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Synopsis

Tests on a rectengular channel 10.5 by 3 inches in cross-
section transporting water mixed with different amounts of sand,are
described in this thesis. Two sizes of sand were used. They are
of mean sedimentation diémeter of 0.10 mm. and 0.16 mm..

The experimental data were used to study both the effécts‘of
the presence of sand in suspension on the characteristies of the
flow, and the concentration transfer coefficient at the middle of
the channel, assuming a two-dimensionsl flow.

It was found that the von Kérmén universal constant of ﬁurbulent
exchange k decreases with the increase of the suspended material,
k decreased to 0.20 when a total load of about 25 kilograms was
added to the flume; i.e., 43 grams were added to each liter. Mo
limit was approached for the decrease of k. The frietion coef-
ficient A was hardly affected by thé presencerf the sand when
the veloelity of flow was higher then & certain velocity. This
eritical velocity increassed with the total load in the flumevand
the size of the sand used. It is related to the ﬁed load and it is
the velocity at which all the dunes on the bed are carried in
suspension. Below that critical velocity A exceeds ihat of clear
water.

The sediment transfer cosefficient &s was found to be equal
to 1.5, the momentum transfer coefficientAinx for the 0.10 mm. sand,
and to 1.3 €m for the 0.16 mm. sand. £s follows the normal
parabolic form of €m at the outer two-thirds of the channel and

hags a constant value at the middle third.



Introduction

- The modern developments in the turbulent flow theory have
created interest in the sediment suspension and the heat flow
probiems. It was M. P. O'Brien) who first made use of Taylor and.
Sechmidt's findings in deriving the equation for the distribution of
suspended sand in & turbulent flow. By equating the rate of upward
trénsfer - Eg %% » of suspended sediment due to turbulent
exchange and the rate of settling, wC , under gravitationsl force,

0'Brien obtained the equation:
is .d-_g_ + wC = 0 (1)
d_y .

where y 1is meagured vertically upward, C 1is the concentration of
suspended material, w 1is the settling velocity of the sediment in
the s%ill fluid, and E€g is the transfer coefficient for the
" sediment.

 Th, von Kirmdn? gave the anelogy between the transfer of mass
or of heét and the transfer of momentum. He showed that the
coefficient of a2ll these kinds of transfer ought ﬁo have the same
form, but he stated that it was subject to further discussion 2s to
whether those coefficients have the same values.

Another step was taken by T. Sherwood and B. Woertz3 who found
that the transfer coefficient for water vapor in a turbulent gas
stream was not equal to the momentum transfer coefficient &p, but
they seemed to bear a constant relation to eéch other. Other
investigators found that this approximation can be assuméd also in
case of heat trensfer. So one may also assume that &g can be

related linearly 'to €p



2.

ts =BEn (2)

where /3 is the coefficient of proportionality.

It is known that for turbulent flow:
T = PEp du/dy

where T is the shearing stress at any point, u is the velocity,

and f’ is the density of fluid; znd for two-dimensional flow:

T=17 Q1 - y/yn)

where T, is the shearing stress at the boundary sand ym is the
vertical distance to the maximum velocity; i.e., the plane of zero

shear, so:

E,= L (- yfym)
£ du/fdy

The von Krmdn universal velocity defect law® is:

U - U max . 1 Y. )
% £ 1oge — (3)

where u max is the maximum veloeity and U* is {/7/f . Bo when

du/dy is evaluated from Equation (3) we get:
En=k Uty (1 - y/ym) ()
or Es=B kxUxy (1 - y/ym) (b

and in its dimensionless form, introduced by Vanoni5:

&g _ Y

BEC T " (1 - y/yw) (4)"




k 1is used on the left-hand side so that the right-hand side will
be a function of only the position.

Equations (4) give zero values for both €4 and £¢ at the
center of the channel. Many investigators meintain that the‘
transfer coefficienﬁs are not zero at the center and, therefore,
that‘the equations are in#alid at this point. von K rndnb gxplained
how these relations were derived from the assumption of similaf
flow pattern, then he stated that in the center partv of a pipe the
similarity aseumption cannot be correct. JF. Brooks and W. Berggren?
showed how Prandtl tried to correct that rezion and how the
Nikuradse experiments gave definite values of &p at the center of
the pipes in his experiments. They collected much useful inform-
ation about the central region, and showed that the two reasonable
assumptions which can be mede at the center are either ﬁo take En
as & constant according to the results of T. Sherwood and B. Woertz3
or %o assume an error curve for Emn.

If €g is constant over a certain region, Equation (1) can be

integrated for that region to give:
loge C/Ca = - w/es (v - a) (5)

where (g 1is the concentration at any arbitrary reference level
y o= a.
If €g follows Bquation (4) in another region, Equation (1)

will be integrated to give:

loge & = W loze (¥m_=- ¥ a (6)
oge ta ;E-E-ﬁg—— Ze 7 X — )



or C/Cq = (b/hg)® L
vhere z=w/BkU* eand h=gypfy-1

| Vanoni5 verified Equation (6) snd showed how well it fitted
‘the experimental points in an open chamnnel.

One of the interesting points that was introduced by VanOpi
wés the effect of the suspended sediment on the characteristics of
the flow. He showed that the existence of suspended load tends to
suppress or damp out the turbulence, causing a deerease in the
value of the von Kirmén universal constant of turbulent exchange k

(Bquation (3)).
Objective of Experiments

There are two mein objectives of the present experiments:

(1) To study the effects of the suspended sediment on the
characteristics of the flow. It was believed that a closed,
confine& channel will help in getting more steady and accurate
resulte than an open channel. The simplest shape'of cloged
channels ié either a wide rectangular channel or a circular pipe.
The cylindrical gymmeiry of the circular pipe which simplifiés

the equations in the case of clear water, will not hold wheﬁ the

sand is added and the vertical settling velocity comes into action.
Appendix II. gives & brief discussion of the work that was done
for this case. An attempt was made to solve the partisl |

differential equation of the second degree that represents the



sediment distribution in this case, but the equation was too
complicated to be solved in a reasonable amount of time. So, the
flow between two wide parallel plates was uéed.

| Both Kalinske and Witzig in the discussion of Ref. (5) were
~questioning the efféct of the loose sand, that occurred on the
bottom of the flume, on the bed roughness. H. Einstein8 gave an
empirical way to find the bed roughness of a natural channel,
showing that it increases with the bed load. In order to study
this point here all the walls of the flume were painted to be as
smooth as possible.

(2) The second objective was to study the sediment transfer

coefficient €4 , its distribution over the cross-section,
especially near the center line of the channel, and its relation to

the momentum trapnsfer coefficient.

Apparatus and Procedure

Main Flume:

The experiments were conducted in a closed-circuit flume
(Figs. 1 and 2) about 10.5 inches wide, 3 inches deep and 40 feet
long. Precise measurements show that the section is 2.986 * 0.5%
by 10.507 * 0.4% inches. The flume is carried by a truss sﬁpported
on two supports. Its slope can be varied by means of a jack and
pivot combination. For the present purpose the flume was kept
horizontal. In order to eliminate the possibility of sepération.
the included angle between the sides of the transition ffom the

6 inch pipe to the 3 x 10.5 inch flume, was made 7 degrees. Three
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turning vanes were inserted at the bend according to G. Patterson9.
The top cover of the flume was made of 5/16 inch steel plate.
It was supported from above, as shown in Fig. 3. By means of the
supéorﬁing b&lts and nuts the depth of the channel could be adjusted
-to any depth from 7‘£nches down. All the bolts and channels which
supported the plate were épot welded to its upper surface in a way
that it never affected the roughness or straightness of its
bottom surface; i.e., the éurface in contact with the flow. The
cover was sealed at the sides by means of a solidvrubber rod‘

(3/16 inches diameter) that was forced at the joint by a 2 x 1% x

Wl

inches angle. All the surfaces were carefully painted with two
coats of bitumastic paint which gave a reasonably smooth surface.

Two openings were left in the flume cover (Fig. 4) to allow
the pitot tube and the samplers to traverse the cross-section. The
first was 19 feet from the entrance and the second 28.5 feet.z Thé
second one was the main working sectien in the present ekperiments.
During its use the upstream opening was closed carefully with a
smooth plate that was flush with the top plate of the channel and
eliminated any disturbence of the flow. Just downstream from the
working section, there were glass windows 5 ft. long on each side‘
wall and a plastic window in the cover 10.5 inches long and
6 inches wide.

