prof. Maxwell Parshall.
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Deiinition or description
A reference level meacured from the bed
Width of flume

Concentration of sediment by dry weight
in percent of sample weight -

¢ 2t the reference level "at
Average ¢ above level "a"

q./ra

Chezy's coefficient in the formula
U

m
Median diameter of the sediment
Mean depth of flow

Energy per wnit flow volume required to
over the difference in weight

Energy.per unit volume extracted from
mean motion by secondary motion

Darcy-Weisbach resistance coefficient
qude'nmﬂ:er.h _

Gravitational acceleration

Total sediment discharge
Kdrmdn constant
Height of the bed roughness
a. For smooth bed « K s the grain
diemeter of which 65% is finer
b. For dunes -~ K equals the average

height of the dunes as measured
along a longitudinel line traverse

Mixing length
Average length of dunes
Bed-material discharge by mass

Manning's roughness coefficient
Water discharge per foot of width
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Symbol Uimensions vefinition or description

Q¢ 1b/sec/rt Bed-material discharge per foot of width
Re - Regnolds number
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S = Slope of the energy line
t % Temperature
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U, ft/sec tlean of U in a vertical
Umax £t./sec Maximum value of U in a vertical
U, t1/sec Shear velocity - U_= q/_§€7;;
w ft/sec Fall velocity of median sediment size
vy ft Distance above mean bed level
o Exponent in sediment distribution equation
2 = wfil,
Zl e Value of Z measured from empirical
sediment distribution curve
B - ; %/
7 1b/£t3 Specific weight of water
7 1b/re3 Specific weight of sediment
€m ftzkaec Turbulent momentum transfer coefficient
€s ftz/aec Turbulent sediment transfer coefficient
M 1b-sec/ft2 Dynamic viscosity of water
v £12/sec Kinematic viscosity of water
P 1b-sec2/rth Mass density of water
Ps 1b-secd/rtl ¥ass density of sediment
a mm Standard deviation of sediment size
distribution
1b/ft2 Shearing stress within the fluid

(2 1b/£12 Shearing strese at the boundary
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CHAPTER I

INTRODUCTION

Within the last twenty years the field of zediment transportation hsas
attracted considerable attention, and many papers have been written on the
behavior of alluvial streams, Increased activity in the design and construc-
tion of hydraulic structures has brought on an urgent realization of the
many problems which arise in the construction of any project that inveolves an
alluvial channel, Canals scour or silt up, reservoirs fill up with sediment,
excessive scour occurs downstream from dams, and dangerous sandbars form in
pavigation channels, Thess and many other problems confront the engineer who
is faced with designing an efficient and lasting hydraulic structure.

Without a knowledge of the fundamental principles involved, the engi-
neer is forced to rely cn past experience as his guide. Unfortunately, how-
aver, past experience somctimes offers no clue to the solution of his special
problem, and the results of his design ave often discouraging. In ordsr to
alleviate this situation numercus research programs have been launched in the
pest 25 yesrs to study in the laboratory and in the field the very complex
problem of sediment moving in flowing water, Government agencies,; educational
institutions, private industries, and ivdividuals have all made contributions
%o the present state of knowledge of the vediment problem, but the progress
has been =Xk® and many phases of the problem are not yet understcod.

With this background, the present study, sponscred by the Corps of
Engineers of the United States Army, wes made at Coloradc A & M College for
the purposs of studying the specific problem of roughness in alluvial channels.
Since the roughness of alluvial channels ie inherently related to other prob-
lems not commonly thought of as channel rovghness problems, some time was
devoted to a study of these related subjecta;

Thirty seven runs were made during a testing period of about six monthe
and an analysis of the resulting data included information on the following
topics:s

(1) The roughness of an alluvial channel,

(2) The von Xarman constant which is closely related to the velocity
distribution,

(3) The sampling efficiency involved in determining the amount of
sediment moving through a given cross ssction of the flow,

(L) The distribution of suspendad sediment,

The data involved in topic (L) bave not been completely analyzed and
therefore the results do not appear in this report, but will be made avallabls

later,

The results of . presant sxperimente tend to emphasize the fact
that the problem of sedi . nt Lransportation i3 sxtremsly complex and tha
finel answers to all the rumerous remificaticns of the problsm may require a
great deal of time to obtain., However, it 1s hoped that the results ocbtsined
in these experiments will prove useful in helping to explain some of tha
pr hleme which Bre nof carly noderstooed at tha praasnt tims.



Chapter II

REVIEW OF LITERATURE

Iiterature in the field of sediment transportation and open channel
roughness is very extensive. Papers dealing with sediment motion in open
channels dete back es fer as the experimentes of Dubuet in 1786. These and
other esrly experiments ere described in en interesting manner by Hooker (15).
Roughnese of a fixed bed in open chennels was investigated by Bazin as early
es 18656, Since these eorly experiments, hundreds of laborstory end field
studies have been made. This review of literature includes only certein of
the mors importent oontributions made in the field of sediment transportation
end roughness of slluviel chennels.

Resistence of Alliuviel Channela

In addition to the possible effect of sediment on the resistance of
flow, the study of resistance of alluvial channels is further complicated by
the fact that the boundary "roughness™ itself depends on the flow. The
formstion of sediment waves, therefore, pleys en importent role in the
mechanics of resistance of alluvisl chennels. In this section; papers
releted to the study of resistaence of alluviel channels are reviewed. The
effect of sediment suspensicn on the turbulence of flow, however, will be
derlt with lster under "The mechanics of suspended load trensport.”

Analyses by Einstein; Berbarosse end Banks--In 1951, Einstein end
Barberossa (9) proposed to resclve the channel roughness into two olasses,
namely that of the grein end thet of the bed waves. The so-czlled grain
friction is given by C = T

U
Jes

= 6.76 10510(12.%) s (1)

e

where R' is so defined that ,oU;z = ¥ R'S gives the part of shesring
stress transmitted to the bed by grein roughness, end dgz is the grain
size of the bed meteriel of which 35% by weight is coarser. Acocording %o
Einstein end Banks (10), "many experimenters in leborstories have observed
thet the shape of the bere seems to be a function of the sediment transport,
more exsctly of the bed-lcasd trensport.” Consequently, the resistance due
to bed waves is taeken as a function of the psrameter

}M&.’ -;;lo./_dfr :9655 g

which is the parameter of flow intensity in Einstein's bed load egquation.
From ongrimsntal dsts, & plot of U/, against yV; san bs prepared.
Here Us = 1/%;??5: ¢," being the sheering stress trensmitted to the
bed through the drag on the szani weves. In practigal applicetion of this
msthod to compute, say Manning‘s n , the first step is to compute R®
from the mown velues of U and S by mesns of Eq 1. With R' lneown



The foregoing method is based on Lhe premise that, in a systenm
involving several components of resistance, the resultant resistance is
simply the arithmetic sum of the components. In other worde,

Uyl

= é%u;j = %(gRS)i ‘
i= sl

That this step is practicable has been demonstrated by Einstein and Banks
(10, 11) on the condition that, of any two boundary protrusions of different
types, one must not be less than 5 to 10 times the size of the other.

. Ali's study of alluvial channels--Said Ali and M. L. Albertson (1)
conducted an analysis of a large quantity of data publisghed by various
agencies and found that the data indicated

=92 4)- @

where d is the median diameter of the bed material. Graphs have been
prepared by Ali and Albertson on the basis of Eq 2. According to these
graphs, there is, for a given value of d/R , 2 Reynolds number
corresponding to the maximum resistance coefficient for the channel. As
leynolds number is further increased, t: e resistance coefficient decreases,
eventually approaching the limit of a plane bed,

‘Gilbert's observations of wave formation——=Gilbert (13) first ob-
served the three regimes of sedicent waves. Starting with a plane bed,
when the velocity was low, only movement of grains at isolated spots would
occur. Gilbert observed; however, that even under such conditions, dunes
would develop. These dunes existed for a certain range of velocity. As
the welocity was increased beyond this range, Gilbert observed that the
dunes would "rather abruptly" disappear, leaving behind a plane bed.

It is not clear toc the authors whether Gillbert observed the regime
of sandbars described later in this report although he did state in his
discussion of the "rhytha" or periodic disturbance in his flow system that
"associated with the dunes were greatar debris waves, also traveling down=-
stream and each involviog the volume of many dunes." Unfortunately, the
authors cannot find any information in Gilbert's paper (13) regarding the
appearance of these large "debris waves" in a plan view or the appearance
of the water surface when these larps “"debris waves" occurred,

Shields' study of wave tormstion ind channel resistance--Shields
(32) found with particles of uniform size that the pattern of sediment waves,
which formed when general movemenc of the bed began, varied with d/J* ,
whers g?“ia the thickness of the laminar sub-layer. In the order of
increasing d/f’ , the Initial beu wmay “ave ripples; short bars, diagonal
bars, and shallow undulations. .
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is of desert dunes— In 1947, Kdrmin (10) presented

sxpressions for the length of dunes in a dessrt. If v is the average
surbulent velocity fluctuation in the vertical, then the maximum height

a particle will attain is proportional to v2/2z and the time of travel
may be taken as proportional to, say 2v/g. The horizontal distance a
particle would travel will then be of the order of 2Uv/g , U being the
mean velocity near the boundary. Assuming voau*/q/ﬁ s one cbtains for
the length of the dunes approximately

U

Y2

e
i
[~
*
°

(3)

A gimilar equation was also derived by Kd?méﬁ, who assumed that the
velocity of flow along the wavy surface was constant, and that the
surface was of sinusoidal form. The consideration of a small dis-

turbance then led to
L= 2::0-\/%— s (L)

where dr' is the thicknesa of the layer in which most of the material is
concentrated, (This layer is comparable to the saltation layer as proposed
by Danel, Durand and Condolios (6). If dofecv2/2g , Eq L is reduced to
an equation similar to Eq 3.

Anderson's analysis of sediment waves--By postulating that a
surface wave induces the formation of a bed wave, ainderson (2) ignored
viscosity &nd derived by successive approximation the stream function for
flow over a bed of sand waves. This stream functiocn may be used to obtain
an expression of D/L , the ratic of the depth of flow to the length of
sediment waves, as a function of the Froude number Up/-=/gD . The
resultant expression was found by Anderson to follow available data very well.
The authors wish to point out, as Vanoni has done (35), that Anderson's
treatment cannot apply to the formation of sediment waves in the desert or
on the floor of a deep ocean where a free surface does not exist or is at a
great distance above the bed. According to Menard (22), ripple marke have
been photographed on the ocean floor at a depth of 792 ft and, in some
cases have been found at a depth as great as L500 ft.

Tison's study of wave formation=+:ith experiments carried
out in a flume with oils, Tison (33) showed that dunes could not form
in a laminar flow over a bed of sediment., i.hen a tranaverse sandbar
was artificlially molded across the upstream end of the flume, he
observed that sc¢our and deposition would take place downstream as a
result of the modification in the initial flow pattern by the eandbar.
However, as lon;; as the flow remained laminar, dunes did not form.
Similarly, when a vertical cylinder was placed in the flow, a pattern of
scour and deposition similar to that around a cylindrical pier was
observed; but again as long as the flow was lauinar, no dune formalLion
took place.




The Mechanics of Suspended Load Transport

In this section, certain fundamental topics in the mechanics of
suspended load transport are outlined.

Turbulent trensfer of sediment and momentum--Let the case of uniform
turbulent flow cerrylng sediment in a wide channel be considered. Disre-
garding the formation of secondary circulations, one may take the temporal
mean of the velocity at any point of the flow as parallel to the axis of the
channel, Velocity fluctuations due to turbulence, however, may exist in all
three directions. Because of the requirement of continuity of flow, any
instantaneous flow caused by turbulent fluctuation in a cexrtain direction
must be accaupanied by a flow of egual dischisrge ln the opposilte divectlon.

Velocity fluctuations due to turbulence, therefore, give rise to
exchange or mixing in the flow. Whenever a gradient of a trunsferable
entity exists in the flow, exchange of fluid at equal rates of volume
naturally transfers the entity urder guestion in the direction of
decreasing gradient. Thus, because of turbulence, sediment will be
constantly transferred, on a statistical baslis, from more concentrated to
less concentrated regions; and, likewise, momentum will be transferred
toward the boundaries where the velocities are low. In the case of flow
in a wide channel mentioned above, mean gradients of veloccity and
concentration exist only in the vertical direction. It ies in this
direction that turbulent transfer plays an important role.

Vertical transfer of momentum tends to speed up the low-velocity
zone and to slow down the high-velocity zone. The effect is the same as
bhaving a shearing stress acting at each point of the flow. Thus it is
often said that shearing stress in a turbulent flow is transmitted by
momentum transfer, It can be seen that more momentum will be transferred
when there is a greater difference in momentum distribution over a given
distance, so that the shearing streass transmitted by momentum transfer is
expected to be proportional to the gradient of momentum, i. e,,
d(©oU)/dy . Boussinesq (3) first proposed an equation for the shear in
fully turbulent flow of the form

T= emi@,s (5)
P dy

where ém has the same dimensions as the coefficient of viscosity, and is
cften'calied the eddy viscosity.

In 1925, Schmidt (30) introduced the term transfer (or exchange)
coefficient in his study of the verticsl transfer of dust in the atmosphere,
and developed an expression for the rate of sediment transfer per unit area
as

qa -_— _éa .g-g. > (6)



where €, 1is the coefficient of sediment transier. Obviouslys this

expression is similar to Eq 5 s
C ,and €p

in these two equations, T corresponds to
to &g o The term &p 3s thus known as

Q U to
tge éoaf’f?icient of momentum transfer.

Mixing Length Concopte-iy the analogy between molecular and eddy

motion, Prandtl ( postuiated a certain length g , similar to the mean

freo path in molecular diffusion.

The hypothesis proposed by Prandtl is that

f' 1is a unique iength which characterizes the local. intensity of the
furbulent mixing at any level, but which, unlike the meun free path, may vary

from point to point and mEy €
According to this hypothesis,

ven depend on U and possibly other variables.
transfer of a characteristic in a turbulent

flow is effected by the motion of elements of fluvid, each of which leaves one

layer and moves in & directi
-~ distance {' . At this point,

on transverse to the mean flow through the
each element is supposed to mix with the

surrounding fluid so that its characteristic becomes identical with the
mean characteristic in that region. let € be the mean valus of a

Fig. 1 Distribution of a
transferable characteristic

transferable characteristic dependent
on y only, The mean flow is assumed
to be in the x=direction. Then
according to the mixing length
hypothesis, the instantaneous rate of
transfer of & into a unit area in
the layer at yp is given by

v! [9(3'1) - 6(72):] °

Expanding this in terms of a Taylor
series and taking the first approx-
imation when either (yp = ¥3) or

d® ., or both, is small, one has the

mean rete of transfer per unit area

=" (72 -7) §F

= - ¥ (yz—ylj%?

=_1’ﬁ%§’

where f' is so defined that ﬁ' ~yvic = v (yp - yl) o
. (bviously, if momentum iz the characteristic being transferred, then

o
o
o=

supl im = L7,
2»:151_‘ -{ﬁ éjg , (7)



Prandtl (1) further proposec that /f'-\ﬂv'z == jzlg%l » Therefore;

@- . ﬁzl.‘ﬂ{ (9.‘.’.}

y ﬁ dyl \dy (8)
ﬁ is also known as tre mixing length. It should ce noted, however, tnat in
general _{' dis not egual to £ .

Theory of vertical distribution of sediment--If tune sediment con-
centration by volume is interpreted as the fraction of area occupied by the
sediment particles per unii area, ihe volume of sediment settling through a
unit area per unit time is simply (wc)(1l), where w 1is the fall velocity
of the uniform sediment, Under steady conditions of flow, the rate at which
sediment is being transferred upward through a horizontal plane must be
equal to the rate at which sediment settles through the same plane by

gravity. Thus setting qg== wc , one has

uc+£a%§=0, (s)

which was first obtained by O'Brien (2L) . Assuming that €4 = &, »
one may write

€™ €m=%/§§e (10)

For uniform mean flow in. a channel,

8 = yE =-v3, (11)

where h is the piezometric head, Since tie slope S is constant,
integration of Egq 11 leads to :

= = Sy 4 const




where 7, 1is the shearing stress ai the bed, Now according to Karmdn, in

a turbulent flow _
aw _ 1 | , (13)
iy ~ & \p

k being the Karmin constant. Substituting from Eqs 12 and 13 in Eq 10 leads to

- z'o D =
=L D y oD -
“n = 1 Zo % r P .—T;J[,r°
Ky yZ ‘

Eq 9 is consequently reduced to
D = 2 [T L
we + kU*—FZYE}-—On

Separating variables,

c J
A wD
d""'ﬁf y(O -y) »
cg a
which, on reduction, leads to
2
e _ (D=3 & ‘)
Ca y D-a/ °* (1)

where

Eq 1k was first derived around 1936 by A. T. Ippen at the suggestion of -

von Kérmdn and was presented by house (26) in 1937. It gives the concentration
at an arbitrary point at a distance y above the bed, when c; at some
distance "a" above the bed is known.

E-J_cgerimental studies—=In 1946, Vanoni (35) presented the results of
a series™of elaborate tests in a flume, BHe found that Eq 1L was of the
right form; but, in order to fit the experimental data, the exponent Z had
to be modified. By lettinz the modified value of Z be 4, , then in gensral
Z, & Z , i.e., the actual distribution of sediment is more unifrom than the
tknorutical distribution. This was taken by Vanoni as an indication that
sediment and momentum transfer coefficients were not equal. By comparing 2
and %, , he concluded that for fins material the coefficient of sediment
tranafer tende to exceed the coafficient of momentum transfer, and for
coarser sediment the tendency was reversed. In his tests, apparently only

a small amount of sand was present on the bed of the flume., Both the



Kérmdn constant k and the resistance coefficient f were observed to be
reduced by tie presence of suspended load. The discrepancy between the
calculated and measured distributions and the reduction in k and f were
considered by Vanoni to be related eassentially to three effects that occurred
in the flow in the presence of the sediment: (1) the sediment appears to
damp out the turbulence in such a way that the momentum transfer is reduced,
{2) random turbulence, which 18 not a factor in the transfer of momentuu,
contributes to the transfer of sediment, and (3) the "slip" between the
fluid and the sediment tends to make the sediment transfer coefficient less
than the momentum transfer coefficient,

In a paper published in 1951, Ismail (16) extended Vanoni's studies.
Besides verifying Vanoni’s findings, Ismail cbserved that the coefficient of
friction for a stream carrying suspended sediment exceeded that for clear
flom only when dunes formed on the bed.

Later in 1953, Vanoni (3};, 36) reported more data obtained from
flume experimemnts, It is of particular interest to note that even in the
occasional presence of dunes, the resistance coefficient f was observed
by Vanoni (3l) to be invariably reduced. It is also of interest to note
that an examination of Nikuradse's data by Vanoni shows that over a range
of wall roughness varying from 1/15 to 1/507 of the pipe radius, the
Karman constant changes from 0,32 to 0,415 . The average of all
experimental values was 0,374 , so that the msximum and the minimum values
of k were within about 10% of the average. From the new data, Vanoni
found that the ratio of %Z to Zl, may be greater or less than unity

(34:150).

¥sasurements of k made at the Towa Institute of Hydraulic
Research (23) in clear water flowing over a very rough bed (roughness up
to about 1/5 of the depth of flow) show also a reduction of k to about
0.3 . These tests clearly indicate that k can be influenced by factors
other than the presence ol the suspended load.

Regarding damping of turbulence by the presence of sediment,

~attention should be called to a parameter proposed by Einstein and
Chien (12). This parameter may be expressed as

C-£) 2.

where the summaticn sign is to extend over the entire vertical, It is in
fact the sum of the ratios of the power per unit width required to keep

the sediment in suspension,
(8 2 ?_B 2

to the power of flow per unit width dissipated in turbulence, g’ums .



they presented, five were baseg on the preobability distribution of the

quantity 1n (1 + Bk), which was called by Finstein and Chien as the
mixing length. In this expression, B 1& a constant and k is the
Kérmdn constant, The case considered by Ein:tsin and Chien as having

the best possibllities is briefly descrived,

In this case, the Kdrmin finding that the frequency distribution
of turbulent velocity is approximutely normal is adopted along with the
probability distribution mentioned above. Ergodic transformation then
vields

- o

— ] — ] L a‘
q_v-j‘l'dﬁm/"pdv—mg

o

where p is the probability for the fluctuating velocity to be ¥' .
Assuming that the velocities of upward and dowrmard fluctuations are
equal and that the fluctuations take place through the entire area,
Einztein and Chien obtained the equation of sediment exchange in a flow
assumed to be of infinite depth as

@®

o)
j cu(v' = w)pdv! -/ cg(v' + wlpav! =0, (15)

w W

where w is the fall velocity aad ¢, and c4 are respectively the
avarage concentrations of the upward and downward flows through the area
under consideration, Solution of Eq 15 then led to

] = . (16)

-1222/ 7

&
; 2
e +-£p;731? v}r
0

1;;7W'LZ -12/2
e dx

Disch of suspended load-=Several methods are available to
estimate the discharge of suspended load, Lane and Kalinske (20) stated that
the ratio ¢, /o, for a size interval having a fall velocity w is a
function of “w/ s » Here c, is the concentration of the material in
suspension at a certain poin% Just above the bed, and ¢, is the
concentration of that material in the bed. A curve relat cg/cp to
w/U, was prepared by Lane and Kalinske (20) on the basis of field data.
Later Kalinsks and Hsia (17) considered, in addition, the case of fine
material under the action of weak shear. In this case, viscosity may
be an important variable in the mechanism of sediment entrainment.
Consequently, Kalinske and Hsia proposed that c,/c), was a function of
both w/U, and %;2, « In order to apply the results of these studies
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to practical calculation of suspended load discharge, one must determine
the value of "a" . House (27, 28) suggested that "a" be of the order
of the bed roughness k .,

Another method proposed by Lane and Kalinske (21) consists in
using the mean value of the transfer coefficient to compute the discharge

of suspended load. Using the Karman-Prandtl equation of velocity
distribution, one has

€, = Kiay (1 =§);

the mean of which over a vertical 1s
DU
Tém..—.-.: _IE'— " (17)

Substituting from Eq 17 in Eq 9, and integrating,

W
. -5 (v = &) ;

-a;=.

therefore,
155 -
9y = | Ucdy = qogPy LO (18)

o

where P is a function of w/U, and U,/U.-':;: 3.8 (n/Dl_/é): With
w/Uy and n/Dl/ 6 ascertained, P may be evaluated by a plot given by
Lane and Kalinske (21).

In 1950, Einstein (8) presented a procedure for estimating the
discharge of suspended load. He assumed ' the thickness of the bed layer

was 2d ., If was the discharge of bed load, then the concentration
of grains of a given sigze within this layer was taken by Einstein to be

proportional to
Q%
2 ?

where i = the fraction of qg having a size interval with an average
dismeter of d ; and Up == the flow velocity at the bad., Assuming

further, U;e< U, , Einstein obtained the equation

o



Wiith ca— known, the concentration of suepended sediment at any other
point in the flow muy be computed by mezns of Eq 1, The discharge
of suspended sediment i= then given by

B

Qg = Vs/ Uedy -
J
2d

Chien's %_luia of sgliag efficiency=-In 1952, Chien applied
the method proposed by Einstein for the computation ;f total sediment
discharge and derived the following sxrression:

B A

D - 2d
1sa%a '-"] °2cl( yny—zd) Pdy ,

a

where 1ggqeg gives the fraction of suspended load in the size interval
d that is being transported in the upper portion of tfe flow having a
thickness of (D - a), ¢ g 18 the sediment concentration at a distance
of 2d above the bed, a.ns P represents 5.75 U, log 30.2 Eo

The term Uf here is the so-called shear velocity with respect to the grain
size, Applying again the method proposed by Einstein, one can obtain an
expression for the fraction it. of the total sediment discharge q in

3
~the size range d . Sampling efficiency is thenm given by -ﬂ-—g—:ﬁ :

Chien found that for ordinary rivers, P varied from 9 to 12,
and that within this range of P , assuming constancy of P would cause
an error of about 5%, which may often be considered as acceptable., By
assuming further that d and Uy’ may be replaced by w/U,' , Chien
was able to compute a set of curves relating Z to the sampling efficiency,
1959,,/140; » With the depth of flow D as the third variable.



Chapter III
THEORETICAL ANALYSIS

The present chapter deals principally with the following subjects:
(1) Variation of the resistance coefficient in an alluvial channel,
(2) Variation of the Kérmin constant in sediment-laden flow.

(3) The transport of total bed-material load,

(i) The distribution of non-uniform sediment in a vertical section.

Vihen rel.tively coarse sediment is being transported in suspension
in a uniform flow, owinz to the greater specific gravity of sediment, more
sediment will be found in the neighborhood of the bed than in the region
close to the surface, so that the concentration of sediment decreases with
vertical distance above the bed, A vertical density gradient is thus said
to exist. The influence of such a density gradient on turbulent transfer
will be examined in detail in connection with the first two topics mentioned
above,

Because of the existence of a vertical gradient of density, the
mechanics of sediment-laden flow is not always identical with the hydraulics
of homogeneous liquids. For instance, in the idealized case of perfectly
uniform flow in & channel having parallel, vertical walls, in which waves do
not exist, the Froude number according to the hydraulics of homogeneous
liquids, l1s not a significant parameter. Nor is ths Froude number consideresd
a significant parameter in the study of plpe flow in the absence of sediment,
These obssrvations, rightly made with flow of homogensous liquids, are not
nscessarily true when a vertical density gradient exists in a flow. Further
discussions will be made elsewhere in this chapter,

The available theory of sediment distribution in a vertical (see
Chapter II Section 2) is based on several assumptions, one of these
agsumpt_ons being that the sediment is uniform 1n size. When the size
distribution is such that the sediment may not be considered as uniform,
the theory of sediment distribution in a2 vertical must e extended to
account for the effect of size variation, An equation involving an integral
will be presented.

Karman Constant

, , There are two ways to define the Karmin constant k . According to
Karman's theory of mechanical similarity (1), it may be defined as

0

L= szax- :

y

=

v
i~

+

3 m w ’ g . - sl L o - -5 ey
where £ is the mixing leagth. The Karman-Frandtl equation of velocity
distribution leads %o another expression for k



g _.0s

dy = ky (19)

In the present discussion, the latter expression will be used. Let curve
(1) in Fig. 2 represent the welocity
profile for flow of homogeneous
fluids, for which the Kirmén constant

, {é; b is often taken as 0. on the basis of
wr" Nikuradse's work (1L4).
7
f If now the intensity of mixing

is somehow reduced, the velocity
distribution will be less uniform, and
may take on a form like curve (2),
The value of U; corresponding to
curve (2) is smaller than that in the
case of curve (1), whersas the value

of du "in the turbulent zone of curve

Fig, 2 Schematic Velocity (2) is greater than that in the case
Distribution Curves of curve (1), Since Eq 19 has been

found by many investigators (35, 16)
to be in ggod ’accord with experimental data, it is only possible to concluds
that the Karman constant k decreases when the rate of mixing is reduced.
Similarly, when the rate of mixing is increased (e.g., turbulent flow over
a heated plate), U, will be increased whereas dU will be reduced, so

[ / W /
that the Karman constant is increased. Therefore, the Kdrmdn constant msy be
regarded as an index of the rate of turbulent transfer. It varies directly
with the rate of turbulent transfer of momentum., Under special conditions,
values of k up to 0,61 have been observed by Sheppard (31).

For flow wherein the density decreases with vertical distance above
the bed; turbulent transfer in a vertical invariably requires wo.k done against
gravitation to raise heavier material upward and to force lighter material
downward. In this process, part of the kinetic energy available in
turbulence is converted to potential energy, thereby reducing the amount of
kinetic energy available for mixing. Thus when there is a gradient of
density decreasing with height, the rate of turbulent mixing or transfer may
be expected to decrease, and the value of k likewise may be expected to
decresase,

Basically, in the absence of a gravitation field; vertical density
gradient would not have any effect on the turbulent transfer in a vertical t
section. It is to overcome the gravitation field that some kinetic energy
of turbulence is converted into potential energy. Therefore, the influence
of vertical density gradient on turbulent mixing is basically a result of
gravitation, and some form of the Froude number may be a significant
parameter in the study of flow having a vertical density gradient., Thus,
contrary to the hydraulics of homogeneous fluids, even for perfectly uniform
flow enclosed in pipes or betwsen vertical, parallel walls, some form of the



Froude number may be & giznificant param ter, provided that there is a
vertical density gradient in the flow. This may explain why in the study

of sediment transportation in pipes, a form of the Froude number is sometimes
found to be a basic parameter (5, 7).

It should be pointed out, however, that for the case of uniform
flowm with respect to t:e longitudinal direction; Froude number could be
important only when there is a vertical gradient of density. In view of
this fact, it is logical to combine the froude number and parameters
characterizing density gradients in such & manner that the resultant
parameter vanishes when either the density gradient or the gravitational
force vanishes, The result is the kichardson number (25).

In summary, then, the Karmdn constant may be regarded as an index of
momentum transfer by turbulence. The greater the rate of momentum transfer,
the greater will be the value of k . Since the rate of momentum transfer is
1nf1ugncg§ by the existence of a density gradient in the direction concerned,
the Karman constant is expected to depend on the Richardson number, which
determines the reduction of the rate of momentum transfer by stabilizing
density gradients, and possibly some other parameters which characterize the
energy received from the mean flow,

Richardson Number

Whenever there is a wertical density gradient normal to the main
flow, turbulent transfer in a vertical will involve exchange of matter of
differen® density, so that work is done either on or by the eddies
responsible for the exchange. To express the effect of gravitation in such
a case, Richardson proposed a dimensionless parameter which was deduced by
considering the ratio of work done against the density gradient (in the case
of density decreasing with height above the solid boundary) to the energy of
turbulence received from the main flow. A form of the number as presented
oy Prandtl (2k) is

However, for the study of sediment transport by suspension, it 1s
more convenient to use a form of Richardson number as. deduced in the
following:

let » Dbe the weight per unit volume of the water-sediment mixture.
Then over an individual mixing length (24) of / , a small element of fluid
prior to being mixed will have its weight differing from that of the
surrounding medium by

a7 ,
=/ =



In the case of a density decreasing with height above the bed, this difference
in weiht always opposes the motion, so that work has to be done to overcome
the difference in weight. The rate at which the work is done by a unit volume
of the fluid is

' mw‘[%i;- = = w/

The temporal mean of this guantity is taken as

, y Wl de _ ée o
.Elﬂ ¥ dy -J" eady

Now the energy of turbulence is received from the mean flow through the work
done by the Reynolds stresses. In the present study, the pertinent component
of the Reynolds stresses is the shearing stress acting in horizontal planes.
Therefore, energy is extracted by the secondary motion from the mean motion
at a rate of :

E2 2= 2722 per unit volume,

dy

_ The last two equations may be combined to give the following ratio
which indicates the percentage of the energy in turbulence that is being
convarted to potential energy:

E Ve & 5
R (20)
B au _
2 &
Since we + 6,3 =0,
dy
. "
and ¥ = 3, (-5 2
. e ="t Pe
Eq 20 is reduced to
E; _ Tyme
Tt - )k
Ez ) B

— ¥ .
=T 1-5)’ (208)
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“rom a dimensionl viewpoint, the significant parameter in the foregoing

we
expression is U5 as computed at a given value of y/D , This group, being
of the nature of a Richardson number, will be denoted by ki in this report.

It should be pointed out that the hichardson number used in the
present report is very similar to a parameter proposed by Einstein and Chien
(See Chapter II, Section 3), namely, :

g SRRy S
Ps LU

The difference between the Richardson number used in this report and the
Einstein and Chien parameter lies in the fact that Ri in Eq 20a is based
on local values and includes U, in the expression, whereas the latter is
computed on the basis of the entire cross-section and uses the mean velocity
in the parameter, :

Resistance gg Alluvial Channels

In the present report, a dimensionless form of the Chezy coefficient
C/ =/@ will be used as an index of channel resistance. From the Chezy
equation for two dimensional flow

U, = C+/DS ,
it_folloua that

U, = C-/gDs/=/g ,

e

7= e

*

so that

From this expression, it is clear that, being equal to the ratio of mean
velocity to shear velocity, C/=/g must depend, among other things, on

the velocity distribution in a vertical. This is to say that, since velocity
distribution depends on the turbulent transfer in a vertical section, one
may expect the Richardson number to be a controlling factor of C/-/& o

For uniform flow of homogeneous liquids, one can deduce from the
KArmdn-Prandtl resistance equations

£ = f{ (Re, relative roughness
"/E ( » g )0

In the range of experiments reported herein and also in the range of field
data; the Reynolds number is often of such magnitude that the flow is
of the so-called fully-rough type. For this tyve of flow, Reynolds number



may be of secondary importance. canting that this 4s the case and that the
liquid is homogeneous; one hasa

__ '? = f, (relative roughness) .

khen there is a vertical density gradient in the flow, however, the
foregoing equation should be modified to include the Richardson number,
leading to

Y = £, (Ri, relative roughness) .

/€

But for flow having appreciable vertical density gradients in alluvial
channels, the boundary roughness is a function of the flow and sediment
characteristics, so that

C
_/-; = £ (Ri, rslative sediment size) .

The variation of C/=-/g as well as that of tte Kiarmdn constant will
be dealt with somewhat more formally in the following dimensional analysis.

lnimensional Analysis

Let the channel be very wide and be composed of relatively fine and
cohesionless materials, Then for a uniform flow of given liquid property and
at a given depth and mean velocity, not only will the total amount of sediment
being transported be uniquely determined;, but also the distribution of sediment
and velocity in a vertical section. Thus, one may write the folloulug equaticas:

discharge
The bed-material discharge
G = fl {um, Dy P.’/’ s B W), (21)

the sediment concentration at a height ¥y

c = 1‘2 (Um: D, P..s/.l » B W, V), (22)

Lok

the shear velocity (which depends on the
Fig. 3 Schematic sedinec:nt velocity distribution)
distribution curve '

= f3 (Um’ D, /q',/z, € W), (23)



and the K{rmin constant (which also depends on the velocity distribution)

k = £} (Ups Dy pys M/ 5 85 w) (24)

Non-dimensional Chezy's coefficient-<Starting from these expressions,
various flow variables will be discussed. By virtue of Eq 22, one may write

Uy = 3 (Ups Dy P*I/J s B W)
= fs (Um: D.’ /o"j Cy By Wy y)!

so that on applying the Pi-theorem to f.'3 , one obtains

..g..—_g.ﬂ.l = g (% » Uy/~/ED , W/ ) (25)
v #

and on understanding that c¢ 1is the value at a given y/D , the Pi-theorem
- applied to f5 with U, , D and Pa 288 the repeating variables results in

..9..:'5: = £, (e, U/~/&D, /U, ) (26)
&

However, the Froude number U,/«/gD alone will not have any influence on
C/=/g unless there is a density gradient in the vertical direction, Nor
should the concentration alone be a significant variable unless a
gravitational field exists or unless the concentration is so high as to
materially change the effective density and viscosity of the sediment-laden
water. In view of these considerations as well as the fact that the

concentration of sediment transported by flow in open channels is usually low,
it appears reasonable that Eq 26 may be given the special form

(ﬁ-"% s -l-}'-) (27)

where the first parameter is the Richardson number as previously explained and
has been obtained here by combining the three dimensionless parameters on the
right-hand side of Eq 26, The second parameter in Eq 27 may be regarded as
& parameter characterizing the sediment property. Obviously, more than one
parameter will be needed to accurately represent the sediment properties. For
a preliminary study, ths median fall velucity is used.

The Kérmin constant=-Using Eq 23, one may rewrite Eq 2l as

19 -



k = fg (Uys D P'://’ g W) o
Dimensional analysis then leads to

w
ko= flo (cs S’ -ﬁ:) °

Consideration of the effect of dénsity gradient again gives rise to the use
of the Kichardson number, so that one has ths tentative form

bk = f (—?— .24 (I (28)
11 "y,.sU,

When the flow is such that practicelly no sediment is in suspension,
there are two possible cases in the study of the Karmén constant. First, the
bed load transport may remain active, so that the channel may still be
regarded as alluvial, and the bed roughness K is a variable governed by
other flow parameters, i.e.,

K= £ (Ums D, P'n/l: gs w) (29)

Substituting from Eq 29 into Eq 24

k = f13 (um, Dy Pus M » 85 K) (30)

so that kK = fllh (U,0/% U_/~/2D , K/D)

Sincg the Froude number cannot have influence on the velocity distribution in
a uniform flow of clear water,

k = £ (UD/p, K/D) (31)

For large values of UmD/;!, the velocity distribution is essentially
independent of the Reynolds number. As a result, one may write

k= £y, (g_) ) (32)
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It should be noted that Eq 32 is deduced on the basis that the Froude number
may be ignored. This elimination of Froude number may be justifiable when
there is no ver.ical density gradient in th= flow,

The other possivble case of flow without sediment in suspension occurs
when the magnitude of the dra; is too small to move the bed material. Then
the channel no longer behives as an alluvial channel., In this case, t:e bed
roughness is an independent variable., For very rough bed;, the drag on the
bed is essentially due to the presence of a separation zone behind the sand
waves, so that the size of material becomes unimportant. Consequently, one
may again write

k=f13(Um,D,/Q',/U,g,K),

leading back to £q 29 and Fq 32, It is thus scen that when little sediment
is in suspension the Karmin constant may be governed by the same non-
dimensional pa:ameters whether the channel is alluvial or not.

The foregoing reasoning indicates that the observed variaiion of k
(also see Chapter 1I) with sediment concentration on the one hand, and with
the relative roughness on the other sand, is not necessarily contradictory.
One may regard Eq 30 as the general expression for the presentation of data,
when little sediment is in suspension, Eq 30 may be reduced to Eq 32. uhen
a considerable density gradient exists in the vertical direction, Eq 30
itselfl should be used. Consideration of the mechanism of exchange reduction
due to the density gradient, however, leads to a more convenient form, kg 28.
It will be noted that Eq 28 conforms to the theoretical considerations set
forth in the uveginning of this chapter,

Total discharge of bed material--From Eqs 21 and 23

qt = fl? (u’ D’ P') /J » U*] “)o
The'Pi-theoram then leads to

T 2 = i R )

As sediment transvort is essentially a function of the tractive force or shear;
the parameters U D/¥ and w/U; can influence the transport of sediment in
so far as the velocity distributTon m.y vary with these parameters, It is
possible that the effects of these parameters are included in the parameter
C/=/g . If this is the case, then

%C-l = fyg (:—C-/E) (3L)



In view of Eq 3L, one may alsc write

%
7_5=f20 (TE:S",UL*) o (35)

Eq 3}, if verified by experimental data, should be of considerable interest
in practical applications.