The water or the mixture of sand and water was circulated in
the flume by means of a propsller pump driveﬁ by a variablé speed

motor.
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Messuring Equipment:

A stendsrd Prendtl pitot-static tube of 1/4 inch diameter was
used to measure the velocity. The differential pressure on the
tube was re&&_to 0.001 ft. on & water-air manometer and conﬁertéd
.to velécity by aséuming é coefficient of unity for the tube.

Two samplers were used to debermine the suspended sand

I\

concentration at different points.

One of them reached the upper

surface (Fig. 5) and the other

reached the bed. Both were made

|

diemeter. Their tips were . Fig. 5 Samplers

of brass-tube of 3/16 inch external

flattened so that’the inside

dimengions were 0.223 inch by 0.05 inch for the first, and 0;218
inch by 0.048 inch for the second. Xach samplé vas 1 liter in
volume. A filament of this volume and of the same cross-sectional
area as the sampler tip would be 460 ft. long or over 10 timés the
length of the flume. A sample of this magnitude éhould be rspre-
sentetlive of the eaverage conditions at a point.

Fig. 6 shows the set-up used in sampling. The sémplér tube
.could either discharge into & liter boitle or a coilecting tank
by varing the setting of a quick-acting sliding spout. The time
required to collect a liter sample was determined by an electric
timer which was actuated by a switch on the sliding mechanism

carrying the spout. The level of the bottle could be adjusted to
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Fig. 6. Side View of the Working Section Showing the Sempling

Bquipment and the Pitot Tube with Its Manometer
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give the same velocity at the inlet to the sampler as the local
stream velocity at the sampling point. The velocity at the sampling
point was filrst measured with the pitot tubé. The sampling velo-
city wes determined from the cross-sectional area of the sampler
"tip and the observed time to collect the liter sample. The effect
of the rate of sampling on the amount of sediment removed with the
sémple as well as the sampling technique was clearly explained by
Vanoni® and also in report>(10). The tube leading from the sampler
to the collecting bottle had a glass part and it was observed that
at high concentrations if the sampling tube had a gentle slope,

the sand would form dunes inside‘the tube and it would take a

long time to get steady conditvions for sach sample. TFor that
reason all such dunes were avoided by using large slopes on the
sampling tube. The sediment was removed from the sampie by filter-
ing and was dried and weighed to the nearest 0.005 gram.

A general sample was collected by a specisal samplér at the end
of the flume. This sampler was made of a 5/16 inch brass tube that
was bent in a u-shape so that its tip was directed upward. During
the sampling, that tube was moved in different positions in order
to cover most of the section and represent the average concentration
of the suspended sand. Three liters were collected for eacﬁ ran |
and they were used to find an average value of concentration of
suspended sand over the section. This average concentration was
called ¢. During sampling, water was added at the end of the
flume to replace that withdrawn with the sampler and to’maintain

a constant amount of water in the flume.
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The pifot tube or any one of the two samplers could be fixed
to the carriage shown in Fig. 6. It could move across and along
the stream and in the verticel direction. The three coordinates
of the instrument on the carriage could be read from scales{that
~enabled one'either»ﬁo locate the position of the instrument or to
set it at & predeterminedvposition.

A Venturi meter was initially used to measure the mean velocity
in the flume. It was connécted through glass settling pots to a |
water-sir manometer that read the differential préssure to 0.001 f%.
of water. The Venturi was calibrated by means of the velocity
traverses, which were measured with the pitot tube, over the
section in runs 1, 2, 5, 6 and 7. It was found that the coef-
ficient of the velocity varies within ¥ 5% from the average value.
As a result, little confidence was felt in this method. The
- Venturiwas so close to the pump (Fig. 1) that the eddies and
secondary currents caused by the pump might have been responsible
for this fluctuation. The presence of the sand also might have
caused this fluctuation. A comparison between the mean velocity U
over the section and the mean velocity at the center line profile u"
showed a more definite relation. From rums 1, 2, 5, 6, 7 and 71
U=0.95u"*1%. u" wvas getermined by graphical integration and

by the relation:
Ya = 0.368 ym (u" is the velocity at ya)

given by Vanoni, and both gave the same value. When the first

method was used for evaluating the coefficient of friection A the



13.

points were so scattered that it was impossible to get any pattern.

When the second method was used great improvement was observed and

gso all mean velocities given here are calculated from the velocity

profiles.

The head lost in the flume was messured by means of four

pressure taps connected at 9.8, 18.8, 28.25 and 33.25 ft. ffom the

inlet. Settling pots were included in all pressure lines to trap

sediment and prevent it from lodging in the lines. The static

head could be read to the nearest 0.05 inch.

The temperature of the fluid was measured by means of &

thermonmeter at the end of the flume.

It was very helpful that the sanme

sand which was used by Vanoni was still

available. The sands with sediment-

ation dismeter of 0.10 mm. and 0.16 mm.

were used here. Their size distributions

were checked by sieve analyses and were

found to be still the same. Fig. 7 is
identical to Fig. 4 of Venoni5, so his
measured values of the settling
velocity w, were used in the present
vwork.
Procedure:

A complete series of experiments
was conducted for each of the two

sand sizes. Xach series had two

9.4 — )
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Fig, 7. Size Distribu-

tion of Sand
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variables, the total smount of sand that existed in the flume gnd
the velocity of the flow. Starting with clear water, 50 grams of
sand were added; then the amount to be addea each time was enough
nearly to double the amount in the system, following more or less
‘the terms of a geometric series. For each of these cases mainly

 four speeds were teste&.b They were about 1.7, 2.6, 3.5 and 4.6

ft./sec..
Results

Most of the‘data collected are given in Appendix I. -The
experimental points are plotted there in a direct way. TFig. 23
gives the semi-logarithmic plot of the velocity profiles; Fig. 24
gives log C versus log h and Fig. 25 gives log C versus y. The
results obtained from those curves are collected and summarized
in Table I.

It is to be noted that, except for the study of the central
part of'the channel, the flow was divided into two parts, one
covered nearly the upper half and the other covered the lower
half. Each part was treated alone as if it were a completely
geparate flow. This was studied and proved to be true by H.
Schlichtingll. H. Binstein in the Appendix of (12) dividedithe
section of open trapézoidal channels into three parts, each
corresponding to one of the sides and he assumed that the roughness
of each wall would control the flow in the corresponding part.
Heywood in the discussions of (12) gave some experimenté which

agree with this assumption. Brooks and Berggren7 showed that the
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opposite side of a pipe has certain effects which can cross the
center line of maximum velocity, but they also showed that for
symnetrical or nearly symmetrical sections these effects are
balénced and can never be felt except very close to the center -
‘1line. |

Like the objective of the experiments, the results cen be
divided into two parts. A third part will be given on the

observations at the bed.

Effect of Suspended Sediment on the Characteristics of the Flow

k
The characteristics of the flow can be represented by/von
Kérmén's universal constant, €p the momentum transfer coef-
ficient, and A the coefficient of friction.

(2) k: Using the velocity defect law:

u - umax - 2.3 ix_ ’
U* e 1og o - (@)

k can»bé calculated from the slope of the semi-logarithmic

veloeity profile if U* is known. To find U* we have:

2 = ’
U= .-..'-’z:/f:irhg

where 1 1is the hydraulic gradient slope, ry the hydraulic rzdius,
and g is the gravitational acceleration. U%* and T, represent
the average values over the whole boundary.

Keuleganl3 showed by using Bazin's experimental data that the

vazlue of the shear changes along the bottom of rsctangular channels.
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He gave in his Table 8 the values of U* at the center of the bed
divided by the average T* for rough rectangular channels. These
values U*/ﬁE vary from 1.00 to 1.07 for moderate roughness with-
out any definite rule. He did not give any data for smooth
.channeis' J. Johnéon14 in his discussion gquestioned the shsar
distribution in & rectangular channel and finelly stated that the
bést available approximation for the shear at the bottom of a
rectangular channel is i th g + A few tests were takeﬁ here
covering the whole section and they were used to get an idea about
this phenomenon. Runs 1, 2, 5 and 6 showed that U* was uﬁiform
along the boundary. BRun 7, with‘the highest velocity in this set,
showed variation in U* and the value of U*/ﬁ§ at the center was
1.04. When the water was loaded with sand in suspension, the
change in the slope of the semi-logarithmic velocity prcfiieifrom
point to point could have been due to the variétion of U* or the.
variation of k because of the change in the concentration distribu~
tion. BRun 7] showed that in the central 0.6 ft. or 3/4 of the
width the concentration was the same and U* was also the same.
Qutside that region they started varying and U*/ﬁg at toﬁ was about
1.03 and at bottom about 1.04. The distribution of U was an
interesting problem and needed more study. This distribution
might have been responsible for the small variation in the values
of k found for clear water in chennels of different shapes. Any
way for our objective it was clear that the distribution of U*
would contribute to the variation in the slopes of the semi-

logarithmic velocity profiles, and hence to the values of k. But
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ites effect seemed to be of the same magnitude as the experimental
error and was very small with respect to the valuss observed here
(k decreased as much as 50%). In fitting |

the i)oints and getting the values of k the Tot o

experimental error.éguld be considered to T_

be * 2%. In the present xécrk U* was sssumed to y T
be uniform along each wall. Im

In order to find the shear velocity at

top and bottom Uky and U¥p the flow was kT —
assumed to be two-dimensional and so: Fig. 8 Shear Distribution

aT/dy = dP/dx

where p is the pressure intensity and x is the horizontal ‘&istance
along the axis of the channel; and assuming & uniform pressurs over
each cross-section T will be linearly reldted to y (Fig. 8); Vi
can be found from the velocity profile as long zs T becomes zero

at the péint of maximum velocity. From Pig. 8
Tot = Tob (d/ym - l)

where T,t is the intensity of shear at the top wall and Tob is the

intensity of shear at the bottom wall.
-};( Tob+ Tot) = .ﬁ
where _T: is the average intensity of shear over the whole boundary.