Distribution of Sediment in a Vertical

As stated in Chapter 1I, the distribution of uniform sediment in a
vertical was presented by Kouse,
Z
g =(Rox o) (36)
ca_ y

D =-a

where Z = w/kU, , Other factors being the same, when the sediment is not

uniform in size, the foregoing equation must be modified. Let the bed
material have a discribution of fall
velocity as shown in Fig L. It will
be assumed arbitrarily in tue present

e report, that the size distribution of

material in suspension at a distance
of D/20 above tne mean bed is
W) : % identical with that of the bed material.

b B by wr

P ' At a distance of y above the

bed, the concentration of that part of

Fig. L Schematic Tall velocity sediment having a fall velocity lying
distribution curve between w and w + dw 1s gliven by

dc = K cg hdw,

where A = Ral i s .
y D—a .

Since the governing differential equation is linear, the concentration of
all sizes of sediment at a distance y above the bed iz given by

2
c = caj H% hdw . i (37)

g |

Although Eq 37 is quite general it is not convenient for practical
calculations because of the irregular distribution of fall velocity normally
encountered in experimental studies. The integral of Eq 37, therefore, is
evalpated by the method of finite difference. In this case, it is more
convenient to write



n

JH (b Aw), (38)

i=1

¢ = Cg

By means of a planimecter, the area under tne distribution curve of fall
velocity, rfig L may be divided into equal parts, so that

n
e =c, h Aw E{W Hi

i=l

A graph for the evaluation of H% was prepared (see Fig Al in the Appendix),
The computation of a sediment distribution curve was then reduced to a
process of summing the values of H. rpead from Fig Al

It must be pointed out that both Eqs 37 and 38 only account for the
effect of non-uniform distribution of fall velocity. Otherwise, these
equations are subject to the same limitations as Eq 36.



CHAPTER IV

EXPERIMENTAL EQUIFMENT AND PROCEDURE

This chapter gives a brief description of the equipment as it was used
for gathering the data presented in this report. The flume and its circulation
system are treated briefly, after which the various measuring devices are des-
cribed. A short description of the sediment used in the experiments is included
and the operating procedures are summarized at the end of this chapter.

General Description of the Flume

The experiments were performed in a tilting flume which was four feet
wide, two feet deep, and seventy feet long. The flume was of wood construction
“consisting of a two-by-four framework lined with 1/2-in. plywood. The wooden
frames rested on two 8-in. I-beams, which ran the entire length of the flume.
The I-beams were supported by jacks spaced on 8-ft centers, and by adjusting the
:]ac:; the slope of the flume could be set at any desired slope between 0 and
0,015,

Sand was placed in the bottom of the flume to a depth of about three
to four inches., The sand was a natural sand taken from a delta formation in
Loveland Lake which is a small irrigation storage lake located about thirteen
miles from Fort Collins. The sand was passed through a 28-mesh Tyler screen
to remove some organic materials from the lake sand. The median sise of the
sand was approximately 0.18 mm., Size distribution curves for the sand are in
the Appendix. '

The water and sediment moving in the flume was circulated through a
12-in. low<head centrifugal pump driven by a 35-horsepower motor. The sedi-
ment-laden water leaving the flume was collected in a L-ft trough and then re-
turned to the head of the flume through a 1lh-in. pipeline. At the head of
the flume the water passed through a vertical transition which enabled the
water to enter the flume relatively uniformly scross the L-ft width. Five
baffles were placed in the flume immediately downstream from the transition.
The baffles consisted of two honeycomb type wooden baffles placed 6 in, apart
about 1 £t from the transition., The other three baffles consisted of 1/L-in.
mesh screen, The first screen was 3 ft downstream from the last wooden baffla,
and the last two scresns were two inches apart and were located about 1 {ft
downstream from the first screen, The screens were installed after run 21.
Prior to that time the baffling system consisted of 3 honeycomb type wooden
baffles, but one of the wooden baffles was replaced by the 3 screens after
run 21.

The depth of flow was controlled by a gate at the downstream end of
the flume. The gate consisted of vertical notches in which wood slats were
moved up and down to control the gate opening. This type of gate worked very
nicely since it did not cause any obstruction to the sediment moving near the
bed of the flume, A 2 in. by L4 in. wood strip was nailed across the floor
of the flume to prevent excessive ascour of the bed near the control gate. A
schematic drawing of the flume is shown in Fig. 5.

Circulation §;'Itan

The water flowing in the flume was collected in 2 L-ft trough at the
end of the flume, thence it flowed into 2 sump at one end of the trough. The

i ?It =



sump was 4-ft sguare and sbout 7 Tt desp. The water and sedimeni then flowed
fyrom the bottom of the sump through a 1k-in, amooth atsel pipe to the pump.

At the pump a 12-in. dischargs pipe rouse veriically for sbout 10 ft. Ia-
stalled in this vertical I1ine was & 10-in. orifics for measuring the di:charge.
Sediment sampling tubes wers alsc instelled nsar the orifice to maasure Lhe
total sediment load being iransporied in the system. Beyond the i2<in, riser,
the pipa diameter increased tu 14 in. In the li=in. 1ine near the head end of
the flume a lli<in, valve was installed to contrel the discharge )a the flums.
With the valve fully open ths pump could dsliver slightly over 9 c¢fs to fue
fiume. At the wvalve the pipeline was about 5 % sbove the floor of Lhe Tlume
80 a vertical transition waz installed to sxpand the flow and discharge it as
uniformly as possible across the width of the flume. Three vanes \n the trinsi-
tion distriboted the flow ascross the width of ths flums, but honeyuomb type
baffies (previocusly described) were required below the transition iv even out
the flow and distribute it uniformly across the width of the flume.

Several arrangemsnts of the bafflea wers tried before arriviy: at the
final arrangement of two woodan honeycomb type baffles followed by thvas
screens as mentioned previcusly. The honeycomdb baffles had openinge aboub
1 1/L in. squave., Three of thase were installed initially but, after \un 21,
analysis of the data indicstad that the taurbulence generated by these haffles
was affecting the values of k . In the case of a smooth sand bed; the tur-
bulence generated at the bed was dominated by the turbulence generated \y the
baffles, and this condition existed for the entire length of the flume. Thevre-
fore, the screens were installed to break up the larger eddies created Ly the
honeycomb baffles. The screens generated a small-scsgle turbulence whict tended
to decay more rapidly than the large-scale turbulence creasted by the honyycomb
baffles, With the decay of the eddies generated by the screens, the aormwl
torbulence generated at the bed was able to establish itself sbout hall wuy
down the flume. This condition insured 2 normal velocity distribution at the
point where the velocity and the sediment distribution measuremenis were mede.
Measurements of the velocity profile were mades at several points along the
center line of the fluw:. These points were generally 8 ft to 10 7t apart.

When the wvelocity distribution was the same al two successive pointo
along the centerline of the flume, uniform flow was considered to have been
established. In the case of a rough bed (due to sand waves), uniform flow vas
established at the measuring station which was sbout 2/3 of the length of the
flume from the inlet even though the baffles consisted of three honeycomb
baffles without the screens. In the case of a plane bed, however, the screens
were requirad to establish uniform flow at the measwring station. The experi-
ence with the baffles in these tests emphasized the necessity of adequate
baffling to insure normal velocity and sediment distribution patierns in
laboratory flume tests.

Just beyond the baffles a 2-in. by 12-in. beard was allowed to float
on the water surface to smooth out the surface disturbances caused by the
baffles. At a2 point sbout 2/3 of the distance from the inle%, to the ead of
the flume, the velocity and sediment concentration profiles wers msaswred at
the centerline of the flwe. Approximately 3 ft upstream from the end of the
flume, the slotted gate was installed to control the depih of flow in the
flume, This gate enabled fairly delicate adjustments Lo bas effected so thal.
the slope of the water surfece could be made to sgree as nearly as possible with
the slope of the wooden floor of the channel, thereby eliminating any backwalar
curve, With this econdition existing in the {lwns, measurements indicsted that
the slope of the sand bed also rspidly spproached the slope of the waier sur-
face. In fact, the experiments indicated that the slope of the sand bad
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adjusted itself to the slope of the water surface, even though the water
surface slope varied somewhat from the slope of the flume floorj; but it
sometimes required more time to establish uniform conditions. The 2 in. by

L; in. sill which held the bottom of the control gate prevented excessive scour
of the sand bed &s the water accelerated through the gate. Beyond the con-
trol gate the water and sediment fell about 3 £t into tha collecting trough
after which the whole cycle was then repeated.

Measuring Devices

Several measuring devices were required in the performance of the
experiments, The devices for measuring discharge, slope, velocity, sediment
discharge, bed roughness, depth, and temperature are described in the follow=

ing paragraphs.

Discharge measurements-«A 10 in., orifice meter was used to measure
the flow. e orifice wac caelibrated ia place by two methods. The first
method consisted of filling the flume and timing the period of filling. This
volunetric method was good for discharges up to 5 cfs, but the storage volume
was too amall for larger discharges. The second method consisted of installing
a calibrated 10-in. orifice plate in the pipeline and measuring the flow which
coincided with the curve established by the volumetriec method. Although the
calibration was made by using clear water, it was assumed that the small con-
centrations of sediment would not have apprecisble influence on the calibration.
This assumption was based on the experimenls performed at the Neyrpic Lebora-
tory in Grenoble, France as described in Li Houille Blanchs (January-Februvary
1953). The head differentisl across the orifice was measured in feet of water
by a differential manometer. For small discharges, which gave a differential
head of more than 3 ft, another gage was recuired and it could be read to the
nearest hundredth of a foot.

Slope measurements-~Plezometer holes 1/16 in, in diameter were connected
to an open manometer board with plastic tubing, Readings on the manometer could
be made to the nearest thousandth of a foot. The piesometer holes were 6 in.
gbove the floor of the flume and their longitudinal spacing varied from 2 fi to
5 ft. Another set of pilezometer holes was later installed 3 in. sbove the old
set of holes because the lower set clogged with sand when there were sand bars
in the flume. Care was taken in making the holes perfectly flush and smooth
with the wall, but at times there was some interference caused by boundary
irregularities near the holes. The first two and the last two holes were often
in sones of non-uniform flow so that little or no weight was given to the read-
ings on these holes, Although the slope measurements were generally sabtisface
tory, the data dld scatter somewhat in each of the slope measurements.

Velocity measurements--Velocity measurements were made with the pitot
tube pictured in ¥ig. 6. 7This pitot tube was careftlly calibrated in a 250-ft
towing tank used for the calibration of current meters. The results of the
pitot tube calibration are quite consistent, The pitot tube had a quick re-
sponse so0 that equilibrium was reached without great delay. Because there was
not appreciable surging on the gage, very consistent resulis could e obtalined
without spending much tine on esch reading.

Suspended sediment measurements--The suspended sediment was sampled
through a brass tube which had a rectangular entrsnce as shown in Fig. 6. A
pitot tube opening was located on eech side of the sediment sampler so that
sediment intake veloclities could be carefully conlrelled. A =mall pump with
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1 ssoetism of the flume., For & rough bed the sverage elovatlon of
s bed was estimated by making & grease pancil line om the window that repre-

sented the sverage elovation of the bed as far as it could be determine
visually. A scale wes thea used to measure the distance frem the bed 1o the
water surfece., Dopth measwrements were made al 3 differemt points on the
window and the measvrements wore repeated ssverel times during a run. When
the bed was plane, the msagurements st the window ware easily made and the

results were generally very censistent.

T measurements—-Tenperatuwres were messured by inserting a
cent or into vhe Tlcw pear the dounstream end of the flume,
The water temperatwre incroased between the time of the beginning and end of
2 run, Howsver, by the time velocity and sedimemt profiles were messured the
temperature genarally was reasonably constant.

Description of the Sediment

In order to describe some of the physical preoperties of the sand, a
serple was chserved under a microscops. Although no extensive study was
made, sbout 507 of the sand particlss were determined to be quartz graine,
approximately LOY were mica flakes (principally bictite), and the remsining
10% consisted of a variety of minerals dominated by grains of orthoclase.
The orthoclase and quarts particles exhibted signs of considerable wear
gince mest of their sharp edges had been fairly well rounded. The mica
flskes, which were typically flst particles, had no wamsual characteristies.

while the standsrd deviation of the
was 0,037 mm. Since the variatiom in

sedizment characteristics appeared o be small, Ve median size of 0.18 mm was

made by the Missouri River Division
Laboratory of the Corps of Engineers and the fall velocity for the median
size was 0.0645 ft/sec at a temperature of 24°C as shown in Fig. A-2, This
fall velocity was used in the analysis of most of the data since most of

the runs were made at temperatures closely approximating 24°C. The fall
velocity for the median sise of 0.180mm varied essentially as a straight line
from 0,0595 ft/sec for 20°C to 0.0720 ft/sec for 30°C.
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During a rwn, the discharge, the tempsrature, the average depth of flow
at the window, the water surface slope, and the water surface elevation in

recorded every howr or two during the rum.

tail box wers measwred freguently
Sampling Methods

-~ vard

The messuring station was moved
The last

to station 73.0 becamse for runs which involved & plane bed, the welocity distri-

bution was better establishsd at station 73.0 than at statiom 67.0.

and the control gote 2t the

-

Saxpling was sterted when umiform steady cemditions

baffle at the heed of the flume was located st station 33 (which was 5 £4 from

the inlet at the wnsiveam end of ths fluvme),

of the flune was gt station 9.
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All data were dated, tasbulsted, and filed into folders so that the in-

formation for each rwn was kept together.
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DISCUSSION AND ANALYSIS OF DATA

The experimental date collected in the present study will be anslysed
in the light of the theoretical considerations presented in Chapter ITI.
Before the main topics are discussed, however, certain terms used for desorib-
ing the bed conditions in this report will be defined.

Terms Used to Deseribe the Bed Conditions

The term sand wave, as used in the present report, will denote any
disturbance on the bed of a stream caused by the movement of the bed material
such as dunes, sandbars, and anti-dunes explained below. This usage of the
term sand wave is derived from a definition given by E. W. Lane (19), who .
defines a sand wave as "2 ridge on the bed of a stream formed by the movement
of the bed materisl, which is ususlly approximately normal to the direction of
flow, and has a shape somewhat resembling a water wave." In this report, the
term is extended to include sandbars of which the fronts are usually not normel
to the direction of flow., In the order of increasing mean velocity of flow,
dunes, sandbars, plane bed, and anti-dunes may form.

A dune as mentioned in this report is one of a group of sand waves
which are more or less triangular in profile and which appear somewhat like
fish scales or a shingled roof when looked upon from sbove (Fig. 11). The
dunes observed in the course of the present study were generally about one
inch high (ranging from one-sixth to one-sixteenth of the depth of flow) with
a length always leas than twice the depth of flow, The authors consider it
a significant fact that when dunes prevailed on the bed, the surface fluctue-
ticne were comparable in magnitude to those normally encountered in flow
involving fixed boundaries. '

A sandbar as referred to herein is a large sand wave, which is, in
profile, distinctly higher and many times longer than the dunes in the
neighborhood, and which, in plan, has a general wave front thet is not normal
to the direction of flow (Fig. 12). In the present series of experiments,
the profile of a sandbar was observed to be four or five inches high and in
general between six and ten feet long. It was also cbserved to have a markedly
greater wave velocity than the dunes. When a sandbar occwrred on the bed, it
was accompanied by one or more standing waves on the water surface which,
although not always discernible to the naked eye, were definitely detectable
with a point gage. The water surface under such conditons was so erratic
that uniform flow no longer existed.

When a bed is even and free of sand waves, it is called a plane bed

(Fig. 13). The roughness of a plane bed depends primarily on the grain-size
of the bed material.

The term anti-dune has been defined by E. W. Lane (19) as ™a sand
wave, indicated on the water surface by a regular undulating wave, in appear-
ance like that formed behind a stern wheel steamboat. These ridges move,
usually upstream. The surface waves become gradually steeper on their
upstream sides wuntil they bresk like surf and disappear. These waves are

in series and often reform efter disappearing.” This definition will
be adopted in the present report.
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Conditions with Msan Va';n;cj_ty of Flow

P ——

— e . S

\1though other factors have an infiuvenca in governing the wariation
of bed configuration, there doos sppeexr to be a guneral relationship betwsen
the msan velocity of flow and the bed conditions:

In the present study, the flow was always turbulent. It wes observed
that as =oon as the drag on the bad was sufficient to move the materials,
dunes began to form. Under the conditions of uniform flow at & given slope,
there was a general tendency for the average length of dunes to increase with
the wvelocity of flow, although the chenge in length was so small that it was
not plainly noticesble (see Appendix ). Ko definite trend of the variation in
dune heights with velocity could be ocbserved. When dunes were brevailing on
the bed. introduction of an object close to the bed gave rise not only to active
scour under the cbject but also to a train of sand waves of decreasing sizes
downstrsam from the object. Even after the object was removed, disturbances
caused originally by the object would grow in size. eventually becoming dunes
as large as those presvailing on the bed nearby. Thus, in the stage of dune
formation, the bed is unstable to any perturbation in the sense that a distur-
bance will be magnified.

When the velocity was increassed, a point was soon reached at which it
was noted that some of the dunes tended to grow more repidly than others. These
larger waves wers traveling at a higher speed than the =mmall oneg and hence
vere able to accelerate their growth by overtaking smaller dunes. Eventually
one or more long sand waves, or sandbars was formed (Fig. 12). As stated in
the previous section, the general front of a sandbar was not normal to the
direction of flow and the wave velocity was markedly higher than that of the
dunes. Sandbars often had rather steep fronts but only slightly inclined backs.
It was quite common that the back of a sandbar was coversd with small dunes.

In some cases, the entire sandbar was covered with dunes, so that, when looked
upon from gsbove, the bed would appear to consist of dunes riding on a gently
rolling base of which the ridge traveled in an obligue direction acrosez ths
flums glternately from one side wall to the other as if it were reflected by
the walls.

When the velocity of flow was further increased, the sandbars would
rapidly diseppear leaving behind a plane bed (Fiz. 13). In some cases, small
dunes wers found in the narrow strips along the side walls. The central part
of the bed. howsver. was free of dunes, as was easily ascertained by a rather
swift sweep of the hand over the bed surface. Under the conditions of a plane
bed, introduction of an object near the bed brought about active scour under
the object, but no other disturbance was observed downstream. As soon as the
object was removed, refilling-of the scour hole took place. In tims a plane
bed was restored. Thus a plane bed 1s stable in the sense that any small dis-
turbance will eventually disappear.

If one continues to increase the velocity of flow, after a plane bed
has come into being, anti-dunes accompanied by high surface waves will even-
tuelly appear. Under such circumstances, uniform flow again does not exist.
In this study laboratory data were collected for plane beds and beds with
dunes. Some approximate information was gathered a&lso when sandbars occurred.
Anti-dunes were observed visually without any data being taken.
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Resistance of an Alluvial Channel

As far as hydraulics is concermed, an alluvial chamnel differs from
an ordinary channel in that even in a given material the condition of the bed
of an alluvisl channel is a function of various flow and fluid propertisa.
However, a theoretical solution for the problem of evalusting the resistance
of an alluvial channel is impossible to obtain beforse the mochanics of dune
formation and destruction by the flow is wnderstood.

The experimental data mgy be presented in two different ways indicated
by Eqs 25 and 27 in Chepter III. Eq 25 is similar to an expression first
proposed by Ali and Albertson (1). By rea that the Froude number may
be neglected in a wniform flow and by using instesd of w/U, in Eq 25,

L o= 1, (W, 4) (39)

Fig. 1li, taken from e thesis by Ali (1), is the result of analysing a multitude
of data from various sources on the basis of Eq 39. Although there is con-
siderable scatter, it appears that genersl trends of curves can be established.

On the other hand, in the present study in which an spprecisble density
gradient always existed in the vertical direction, experimental data may also
be presemted according to Eq 27. The result is Fig.15. In this figure, two
trends of data are obvious. All data pertaining to a plane bed fall on the
upper curve, whereas those obtained for a bed covered with dunes £211 on the
lower curve., The existence of two trends need not be swrprising, if one recalls
that, when dunes exist on the bed, the vortex in the seperation some dowmstream
from o dune tends to throw more sediment into suspensiem by larger-scale circu-
lation, so that the mechamisw of sediment entraimment and distribution in the
caze of a bed with dwmes is not the same as that in the case of a plame bed.

If the resistance of an alluvial chamnel is governed by the influence of density
© gradients--that is, to some extent by the distribution of sediment--then it is
only logical that there should be two curves relatinmg the dimensionless Cheuy
coefficient and the Richardson mumber.

For the data presented in Fig. 15, w/U, varies from 0.15 to 0.55. It
is of interest to mote that mo systemstic variation of C/-/g with w/U, can
be cbserved. Thus when data are presented according to Eq 27, two significant
cbgervations may be mades

(1) The relative fall velocity w/U, of the material composing en
alluvial channel is not a factor of primary importance in
determining the resistance of an alluvial channel. TIn other
words, the influence of w/U, on C/-/g is adequately deter-
mined by the sbscissa parmetur we/U,S ,

(2) Over a fairly wide range of fall velocity distributions, such
as that of the material used in the present sbudy, the character-
istics of the distribution have no apprecisble effect on the '
resistance of an alluvial chammel.

Both curves of Fig. 15 indicate an inecrease in Chesy’s C or a de-
ereaze in the Darcy-Weisbech resistance coefficlent with the increase in the
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Richardson number. Thus the contention in this report that density gradients
reduce the intemsity of momentum transfer and hence, for the same discharge,
reduce the resistance of the channel is supported by experimental data (see
the section emtitled "Kérmén Constant," Chapter III).

At very large Richardson numbers, the resistance coefficient could
theoretically approach that for turbulent flow in a hydrodynmamically smooth
chanmel, although the range of present data is not sufficient to check this
statement. As the Richardson number approaches sero, the flow may either be
free of any sediment in suspension or contain relatively very fine sediment
that is wmiformly distributed in the vertical direction. In either case, since
the density gradiemt is either nom-existent or negligible, the Froude number

is of little importance.

Another expression which is sppliceble when the sediment gradient is
gmall may be obtaimed by leaving the Froude mumber cut of Eq 26. The result
is2

_-3_.!. — f22 (c 3 '/U",) (llﬂ)

As mentioned previously, the experimental data may be presented in
sccordance with two basic ways of growing the varisbles as indicated by
the general Eqs 25 and 26. In practical applications, both ways of presenta-
tion are desirsble. A plot prepared on the basis of Eq 25 (Fig. 1) will be
useful to a designer for the estimation of chamnmel resistance from his data
of channel characteristics, water discharge required, and the type of sediment
encountered. A plot prepared on the basis of Eq 26 (Fig. 15) will then ensble
him to estimate the capacity of the chammel for transporting sediment; and
thereby to determine whether his design is satisfactory in so far as sediment
i3 concernmed. Eq 39 is a particular form of Eq 25 whereas Eqs 27 and 40 are
particular forms of Eq 26,

To be more apecific, the main steps to be taken in the hydraulic
computations for an unlined chammel will be omtlined. let 1% be assumed that
the capacity and the cross-sectional shape of the channel have been specified.
Soll samples taken along the proposed route of the chammel will them furnish
the sise distribution of the material composing the chamnel. Hydraulic com-
putations mgy be started with a trial value of D . Om the basis of this
trial value, and the specified shape and capacity of the channel, the mean
velocity of low U as well as the hydraulic radiuvs B may be computed.
Knowing the prevailing temperature at which the channel u:L‘L} be operated and
with a proper choice of effective sise for the bed materisl*, one can compute
the Reynolds number and d/R as well as the fall veloeity w . A plot such
as Pig. 1l will then encble one to find C/-/g , from which the slope of the
channel may be computed. Knowing the value of C/-/g , one may also make uss
of & plot such as Fig. 15 and obtain the value of mlofﬂ*s .

1 Tt should be noted that the mean sise of the bed material would be grester
than that of the land nearby.

-3l -



Since Uy,= -/gRS, can be computed. The total and suspended sediment
discharges may then bolﬂstmt.ed by various methods reviewed in Chapter II.
(It may be pointed out that Fig. 20, which is to be discussed later in this
report, is particularly suitable for the purpose of computing the total bed-
material discharge.) With all these values computed, the design engineer msy
consider various practical requirements and determine whether the assumed
value of D is desirsble. Another interest lot concerning channel rough-
ness is Fig. 16, in which it is showm that C/-/g is epproximately an expo-
nential function of K/D , the relative height of roughmess. In the case of
a plane bed, K 4is set equal to the grain-sise at (5% finer. Im the caze of
dunes, K 41z taken as the average height of the dunes.

The following table shows some values of the Manning coefficient
obtained by keeping the discharge constant while varying the slope and depth.
The table shows clearly that for a given discharge, the roughness of an allu-
vial channel decreases with a decrease in the mean depth or with an increase
in the average velocity. It is sigmificant that for a given discharge & bed
with sandbers has amaller elfective roughness than a bed with dunes. The
plane bed would be expected to have the smallest effective roughness. Need-
less to say, the values of the different variables pertaining to the condi-
tiors of sandbars are only spproximate, owing to the fact that uniform flow
does not exist when sandbars ccour. Nevertheless, the general order of man-
nitudes should be correct.

Average Bed

Mean
Dise g_a%&%) Veloci Manning "n" Condition
: Q lc;s’ E -/ BE?)

5.8 0.94 1.54 0.0216 Dunes

5.8 0.85 1.70 0.0204 Dunes

508 0079 loah 0.0183 Sandbars

5.8 0.66 2.20 0.0154 Sandbars

5.8 0.61 2.38 0.0137 Plane
Kérmén Constant

In Fig. 17, the aperinentll values of the Karmén constent are plotted

against the Richardson number xS « The ity e in the Richard-
son nurber stands for the conc tion at D-y)fy = ig. 17 shows clearly

that the Xdrmén comstant decreases with increasing Richardson nupber. As ex-
plained in Cahpter III, this variation is due to the fact that, in overcoming
the denzity gradient, part of the turbulent energy is converted to potentizl
energy when the heavier mixture is being carried uwp and the lighter mixture
forced down. The twrbulent energy available for mixing or exchange in =2
vertical section is ﬂ:ere'hr reduced, resulting in a reduction in the Kérmén
constant.

Thus Richardson number is a parameter indicating the relative amount
of turbulent energy being converted into potentisel energy. It is nol con-
cerned with the total amount eof turbulent energy availeble or the character-
istics of turbulence in the flow. Since, for two-dimensional flow, the bed
is the main source of twrbulence, it appears reasonable for the experimental
data to follow two curves corresponding to the cese of a plane bed and the
case of a bed with dumes. It should be noted that FPig. 17 &lso contains some
of the field data collected on the Missouri River by the Corpes of Enginsers.
The l:=boratory and field data seem to corroborate well.
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Sediment Distribution in a Vertical Section

For sediment having 2 narrow size range, the eqguation

2 (D-z~ s )z
Ca y D-a

is gualitatively correct in deseribing the distribution of sediment in a
vertical section; although in order to be quantitatively correct, the ex-
ponent Z must be modified.

In the case of non-wniform material sech as the sediment used in

the present experiment, the following equation has been proposed inm Chapter
IIT Tor the distribution of sadiment in a vertical section:

w2
-éf = (D;_I°D:‘)zhdl (37)
s |

This equation also is, at best, only qualitetively correct. By determining
the size distribution of the bed mat » the integral in this equation can
be evaluated numerdcally, so that a oreticel curve of sediment distribu-
tion msy be computed (see Chapter IIT). In this mammer, theoretical curves
have been computed for several runs, .

It was found that in the case of a plane bed, the theoretical curve
of distribution followad the experimental data quite well. In the case of
& bed covered with dunes, however, the actual distribution of sediment was
invarisbly more unmiform than that indicated by the theoretical curve. In
order to obtain & theoretical curve that will approach the experimentel dis-
tribution of sediment, the value of Z must be modified. Iet the modified
value of Z bDe 21 « As yet there is no well established relationship be-
tweer Z and » The limited analysis carried out for the present study,
however, hints that the ratio 1;]/2 depends on the bed configuration.
Infortunately, the computation of is =0 lshborious and tims-
consuming that at the present time it is impessidle to camplele the caleulation
of Z} values for all the runs, Consequently, more extensive study of the
relationzhip between Z and 21 must be deferred for the tiwme being.

¥igs. 18 and 19 show the velocity and sediment distribution curves
for several yuns., It csn be seen that the velccities in a verdical lie close
to a straight line on the ®gemi-log" plot, thus indicating that the velecity
follows the Kérmén-Prandtl distribution. In the case of a plame bed, the
theoreticsl curve of sediment distribution can be seen to come ciose to the
experizental distribution; whereas, when dunes prevail on the bed, a definite
end gizesble divergence between the theoretical and experisental curves exists.
The ratio of zlfz for one run for a bed with dunes iz of the order of 0.2 !

Totsl Bed-Material Discharge

In Chapter III, it was suggested that the aversge concentration com
puted on the basis of total sediment discharge depemded solely onm the

= 3B 5=



dimensionless Chexy coefficient (or any other forms of resistance coefficients
such as the Darcy-Weisbach f ). Fig. 20 shows {hat the data collected in the
present study do indicate a single trend, when q /Yq is plotted against
C/-/g . It is of interest to note that a slight in the curve can be
seen at & small value of q,/¥q . Unfortunately, relatively few points have
been determined in this N:'}on, so that the present trend of reaching a mini-
pam value of C/-/g 4s not regarded as completely estsbliched. In the deter-
minstion of the experimental trend, little weight is given to ithe point corres-
ponding to a value of C/-/g equal to 6.8, because this run was considered

a poor cne, If more weight were given to this point, the dip in the left
portion of the experimental curve would have been even more pronounced.

That a signle trend exists in o 20 is considered by the authors to
be highly significant. The value of w for the data used in Fig. 20
vardes from ¢ 717 to ¢.07. Therefore, since no systematic variation of the
points with w/U, can be cbserved in Fig. 20, one may conclude that w/U
is at best of secondary importance. This fact suggests the possibility of
egtablishing the relationship between Yq and C/-/g over the emtire
practical range of w/U, by a relatively small musber of experimental curves.

Fig. 20 will ensblc one to compute the total ded-material discharge
by determining the discharge, the depth, the slope, and the sppreximate medisn
fall velecity. A small varisticn of :/'l!lll will not have apprecisble effect
on the computed valwe of q,/¥'q. .

In the field, usuvally only a part of the suspended load iz sampled.
Sediment discharge computed on the bases of the sampled losd obviously does
not represent the total discharge of sediment which consists of bed load as
well a= suspended load. The ratio of the sanpled average concentration to
the aversge concentration computed on the basis of total bed-materisl dis-
charge has been termed the sampling afficiency.

Ssdar (29) has made a preliminary anelysis of the data collected in
the present study and presented s series of plots of which some are reproduced
in Fig. 21. According to this figure, the sempling efficiency is definiicly
influenced by the bed condition. For a given depth sampled, when dumes prevail
on the bed, the sampling efficiency is primarily a function of only the Reynolds
nusber in terms of shear velocity and the sedimentation diameter. In the case
of a plane bed, the sampling efficiency depends slso on the slope of the energy
gradient in eddition to the Reynolds mumber and the depth sampled. In general,
the sampling efficiency is higher in the case of a bed covercd with dures than
in the case of a plane bed. The existence of two types of functions as well as
of high sampling efficiency in ase of a bed with dunes is understandsble,
if it is again remembered that (other factors being the ssme) the large vortex
in the separation sone behind a dune tends to throw more materdsl into sus-
pensicn and the imcreased intensity of wmixing resulting from the action of the
vortex tends to bring about more wniform distribuidom of sedimemt in a vertical
(see the section: "Resistamce of sm alluvial chammel®). Fig. 21 shows that
the sanpling efficiency imereases with the Reynolds mmber and thet in the case
of a plane bed the sampling efficiency at a givem Reynolds mumber decreases with
the slope. Quantitatively, the incresse in sampling effisisney with the Rey-
nolds muiber is small in the case of a bed covered with dunes, but iz quite
sigezble in the case of a plane bed. Thus when the bed of a river dees not hawm
dunes, sopling efficiency 1s an important factor to consider in the estimation
of totel sediment discharge.

- 37 -



I% is sigpificamt that, accerding Yo Suder, the vori ]
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CHAPTER VI
SUMMARY AND SDGGESTIONS FOR FUTURE STUDY

The principal findings of the presemt stedy will be sumerised along
with some suggestions for futwre study.

Sumrnary

(1) In addition to the three well-kmown regimes of dumes, plane bed,
and anti-dunes (see Chespter II), a regime of sandbars was also observed in
the course of the present study. This regime is the transition between the
regimes of dune formation snd a plane bed wi dwnes. Starting with a bed
of dunes, and maintaining a given surface slope, it was cbeerved that increas-
4ng the discharge would in time bring about a rapid detericrstien of the regular
pattern of dunes %0 am irrcgular patiern of sandbars anld duwmes. In gensral,
these sendbers travelled at a comsidersbly higher speed than the dumes, and
the general orientation of the froat of a sandbar is usually at & comsidersble
angle with the normel to the chammel walls. When sandbars are present, the
water sarfoce is often so irregular emd erratiec that wxiferm {low mo lomger
exists (see Chapter V). The rezime of sandbers would exist for a certain
range of discherge. As the discharge was increased beyond this range, sendbars
as well as dunes would rather abruptly dissppear. A plane bed thus came into being,

(2) For a given bed configuration, the dimensionless Chesy coeffi-
cient C/</g increasep with the Richardson number (see Fig, 15). Zwo
experivental trends are spparent, ome for points obtained with a plame bed
and the cther for a bed covered with dunes. The variation of the resistance
coefficient with the Richardson mmber in the case of a bed covered with dunes
is less than in the case of a plane bed. Over a range of w/U, from 0.15 %o
0.55, no systematic deviation from the irends can be cbserved. A plot of
this type will be useful for estimsting the suspended load, when C/-/E is
kmown or vice versa (see Chapter V). ' '

(3) The data follow reasonsbly well the trends on the plot of C/-/E
egainst Re suggested by All and Albertson. A plot of $his type will be
useful for a designer to estimate C/</E when the weter discharge, charmel
characteristics and the meen sise of bed materisl are kmown (ses Fig. 1l).

(i) The resistamce coefficient of en alluvial chamnel can zlso be
consicered a fanction of the total bed-materisl discharge per wnit weight of
the vater discharge, q,/¥q (see Fig. 20). Over a ramge of w/U from
0,017 %o 0.07 no systemitic varistion of C/-/F exists in Fig, 20, Such a
plot is highly interesting, bocause knowing w, 9 , D, and S, one
would be gble to estinats the total bed-material discherge.

(5) The Kirmdn comstant is not a constant for £low in alluvisl
chammels (see Fig. 17). Its value dspends on the Richardson nunber wlo/‘U*S :
The decreaze of the Kfrmén constent with increasing Richardson number sip-
ports the theory that 2 large sediment concentration gradient in a vertiscel
section decreases the rate of mixing of the flow. Feor the same Richardsen
nurber, the two values of Kirmén comstant exist, ome for the case of a plane
bed and the other for the cass of a bed with dunes.

- P -~ 2 X -
(6) Iatuitive reasonimg indicates that the Kirmn constant for fliow
of clemn water over a rovgh héd may depend only on the reletive rowvghness
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(see Chepter TII). This ia not comiradiciory to statement mmber i because
s density gradient exisis in the case of statement nwiber k. Under such con-
ditions, it is more convenient and significant to use the Richardson mumber
as a parameter in presenting the data of the Edrman constant.

(7) In the case of Tlow over a plane bed, thé proposed eguaticn
for the distribution of mon-uniform sediment; follows the experimemtel fij.at.rim
bution quite well. However, for flow over a bed with dunes, the actual sedi-

it sppesrs certain that the relstionship between Z and zl deperds to a
great extent upon the bed conditions, For a plane bed, Z “is approximately
equal %0 Zy . For 2 bed with dumes, Tiiamallcrthm % o

(8) Tn the case of a bed covered with dunes, the ssapling efficlemey
iz essenbislly a fumction of the relative sampled depth and Reymolds mumber
in terms of the shesr velocity and sedimentation diemeter. In the case of a
plane bed, the sampling efficiency also depends om the energy gradient in
2ddition to the two parameters just memtioned. Since, im gemeral, sampling
efficiency in the case of a plane bed is not omly comsidersbly lower than
that in the case of 2 bed covered with dunes, but also varies rapidly with
the Reynolds muwber, sampling efficiency is an impertant factor to consider
when sampling suspended load 4in a river with a plane bed.

Feture Study

(1) The presemt study covers a range of w/U, from 0.15 %o 0.55.
When the date are presented im the manner desoribed 1A this report, the
parameters indicating the relative sise of sediment, such as w/'ﬂ* ’ w/Um s
and d/R , are fann‘_l t_p have little or negligible effect on the resistance
coefficient, the Karman constant, the bed-material discharge per mit water
discharge, and the sampling efficiency. It would be of interest to =ee if
this is the case vhen the sise range is extended. In sy case, there is at
least the great possibility of covering the emtire practicel sisze range with
relatively few sises of sediment, even if the sise paremeters were found
not to be negligible in the future.

(2) The data of sediment distribution obtained in the present study
should be analysed to establish the relationship between Z and 2, .

(3) The effect of secondary circulation om the distribution of velo-
city end sediment should be imvestigated. In the case of a plane bed, this
proposed investigation iz particularly of interest.