Therefore Top&fym = 2 T
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s0 VTob =Y T2 y2ymfd

or U, = TU* y2yp/d P average/p bottom

'For concentration of 33 grams per liter, the ratio of the
density for loaded .Qater to that of clear water was 1.02 and its
square root was 1.01; i.e.., it would csuse an error of 1%, which
is within the experimental error. So for concentrations less than

30 grams per liter the correction for the density was neglected.
and Uy = U J2(1 - yn/d)

These values are given in columns 11 and 12 of Teble I. The
values of k which were caleculated from those values and the slopes

of the u - log y lines, are given in columns 13 and 14, TFor both

sands k decreased from 0.373 to about 0.20.

0.40 0.40
= 4.7 ft/s =3. 4,
Sy Uz4.7 Fifsec T e e
K| 4 == K A
o
N \ %
0 Ny
30 ¢ 030
N
el ) N
[ o—)
[~
— ral
0.20 B 0.20 ¢ T iz
Toltal |load off sapd Yn A’ys‘yl Totdl Load | of [sand iy Kps
0 10 20 0 10 20

Fig. 9. The Change of k with the Total ILoad in the Flume

A upper portion for the 0.10 sand
£ lower portion for the 0.10 sand
x upper portion for the 0.16 sand
° 0.16 sand

lower portion for the
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Fig. 9 shows the relation between the values of k and the
total load of sand in the flume for two mean velocities in the
flume. The points were somewhat scattered‘but it showed the
definite tendency of k to decrease with the increase of the load.
»For‘the same loads.it seemed as if the 0.10 mm. sand had more
effect on k at the top bﬁt less at the bottom than the 0.16 mm..
But a comparison between the concentration distribution of both
cases, showed directly that for the same load and same speed
concentration at the top was higher for the 0.10 ﬁm. while at the
bottom it was lower than for the 0.16 mm.. It can be assumed,
then, that both sands have nearly the same effect on k.-

(v) €m: The semi-logarithmic plots of velocity profiles are
given in the Appendix Fig. 23. The experimental points follow
reasonably well the logarithmic law over most of the section. This
proves that €m still follows Equation (é)‘for all those different
concentrations and so the only changes in &€y will be &ue to

changesvin k.
En =k U* 3y - v/yn) (B

It can be seen that the ceatral region ought to be excluded
from this rule. As mentioned before, Brooks and Berggren? dis-
cussed this region and they showed in Fig. 1 and 2 how a very
slight change in fitting'ﬂikuradse experiments will cause an
appreciable difference in the values of EHQ For example, é

constant E€p will give a second degrse parabola for the velocity

profile and this parabola can fit the velocities reported by
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Nikuradse for Re = 43400 within 0.6% over the middle half of the
section. Really all the literature dealing with E€p shows how

difficult it is to evaluate &£p at this region. Remembering that

En= ra Tgu/dy -, and realizing that both T and du/dy
“approach zero &t the centgr, that difficuliy can be seen directly.
For this reason, no attempt was made here to evaluate € p  from
direct measurements of the veloeity profile. It will be evaluated
by knowing €g and then the relation between E€p and Es.

It cen be observed from Fig. 23 that there was a deviation
from the logarithmic law at high concentrations near the bed of the
stream. This occurred in Vanoni'sd work and was discussed there.

(¢) A : EKeuleganl3 furnished the relation between the fric-

tion coefficient A and the Reynold's number Rn for a smooth

rectangular channel:

ag = N - 2.3/k log ¥ end Bn=4 vy Ufv

where N is the charscteristic value of the paraméter . Ufy[u
to which the transition between the boundary laminar film and the
inner turbulent region corresponds.

Teking ¥ = 11.6 according to the experiments of Nikuradse

and k = 0.373 according to Table I., runs 1 to 7,

1A = -1.32 + 2.18 log Bn YA (7")

Fig. 10 shows such a curve with the experimental results.

The curve fitted the points of the clear water in a very satis-
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factory way. This proves that the walls are smooth and that the
value of k found from the velocity profiles and used here is very
reasonable. The general pattern of the results plotted in Fig.rlo
agree very well witb the results collected by M. P. O'Brien,andf
‘R. Folsoml5. |

Teking the curve between A - BRn of Equatioﬁ (7') as a refer-
ence, it can be observed that for each concentration of each sand
there was a certain critical Reynold's number (Rn) below which
the friction coefficient started increasing with iespect to that
of the clear water and above which the coefficient of fric¢tion for
all concentration was practically the same. It was observed from
the glass windows that the critical Bn corresponded to the
velocities which were able to sweep all the .dunes from the floor.
Below these critical Rn an appreciable fraction of the sand was
moving as a béd load in dune forms and above these Rn there wére
no dunes and most of the sand was carried in suspensioﬁ as clouds.
This faect was also observed from the values of ;:given in column 5
Table I. and from Fig. 24. Above theée critical ﬁn it was hard
to increase c as long as most of the‘sand was alrsady in suspension.
It just redistributed itself, as shown by the crossing and over-

‘lapping of the concentration profiles (Fig. 24).

Sediment Distribution end Sediment Transfer Coefficient:

The two sets of curves given in Fig. 24 and Fig. 25 show the
sediment distribution over the section. TFig. 24 was drawn to

verify Bquation (6), while Fig. 25 was drawn to vérify Equation (5).
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For most of the depth of the channel, excluding the central
part, Fig. 24 shows that Equation (6) holds well. The slight
curvature at the top wall will be discussed later and it will be
provéd that this deviation is due to the sand grading. Accqrding
to this Equation (6), the slope of log C ~ log h lines must be
equal to z. Thé values of z measured by this method are givenrin
coiumns 20 and 21 of Table I, while the calculated valuss of
w/R kU* are given in columns 18 and 19. As mentioned before, the
upper and lower halves of the channel were treated separately.

Fig. 11 shows the relation between the measured values of z which
ought to be w/pB kU* and the values of w/kU*. The linear rela-
tion in both curves for the two sands shows that the assumption of
Bquation (2) is fairly reasonzble. TFor the 0.10 mm. send B = 1.5
and for the 0.16 mm. sand 8= 1.3.

Fig. 25 helps in studying the central part of the flume.w The
straight portions of the curves which always occur in thé center;
indicatevthat the assumption of & constant £ ¢ here is quite satis-
factory. The constant value of &g 1in the centef portion of the
flow, whieh will be :gié; Esc can be evaluated directly from
Equation (5) and these curves. The>non—dimensional values
’ €sc/ﬁ k ym U* are given in column 22 of Table I. It is seen that
this value is nearly constant for most of the runs for both the
sends and its average value is about 0.22. The only runs which are
far from this value are those at low speed aﬁd high concentration.
In those runs big dunes were observed and the conditioné of the

flow were believed to be unsteady because of the periodiecal
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disturbance caused by the travel of dunes past the measuring point,

so these readings were excluded.

The straight portion and

accordingly the constant & ge . B . / ,
. ’ 0.25 ﬁ;ﬁ:ﬁ'v-zz 025

LV

was observed to cover at least

the middle third of the channel : F"5' ‘ »y‘*_4
depth in each run (Fig. 25). Fig. 12. Dimengionless Form of €

When £€go WwWas measured and

compared with the parsbolic form of BEquation (4“); it was found that
it would intersect it at the third points, as in Fig. 12. ' According
to the present experiment, Fig. 12 would be the most reasonable
approximation of the dimensionless form of £g . A4s previously
mentioned, it could aléo represent the form of gy .

Bed Ioad:

The bed waes observed through the glass windows and some §ic—‘
tures were taken locking downward through the plastic window in the
cover. The full width of the window: which is 6 inches, was.
covered by all the pictures. This helps in visualizing the scales
of these pietures. TFor high speeds and high concentrations it wes
not possible to see what was ocecurring on the bed. |

For small loads of éand and low velocitles the bed load was in
the form of stresks, as shown in Fig. 13. These streaks were not
very steady and its particles were moving in steps. When the
velocity was increased, all the stresks disappesred and the
particles went into suspension.

When the concentrations were somewhat increased for low épeed,

dunes started to appear on the bed as isolated individual dunes of
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a2 crescent shape of small size compared to the channel width. At
the beginning, & single dune might sppear every five or six feet
along the bed. When the concentration was increased, the numbef
of ﬁhose dunes increased and they started jolning each other to-
-form one dune that extended all across the channel, as in Fig. 14.

The form of the bed load is described by letters in column
23, Table I. St means that streaks occurred; & mezns that dunes
were present; sm means that the bed was smooth; i.e., no particles
were cobserved on the bed, and n mesns that one waé not able to see
through the hsavily loaded flow.

A new phenomenon was observed for the maximum leoads reached
in the case of the 0.16 mm. sand. For the low velocity 1.7 ft./sec.
the dunes.became so big that their maximum height reached 0.6
inches. Fig. 15 shows high dunes after the water was stopped.

- Pictures taken during the run were not clear, because the watér
was -clouded by the heavy sand load. During this run (119) very
big duneé or waves were observed on the bed. They just occurred
irregularly every now and then, sometimes two might foliow esch
other and sometimes it took more than half an hour to observé the
second one. Picture (4) of Fig. 15 shows dunes directly on the bed
and some parts of the black floor can be seen; while picture (B)
shows these dunes riding over the beginning of one of those big
waves. A wave was about 20 inches long énd would cover the full
width of the flume. One of these waves can be ssen from the side
glase window in Fig. 6. The dunés and waves of sand in that run

were so big and unsteady that the whole flow was considered
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unsteady and the results of the run were rejected.

With the same concentration but with higher velocities it
geemed as 1f the dunes and waves were smoothed out and an uniform
1ayef was noving along the floor. TFig. 16 shows & piciure taken
-afte: run 120. Smail dunes can be observed on the surface of the
thin layer of material on.the bed. The layer was about 0.25vinch

)

thick apnd the dunes were about 0.05 inch high over the layer.

Fig, 16. Uniform Thin Layer of Send on Bed of Chennel with

Small Dunes Observed after hun Iumber 120.

iscussion of Results

Effect of Suspended Load on the Flow:

(2) k: In his similarity theory of turbulence pattern
von Kérmdn (&) end (4) introduced k as the factor of proportionality

between the velocity derivatives and the mixing length:
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du/dy _ f

42 ufdy2 =k

where ¢ is the mixing length introduced by Prandtl.

- Then assuming that the turbulence pattern will remain similar
from poiht to‘point, k will remain constant 211 over the cross—>
 sectioﬁ of the flow.v The decrease in the value of k, which was
observed by Venoni, was from run to run, but in each run k.was>
thé same for the whole profile. In the present work, k for the
upper portion of the section was constant and k for the lower
portion was also constant but had a different value than for the
npper part. This mesns that the‘change in k was not 1ocal frém
point to point following the diffsrent concentrations at thess
points, but changed from section to section remaining constant‘
over each section. It seems then that the presence of a certain
amount of sediment in suspension will affegt the main pattern:cf
the tufbulence in the whole region from the coﬁtrollingfboundary
to ﬁhe zero shear plane.

The slight curvature in the‘semi~1ogarithmic velocity pfo—
files observed in the case of high concentration ﬁe&r the bed
(Fig. 23) cannot be explained with any local change of k. k ought
to decrease as the bed is approached and this will cur&e the line
in the opposite direction. fhis curvature was observed to occur
only near the bottom for appreciable concentrations and increésed
with the increase of the load. This might be an evidence that thig
curvature is due to some interasction between the flow and the

presence of the particles at the bed.
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The question of the local effect of sand on k was raised by
B. Van Driest in his discussion of (5). The decrease of k in
general was discussed in that paper.

| P. A. Sheppard16 observed an approximete variation in the
“values of k from 0.6 to 0.2 in the lower atmosphere. It decreases
‘as the atmospheric stability increasss. As he declared, these
values are very rough because the wind profiles at the experimental
gite were unrepresentative of the boundary layer due to the limited
extent of his measuring surface (concrete).

As was mentioned in the results, the only source of error in
evaluating k can be due to & big variation in the U¥ distribution
along the boundary. BRun 71 clarified this point experimentally
and showed that the existence of sand could never change the U*
distrivution to take care even of a small portion of the changes
in the gsemi-logarithmic velocity profile slopes.

(b) £4: It was shown how £g wss calculated and how Fig. 12
represeﬁts its distribution. The relation (2) between Eﬁm and
£g was verified in the part of the section where both Enm eand
€g could be directly measured. It is very reasonable to assume
that this relation (2) will hold over the rest of the~sectiqﬁ;
i.e., the central part, where €, is not known. So Fig. 12 ecan
represent the distribution of £ as well as £g. This curvé
agrees very well with the curve in Fig. 2 of reference (7)., given
by Brooks and Berggren under their assumpti&n of the srror curve.
This can be seen from Fig. 17. The present relation is4easier to

handle.



Fig, 17. Dimensionlesg Foxrm of Es.

(¢) A : The results of the present work as given in Fig. 10
agree very well with the results given by M. P. O!'Brien &and R. |
Folsom in their paper (15). G. Howard's fesults (17) as repre-
sented initially in his work look different, but when they wére
represented in Fig. 9 of the discussion of (17) by J. Montgomery,
and as discussed by O'Brien, they agree with the other results; It
is seen that below certain Reynold'ls numbers the concentration
increases A , while over that number the concentration has ﬁo
effect. Comparing the different curves‘of A -R given here and in
the other two references, it is clear that the curves of ihe
different concentrations approach the clear water curve in
different ways which dsepend mainly on the size of.the suspended
material. Fig. 9 of'reférence (15) shows how the resistence of the
clay slurry of Gregory deviates sharply from the cleaf water curve
and just before they meet, the loaded water has & smaller A than
the clear. This is somewhat similar to Fig. 10-A for the 0.10 mm.
sand. When the size of the sand was increased to 0.16 mm. (Fig. 10-B)
the curves approach the clear water more smoothly over a longer

region. This 1is similar to the Howard curves, Fig. 9 and Fig. 11
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.in his paper (17) for his 0.4 mm. sand and 2.5 mm. gravel.

From the careful observation of the bed in the present work,
these critical velocities are related to the existence of the dunes
on the bed. It is clear that for the same load and velocity the
bed load will increase with the size of the suspended material. It
is also cleaf that the chances of forming dunes incresse with ;he
increase of the bed load. This is the reason for the dependence of
those critical Reynold's numbers on the size of the suspended
meterial. The initial roughness might affect slightly these
ecritical mumbers. If a channel has very rough walls,say in the
case of Fig. 10, it can be expected that the reference line of
clear water will go up. There will still be a transition region,
but the critical values might be reached slightly faster than for
& smooth wall.

Equation (7) was given for smooth channels:
J8/A = (¥-2.3/k log N) - 2.25 + 2.3/k log(xn Uy A/8/V ) (7)

N was represented in a Reynold's number form for the thickness of
the laminar boundary layer § ,

Ux%/y =W

anéd it was found empirically that N = 11.6 for the clear fluids.

For rough walls A follows:

where e is the equivalent roughness height parameter and Uw is the

wall velocity.
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Two main factors‘will affect A . One factor is the intermal
system of flow represented by k and can be called the internal
factor. The other one is the boundary conditions represented by
either 6 and ¥ 1if the walls are smooth or the roughness height
. e 1if they are rough, and this can be called the boundary factor.
. There are some other facﬁors, but they appear in terms of,secqndafy
order of magnitude and so can bhe neglected.