(4) Measurement of the velocity distribution over the top of a dune
and the turbulent charascteristics in the wake of a dune wonld be desirsble
as a first step toward wnderstanding the mechanics of dwme formation.
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Summary of Data and Results

II( =

!

e Iy

Run n, Ko Le KB
1 ,027 .O74 .64 ,077 .83 ,061
3 022 (092 ,59| ,091 57
L Included in Run 8
5 02% (.06 .44 | 06T .66
6 024 |,072 .68 ,095 .55
T 024 (085 ,67|.991 .57
8 .027 .116 .68
10 ,029 ,100 ,53 ,106 L9
11 ,032 [ ,6 k5| .09 LS
12 ,032 ,063 ,Lk3 .064 L9
13 ,928 | 053 .hL| ,060 Lk
15 022 |,065 ,7h| .,057 .85 019
16 ,028 ,070 ,69 ,062 .61 ,095
17 .032 ,055 L9 ,060 .51 ,088
18 ,017 Smooth Bed
19 ,016 Smooth Bed
20 ,016 Smooth Bed
21 ,037 ,051 ,LhL8 ,062 ,L9 ,090
22 ,018 Smooth Bed
23 ,017 Smooth Bed
2, No velocity or sediment data
25 ,017 Smooth Bed
26 ,016 Smooth Bed
27 .923).,050, ,50 (| ,050 .55 ,100
28 ,022 ,070 ,70 ,060 ,70 ,090
29 ,015 Smooth Bed
30 ,022 Dunes but no measurement
- 012 Smooth Bed
32 ,024, ,070 ,70 ,055 ,50 ,090
33 .,021 ,065 .60 ,065 ,50 ,090
3 029 \OM /6T [(,058 59 .09
35 013 Smooth Bed
36 ,012 Smooth Bed

2

/il
0,153
0,005

0,105
0,136
0,216
0,0LS
0,032

Re
10~5

0,951
0,756

0,936
0.959
1,500
0.825
0,524

0,0061 0.L27
0,0023 0,601
0,0266 0,L78

0,206
0.068

0,025L

0,897
1,027
0.805

0,0063

0,990
0,768

0,813
0,625
0,132
0,149
0,38l

0,430
0,15
0,252
0,184
1,113
1,790

0,705
0,522
Q. 373
1,950
2,300
1,780
0,286
2,360
2,200

2,220
1,9L0
0.5L7
0.7L7
1,610
1,540
1,220
1,210
1,800
2,L00
1,970
2,120

F 1gﬁh Remarks

»300
.320

.3&7
«327
o 3Ll
+291
.282
257
.202
216
.L30
365
.335
.603
L6LL
.670
.2?7
. 661
695

353
S1h
367
.290
513
290
.738
.323
.283
+2L9
, 7186
915

0,945
0,695

G, 796
G.871
1,290
0,825
0,551
0.L483
0,621
0.LT3
0,632
0,570
0,451
1,263
1.L460
1.080
O- hlz
1,500
1,355

1,450
1,200
0. Shh
0,6L5
0,969
10 250
0.573
1,080
1,570
2,190
1,000
1,070

Note: Screens were added to the upstream baffles after Run 22,

The following are addiaional symbols not previously listed in Definition of Symbols,
Kinematic viscosity,

= <

P FESE &8ss

£t/sec
£t /sec

ft/s
ft/i?g
s 1/6
ft

£t
ft
ft
ft

UxD/~)

Fair - Cone
Calibration

Fair

Good

Fair

Fair

Good

Good

Fair

Fair

Fair

Good

CGood
Baffles were
affecting the
velocity

distribution Fair

Good
Fair

Good
Good
Fair
Fair
Good
Good
Good
Fair
Cood
Fair
Good
Good

Mean velocity in a vertical at centerline

of the flume,

Q/A

Lanning n at centerline of flume,

lManning n based on Uy

Average height of dunes along centerline
of flume,
Average length of dunes along centerline,
Average dune height 1 ft, South of centerline,
Average dune length 1 ft, South of centerline,
Average dune height based on a given area

of the bed rather than along a line traverse,

Reynolds number based on shear velocity,



) ) /,A U P f}- o

S \( A 0 ° Flume
Rm % R B g Dy | T\ B W k CAE
1 ,088 L.u5 0,7 ' 1,230 T4 1,50 | 1.h3 49 33 13
3 ,086 3.0 0,56 | 1,008 67 1,36 1,34 125 Jé 10,9
L  Included in Run 8
5 0866 3.5 0,63 1,050 67 1,56 1,39 .133 35 11,8
6 .088 4.0 0,69 | 1,110 67 1,54 1,45 140 N
7 .088 5.5 0,84 | 1,005 | 67 1. 79 |16 A% 37 106
8 ..08% ‘33 G685 11,005 | 67 1.30 (1.3 Q% 31 190
1 ,088 2,0 0,51 {1,110 | 67 1,1, 0,98 120 .25 9.5
I ;087 'A% 0.6 1,065 67 0,99 0,815 ,112 U0 8.9
12 Ok 1,98 0,66 1,020 |67 0,93 0,740 ,096 .55 9.7
13 0kS | 1.53 0,54 | 1,015 |67 0,90 0,710 ,089 .58 10,2
15 150 12,70 o,L5 1,047 |67 1,6k 1,500 ,1L47 32 1
W58 1.9 | 0.hk0 {1005 |67 1.3 (1,190 .31k} L0 9.2
A7 [ 38 | L 0.36 1,100 67 1,1 10,930 .138 .38 8.25
18 ,156 7.LO0 - 0,69 1,005 67 2,84 2,680 ,184 .72 15,k
19 ,167 9.0 O:7 1,030/ 67 3,31 13,000 ,201 61 15,8
20 166 6,7 0,61 1,020 67 2,97 2,7.0 ,180 53 16,5
2a ,160 0,900 0,30 0,902 67 0,8 0,750 ,124 .36 6,9
22 A9 0,76 131,083 5 3.2 12,990 208 .38 15,8
23 . A8 — 14 0,65 0,950 67 3,18 2,840 .,196 k2 16,2
2L, No velocity or sediment data
25 tlzh B. l 0. ?8 o' 9145 67 2- 69 zné’m L] 176 . 38 150 3
26 125- 7.1 0,69 0,965 173 2,71 2,580 ,168 S 16,3
27 B 21 o.L0 0,95 | 73 1.32 L3013 33 Lk
28 116 2,64 OL8 0,990 T3 1,54 1,390 ,133 . | I i
29 .11 458 9,600,945 1 B - &5h ' 2,410 153 32 16,6
30 ,0555: 5,8 0,94 0,976 13 1,60 1,540 ,130 25 22,3
31 32942 041 +0,9301 13 2. T | 2,560 ;30 . T
32 082 L15 OBl ook2 | 13 1,5  1.hk20 1% R i + 55
A\ 061 1.2 1,03 0,935 173 1,63 1,750 .12 35 11,5
3, ,065 8,85 1,38 | 0,954 | 73 1,66 1,600 .170 .38 9.75
3% L1602 0,56 . 0,950 13 A 3,220 .170 3 29.7
% 290 16 3.74 3,600 ,189 .30 20,0

0:;53 10,935 13

Note: Beds referred to as Smooth Beds in this summary are referred to as
plane beds in the main report.



Definition of Symbols

The data recorded in the following pages of the appendix were
gathered in a tilting flume which was ) feet wide, 70 feet long, and about
2 feet deep, Most of the data were gathered at either station 73 or station 67,
The last screen on the upstream baffle was at station 33, and the downstream
control gate was at station 9L so station 73 was almost exactly two-thirds
of the working length of the flume from the upstream baffle, Data indicated
that uniform flow conditions generally existed in the middle third of the
working length of the flume, The following symbols were the ones used in the
tabulation of the flume data, All measurements involving velocity and sediment
distribution data were made on the centerline of the flume,

Symbol Dimensions Definition
Q efs Quantity of water flowing in the flume,
G 1b/sec Sediment discharge in the flume includes

suspended and bed loads,

D ft Depth of water flowing in the flume, In
case of dunes D was measured from the mean
elevation of the sand bed,

Up ft/sec Mean velocity determined from the velocity
distribution curve,

U ft/sec Velocity at depth y above the mean bed
elevation,

i ft/sec Shear velocity = U, =-</gDS

S Slope of the water surface,

k The mixing coefficient - Kappa,

c/fe Chezy's resistance coefficient divided
by the square root of the gravitational
constant, g,
Manning's roughness coefficient = n,

Re Reynolds number,

F Froude number,

¢ % by weight Sediment concentration at a given elevation
Ve

y ft Depth of flow to some point above the bed=-

measured from the mean elevation at the bed,



Time:

Slopes

Dimensions Definition
ft Average elevation of the peaks of the dunes

measured along the center-line or a line
parallel to the center-line of the flume,

ft Average elevation at the troughs of the
dunes,

ft Average height of dunes,

ft Average length of dunes,

Number of measurements used to evaluate

Ep’E‘tsandLe

To conserve space, time was designated as O to 12 for a,m, and 12
to 24 for p.m, For example, 1720 is 5:20 p,m, or 0640 is 6340 a.m,

The piezometers were numbered from 1 to 14, They consisted of
small 1/16 inch holes drilled in the side of the flume, and they had
the following spacing:

Piezometer Spacing along Piezometer Spacing along
Number flume in feet Number flume in feet
1 8
- = a @ o O 500 " & & & & 2.0
2 9
«. s & 2 8 ® 2'5 o & » © ©° ® 300

3 10

0100.0205 noo...zos
L 11

...-..2.5 0..-&.235
5 12
too..azos ooonitSaO
6 13

QO.looeoo oo.c.o5-0
% i1

-n.nochO

8



RUN 1

General Data Temperature

3

Time Temp, °C

AL

:f8) o .. L.L5 Ko onon . « 0,384

Q( . 3 e @ . e

G (b/sec) . . . . 0,153 C/E . 0

D (£t e v sy MO ° %0 = orees 83%; g
Up (ft/sec) . . , . 1.50 Rex10™ ....091 1030 138
U (ft/ﬂec) P O.]JJBS F ¥ & 9B e e e 00030 1530 1508
848 .s 8 o-v s + 0,008 1720 17.5

Dune Characteristics

E Ey L N

Pmﬁ'lealongcov--:OQoeoul.ﬁlaOr-1o.iloaun!uooéhao'-‘ih'?
B L. TP s son mn e s 3P0, o s XTGBT s N
Aven near Sta, 57 . o o o o6 8 0 0« LAT3 . o, ¢ 22A2, . 4 & o
Description of bed , . . . - « o « Dunes

Velocity and Concentration Profiles

.2:! ] ?7b U/U% Y/D U/U*
Sta,66 v Sta, Th Sta, 66 Sta, 7l

it

¥
0,147  0,0188 0,147 0,0240 0,872 12,87 0,872 12,26
0,310 0,0268 0,310 0,0320 0,743 13,33 0,743 11,99
0,625  0,0320 0,625 0,040 0,615 12,80 0,615 11,91
0,815 0,03L45 0,815 0,0430 0,551 12,51 0.551 10,98
1,050 0,07.0 1,050 0,033 0,L87 11,91 0,487 10,63
1,36 0.0820 1,360 0,0550 0,L23 11,39 0,423 10,30
1,19 0,1120 1,790 0,0650 0.359 10.99 0.359 9.57
2,39 0.N9In 0,1240 0,295 10,11 0,231 9,24
0,1500 0,231 9.18
0,1810 0,167 8,41

Slope of Water Surface

Piezometer Readings in ft,

July 15, 1954
Time 1 2 L 6 8 10 12 13 Slope %
035 970 968 96k 958 . 9Sh 958 950 - 94 080
0 9. 969 B65 958 955 SL7 9k 8LS

July 16, 195
G830 916 913 965 957 956 952 45 k2 103
OS5 .9T2 9L 965 ,959 956 . 954 952 k2 886
1208 O SR 67 J60 957 955 S5 Wi S

Note: Ceneral data based on Sta, Tk,



RON 3

General Data Temperature

Time Temp, °C

g E;}f;) .). L] [ ] - L] 3.0 5 k/;.‘l Kkl L] - - L] . 9 o.hé

sec) , ., .., 0,00 C/VE NI ¢ 200 2
DABRd. o o v i e NG n (ft) 1/6 iy o o D ORE 1110 23:;
U, (ft/sec) , , . o 1,36 Re x 105 . . ... 0,756 1520 2,0
Ux (ft/sec) . . . . 0,125 0,32 3
S (%) ® 9s8 & 8 & @ 09086 ‘e ® @ ‘8 " B 8 "8 ® L]

Dune Characteristics

ot BIONEE 4 3 a e o5 5 58 o AW 2 o se RO S o e 1Y
meilelft. fromc |0400001.191-ll.loloot-lt00057n00056
Frofile 1 20, POl G o u c o m s s 2adBT 4 s 0 s LGOI 4 & v w 0.8
Description of bed , . . . . . Dunes

Velocity and Concentration Profiles

D-y c /D
J

0,228 0,00143 0,911 12,53
0,368 0,00182 0,821 12,30
1,155 0,00173 0,732 12,30
1,667 0,00310 0,643 11,81
2.L96 0,00305 0,554 11,73
4,050 0,00305 0O,L6L n,mn
8,346 0,00370 0,375 11,33
55,000 0,00510 0,286  10.37

0.196 9.L8
0,107 8.68
0.178 8,L3

Slope of Water Surface

Piezometer Readings in ft,
Janvary 30, 1954
Time : 4 2 3 L 5 6 7 8 9 Slope#
1130 932 +TBT . 926 «920 916 o742 + 907 903 895 ,0898
PO 93 988, 923 .08 Sy 910 907 903 -.,897 .085
1315 B O 91l 2210 907 0903 .899 <397 .88 886 0825



RUN 5

General Data Temperature
Time  Temp., °C
Q(cfs)an-ouc-gis k,c c.--eiﬂO*Bbé
G (1b/sec) . . . . 0.1045 C//E 35 = = o wRLE 0725 19,0
BRER) i w6« 0503 n (ft) . e e s OLOSE 0845 19,4
U, (ft/see) o + o « 156 Re x10"2 _ _ ., 0,936 1315 21,0
Gpitormee). ..« 0133 p. . .......0587, BE ‘B
s(%)‘llﬂu“lﬂotoaé
Dune Characteristics
E, By L i

BRI ANEE U, ¢« o6 05 098 1490 . b u s RIS s OB, o o700
RS e, PR e | . o es e LABE L o a e LT s OB s S
Profilelft.fmmc,,..,..1.16?.“.,10118....0.67....52

Description of bed , , , . . . Dunes

Velocity 2nd Concentration Profiles

U/u
Dy c y/D Sté,gT
y

0,0995 0,022 0.910 1,92
0.2045 0,028 0.830 14,18
0,3320 0,023 0, 750 13,58
0,L890 0,023 0,67L 13,58
0.6890 0,03k, 0.582 13,10
0,9500 0,038 0,512 12,82
1, 2080 0,037 0,413 11,91
1,8270 0,0ul 0,354 11,05
2,6L00 0.050 0.27L 10, 78
L, 1200 0,083 0,195 10.19

2,116 8,30

Slope of Water Surface

Piezometer Feadings in ft,

February 20, 195k
9

Time 2 3 b 5 6 7 8 10 11
0715 1,125 1,124 1,118 1,118 1,115 1,114 1,11} 1,112 1,108 1,108
0830 1,123 1,117 1,114 1,11 1,110 1,108 1,107 1,105 1,106 1,103
1305 1,116 1,113 1,107 1,107 1,105 1,103 1,303 1,101 1,100 1,096
1705 1,116 1,113 1,179 1,107 1,105 1,103 1,102 1,100 1,098 1.096

1,097 ,085

92 1,087 .0866

5 1,089 ,0866




RUN 6
General Data Temperature

Time Temp, °C

Gicle) , .0 o o0 D SO E  |

G (Ibfsec) ., .. 01360 CHVE 15" [0 11,0 0850 15,0
BV v s v » o 0,69 n (ft) . o o 5 0000 1120 16,9
Un (ft/sec) , ., . « 1.54 Rex10~5 ., ... 0,95 1320 18.0
Ug (ft/sec) » . o o 0,140 R LS 1620 19,3
S U8 o o5 v o 0,088 1950 20.1

Dune Characteristics
E By L N

P

Prorilealongco..n...-001019h300010123--..0 L
RNt T 0 e ", L . v s e LB . J LA e e s 35 L. . B0
Deserintionof bed , , . . . . . Dunes

Velocity and Concentration Profiles

U/Use
Dy c y/D Sta, 67
0,0787 0,024 0,927 14,3
0.1690 0,022 0,855 1,2
0,2770 0,029 0,783 14,0
o.Loko 0,030 0,712 137
0,5620 0,033 0,640 13,0
0, 7640 0,035 0.567 11,9
1, 6200 0.038 0,L95 11,8
1.,3600 . 0,041  O.)L2y  11.7
1,8200 0,050 0,355 10.8
2,5700 0,067 0,280 .
3,8100 0,075 0,208 9.2
0,122 0,022 0,891 14,0
0,4810 0,034  0.675 13.1
0,8800 O,0Ly 0,532 .9

Slope of Water Surface

Piezometer Readings in ft,

February 23, 1954

B 2. -3 k.5 & A% 9 w3k 3 Ay et
1125 1,167 1,263 1,158 1)58 1,159 1,155 1,152 1.i51 1 149 1,150 1,ik3 1.1Lk2 0873
1315 1,368 1,165 1,60 1,159 1,157 1,157 1,155 1,153
1630 1,169 1,167 1,166 1,163 1,159 1,158 1,157 1,152
1650 1,165 1,160 1,158 1,155 1,155 1,154 1,153 1,149

1835 1,163 1,160 1,158 1,155 1,155 1,154 1,148 1,147

1955 1.162 1,159 1,158 1,154 1,154 1,153 1,151 1,147

1

1,15
1-:1h
lalh
1



RUN 7

General Data Temperature

Tima Tehp. %

QROLE) - o iy e s BB T RINEG G . [

G (lp/sec) . o » n 0.2180 C/{E’ 1/6 LORSIN, i 3 0500 23,0

DR o o 5s o DIBL n (£t) § o s ¢ 0,022 0305 22,8
gm {ft/sec) , , o o 1.79 Rex10~ _ ., .1.50 1030 23.0
3¢ (ft/se") * s s @ 0915’)4 F 0 31rh

S (8) s ¢ v o= o 0,088 Rt -t e R

Dune Characteristics

Ep By L N

Pro file afi.ong C PR E e B e e la 2z0 e o o o l ]4
Profile 1 ft, from C ® o % ¢ 8 B8 ® lu 230 > o » o 1 JJ.LO
Desoription of bed . « o o « « o Dunes

Velocity and Concaentration Profiles
Uyd

D-y c y/D Sta. 87
5
0,312 0.0225 0.9 13.2
0,kl23 o0.0249 0,861 13.2
0,555 0.C269 0,822 13,0
0.71% 0,0260 0,762 13.0
0,966 0,040 0,703 12,9
1,155 0,0351 0,643 12 8
1,470 o.cho2 0,583 127

1,899 0 0511 0,524 12.2
2,495 0.C551 0_LéL 1231
3. 425 0.6582 0,405 11.5
b,98% 0.0773 0,345 11.0
8" ag

°

b e
N OO
WO

Slope of Water Suriface

Piezometer Readings in ft,
Fobruary 25, 1954

Time 2 3 L g 6 7 8 9 10 11 12 13 Slope %
1,329 1,327 1.32% 1,321 1,318 1,312 1,313 7,312 1,310 1,307 1,304 1,302 ,0870
0920 1,332 1,326 1,32 1321 1,316 3,316 1,315 1,308 1,310 3,306 1,302 0938
1255 1.33> 3,331 1,325 3,323 1.324 2 j21 1317 ],317 .31 3,314 1.308 1.306 ,088
1623 1,335 1,332 1,329 1,324 1,320 1,322 1,320 1.316 1,317 1,313 1.312 1,312 ,090
2330 1,330 1,327 1,325 1,319 1,317 *,316 b il ! fy ¢a31h 1,311 1,310 1,306 1,307 ,085
February 20, 1954
0610 1,332 1,327 1.324 1,322 1,320 1,318 1,315 1,313 1,320 1,309 1,308 1.30L ,0858
1040 1,338 1,332 1,330 1,328 1,325 1,323 1,321 1,320 l 317 1,316 1,315 1, 315 .0863



RUN 8

General Data Temperature
Time Temp, °C
Q(Cfa)QOCIOOBHI kf&ﬂ.llte°0-3?
G (1b/sec) , , ., o 0,0i52 C/AE o v+ e +10:0 0005 21,0
BAEE o oo o Q6 n (£t) 1 S o+ 002L 0800 21,0
Un (ftfﬁeci 4% e Tecks Rex10™" _ .. 085 1310 21.8
Ux (ft/sec) , ., . . 0,133 , SCEI e W)
S (%) L3 - > . - - - 0.081"
Tem— —sre
Dune Characteristics
Ep I, L N