Varying the internal factor by varying k alone and holding
the boundary factor constant, N will change approximately as the
square of k, accérding to Equation (8). It must decrease in ths
presence of the s?spended material, becsuse of the decrease in k.
As for the effect of the boundary factor, it can be seen that with
& sediment laden flow and a continucus interchange of particles
between the bed and the fluid, it is quite hard to visualize the
picture at the boundary. It is conceivable ta sessumq that the
laminar boundary layer will be broken up by the continuous
bombardment of the sand particles through it. This will increase

A and thé bottom region will be somewhat similar to the case
near a rough surface even if it looks smooth. When there are
dunes at the bed it is obvious that they greatly increase the bed
roughness and A will increase. Now when both the factors are
considered together A will decrease or increase according to the
ratio between the effects of the two factors.

At low velocities below the critical vaiue the dunes will
increase the boundary effects and accordingly A will increase,

as seen from Flg. 10. Just after the dunes of the fine particles
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are swept off the bed, it seems as if the effect of k exceeds the
boundary layer effect of the sediment at the bottom and A is less
then for the clear water. This can be seen in Fig. 10 A and Eig. 9
of (15). At high velocities the two effects are nearly balanced
~and A is not changed.

(d) Velocity distribution: Fig. 18 shows some of the
velocity profiles at the center line for high concentrations
compared to the clear water profiles which have nearly the same U.

The profile A shows the effect of dunes on the velocity distri-
bﬁtion. It shows how the maximum veloecity snd correspondingly the
plane of zero shear were shifted upward. This indiceted that the
shear at the bed was increased (Fig. 8) causing A to increase with
the dunes. When the effect of the dunes was not so strong the
other factors came in the picture and resulted in profiles like B,
¢ and D.

For high velocity it was shown in Fig. 10 that A or /U
was thevsame for both clear and sediment laden water. Profile D
and also column 10, Table I., showed that in these cases the
maximum velocitykalways lies at the center and so U% at the top
must equal U*, at the bottom. So there is no other way to explain
the big difference between the velocity profile slope at the top

| half and the bottom half except by the change in k. It is also of
interest to compare the two sides of the velocity profile for high
concentratién of this profile D. The velocity near the bottom

shows quite a decrease in the wall velocity TUw exactlj as if the

roughness of that wall were increased. This can help in visualiz-
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ing the effect of the sand there on the boundary condition and how
the laminar boundary layer must have been broken away.

Fig. 19 shows the velocity traverses for both the clear
watef (on the left) and for water with high concentrations (on
the :ighql From Fig. 136 and Fig. 137 of reference (18) it seems
that the shape of these contours can supply some data aboul th@
strength of the secondary current. However, the velocity readings
were not spaced closely enough to draw accurate velocity contours
which could detect the effect of the presence of sand on the
secondary currents. Anyway, it can be seen from the increased
deflections of the velocity contours around the corners that the
secondary currents incressed with the increase of the concentra-
tions.

Sediment Distribution:

The sediment concentration curves of Fig. 24 are slightlj
curved near the upper surface of the channsl. The concentrations
in this fegion were usually very low and when some of the samples
were tested by eye they sppeared to be finer than:the usual sand
used. It is known that however carefully the sand is sieved it
will always have a certain standard deviation, a@s shown in Fig. 7.
Dividing the sample into different sizes, it is clear that tﬁe
very fine portion will be more uniformly distributed than the
coarser portions. Now, knowing that Fig. 23 is for log C and that
the concentration is very low at the top, it is clear that’the
smell amounts of the very fine uniformly distributed pérﬁicles will

amount to an appreciable fraction of the sample at the top, while
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it is negligible at the bottom. This grading is then the cause of
the observed curvature.

It was shown in the results that &g = 1.5 £ for one send
and = 1.3 £, for the other. These two values can never tell the
relation between ﬁ3 and the size of sand. More sizes and mixtures
of sizes ought to be tested in the future. T. Sherwood and B.
Woertz found the eddy diffusion in the main body of the turbulent
fluid for the case of vaporization of water into a turbulent gas
stream to be equal to 1.6 £ p. W. Corcoranl? found that £, the
heat transfer coefficient between two parallel plates lay between
1.5 t0 1.22 € with an average of 1.3 Ep.

Fig. 12 represents the assumed distribution of the non-
dimensional form of £g or &£y, across the central profile of the
channel. Fig. 20 shows a curve drawn for the sediment concentra~
tion distribution under this assumption. It must be noticed that:
the measured values of k were always used for plotting ﬁhe points
in this éurve. The points of twelve runs for the 0.10 mm. and ten
runs for the 0.16 mm. sand are shown in Fig. 20. The agreement
betweesn the experimental results and the assumed theoretical
curve is remarkable, which proves that the assumption in Fig.ylz is
reasonably correct.

An attempt was made to find £g directly froﬁ the measured
experimental concentration profiles. Fig. 21 shows an average
curve which was drawn from the results of the runs between 69
to 77. It shows & slight distortion from the assumed diétribur

tion.
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Fig. 22 shows the concen-
tration distribution over the
whole cross-section for run 71.

It is clear that in the middle

half the contours run parallel

to the top and bottom, showing Fig, 21, Measured Digtribution of £ s.

that the assumption of a two-

dimensional flow 1is very reasonable. Near the side wails-the concen-
tration is more uniform over a vertical ssction which indicates that
£ s is stronger near the side walls than it is in the center.

Van Driest in the discussion of (5) explained 2 more uniform sedi-
ment concentration near the wall by saying that € ¢ in any

vertical line is more uniform near the wall. This could not be the
reason, because as seen from Fig. 25 the average slope of the

" concentration profile was meinly controlled by the average vaiue of

£ ¢ at the profile and not by its variation.
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Conelusions

1. The von KArmdn constant k decresses when the load in
suspension is increased. Both sands have nearly the same effect on
k which decreased to as low as 0.20 for a load of sand equal to
25 kilograms; i.e.; when 43 grams were added to each liter. The
éecrease of k indicates damping of the turbulence.

2. The change in k does not follow the change in the concen~-
tration from point to point over one cross-section, but ii seems’
to vary from section to section maintaining a constant value over
each one. This value decreases with the increase of the t&tal
emount of suspended sand in the section.

3. The value of the momentum transfer coefficient is affected
by the presence of the sand only through the changes in k. Iis
distribution shape will remain the ssme for sediment laden ﬁater
as for clear water. It cannot be measure&‘diréctly at the center
of the channel but, because it is similar to £€¢ it is reasonable
to assume that it follows Fig. 12.

4, The coefficient of friction for a stream>carrying
suspended sediment exceeds that for clear flow only when dunes form
on the bed. If there are no dunes, the present experiments show
that A can hardly be affected by the presence of sand.

5. The sediment transfer coefficient £g follows Fig. 12.

It i¢ approximately equsl to 1,5 £ for the 0.10 mm. sand and

1.3 £€m for the 0.16 mm. sand.
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6. The basic equ#tion for sediment distribution (1) and the
distribution curve of £ ¢ in a vertical profile in the channel,
Fig. 12, can define accurately the éoncen’crafcion distribution as
représented in Fig. 20. The only diffieculty in this procedure is 4
‘-that_k and 3 cannot be predicted from the theory and they must be

‘assumed.



Experimental Data
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Experimental Data

Clear Water

Run 1:: U= 1,78 ft/sec Run: 23 U¥ 2,45 ft/sec
i= ,00244 i= 004525
t= 15.9 t= 18,0
X y v X y A
(ft)) (fte) (ft/sec) (£t)  (£t.)' (ft/sec)
00 0.0105 1,52 00 0.0105 2.14
] 0,015 1,60 0.015 2.23
0,022 1.70 0,022 2,34
0.032 1.78 0.032 2446
0,050 1.88 0,050 2.63
0.080 2.04 0.080 2479
0.124 2011 0.124 2.88
«200 0,0105 1.50 «200 0,0105 2.06
0.015 1.58 0.015 2.17
0,022 1.67 0.022 2.28
0,032 1.74 0.032 2441
0,080 1.97 0.080 2.71
0.124 2,05 C.124 2.83
«3500 0,0105 1.39 300 0,0105 1,98
0.015 1.49 ‘ 0.016 2.12
0,022 1.56 0,023 2.24
0.032 1.64 0.033 2434
0.050 1.76 0.051 2.47
0.080 1.88 0,081 2.65
0.124 2.00 - 0.125 2,76
«396 0,0105 1.39 «396 0,0105 1.95
0.016 1.48 0.016 2,09
0.023 1.56 0.023 2.23
0.033 1.66 - 06033 2633
0.051 1.74 0,051 - 2.45
0.081 1,78 0.081 2,50
0.124 1.78 0,125 2.49
U3 mean velocity in: the channel ~vex g Vi e x
i= the slope of the hydraulic gradient 4y
t= temperature in degrees centtgrade ¢

x= horizontal distance from the center of the channel,+ve 1is
to the Xright of the flow,-ve is to the left :

y= vertical distance from the bottom, if the figure is followed
by # 1t will be from the top

v= local velocity in ft/sec
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Experimental Data (Cont.):

v Run: 3:: U 3,00 ft/sec

i= ,00587

‘t’ 1903

x y v
00 0,124  3.53

Run 4::

00

U=
i=
t=

Ran 5::Us=

00

4=

0,079 3642

0,049 3+24
0.031 3,05
0,020 2.88
0,014 2,77
0.,0105 2.67

3,00 ft/sec
» 00687
17.9

y v

0.0105% 2,63
0,036%° 3.06

0.0105

3,66 ft/sec
01026
18,0

y v

0.0105% 3,13

0,032% 3.68
0,080% 4,12
00124 4.26
0.080 4,12
0,057 397
0.043 3+83
0,032 3454
0,024 3452
0,018 3439
0.0105 3.12

Run: 5 (cont.)

X

«100

+200

« 300

«395

y

0.0105%*
0.014¥%
0.,018#%
0,024
0,032%
0,043%

0.057#* -
0.124

- 0,080

0,032
0.,0105

0.0105#

0.018%
0,025%
0,035%
0.053#%
0.083%
0.125
0.080
0.032

0.0105

0,0105
0,014
0.022
0.032
0.050
0.080
0.124
0,083#%
0.035%
0.013%

0.013%
0.124
0,047
0.022
0.015
0,0105

v

3,16
3,32
3,53
3.56
3469
3.84
> 98

3.13
4,27
414
3,69
3.15

3617
334
3.50
3.66
3.84
4,06
4,20
4,03
3.58
3 .:08

2,97
3.10
3e31
3.48
369
3494

4,07

3496
Je53
3407

2.98
3.67
3463
3430
3011
2,92
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Experimental Data (Cont.)

Run 6:: U 4.38 ft/sec "Run 7; U= 5.08 ft/sec

T 1= 0,013 i= 0,0172
t= 18 o0 b= 19 . 5
> S y v X vy v
00 0.124 5.10 00 0124 590
: 0.050 4,67 0.080 5672
0,022 4,24 0,050 Se41
0.0105 3683 0.032 510
«100 0.124 5.10 0.015 4,66
0.080 4,94 0.0105 4439
0,050 4,64
0,032 4,42 «100 0.124 ' 5,91
0,022  4.24 0,081 5,72
0,0105 3.80 0..033 515
0.080 4,83 0.0105  4.43
0.050 4455
0.032" 4.25 «200 0.124: 5.81
0,022 4,12 0.080 5..60
0.015 3.91 : - 0..050 5.28
0.0105 3.69 0,032 5,01
. 0.022 = 4,78
0300 O ¢ 124 4 087 0 0!015 4 0’59
0.080 4,70 0.0105 4434
0.050 442
0.032 4,16 «300 0.125 5.68
0,022 397 0.081 5657
0.015 3.75 0.051 = 5.15
0.0105 3.55 0.033 4,88
\ 0,023  4.66
¢392 0.013% 3,53 0s016 4444
0.020% 3,78 0.0105 4,04
C.124 4.33
0,080 4,36 392 0,125 515
0,050 4.31 0.081 5617
0,032 4,10 - 0,051 513
0,022 3.87 0.033 4.87
0.015 3466 0.023 4,64
0.0105 3.44 0.016 4,39

0.0105 4,311
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Experimental Data (Cont.)

Add 50 gr of 0.10 mm sand
l1.e Total load = 50 gr

Run 8: U= 1.78 . Run 10: U= 3,06 Run 12: U= 4,40
' 1= ,00257 i= ,0067 i= ,0128
t= 21.4 ' t= 217 t= 20.7
y v y v y v
0,0105% 1,55 0.0105% 2,66 0,0105% 3,86
0.,017#% 1.68 0.018#% 2.88 0.015% 4,07
0,029% 1.79 0.,030% 3.07 0.022% 4,28
0.040% 1.90 - 0.050% 3,26 "0.,032% 4,46
0,070% 2,03 0.080#% 3,46 0.050%* 4,68
0,096#% 2,06 0.124 3.5 0,080% 4,96
0.124 2.11 0.080 34T 0.124  5.13
0.079 2,01 0.059  3.28 0.079 4,98
0.049 1.87 0.030 3.07 0.049 4,70
0.017 1.64 0.,0105 2.63 0,017 4,13
0.0105 1.52 0,01056 3.83
Run 9: U= 2.41 Run 11: U= 3,70 Run 13: U= 5,12
i= ,0045 i= ,0003 i= L0167
= 1506 t=s 22,0 t= 23.9
y v y v y v
0.0105% 2,09 0.0105% 3,22 0.0105% 4,63
0.018#% 2,28 0,030% 3.73 0.017% 5.88
0.030% 2.43 0,.080% 4,19 0,0290#% 5.20
0,080% 2.73 0,124 4,32 - 0.079% 57T
0.124 2.84 0.079 4,18 0.124 5.98
0,080 2.73 0.049 3.94 0,080 5.77
0.050 2.55 0.029 3,69 0.050 5.45
0.030 2.37 0.017 3.48 0.030 5.11
0.018 2.23 0.,0105 319 . 0,018 4,83
0,0105 2,05 ’ 0.0105 4,44

All readings are at the center line of the channel
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Experimental Data (Cont.)

Total load = 100 gr

Run 14 Runl5 Run 16 Run 17 Run 18
U: 1.17 2,01 2437 2439 3453
i: «0011 00312 00404 «00413 «00863
b " 21.3 25.2 21,0 22,8 17.0
¢: - : - 0,015 - 0.025
y , v v v ‘ v S 4
0.,0105% 1.02 1,70 2,01 2.05 T 3602
0,017+ 1.87 2,21 2423 3.25
00029' 1.13 2001 2035 2039 3050
0.040% 2414 2.52 2455 = 3.76
00079* 1029 2.28 2070 ) 2@72 3;98
0.124 1.37 2038 2.79 2,81 . ) 4,12
0.080 1.32 2.31 2.71 2.70 4,00
0,050 2.14 2.54 2452 3.78
0.030 1.16 2,00 2.38 2.38 3.55
0,018 1.87 2424 224 337
0.0105 1.02 l.72 2406 2.05 - 3,06
Total Load = 150 gr
Run 19 Run 20 Run 21 Run 22 Run23
U: 1.74 2.56 2,60 3.58 4,93
i: 00248 « 00477 « 00486 0088 «0155
t: 1600 19.0 20.0 2007 ' 2008
H - 0.015 - ‘ 0.033 0.057
y v v v v v
0.0105% 1,52 2.28 2,31 3410 4429
00017‘“ 1060 2.42 3040 4068
0.029% 1.72 2.59 2.60 3,62 ‘ 4.96
0.049% 1.83 2.T4 3.82 527
0.079% 1.97 2092 2495 4,03 554
0.080 1.98 2,92 2.96 4,07 5456
0.050 - 1.85 2,70 3481 5.25
0.030 1.74 2051 2.61 3054 ) 4094
0,018 1.62 2035 333 4,64
0.,0105 1.50 2.14 2.27 3407 4,30

c= Average value of concentration over the section gr/liter
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Experimental Data (Cont..)
Total load = 200 gr

Run 24 Run 25 Run 26 Run 27 Run 28 Run 29

U: l.12 1.74 2.40 3+29 4,23 = 5,28
i: 00011 + 0024 + 0045 «00T44 «0115 0179
8:  19.0 - 19,0 20.,9 19.0 21.8 20.5
cs: - 0.01 - 00045 0.07 0005 ) 00057
y - v v v v v v
0.0105% 0.98 1.52 2,08 2.86 3469 4,59
0.,017# 1.05 1.62 224 3.07 599 - 4,92
0.020% 1.08 1.72 2.38 3e32 4423 - 5.28
O.040% 1.19 1.85 2.56 3.50 4,51 5.61
0.079% 1.27 1.97 2.70 3.70 4,76 5.93
00124 1032 2903 2.83 3-85 4092 ‘ .6 14

0.080 1.27 1.97 2673 373 477 5.98
0.050 1.20 1.83 2.58 3.52 4.49 5464

0,030 1.12 1.72 2441 3426 4,21 5.31
0.018 1.05 1.60 2024 3008 3095 5}02

0.0105 0.98 1.50 2,06 2.81 3.62 4,61

Total load = 290 gr

Run 30 . Run 31 Run 32 " Run 33
U: 1.76 2.39 3,26 4,25
i: « 0024 « 0042 « 0078 0119
t: 22.5 18.5 18.7 19.3
e: 0,02 0.035 0,06 : 0,065
y v v v S 4
0,0105% . 154 2.04 2.80 3e72
0.017% 1.64 2422 3,03 ‘ 4,01
0,0290% 1.74 2,38 3024 4.27
0,040% 1.88 254 3.48 4454
0.,079% 2.00 2.71 3.69 4,78
0.124 2,08 2.83 3.83 4,96
0,080 2.01 2.73 3471 4,81
0,050 1.88 2.56 3¢50 44,54
0,030 1.76 2.38 3.27 4425
0,018 1.65 2.24 3.07 4,01

0.0105 1.48 2.04 2.79  3.64



y

0,0105%
0.,017%
0,029%
0.040%
0.079%
0.124
0.080
0,050
0,030
0,018
0.,0105

0,0105%
0,017%*
0.029%
0049
0.,079%
04324
0.080
0,050
0.030
0,018
0,0105

Ofct H C
20 8% % o0

Us

i=
t=
e=

Run 3
1.73
«002
21.0
0.03

54.