Profile along C , . »
Description of bed ., ,

Cﬂ.ﬂooolozzolﬂdolnloh-llaOO!éBtlﬂlsl
--uuDu-neS

Velocity and Concentration Profiles

U/Ux u/u
D=y Sta, 67 v/D sta,gT
¥
0,923 13,3 0,92 12,
0,846 13,4 o,ghg 12,3
0,769 13,1 0,769 12,0
0,692 12,7 0,692 11,6
0,615 12,5 0,615 11,2
0,538 11,7 0,538 10,8
0,L62 11,9 0,462 10,5
0,385 31,3 0,385 10,0
0,308 10,5 0, 308 9.3
0,231 10.0 0.231 8.8
0,15L 8,0 0,154 7.8
Slope of later Surface
Piezometer Readings in ft,
February 17, 1954
Time 2 3 L 5 6 7 8 9 10 11 12 13 Slope %
1325 1,116 1,113 1,111 1,109 1,109 1,107 1,107 1,104 1,100 1,099 1,097 1,09% ,079
1450 1,791 1,088 1,082 1,082 1,080 1,080 1,077 1,077 1,075 1,070 1,069 1,06k ,085
1535 1,086 1,086 1,085 1,080 1,077 1,078 1,077 1,076 1,076 1,068 1,067 1,065 ,085
1715 1,087 1,085 1,981 1,080 1,079 1,079 1,079 1,077 1,074 1,071 1,070 1,066 ,086
February 27, 1954
0805 1,089 1,091 1,088 1,086 1,084 1.081 1,079 1,078 1,076 1,073 1,071 1,067 ,086
1205 1,093 1,090 1,088 1,087 1,086 1,086 1,083 1,081 1,079 1,078 1,075 1,070 ,076
1300 1,075 1,070 1,070 1,069 1,069 1,069 1,066 1,063 1,062 1,058 1,057 1,052 ,082
1325 1,070 1,067 1,066 1,06k 1,062 1,060 1,060 1,058 1,056 1,053 1,051 1,047 ,092



RUN 10

General Data Temperature
Time Temp.°C
Q(cfs_)..attoeJo k.-...:.oeeooZS
G (b/sec) ., . ., , 0,0322 C//E A Y 1845 18.L
DA s s 0.5 n(ee) 16 777 oloes 10 15,2
Un (ft/sec) . » . o 1.1k Rxio" ... 520 2. B3
U* ‘.ft/sec) e 2. 0 e 0,120 F © 0 & ¢ & @ & o ¢ 00282
BER) v o o v w s » 02088

Dune Characteristics
E, By L N

PI‘Ofile along C : 0“3 ftv.. € & & A 1\19]-' B 9 9 o 1009]-|- a 2 A& @ 0053 e 0 0 @ 69
Pofite 1 26, Som C 20306 ., 1,393 4 0 v « 2B ¢4 o v Ol s v » 2 BB
Description of bed . , » . o o Dunes

Velocity and Concentration Profiles

U/ Uy

Dy c y/D Sta, 67
y

0,063 0.95 0.941 12,1
0,134 1.20 0,882 12.5
0,215 1,25 0.823 12,7
0,307 1,35 0, 765 12,4
0419 1,35 0,705 12,0
0.548 1,50 0,6:6 11.6
0,701 1.L5 0,588 11,0
0,891 1,50 0,529 10,7
1,130 1.75 0470 10,3
1.hk30 1,60 0,411 9,75
1,840 1,60 0,352 9,75
2.L00 1,70 0,294 9,15
3,260 2,00 0.235 y L
L,670 0.176 8.00

Slope of Water Surface

Piezometer Readings in ft,
March 11, 1954
pie g S SRR PR R N T-°8 9 33 4 ¥ 213 I Siore 3
1655 (T oShly U2 939 937 93k (933 931 929 927 925 ,922 917 910 099
1650 948 ,9L5 ,9k2 . 9h1 94O 938 ,936 .933 ,930 ,927 927 ,923 ,918 91k ,089
2230 ,954 ,950 ,9LT7 .9uL .9k 941 ,939 ,937 934 933 ,930 ,928 ,923 ,920 087
2335 ,955 951 .9U8 95 9h2 942 940 93T .93k 933 928 928 ,923 ,91F .09%



Slope %
0,085
0,087

0,0088
0,084

RUN 11

General Data Temperature
Time ‘femp. °C
Q(cfs).....l’,so k.ol.i—leooho
G (1b/sec) | . _ 0,0061 CAE g - o 89 o7k 19.0
D(eL) .| < B n (£6) /6" ° T olo:1 1405 21.8
Un (ft/sec) . . . 0,99 Re x 1074 , | . .27
Uy (ft/sec) . 0,112 . F LR
SRB) o Gesis ans D087
Dune Characteristics
Ep Ey L N

Profile sleng C # 0,3 20, . o 5 o 26Tl & o 6 3001 o & o DD & ., (8

Profile 1 ft, from € + ,3 ft. . . 1,171 , .,

Description of bed .,

g B _® & 0

. Dunes

v O & w o Ol g 18

Velocity and Concentration Profiles

U/Us
951 c v/ Sta{ 67
07072 NI I
0,156  0.0048 0,865 10,9
0,250  0,0058 0.800 10.3
0,264 0,0061 0,733 10,3
0.503  0.005)L 0,665 10,4
0,667 0.0054 0.600 10.4
0,877 0,0066 0,533 9.6
1,145  0.,0072 0,466 9,6
1,500  0,0098 0,400 9,0
2,000  0,0088 0,333 8.6
2,760  0,01h 0,266 8,0
14,00 0,011 0,200 6.0

Slope of Water Surface

Piezometer Readings in ft,

Time 1 2 3
1645 ,386 ,881 ,880
1905 ,393 .687 .885

0805 ,891 ,887 ,085
14,00 892 ,387 .886

March

b 5
877 875
.880 .881
March
582 ,882
882 881

12, 1954
€ 7
.87k ,8TL
079 876
13, 1954
,380 875
.880 879

8 g 305 1
.867 ,867 ,866 ,862
,877 .872 ,870 ,870

.873 .871 ,870 ,866
.878 876 ,873 ,869

12
859
. 866

.86k
. 868

13 . Ik
.856 .851
.863 ,856

.863 .859
.86L ,860



RUN 12
General Data Temperature

Tim2 Temp.°C

Q(Cf8)01h0-01696 kn o.-ooieno-;.ss
G (Ibfsec) . .. .0.00227  C/fE " o .. .9 1315 21,3
DKL) 5 5 o v v v 000 n (ft) MR 1720 22.3
U, (ft/sec) . . . . 0.93 Re x 0=k | ... 601 1850 22,5
Ux (ft/sec) o o » . 0,096 o R G 2040 22,5
BAB) « a's v o« DOl 2130  22.5
Dune Characteristics
Ep By L N
Polhde along € % 0.3 BE, ., o s 1,052 4 o o o080 s w3 . s h e Ol
Yrofide 1L I8 . Ivom C #* .3 , . . « LB ., - ¢ 3090 .5 & o GUB o5 s a &
Pofile LS Ton G+ 3 06, , . 1.183 o o . 5 10005 o % WS 4 o 5 o OF
Description of bed . , . . o o Dunes
Velocity and Concentration Profiles
U/U,
D~y ¢ y/D Sta, 67
=
0,083 0,923 11,6
0,182 0,0030 0.84T7 11,0
0,297 0,771 10,27 |
0.L60 0,0026 0,685 10,68
0,617 0,618 10,27
0.8L5  0,0028 0,542 10,27 |
1,150 0,0041  0.Lé5 9 85
1,570  0,0025% 0,389 9.65
2,195 0.005) 0,313 9Lk
3,935 0,006% 0,236 Del3
5.250 0,0066 0,160 7.88
10,910 0,08l 7.L6
Slope of Water Surface
Piezometer Readings in ft,
March 17, 1954
Time 2 3 L 5 6 ¥ 8 9 30 12 12 13 Slove %
1325 1,098 1,096 1,097 1,095 1,053 1,092 1,092 1,089 1,087 1,086 1,083 1,083 .05k
1600 1,098 1,095 1,096 1,093 1,092 1,092 1,092 1,091 1,090 1,085 1,036 1,085 ,0L2
1710 1,098 1,095 1,095 1,094 1.092 1,095 1,093 1,091 1,090 1,088 1,087 1,085 ,0L9
1850 1,097 1,096 1,097 1,094 1,024 1,094 1,094 1,092 1,094 1,090 1,086 1,087 ,039
2100 1,097 1,095 1,097 1,095 1,094 1,095 1.095 1,092 1,089 1,089 1,088 1.085 025
2125 1,098 1,096 1,097 1,095 1,095 1,096 1,096 1,091 1,090 1,090 1,088 1,087 ,039

Remarks: Data appears to be good, but Kappa is too large,



RUN 13
General Data Temperatuvre

Time Teirp, v

Q(Cfs)ooo-ool-—53' k,,.......0°58
G (ib/sec), ., . . . 0,0266 ClyE 1/6 + - v +10,2 1050 21 L-
PRISE s o « » o » OuSh n {ft) oo w BIEES 1310 22,2
Up (f%/sec) . . . . 0.90 T T T SN T 1500 22,8
Uy (ft/sec) . ., . . 0,089 T 5.6 8 5w w o e Rt 1130 23,0
S{%)t - = - @ L] 00.0:45

Dune Characteristics

Ep Ey L N

Profils along € « 0.3 06, . . o o LI6Y , . . o« LL3OB . .. .. @4
Pofiie 1 £6, fxom O+ 388, , ., LIS . . o o L5, .0 00
Profide X £6, from € F 3 £%, . . 1160 . . « o 1202, . v« O
Description of bed . & v ¢ o« o ¢« o o ¢ Dunes

Velocity and Concentration Frofiles

D~ U/Use
e c y/D Sta, 67
0.175 00188 0,925  11.7
o.,b2h 00274 0,851 @ 11,7
0,806 00294 0,777 1L.L
1,087 ,0038 0, 702 11.5
1,470 ,0G3L 0,628 11 L
2,020 0034 0.554 11,0
2,900 L0045 o.L79 11,0
L, Lo  ,0039 0,L05 11,0
8.25 .0053 0,331 10.5
29,3 .0CL9 0.256 10,1
0,182 8.2

0.108 7.8

0,033 Tes

Slope of Water Surface

Piezometer Readings in ft,
' March 19, 1954
MHme T 2 3 ki 5 6 7 3 9 10 11 12 13 ik Slope %
1050 ,995 ,991 990 ,990 989 .988 ,987 987 ,985 .98L ,982 ,980 979 975 .OLuT
1135 .99k 991 .990 990 989 ,9688 ,987 ,987 .9685 .96k 982 .980 978 975 OL7
1300 ,995 (990 .990 990 989 ,988 987 ,987 ,986 .98l .,982 ,981 .978 976 ,0L5
1505 ,995 992 .990 ,990 .989 ,988 ,968 ,988 ,986 .98L ,982 .981 978 .976 ,0L6
1730 ,997 994 993 .993 992 ,991 ,989 .989 ,989 ,987 986 ,985 981 ,979 .OLk



RUN 15

General Data Temperature

T S x 0 T
G Slb/éec). o e e D208 O cin o v s JER 1140 19.2
DALL). .o u o OIS n (26)’ W6 ° " " “o'mel  1ge 208
U, (£t/sec) | | [ [ 1.6l Rex10-4) 0 170705 1m0 220
Ui /eec) , . 0031 ¥ .. 0 as -

R T AR T

Dune Characteristics

E, E, L N
L L T e S A T . N T B T A | e

PICEINe ] L6 from 00 L L o LS L v e RO i O D L sl
A-rea' nea-r Sta- .6_'?_ - a L] - -] L lrlou LI ) Lol ] -3 1c025 2 » - = [} - - - L L 50

Description of bed , . . . & » s < - Dunes

Veloclity and Concentration Profiles

ya e y/y Sta, 67

0.i2 0,050 0,9L1 13,6

0,290 0,067 0,888 12,9
0,541 0,063 0. 126
0.81; 0,086 0,662 12.2
1,28 0,337 0,551 12,2
2.06 0.1Lh7 0,439 12,0
3,65 0,1k2 0,327 nN.2
8.72 0,256 0,215 8.97
0,103 8.3

Slope of VWater Surface

Piezometer Readings in ft,
April 10, 1954
Time 1 2 3 L 5 6 7 8 9 0 B 1B MW s
ihs 8Ly 836 ,831 ,827 ,82L 821 .80 ,80%9 ,802 801 ,798 ,783 .787 .779 0.16
1345 .841 ,829 827 ,823 .820 816 .8iL 812 ,308 .807 .802 ,800 ,79L ,780 0,145
1600 ,835 ,829 .825 .88 .8i9 ,810 ,807 .B803 ,809 ,807 .800 ,796 ,790 ,783 0,132
1715 ,835 ,825 821 ,819 .85 614 ,817 .809 807 801 796 ,796 .79L ,785 0,125
1755 ,836 ,829 ,828 .820 .820 ,813 ,813 .810 ,806 ,80L ,797 794 .790 ,78L 0,136



RUN 16
General Data Temperature

Time Tezip,°C

%Egi?))""l'9 kﬂ uoeooeuoho

sec) , ... 0.0675 C/ie ALYy 10c0 18,9
D (ft), MR 1 n (£6) 1/6 . s o wbaEE 1310 21,0
Uy (ft/sec) , . . . 1.31 Rex0 -4 °° %o 1735 23.0
U* \ft/seC) ol 'O"JJJB Fo " 9 % @ o @ = 00365 2005 23»’4
S(%}buﬂacououlra

— e - — —

Dune Characteristics

Ep Eg L N

PI‘Ofile along C o e & 5 © L R | 6_71.085 9 @ o 1003‘5 a a9 = 2 (-] 0.69 . o 2 h'?

PRSI e RO T o e o BOTH . o oaoo R s o DO
manearsr’aoé?aonaoa.s‘ol\-OQOnhooOog-qsnDﬂae 0.562
Description of bed , . . . « » Dunas

Velocity and Concentration Profiles

u/U,,
y:"f: o] Y/ D ua 6?
v
0,189 0,02 0,921 11,

G 1
0,211 0,0247 0,841 1
0.261 0,0237 0,763 1
1,240 0.0525 0,604 10
1,720 0,050k 0,605 10,
2,460 0.0655 0,525 9
3,760 0.0757 o,k 9
6,630 0,1700 0,368 9
17.800 0,1580 0,289 8
0,210 8
0.131 6
0,053 T

Slope of Water Surface

Piezometer Readings in ft,
April 12, 2J5L
ML - 3 o 5 6 7T 89 30 302 33 Wl
1000 ,77h 4770 4762 ,T6L 756 752 ,750 (745 .7h2 ,737 732 ,730 ,722 ,T13 ,160
1120 772 (T€L (763 ,753 o752 TUS 74T TL3 . 7h0 , 73k , 733 729 .T29 ,T10 148
1310 771 765 ,761 757 752 .7L8 ,Th5 . Th2 737 ,733 ,730 ,726 719 ,710 ,15L
1410 ,768 ,760 ,758 ,752 ,750 ,748 ,7L3 (TLO ,737 .73k .29 ,725 716 ,710 ,1L8
1535 , 766 760 (754 752 750 Tk 701 735 ,733 727 .72L ,72L , 704 705 ,156
1720 ,76L ,756 . T5L oTh6 ,7LT .Tub ,738 736 .730 726 ,722 ,720 .709 ,700 ,160
275 , 764 756 756 ,752 74T 742 ,7hO 738 ,733 728 ,T23 ,721 ,715 ,703 ,158



RUN 17

General Data Temperature
Time Temp, °C

Q(cfs)t)-oool-Bh ke uo-anoe0n38
G Tofeee), . . .. 0005, ONE . L0 8.8 0730 18,5
D (£t), Sy U nias n (£6)"MS ° " * oioy 1700 20,0
Uy (£t/sec) . . . . 1.1h Bz, ., .. iaE
U*(ft/se(‘)....oolBB Fo........OJBS
S(%)Cﬂ.ﬁ..'ollél

Dune Characteristics

B, E, L N

PrOfilealongCoooonoolsoéznconelsoo?ttoae
SPOfioe 1 Bhs DPOM € o o o o 100D, 46w o TO0F ., org oG 0
Monnenr e, Wy 4 o w5 s 2T o o 5w o 005 55 o
Daseription 6f bed , . . & o s ¢ o 2 Dunes

— o

Velocity and Concentration Profiles

D U/J
e c 7/9 sta, 67

0.050  0,0180  0.918
0,393 C,0172 0.835
0,32 0,019 0,755
0.4L3L 0.0226 0.674
0.692 00,0236 O
0,961 0.0276 0.510

0

0

-

B b e

\
O
l_

(o o NosNo-hoRhi ol el o No]
Uit Bty

~IMNHN@mMOoOFNa~3

(9

1,333 0,039
1,875  0.0528
2,760 0,054 0,265

o

=]

Slope of Water Surface

Piezometer Readings in ft,
April 1, 1934
Time 1 2 L 6 T 8 9 10 11 12 13 1, Slope %
0835 ,702 .696 ,691 ,684 ,€80 ,677 673 670 665 .659 651 .6l 157
1305 .701 .695 .687 .682 .677 .673 .670 .665 .660 .655 .6LB .6u0 161
1305 ,706 ,700 ,696 ,690 .6856 631 .677 672 .668 664 .655 648 ,168
1500 ,706 ,703 ,696 .690 ,685 ,682 679 .67Th .670 665 656 .éha 163
1700 .707 705 .b98 693 690 687 ,683 ,678 .67 .6TXk .66 654 153




RUN 18

General Data Temperature

Time  Temp,°C

Q(Cfs)-.po..?ah k.n.lltiuooa'rz

G (Ibfsec), , , ., 0.897 CME /0 ... .15k 15,0 22,1

BATE) . . o « o o 0,60 n (ft) b s v oow 000 1615 22.5

Uy, (£t/sec) . . . . 2,84 Bexa0™ | .4 198 1720 22,7

U (PL/800] ¢ o« » D3k . F . . . . cu. s 50,008 1915 23,2

BB 4o e v o 4 BdI0 2035 23.5

Dune Characteristics

Description of bed , . « « « « « o « Smooth bed

Velocity and Concentration Frofiles

D=y U/Us

A ¢ X% ¥/D Sta, 67

y A ,\ v‘i = X lal: ey
0,080 0.0602 .0,926) 16,57 op 60 % bo2
0.17L 0.0730 0,852 16,67 T
0,286 0.0828 0,778 16,51
0.4°% 0,0936 0. 704 16,L0
0,588 0,0988 0,67 16,2l
0,800 0.1068 ,0,556! 16,14
1,077 0.1224 0,482/ 16,03
1,454 0.1342 0,408 15.82
2,900 0,192 0,330 15,55
2,375 0.16Ck 0.2 15,58
2,857 0,1620 0,26 15,07
3.500 0.1796 0,222  14.85
L4OO  0.,2070 0,185  1L.37
5,750 0,237 0,18 14,00
8.000 0,2382 0,11V 13.56
Slope of Water Surface
Piezometer Readings in ft,
bpral 26, 1954
Time 2 3 L 5 7 8 9 10 p 1 1 12 13 Slope%
1510 1,103 1,099 1,093 1,090 1,086 1,080 1,079 1,075 1,069 1,065 1,063 1,057 160
1615 1,101 1,098 1,092 1,090 1,084 1.080 1,0v8 1,07, 1,069 1,067 1,062 1,056 ,151
1710 1,102 1,098 1,092 1,089 1,084 1,080 3,078 1,074 1,069 1,066 1,062 1,057 ,158
1920 1,105 1,102 1,096 1,091 1,088 1,083 1,082 1,078 1,072 1,069 1,067 1,061 ,152
2020 1,106 1,102 1,096 1,092 1,089 1.085 1,083 1,078 1,072 1,070 1,067 1,061 ,155
20,0 1,105 1,059 1,092 1,097 1,086 1,082 1,080 1,077 1.070 1,066 1,062 1,058 ,161
2235 1,101 1,095 1,088 1,087 1,081 1,076 1.076 1,067 1,065 1,060 1,055 ,155

Note: Kappoa affected by upstream baffles,



b e RIS RS T, T ORI R .