E#perimental Data (Cont.)

Total load = 390 gr

Run 34

1.73
«002
19.1
0.02

v

1.50
1.62
1.70
1.85
1.97
2.05
1.97
1.83
1.70
1.60
1,50

8

29
0

5

38

Total load = 490 gr

Run 35
2.65
«00504
17.6
0,06

v

234
2.51
2.66
2.85
3.00
313
3,00
2,80
2.63

2.27

RRun 39 Run 40
2,60 3,60
« 00449 « 00852
17.5 18,7
0,08 0.115

v v
227 3610
245 339
2.63 3.63
2080 3085
297 4,03
3,09 4.18
297 4,06
2.76 3485
2,59 3455
2442 3637
2.21 3010

Run 3
3.58
«008
21,6
0.08

3,12
3437
3,60
3,82
3,04
4,18
4406
3,82
3458

3636

3.10

Run

6
35

Run 37
497
«0151
20,0C

- 0.11

4439

473

5000
530

- 5459

41: U=
i=
t-"
e-

y
0.0105#%
0,016%
0.021%
0.030%
0,042%
0.060%
0.084#%
0.124
0.084
0,060
0.042
0.021
00105
0.015

5476
5.60
5,29
4.92
4e64
4429

4,89
«0147
2060¢
0el6

44,24
4,50
4,71
4494
5.14

" 5436
5456
5e71
5.57
5¢36
5e14
4.70
4,26
4,51



¥y
0,0105#

0.017%
0.029%
0.049%
0.079%

. 0.124

0.080
0.050
0,030
0.018
0.0105

v
0,0105%

0.015#

0.021%

0,030%
0. 042%
0.060%
0.084%
0.124
0,084
04060
0,042
0.030
0.021
0.015
0.0105

0.0%0*
0.124
0,060
06030
0.016
0.008
0+ 004

Qlct 3

C ee 8% 80 90

Qlct

a8 06 B0 e

Run 42
1.08
00101
18.0

093
0.98
1.09

1.175

1.24
1.29
1.22
l.14
1,06

0.98

0.01

Run 44
1.72
+ 00229
20,6
0,015

v
1.48
1.55
1.63
1.72
1.81
1.90

1.98
2.05
1.98
1.88

1.79

1.70
61

L

lnigl_

°

0,015
0.035

0.05
0404
0.06
0.10

55.

Experimental Data (Cont,)
Total load = 600 gr

Run 43
1.56
«00193
18,2
0.02

v
1.33
1.47

- 1.54

1.66
1.79
1.88
1.79
1.68
1.56
l.44
1.33

Run 45
237
«00413
21.0
0.06

v
2,03
2,17
2.28

0.,0105#

0,015%
0. 021%
0.030%
0, 042%
0,060%
0,084%
O.124
0.084%
0,060
0.042
0.030
0,021
0.015
0.0105

0,003%
0.007#
0.0165%
0.030%
0, 060%
0.124%
0.124
0,060
0.030
0.016
0.008
0.004

Qe

26 o5 ov O

2.96
.0058
23.4
0012

v

2.56
2472
2.85
2,98
3.11
3423
337
3ehh
3437
3022
3.08
2.95
2.81
2,69
2,54

e
0,01

0,01
04012

0,02
0,03
0,107
0.115
0305
0.496
0.59
O.41
0.42

3660

«0084

244
0.15

v

3.12

3430
3645
3459

376

3692
4,08
4,19
4,08
393
376

3.60

3644
Je27
3009

c .

0,02
0,03
0.03
0.04
0.05
0.15

0.145
0.315
0.454

0,60
0.84
1.05

Run 46 Run 47 Run 48

4,70
.0142
2367
0.17

v

4,08

4,39
4.55
477
4493
513
5¢34
548
533
512
4.89
4.70
4.48

4.29

4,06
c

0.035
0,046
0.045
0.057

0,073

0.145
0.16
0.275
0637
0.46
0.545
0.625



5¢.

Experimental Data (Cont.)
Total load = 800 gr

Run 49 Run 50 Run 51 Run 52 Run 53 Run 54

Us 1.18 ) 1083 1.75 20-65 3459 4091

t: 19.6 19.7 24,8 21.2 21l.0 25.5

-é: - - 0.055 0.165 0026 00-34

y v v i v v v v
0.0105# 1.04 1..60 1.50 2.30 3.15 4436
0.015’ 1.06 ed 1061 4057
0.,021% 1.67 2.53 4475
0,030% 1.175 1.85 1.75 2.66 3¢T4 - 4,96
0.042% 1.84 2,79 3489 5.12
0.,060% . 1,29 2,01 1.91 2.91 4,03 537
0. 084% 2,00 305 4,10 5455
0.124 l.41 2.16 2,07 3.15 4,21 570
0.084 1.37 2.09 2,00 305 4,11 557
0.030 1.70 2.64 3.50 - 44,92
0,021 1.13 1.70 1.64 2454 3645 . 4.73
0.015 1.55 2042 327 4,53
0.0105 1.03 1.53 1.48 2,26 3.13 4,31
y o] c c , c

0.,003% 0.03 = 0.04 0.07
0.007% 0,03 0.058 0.098

0.015# 0,035 0.05 0.13

0.030% 0.04 0.,06 = 0,132

0.060% 0.045 0012 0.18

0.,090% 0052 0.145 0.24

041244 0.13 0622 = 0433

0e124 0,014 0.12 0.225 0.35

0,090 0.21 0¢31 0.49
0,060 0.07 0.315 0.455 0.605

0,030 0.03 0.53 0463 0.85

0,016 0.34 0.755 0.845 1.07

0008 1.04 1.09 1.28

0.004 0,626 1.525 le43 1.57



£7.

Experimental Data (Cont.)

Total load = 1200 gr

-Run 55 ~ Ran 56 Run S7 Run 58
U: 1.71 2.58 3.59 4.71
i: .00224 « 00457 0083 . 0136
t: 2508 20.5 23.8 2505
-é : 0175 047 * 60 e 60
y v v v v
0.,0105% 1.53 2,27 Jel2 4,11
0.017% 1.64 2649 3040 o 4ebh
0.,0290% 1.76 2461 3662 4,75
O.040% 1.89 2.80 3485 5000
0.079% 2,00 2.96 4,05 5031
0.124 2,06 3.06 4,20 5648
0.080 1.98 2.94 4,05 5e3l
0.050 1.83 2.74 3.80 5,01
0.030 1.70 2452 355 4,7
0.018 1,58 237 3e34 447
00105 l.44 2417 3.10 4409
'y c c o c
0,003# 0.03 0.10 C.l7
0.00T* 0.03 0.112 0.172
- 04015%# 0,005 0.07 0.148 0.20
0.030% 0.08 0.7 0.25
0.060% 0.02 Oul4 027 0.36
0. 090% 0,16 06395 0.472
O0e124% 0,085 04.35 0+555 " 0.68
0.124 0,085 0375 056 0,682
0.092 014 0.655 0.83% - 0,965
0,060 0.255 1.00 1.30 1629
0,030 0.60 1.62 1.885 1.835
0.016 0.95 227 2.58 2,28
0,008 1.49 330 3.29 3.075

0,0042 1.52 4045 4477 3452



54.