RUN 19
General Data Temperature
Tire Teup, oc

Q(cfs)oo»:ﬁi900 k )00900000661
G (2b/sec), , .. . 1,027 C/fE 1/5 .o s o158 1345 21,3
D (ft), o v vre D 12 n (ft) . o o o D006 25 21,5
Up (’t/sec) NSRS S B lo "= o - o as 1900 22,5
U.k. \-Lt/sec) 2 L] . 2 00201 F L] L L] o LU c @ e O“shh'
S(%)_.,u‘°,0.167

Durie Characterlistics

Description of bed , , . 4 o « o Smooth bed

Velocity and Concentration Profiles

™ U/ Uy
2;& ¢ ¥/D  sta,. 67
0,072 0.0332 , 0,934 16. 71
0,355 0.0450 2 0,857 16,87
0,251, 0,0486 » 0800 16,81
0,366 0,052 4 0,733 16,67
0,593  0,0616 s 0,666 16,61
0,67L  0.,0692 ; 0,599 18,51
0,881 00748 7 0,532 16,41
1,154 0,0852 g o.L65 16,16
1,517 0.094L 4 0.398 15,86
2.365 0,1052 0 0,298 _15.50
333 0121 y 0,230 15,10
5,123 0,155 ;3 0,163 3. 28
9.375 0,240 /3 0,096 13,29
1L.89L  0,2972 ,4 0,064 12,59
32,955  0,5436 ;¢ 0,031 11,68
73, 700 0,7292 /& 0,015 10,83

—

Slore of VWater Surface

Piezometer Feadings in ft,
April 27,8195u

ime 2 3 k 5 6 7 9 10 11 12 13 Slope %
0930 1,174 1,168 1,161 1,159 1,153 1,150 1,1Lk8 1,143 1,137 1,136 1,130 1,124 ,i59
1138 1,171 1,165 1,158 1,154 1,150 1,ik6 1,144 1,40 1,133 1,135 1.128 1,122 170
1306 1,175 1,169 1,163 IQISB 1; igh 1,146 1,147 1,143 1,139 1,135 1,132 1,125 173
1431 1,195 1,169 1,163 1,158 1,18h 1,149 _olh7 1,143 1,138 1,136 1.132 1,125 163
1900 1,176 1,170 1,16k 1,158 1,155 1,150 1,149 1,145 1,140 1,137 1,133 1,127 165
Note: High Kappa value ceused by upstream baffles,



RUN 20

General Data Temperature
Time Temn, °C
Q(Cfs)‘°°°°'6'7 k.—ooauo:noooSB
G (Io/see) , .. o 0805 C/fE 'y ... 265 1130 22,5
DCIC) « s e o 4 00 n (ft) g oo s o 0,05 1305 22.6
Uy (fE/e0n) o . . « .97 B30 i 15¢5 22.5
Uy (ft/see) o o . o 0.180 R s e 1600 22.5
BAR) o o s 4 s o GA6D 1700 22,5
Durie Characteristics
Descriptionof bed . , . » « - » o Smooth bed
Velocity and Concentration Profiles
D-y 2 y/D
y
0,099 0,0366 0,918 18,0
0,198 0,0456 0,835 18,2
0,230  0,0560 0,753 17.9
0, 1 0.0620 0.670 17.7
0, 70! 0,0680 0,587 17.5
0,94 0,086 0,504 «"IT.2
15373 0.0836 0,422 16,9
1,951 0,1020 0,339 16 L
2,903 0,1250 0,256 9 25.9
3.654  0,2LLO 0,215 1355
L. 762 0,1L750  0.174 15,2
6.562 0,2140 0,132 1.8
10,000  ©.2820 0,091 1.0
19,167 0,470 0,050 13.0
120, 000 1..1709 0,008 11,2
Slope of Viater Surface
Piezometer Readings in ft,
April 29, 1954
Time 2 3 L 5 6 7 8 g JO0. 13 32 313 I Sepe &
0903 1,015 1,0C9 1,003 ,998 ,995 .990 .987 .982 ,978 ,975 972 ,966 ,958 ,167
0935 1,013 1.008 1,002 ,998 ,993 ,990 ,985 .982 978 ,97h 9T ,965 ,957 165
1335 1,016 1,010 1,002 ,998 ,993 ,990 ,967 .983 .979 975 972 ,966 ,960 .165
1320 1,016 1,009 1.003 .998 .95 990 ,988 .98L ,979 976 972 966 .959 167
1500 1,01€ 1,01 1,003 1,000 ,995 .991.588 984 .980 .976 .972 966 ,958 167
1603 1,076 1,010 1,003 999 ,995 ,991 .989 .98L ,979 .977 .95 ,967 .958 167

Notes High Kappa Value caused by upstream baffles,



RUN 21
General Data Temperature

Time Teup, °C

Q (::‘fs‘) -\. “ L] L] a 0390 k © [-] < L] [- ] S e 2 (" 0’36

G (*bisec). . e e 050063 C/{E- 1/6 o o » @ 699 0835 23c0
SR UG n (ft) . 2 e s DiOE 1520 23,0
U, (ft/sec) . ., . . 0.85 Rex0 <kt 777 273 1755 22,7
U* (ft/SQC) & e & & 0-12h F ® & > 0 5 & 8.8 @ 3t2?7

S (5) 0 9 o o ¢ & ¥ 0-160

Dune Characteristics
Ep Et L N

TEOIOM AAPBE RS " e s v e v o LR .0 o I T S o R 0 ST
PRSI 1 55, BON U . L e e s o 1008 5 5 0 o BL9I6S T o URT L 08
Area near Sta, 67 $ %0 0B & @ D lu067 > & o © & P I S PR
Description of bed , , . . . « . Dunes

—— e ————

Velo ity and Concentration Frofiles

U/Uy
Devr c y/D Sta. 67
7

0,108 . 0CL08 0,902 9,81
0.243 00456 0,804 9.25
0.Li6 00876 0,706 8 35
0.642 .00798 0.608  T.LL
0,785 ,01250 0,560 7.85
0,955 »009.7 0541 107
1.152 03320 o2 13X
1.het 00928 0,L13 6.79
1,74 ,02320 0.3% 6.79
2,165 JO3140 0.316 6,54
2, 7Lk L0370 0,257 6.21
0,248 5.56

0,170 5,56

lope of Water Surface

Piezometer Readings in ft,
April 29, 1954
Time 1 2 L 6 3 10 12 13 1, Slope %
oS . &yl 63 J2T 2L Ol 608 596 587 5D MR
c8ko .639 .63 625 621 614, 605 596 587 .531 157
1315 B33 626 620 ,612 .60h 595 586 587 .567 155

3330 W 605 AT 611 602 59T  LABY 567  ,16L
335 ,629 6B&. A7 609 ,601 SB35 585 .56Lh  ,160
1517 630 .62h 617 600 602 594 584 568 163

i750 ,628 621 .61 .608 .598 .590 S8 566  .162



Run 22

General Data Temperature
Time Temp, °¢
Q(Cfs).....¢9.l aotcto--00038
G (1b/sec) . . . . 0,990 C/[E 16 ** ,15,8 0930 18.1
AL % s 5 o5 » 010 n (ft) o & %5 Bp0E0 1240 20,2
L, (ft/sec) , , .+ 3.27 L G P 1800 22,3
Ux (ft/sec) . . . . 0.208 i " O
S (%) - 2 L] L] L . L 011?0
Dune Characteristics
Descriptionof bed ., , . . » o o Smcoth bed,
Velocity and Concentration Profiles
D-y c /D
F 4
0.07.  0,0305 0,935 16,84
0.i54  0,0359 0,870 16,93
0.250 0.0399 0,805 17,00
0,.56h 0, 7hO 17,00
0,500 0.0L79 0,674 17,10
0,666 0,051l 0,609 17.00
0 8’5 0,0432 0.543 16,90
1.150 0.0551 0.L78 16,50
1,500  0.0599 0,412 16,21,
2.000 0,690  0,3h6 15,78
2,750 0,0820 0,282 15,15
L, 000 0.0955 0,216 1h,52
6,500 0,J420 0,190 1L, 09
8.370 0,151 13.50
1L.000 0,3060 0.3311 13.59
36,500 0,9370 0,085 12,10
0.0L6 10.60
0,020 7.60
Slope of Wiater Surface
Piezometer Readings in ft,
June 3, 1954
Time 2 3 L 5 6 7 8 9 10 1 12 13 3%ope %
0845 1,135 1,128 1,12i 1,115 1.110 1,107 1,102 1,098 1,094 1,089 1,086 1,080 ,170
0930 1,135 1,130 1,322 1,116 l£109 1,107 1,101 1,098 1,094 1,089 1,086 1,080 140
1020 1.133 1,127 1,122 1,115 1,109 ,¢02 1,099 1,095 1,090 1.086 1,079 .163
1230 1,133 1,127 1,121 1,115 1,108 1,106 1.101‘1.098 1,093 1,089 1,085 1,080 .173
1510 1,154 1,128 1,121 1,11h 1,108 1,166 1,100 1,097 1,092 1,088 1,084 1.079 ,173
1645 1,133 1,128 1,12% 1,11k 1,108 1,106 1,101 1,099 1,093 1,090 1.087 1.080 .173



RUN 23

General Data Temperature
Time Temp, °c
Q(Cfs)” ""'7’4 k-n_a.-nteooouhz %
G ( lb/secj a e & ® 0 778 C/Jg 1/6 PR Y .16.,2 0855 26.3
DARR. 0 Ty e 068 n (ft) “h e oa L0186 1140 26,0
U, (£t/sec) . . . . 3.18 maxlg™® T Tl 1615 26,2
U* (ft/seC). '0196 Fl. . o t-ao . 000695
S (::':) - L] L] - ._. L] 0 183
Dune Characteristics
Descriptionof bed ., . ., . . « « «» Smooth bed
Velocity and Concentration Profiles
Dy c y/D
y

0,083 0,022 0,923 17,09

0,161 0,029 0,846 17,09

0,300 0,03 0,769 17.35

0.4Lh 0,038 0,992 17,2h

0,625 0,0LL 0,615 17,09

0,857 0,029 0,538 16,94

1,166 0,055 O, L6l 16,86

1,600 0,071 0,384 16,43

2,250 0,065 0,307 15,95

3.333 0,089 0,230 15,18

5.500 0,105 0,153 .16

12,000 0,175 0,076 12,690

25,000 0,40 0,038 9.85

1,250
Slope of Water Surface
Piezometer Readings in ft,
June 5, 1954

Time 1 2 3 b 5 6 7 8 9 10 13 12 13 Slope B
0915 1,038 1,026 1,018 1,010 1,005 1,000 ,997 ,992 ,989 983 ,979 .977 .972 ,170
1000 1,035 1,022 1,013 1,005 1,000 ,394 ,992 ,990 ,986 ,981 ,978 ,977 971 ,152
1115 1,037 1,026 1,019 1,012 1,007 1,002 ,999 ,993 ,989 979 ,978 .975 970 193 )
1330 1,0L7 1,034 1,027 1,018 1,01, 1,008 1,003,998 990 ,98L .980 978 971 .270
1,05 1,033 1,018 1,013 1,005 1,000 ,9%4 ,994 ,985 ,980 973 972 ,972 ,963 .183




RUN 25
General Data Temperature

Time Temp, °C

Qlefe) L v ou e B2 Bt L o o N
G (1b/sec) . ... 0,813 CNE WE » v v i08 0805 24,5
DAPS) o s o5 ¢ 2 D18 n (ft) . v e D018 008 21,3
U, (ft/sec) . . . , 2,77 Bex1072 | ... 295 ‘guEy o3
e (O/oee) . 5 006  § .. ... w0858 O 950
SEE) o &u v 3w o OB 1420 25,0
Dune Charaateristics
Descriptionof bed ., ., . o + » + ©Smooth bed
Velocity and Ccncentration Profiles
Dy c y/D
y
0,147  0,0480 0,872 17.3
0.238 0,0535 0,803 iV:2
0,345 0.0590 0, Tk 1.1
0,472 0, 0650 0,680 17,2
0,675 0,0720 0,016 15,9
0.8.3 0, 0810 0,552 16,7
1,050 0.C890 0,L88 16,6
1,360 0.09L0 0..2h 16,1
1,790 0. 1100 0,360 5.7
2,390 0,1360 0.296 183
3.340 0.1770 0,232 14,3
4,030 0,2000 0,192 14.2
L. 880 0,2220 0,168 13,6
6,430 0.2150 0.13L 12.8
8, 750 02,5840 0,104 11,k
13,200 0,6250 0,071 10,
0,038 5.8
0,006 b6
Slope of Water Surface
Piszometer Readings in ft,
June 10, 195k
Time 2 3 L 5 6 7 8 9 2 13 38 13 Slope %
1025 1,152 1,150 1,145 1,137 1,136 1,133 1,132 1,131 1,130 1,124 1,122 1,117 ,120
10L0 1,154 1,148 1,144 1,136 1,140 1,137 1,133 1,129 1,126 1,123 1,121 1,118 ,123
1123 1,157 1,150 1,148 1,141 1,138 1,136 1,133 1,130 1,128 1,123 1,121 1,116 ,128
1305 1,160 1,153 1,146 1,143 Z:142 1,139 1,137 1,135 1,131 1,125 1,123 1,122 ,125
1500 1,156 1,150 1,146 1,140 1,140 1,142 1,135 1,130 1,126 1,124 1,123 1,119 124



RUN 26
General Data Temperature

Time Teup, °C

Q (GfS) 9 . g S 7"0 k e e« 6o 0 o o ¢ 0,32
G ( lb/sec) | . . | 0.625 C/JE 16 + o B 1000 2l,2
D) . . o« ¢y 069 n (ft) L. . DOYS - 3088 2),.2
Un (ft/éecs ¢ ave o Bwlh Re x 10 . . 1335 25,0
U*,(ft/sec) 6w 8 = 0‘106 D S T R 0-575 11-150 25.’4
S (%) ] L] £ . = . L] 0-125
Dune Characteristics
Description of bed , ¢ s ¢ « o « « » Smooth bed
Velocity and Concentration Profiles
U/U*
D~y c y/D Sta, 13
y
0.0799 0,023 0,926 18,4
0,16%6 0,031 0,855 . - 18,4
0,26..0 0.034 0,781 18,2
0.0 0,0L3 0,709 18,1
0,5750 008 0,635 182
0, 7770 0,054 0,563 17,6
1,01,00 0,062 0,490 17.3
1,4000 0,067 0,L16 16.6
1,9100 0,080 0, 3Lk 16,3
2. 71C0 0,098 0,270 15.5
3,4200 0,130 0,226 15,1
4.0800 0,158 0,197 1.5
5,5400 0.217 C.153 13,9
7.0700 0,238 0,124 13,2
11, L4,OCO 0,481 0,0805 12,1
18,7000 2,04 0,051 10,0
0,022 6.87
Slope of liater Surface
Piezometer Readings in ft,
June 11, 1954
Time 2 3 L 5 6 7 8 9 - - A | 12 13 Slope %
0530 1,059 1,053 1,0L9 1,045 1,042 1,037 1.03L4 1,031 1,027 1,023 1,020 ,125
0800 1,058 1,052 1,047 1,0LL 1,042 1,039 1,035 1,031 1,025 1,022 1,018 ,129
1000 1,057 1,052 1,047 1,042 1,040 1,036 1,033 1,029 1,026 1,026 1,020 1,016 141
1100 1,055 1,050 1,047 1,7L3 1,040 1,037 1,035 1,032 1,027 1,026 1,022 1,018 ,125
1335 1,054 1,050 1,0Lk 1,040 1,038 1,034 1,030 1,028 1,022 1,024 1,020 1,016 ,125
1500 1,052 1,048 1,041 1,038 1,037 1,034 1,031 1,029 1,024 1,023 1,020 1,017 .123




RUN 27

e — ==

General Data Temperature
Time Terp, °C ol
Q(cfs)uet.-lizol k -orooovloﬂBl
G (lb,SQC) e & ® 001316 C v’g- 1/6 . s @. .10‘.0 0820 23"5
BARED s e v 0500 n (£t) e 0009 X330 BB
Uy (£t/sec) | o 7 71733 Re x 10=4 _ ., . .54 1630 . 25,0
* (ft/sec) . . + .. 0,133 o DR NP 0
BAE) « v s w » v Q0
Dune Characteristics
Ep B L N

Proﬁlealongc.u;talooenlnohdpn0.0099h.0'00-5200096h

Proﬁlelﬁ.ﬁ'omc u--O'll."l‘OSOol0000999.l0000550tlﬂ63
R TR BYE. 15 & a6 00w & o 2005 oy o IS8l 5 s . b O
Description of bed , . & ¢ « o o o Dunes
Velocity and Concentration Profiles
Dy U/U—n-
Y i v/ Sta, 75
0.0823 0,043 0.87L 13,6
0,430 0.051, 0,810 13,55
0,550 0,051 0. 746 13,65
0,5530 0,050 0,684 12,8
0,420 0,06l 0,620 32.2
0,6470 0.8, 0,LoL 12,3
0,83%0 0 G73 o.,L30 12,4
1,0800 0,C8Y 0.367 b I Er
1,000 0,098 0,304 11,k
1.8300 0,097 0,20 11,2
3,3900 0,152 C. 177 10,2
0,557 12,0
Slope of Water Surface
Piezometer Readings in ft,
June 15, 1954
Time 2 L 6 7 8 9 10 11 12 13 1} Slope % 1
1100 ,73% .726 .77 .75 711 ,706 .699 .698 .692 ,690 ,681 ,150
1300 ,73h .730 .72h 724 735 .7\l ,707 °.702 .00 6Lk 683 1h7
130 S T8 a8 1R LT W12 16 T 07 L 91 AT JTSh
1330 WY 1B 6 19 75 o .18 .fA3 M oL a9 Jhd 75
1350 5 W6 M2 136 137 TN (726 ,Teh .76 JTI L0 136 78
585 201 U8 Wl J0 038 J038 7% 781 T4 T S 130,
1620 756 6 .72 .7¥ 1T .70 .78 . 7122 .719 725 ,702 W0 .760



RUN 28
General Data Temperature
Time Temp. °C
Q(cfs)0100002063 k. ..,.,,.'0,31 p_
G (Ib/sec) , .., ,0,1i9 C/E 15 v o siLE s 2.8
D (£t) o o ww Delid n (ft) 'y v o D000 1810 23.6
Up (ft/sec) . . . . 1.53 Rex10Y ., .. . 7.47 2105 2Ly, 2
BACEIoe0) % s d 2 DA Bu o v s how s o 03D 2145 2L, 2
S (J%) - - Ll - - - - 0.116
Dune Characteristics
B, E, L N
Proﬁlealongc! a & @ = & @ n°100550¢l Iou98haei 00967600!51
PI‘Oﬁle 1 ft. fmm C L c - - %3 e 1ﬁ0h7 L] L L ] '] 09988 - L] L] > 0071 . - . < hg
AreanearSta ?300'..n0031.0620.0000969.¢.ﬁ ﬂ-.l.6h
Descriptioncf bed , , . . . » o Dune Pattem
Velocity and Concentration Profiles
U/Us
Iy c y/D Sta.T3 y/D
0,430 0,036 0,685 13,9 0,895 13,6
0,266 o,0425 0,789 13,9 0,789 13,5
o463 o,048 0,68, 13.6 0,684 13.,L
0,725 0,054 0,579 13,1 0,579 12,9
o,9us 0,062 0,515 12,6 O.47h 12,3
1,30 0,067 OMhy3 12,3 0,368 12,0
b0 0,091 oO,L10 12,0 0,305 11,3
1,720 0,081 0,368 11,6 0,263 10,L4
<00 0,118 0,305 10,8 0,20C 8.9
2,800 o,09h 0,263 10,6 0,158 8,6
4,000 0,101 0,200 9.85 0,095 7.2
£.310 0,111 0,158 8.65
9,520 0,202 0,095 115
17,900 0,181 0,053 6,92
Slope of Water Surface
Piezometer Readings in ft,
June 16, 195L
Time 1 2 3. ok 5 7 8 9 1 1 12 13 14 Siope %
1500 ,83L .830 .826 ,82) 822 ,813 ,816 ,815 .811 ,807 .806 .802 ,795 ,735 ,113
1535 ,835 828 .826 ,823 ,820 ,820 ,816 ,813 .812 ,805 .803 ,802 ,79L 786 .115
1620 ,836 ,831 .82 ,821 ,.820 ,818 ,816 .813 ,809 .807 .803 .800 ,795 ,786 .119
1840 ,838 ,832 ,830 .825 ,825 .821 818 .B816 ,B813 ,805 ,805 ,802 .79L .783 .130
2000 ,836 ,831 ,830 ,827 .,825 ,820 ,817 .815 .613 ,810 ,808 ,601 ,799 .789 ,107
2105 ,837 .831 .830 827 ,824 .822 ,821 ,816 ,614 ,310 .806 .80k .799 .789 ,115
2135 ,838 .832 ,828 ,826 .82 .,821 ,820 ,817 ,813 ,811 ,308,.,805 ,800 ,790 ,115
2300 835 ,830 ,831 ,825 ,821.,820 ,819 ,816 ,81L ,B810 ,B806 ,803 ,799 ,738 ,116



RUN 29

General Data Temperature
Time Temp.°
gggi‘;),j.....s.eah ic/‘,r_a“..,..o.az e
y sec et AL 0"3 C g " e Q 616'35’ 06 0 2 96
DLES) s 6 v o 0500 n (ft) 1/6 e s GOy 0930 2?02
Um (f‘b[sec), . 2 e 2o5h Re x 10 -5 & e 1_01 1305 25.0
Ux (ft/sec), , , o 0.153 F 0,573
S(%)‘“o....o.lzl * @ o 0 * o ® » o o -
Dune Characteristics
Description of bed ., o + ¢« ¢ « o o Smooth bed,
Velocity and Concentration Profiles
D=y c y/D  Sta, 73
i
0,0693 0,016 0,918 19,0
0,198 0,021 0,835 18.9
0,330 0,027 0,752 18,9
0,493 0,031 0,670 18,4
0,704 0,035 0,567 17.9
0,981 0.0L5 0,505 17.h
1,370 0,0545 0,422 17.0
1,950 0,059 0,339 16,3
2,950 0,087 0,256 15.6
3.830 0,103 0,207 15,0
L, 750 0,1L3 0,174 14,5
7.070 0,232 0,124 13,0
10,000 0,182 0,091 11,6
23,400 1,074 C,0L1 6.9
0,025 5.0
Slope of Water Surface
Piezometer Readings in ft,
June 17, 1954
Time 1 2 5.k 6. -6 T @& % W 2L 1B 1A Vs
0625 961 ,957 ,952 .9L9 ,9u6 ,9L3 .91 ,938 .936 .935 ,933 ,926 920 ,10
0805 9T 957 95h (950 9L6 ,9u3 940 ,938 934 933 ,931 928 ,920 ,915 .12k
0915 972 ,959 956 ,950 94T 9u5 ,9L1 ,939 ,936 ,935 ,93Lh ,930 924 919 ,118
June 138, 1954
0925 ,969 95T 954 950 ,9L5 9L3 ,9L0 938 933 ,932 ,931 930 ,924 ,918 ,138
1045 ,969 ,957 954 ,950 945 94k ,939 ,9LO (935 ,933 931 .928 ,923 ,919 1L
1200 961 957 ,953 ,9L8 .9uT .9Lu 943 .937 .936 ,935 ,93L ,928 .92, ,118
1310 +363 959 955 951 LB ,9L5 ,9h3 939 93T .37 ,935 929 925 113



RUN 31

General Data Temperature
Tim Temp, ©
Q §Cf§) .)ﬂ L] L] @ =0 h.2 k 2 L L] L] L] L] . L] -] 0925 e elnp c
G (ib/ses) , . , « 0,L30 c/ig & u w S 0650 26.0
RS oy e Dl n (ft) 1/6 A 0830 26,2
Oy (fbfees) , . . . 2.7 Be xS [, - LB 0955 26,5
Us (ft/sec) , o o & 0.129 AV SRV G TR
S (:‘; - . < e - - L] 01123
Dune Characteristics
Deseription o Bed . . o.0 o o o & v o » o ¥ Smooth bed.
Velocity and Concentration Profiles
m  U/0
Q;X c ¥/D Sﬁa9*73
0.136  0,0066 0,68  2l.h
0,235 0,008 0.61 2L, 2
0,351 0,0096 0,74 24,0
0,92 0,020 0,67 23.4
0,667 0,0149 0,60 22,7
0,924 0,020L 0,52 22,1
1,222 0.0266 0,L5 21.8
1,632 0.0338 0,38 20.9
2,230 0,0L61 0,31 20,2
3.170 0,0797 0.2L 19,k
L. 680 0,190 0.17 18.2
9.530 0.4190 0,095 15,9
19,800 c,on8 12,8
Slope of Water Surface
Piezometer Readings in ft,
June 22, 195L
Time 2 ks 6 7 8 Q 10 11 12 13 1 Slove %
D6LS S T LT ST W16 T2 ,TA8 WS AL VT T 37
OBRO T - 137 T 10 JBT 723 .70 N7 73 708 08 120
35 Sl 100 LU L789 BT T2 N9 (N LW 18 607 103
SO0 WINT w8 (0 189 JE6 (12 (70 JNT 1 T8 699 A2
320 e 138 Pl B9 26 123 720 76 713 708 658 283



RUN 32
General Data Temperature

Time Temp.°C

Q (CfS) E] ° [ ] a - a9 hoz k l__:i [ 4] -] L 1] L] -] L] 0.32
G (ib/sec) , ., , . 0,15 C/VE e »x» silad 1300 25,2
MR e i b o ORL n (ft) v s o 4. 0,000 U415 25,0
gﬁ (fbfsee) | , . . 157 xS .. 19 1630 26,7
%(f‘b/sec '.‘“0'139 F.-u.o¢0000-323
BCR) ok e ROB2
Dune Characteristics

Ep By L N
PrOﬁle 3-10118 G @ D 0 & © ® © © @ 10106 9 & a n 1303? e 2 © » 0066 ® & 9 © 38
PrOfile l fte from c . » 06 @ © @ 1a12h o & 8 2 13071 e 6 e ® 0050 oD B B 5’3
Profile 1 f'b. from C o 4w &8 1.099 e 9 & a l.Ohh a s e @ 0651 5 & 8 ®© L’\B
T T o R R S I ;. JRRPNRRI: 55 <) /SN . w0 v
Description of bed ', . . . » . Dune Pattern

Velocity and Concentration Profiles
U/
D-y c y/D ta, T3
J

0,0742 0,022 0,931 13,3
0.159 0,025 0,863 13.6
0,258 0,029 0,795 13,2
0.377 0,029 0.726 13,3
0,520 0,036 0,658 12,9
0,695 0,039 0,590 12,7
0,919 0.0L8 0,521 12,8
1,209 0,054 0,453 12,2
1,600 0,050 0.385 p e 1 1
2,140 0,059 0.318 10,8
3,030 0,061 0,2.8 9,85
L, 550 0,086 0,180 9.06
7.920 0,085 0.112 7.35
21,70 0,099 0,0LL 3.52

Slope of Water Surface

riezometer Readings in f%t,
June 23, 1954

Time 2 3 h 5 6 i 8 9 0. N .32 13 Slope %
115 1,11} 1,132 1,110 1,107 1,105 1,103 1,100 1,097 1,096 1,094 1,092 1,091 ,088
1300 1,113 1,112 1,110 1,106 1,104 1,103 1,100 1,099 1,096 1,095 1,093 1,091 ,080
1,10 1,11} 1,122 1,111 1,108 1,104 1,104 1,103 1,101 1,098 1,097 1,095 1,091 ,078
1530 1,116 1,115 1,111 1,109 1,108 1,105 1,104 1.101 1,099 1,099 1,097 1,093 ,081
1625 1,115 1,115 1,112 1,108 1,107 1,106 1,103 1,103 1,100 1,098 1,097 1,092 ,081



RUN 33
Ceneral Data Temperature

Time Temp.°C

Q ( L . » e o 71‘2 k s & & & € o @ 0:35
G ( / ec) * o £ 3 00252 C/F 1/6 . 8 © 311@5 3.314.5 26‘1
D (£t) bty v e gy n (ft) s« & ¢ 0,023 1 ion. 558
[’m (ﬂ/sec) 2 5 e 1l63 "..e x 10 - *« @« 0 lqao 1650 27.0
U (ft/seb) e » o o O..lll-z F 0 283
BIRE) & o o0 0061 R ] A

Dune Characteristics

Ep By L

Proﬁle along c $ & & » 3 ¢ © O O © 1011-1 " e o o 1.0h6 e ® O 0059 « 52 8 o }I'Z-—
Profile 1 ft, from C . . « + « o « 1.1]8 oe v oo RBBBE L 3os LB Ll I
Bl M A B G . o cs s LI, L. B O s s
Area near SEa. T3 ¢ ¢ & 5 o ove v o Lod33 . o DRURRT RS o oo R

Description of bed , ., . Dunes with possible sandbars.

Velocity and Concentration Profiles

D-y c y/D Sta. T3
= _
0,0515 0,951 14,1
0,106 0,02561 0,904 1,1
0,21 0.0332 0,806 13.9
0,411 0,041y 0,709 13.4
0,626 0,0l57 0,611 12,8
0,942 0,0519 0,515 2.2
1,400 0,0579 0,L17 b it PRy
1,710 0,0609 0,369 11,3
2,130 0,0658 0,320 312
2,680 0.0802 0.272 10,8
3,490 0.0877 0,223 10,2
L. 710 0,1040 0,175 9.15
6,930 0,.1090 0,126 8.36
11,900 0,1120 0,0776  8.03
0.0291 e

Slope of Water Surface

Piezometer Readings in f%,
June 24, 1954

Time 2 3 b 5 6 7 8 9 W 1 12 13 Sloped

1310 1,433 1,432 1,426 1,423 1,427 1,427 1,425 2,423 1,416 1,423 1,420 1.L12
1345 1,434 1.43h 1.428 1,426 1,45 2 Qupa 1,425 1,424 1,422 1.419 1,421 1,416
1515 1,435 1,433 1,432 1431 1. “L28 1.heh 1,427 cuzu 1 uz? 1.4k25 1,419 1,420
1610 1,138 1.hJ5 1Lk 1,432 1,428 1 hJO 1,426 1.426 1.425 1.423 1,42k 1421
16L0 1Lkl 1,440 1,436 1.&37 1.432 1,433 1,430 1,427 1,429 1,428 1. L2k 1,421
1655 1.Lk2 1,h39 1,435 1,435 1,432 1,430 1,428 1,426 1, 1429 1,428 1,42k 1,420

.058
060
003
0530
.068
.065



RUN 34

General Data Tempe rature

Time Temp.°C

Gfefs) . . ¢ » o 0.85 B s v atew o 1300 25.1
G (Cb/sec) ., ., 0,184 C//E Ve v o 9.75 Iioe. 25,3
e b T RSN T n (L) 9 . ., . 0:088 1500 25,5
Uy (ft/sec) , , , . 1,66 B x10°? ..., 28 1600 25,6
U'k (ft/sec) v ¥ 3 0 170 F # & ©v © & o & @ 0021-!-9 16L5 2596
S (:-;) - L] L] L > - - 00065
Dune Characteristics
E
o Eg L N
PrOfile along C L] - o o - L (] - e ] 1.08," L] -] > L ] 1l01h 3 a3 e =} Olé? . L a2 1 ] hl
PI'Oﬂle l ft from C e & & ® 2 o® @ lcogl e ¢ o o 10033 * & 0 = 0-59 * 2 5 0 !'7
meile l It’J ﬁ"cm C s o ® A 3 @ n 15090 G . @ 10028 3 0 0 e 0.52 & a = 9 53
SR ReAE S08. 1) . v o voo' s 66 5 200 5 5 ¢ ¢ 3B L e 6. %y ' Tl
Lescripticon of bed L e e HIeE
Velocity and Concentration Profiles
U/ Uy U/U,
Dy c y/D Sta, 13 Sta, 73

J

O,0187 o005 0,927 30,7 30,95
0,170 0,0163 0,855 10,8 11
0,278 0,0185 0,783 10.6 10,
0,408 0.020° 0,720 10,5 10,8

0,567 0,0215 0,638 10,5 10,6

0,770 0,024k 0,565 10,k 10,52
3,030 0,026 093 10,2. 1.3

1,380 0.0291 0,420 9,88 10.0

1,600 0,0289 0,38l 9,70

1,370 0.0317 0.3L8 9.81 9.5L
2,200 0,0332 C,312 9.53 9.5L
2,620 0,0376 0,276 9.L1 8,77
3.180 0,0L01 0.239 8.81 8. LT
3.930 0,032 0,203 8.11 8,53
4,990  0,0L18 0,167 741 8,01
6, 700 0,0621 0.130 7.17 7.2L
9,650 0,07L2 0,094 717

Slope of Water Surface

Piezometer Feadings in ft,
June 27, 195L

Time 2 3 L 5 6 7 8 9 10 1% 12 13 Slope %
2300 1,729 1,728 1,726 1,725 1,723 1,722 1,721 1,719 1,717 1,716 1,72 1,708 ,070
1400 1,730 1,730 1,729 1,727 1,726 1,726 1,722 1,720 1,718 1,718 1,713 1,707 .C60
1430 1,726 1,726 1,724 1.724 1,720 1,721 1,719 1,716 1,71h 1,713 1,712 1,706 ,068
1635 1,727 1,727 1,726 1,725 1,723 1,721 1,721 1,720 31.716 1,738 1,723 1.720 065
1630 1,739 1,740 1,737 1,738 1,73h 1,736 1,732 1,733 1,728 1,729 1,725 1,722 ,061



RUN 35

General Data Temperature
Time Temp,°C
Q(Cfsa)""""?'z k.e-o.oot-00¢32
GiibBes) . ... LH3 CHE oy ... J29.7 ogas 25,5
AT s v o D56 n (ft) ‘v 008 1000  ?5.5
Up (£t/sec) , , . . 3.34 Rex102 |7 %197 1055  25.6
Uy (ft/sec) o o o o 0,170 W Lt B L 1215 26,0
S (-rs) e ? L] - L] L] L3 06160
Dune Characteristics
Description of bed , , , ¢+ . .  Smooth bed
Velocity and Concentration Profiles
U/Us U/Us
D-y c y/D Sta.73 Sta.73
h'd
0,099 0.027 0,91 22,4
0,218 0,039 0.82 22,3 g8}
0,368 0,050 0,73 2L 2B
0,558 0,063 0,64 21.L 216
0,809 0,081 0,55 20,9 21,1
1,160 0,C89 o6y 20,5 20,6
1,670 0,108 © 0,375 19,7 19.8
2.030 0,138 0,330 19,k 9.k
2,500 0,131 0,286 19,1 389
3.150 0,150 ' o,243 18,7 189
4,100 0,172 0,196 179 8.1
6.580 ©,238 0,152 17,1 17.0
8.3L0 0,3L3 0,107 16.3 368
15,000 0,721 0,063 15,3 3.1
54,500 2,570 0,018 13,0 13,0
Slope of Water Surface
Piezometer Readings in ft,
June 29, 1954
Time 2 3 b 5 6 T 8 9 0 1 ¥ 13 I Swe?
0815 ,950 ,9k2 ,933 .926 ,922 ,917 ,9il ,908 ,9C8 ,903 .897 .892 ,885 168
0930 ,9L46 ,939 ,93L ,926 ,920 915 ,9i3 ,9i0 ,907 ,90hL ,896 ,893 ,886 ,150
1010 ,950 ,939 ,935 ,927 921 917 .915 ,910 ,907 995 ,900 ,89)L.,886 ,150
1055 ,957 94T ,9LO 931 ,926 ,921 ,926 911 ,509 ,9CL .899 .893 ,882 ,180
1150 947 ,9L0 933 927 ,922 .17 ,915 ,910 .908 ,905 ,900 ,395 ,887 .150
1210 ,947 .938 932 ,927 .921 ,$16 .9i5 .910 ,907 .905 ,899 ,892 ,833 ,157



RUN 36

P AR OF .
G (1b/sec) ... ., 1.790
DWELY o o« v a w053
Up (ft/sec) , . . . 3.78
Ux (ft/sec) . . . . 0,189
S (%) L] - e L ] . L] . 0021

Time Teap,°C

k/ﬁ L] - - L ] - L ] - a O‘I 30

C/ve 5 » VEOE 0820 25.2
n (£1) 1/6 d % e NS 1320 27.0
Re x 10 35 e mrl i

F . o - ] [ ] [\ L} L] - Ou 915

Dune Characteristics

Descriptionof bed , . 4 ¢ ¢ o« o « « Smooth bed

Velocity and Concentration Profilles

U/Use
D=y c y/D Sta, 73
-
0.105 0.0258 0,905 22.5
0,235 0,0588 0,810 22.8
0,399 0,058Y4 0, 715 22,2
0,613 0,076l 0,620 - Iy
0.905 0 097k 0,525 21,2
1,321 0.1220 0,431 20,4
1,612 0,140 0,383 19,9
1,975 0,1890 0,336 19.6
2,470 0,1930 0,288 19,0
3,150 0,2660 0,241 18.5
1,180 0. 3500 0,193 18.0
5,850 0.5020 0,146 17,3
9,100 0, 8560 0,0986 15,8
18,500 2,1180 0.,0512 1bL,2
0,038 10,7

Time
0820
1010
1110
1200
1320

Slope of Water Surface

Piezometer Readings in ft,

R I SR L
.937 ,915 .900 ,893 883
.930 ,910 ,898 ,891 ,880
.928 908 ,898 ,890 ,876
.926 ,908 ,897 ,889 877

.904 .B9L 887 .876

July 1, 1954

6 T 8 9 W 13X 12 I3 I Sleope ¥
.87 871 867 863 854 .848 .,8L3 ,837 .827 ,230
.87 870 .866 ,860 857 851 ,8LL 836 .827 ,210
.074 870 866 ,857 ,856 ,850 ,8u3 ,833 ,823 ,2L48
.873 869 ,866 ,856 ,856 ,851 ,8L5 835 ,826 ,200
871 ,866 ,863 ,856 ,85L 848 .8uL3 ,83L ,823 ,203
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