Experimental Data (Cont.)
Total load = 2,000 gr of the 0,10 mm sand

Run 59 Run 60 Run 61 Run 62 Run 63 Run 64
Us 1e18 1442  1oT1 2461 3455  4.6T

i: 0013 000166 ,00226 00467 L0083 «0138
t: 20.5 21,0 21.8 21.58 23.8 21.6
G - i 0.53 1023 1.46 1.54
y v v v v v v
0,0105# 1.05 1.21 1.48 2627 3610 4403
0.01T7# 1.60 3637 4039
0.,020% 2442
0.030% 1.39 l1.72 2,62 3460 46T
0.034#% 1.21
0,050 1.87 3483 5,00
0,052% 2,81
0.080% l.62 1.97 2,98 4,05 529
040844 3,00
0.124 lo44 1.68 20,05 3610 4,18 5048
0,080 1.93 2095 4,02 5627
0,050 1.50 1.79 2,76 3476 4,97
00043 1le.21
0,030 1,68 2655 3653 . 4,66
0,021 1,30 1058 243
0,018 3e31 4039
0,015 1.48 2432
0.0105 0,98 1,20 le41 2620 302 4,05
y c C c - G
0.003#* 0,10 4237  o4T
0.007% - 0,105 o275 o485
0.015% 0,125 315 059

0,030% 0,012 06170 0431 0eT2
06060* 06040 0270 0660 0092>
0,090% 0.075 06435 0,875 1.25
Ool24% 0.212 0,885 1.55 1.84
0.124 0190 0,915 1.41 1.78
0,092 0,450 1.645 2,14 2436
0,060 0e865 24895 3430 3617
0030 1.75 4,98 5,10 4,27
06016 2092 T« 06 6e63 521
0,008 5.03 10,32 9.03 6681
0004 10,94 16,62 11,50 T«86



57

Experimental Data (Cont,)

Total load = 3600 gr of Total load = 6800 gr of
the 0,10 mm sand the 0,10 mm sand

Run 65 Run 66 Run 67 Run 68 Run 69 Run 70 Run 71 Run 72

U: leT4 2.61 3048 4.89 1.66 2.61 3.56 4074
1: ,0024 ,00476 .00818 ,0153 .0025 L0047 00827 0141

t: 24,5 19.0 21.6 20,7 20.5 24,0 23,0 25.0

¢: 0,92 2690 3.08 3.10 1.49 5640 5.7T 6.68

Yy v v v v v v v v
0.0105% 1,52 2.28 3.08 4449 1.48 2.28 3410 4,16
0.017# 1.62 2045 533 4,54 1.60 2.46 4,52
0.,029% 1,75 2.64 3,53 4.87 1.69 2,64 . 4,80
0.040% 1,88 2.81 3.76 5422 1.83 2,83 5.10
0,079% 2,00 24,99 3.99 5.52 1.95 3.02 546
0.124 2,08 3013 4,14 572 2,01 318 4.23 5.60
0.080 1.98 3600 3696 1.88 3603 - 5635

0,050 1,85 2.TT 3469 5.25 1.72 2.74 ‘ 4493
0,030 1.70 2652 3e41 4,89 1.56 249 3951 4,64

0.018 1.56 2.34 3.21 4.58  1.37 2.24 4,33
0.,0105 1l.44 2.20 2,96 4,26 1.25 2.01 2449 4.03
'y c c c c c v c Cc - C
0.,003% 0,01 024 0.53 l.11 0,05 030 0.94 1.76
0.007#* 0,02 0.26 0.57 1.15 0,06 0,37 , 1.82
0,015% 0,03 0.35 0069 1.40 0.07 Oe43 1l.24 2460
0,030% 0,07 0.42 0.86 1,63 0.12 0,59 2055
0,060% 0,07 0.68 1,22 1.88 Oel3 090 2620 3038
0,0900% 0,15 0,93 1,88 249 034 1.31 4092
0.111% 1.51 2455 3425 0.57 1.88 4,10 6460
0el24% 0,37 2,00 3607 3660 0.80 2053 Te40
06124 0,38 2403 2,93 3.61 0.88 2.44 6499
00111 2,48 3660 4433 1.60 3032 6433 Be59
0,092 0.84 376 4,71 5010 1l.72 5¢60 10,51
0,060 1,68 6449 6488 64,23 3000 1153 13448 14047
0030 3.49 11.01 10,48 8.89 6,70 25,00 19,61
04,016 5¢59 15,56 13,85 10447 0669 40446 2TeT1l 24077
04008 10422 22,13 18,70 13.56 33,99 65.81 30458

0e004 22,51 32,87 22634 15.63 53025 93424 49,30 39462



60.

Experimental Data (Cont.)
Total load = 6,800 gr of the 0,10 mm sand

Run 71
U= 30 56 t’ 2300
‘ i= ,00827 e= 5,77
Profile I Profile I1 Profile II1l Profile 1V
b & 00 - 0,200 - 0,383 . + 04300
y v v v v
0,0106#%* 3,10 2,99 2473 3600
0.,021% 3043 328 3011 3032
060424 3e75 3458 338 -~ 3661
0124 4423 bolh 3637 4,08
0,060 3090 3,82 34T 3672
0.030 3051 3642 3018 3032
00015 3016 3009 20-85 ' 2097
- 060105 2649 2094 2,71 : 2,81
y -~ C c , c c
0.003% 0.94 0.94 1.35 l.21
0.015% 1.24 1.305 1.84 1,555
0,060% 2,20 2:.275 30505 2.7T45
Oelllw 4652 4024 40,83 : 4450
Oolll 637 6.38 5.92 6609
0,060 13.47 12,69 11,04 12,18
0.016 27.T1 26,96 24,50 26082
0.004 49,30 46,98 38,09 49013
Profile 5 Profile 6 Profile 7 Profile 8
x: + 04397 + 0,200 + 0,100 = 0,100
y R v v v
0.0105% 2.85 3011 3015
0,016% 3ell :
0,028# 3e54 3459
0,047 3¢53
0,081#% 3453
0el24 347 4,19 4,26
0,085 355
0,051 345 SeT3 3080
0,018 3.18 J3e24
0,0105 2469 294 2499
y
04003%% 1.34 0.92 090 0,89
0,028% 2041 1.57 1.52 - 1e48
0,110% 4489 4,00 4,00 4490
0112 50 97 6.14 6.23 ) 6070
0,031 13,52 20094 21.67 20¢35

0,004 34465 52434 52099 52430



&6l

Experimental Data (Cont.)
Total load = 13,200 gr of tthe 0,10 mm sand

Run 73 Run 74 Run 75 Run 76 Run 77 Run 78

Us: 1969 2t39 2:96 3055 4&18 l 4091
1: o00277 400415 o,00591 00827 01115 01487
t: 21,0 2500 ‘ 21.6 2405 26.2 254
c: 2039 Te23 12.57 12 065 12,28 . 12038
Yy . v v v v v v
0,0105% 1.49 2012 2,62 3.11 3066 4429
0.,017# 1,58 2.27 2,83 3¢37 394 4,61
0.029% 1.73 2445 3401 356 4,22 4496
06 049% 1.87 2463 3422 3083 4652 5¢24
0,079% 2,01 2,78 3445 4,07 490 557
0,124 2,05 2.92 364 4029 5¢05 5.81
0,079 1.90 2,77 3647 4426 4,86 559
0,050 l.74 2650 313 3479 44T 5021
0.030 10-52 2920 2.-78 3.44 4.10 4086
0.019 1.39 1.97 252 3418 3.82 4054
0.0105 1618 1a74 2423 2487  3e49 4420
y c C c c c c
0,003% 0.07 0,18 1,00 1050 2.023 3e41
"~ 06007H# 0,10 023 1,12 1,70 226 3¢52
00015* 0013 00314 1036 2.-05 2.63 4.20
0.,030% 0,17 04l 1.70 2051 ' 4,96
0.060% 0.31 0.64 2e32 LYY 31 4030 6468
Oe 090 057 1,00 3e31 4,62 8093
Oelll¥® 1,13 1653 4452 6030 ToeT76  11.36
0.124% 1.59 2:04 6611 8630 ‘ - 13456
Oel24 1042 2,08 5069 ToT1 10,03 15,11
0elll , 1.96 20,80 Te87 10.45 12,50 15460
0.092 20,85 4475 12,53 15633 16.88 19,80
0,060 5049 11.65 24,90 26,60 27636 28.42
0,030 10,64 29,97 53625 46469 43,86 40,18
0,016 18,29 58465 83,82 660,14 564,42 50,82
0,008 5430 13347 125027 91437 T4603 64,09

0,004 8792 164,97 16T7¢85 114442 91,31  75.81



62.

Experimental Data (Cont.)

Total load = 23,200 gr of the 0,10 mm sand

Run 79 Run 80 Run 81 Run 82
- Us 1061 ’ 2064 3062 4093
t: 24,1 22.7 2565 . 2605
c: 2,92 13,66 31 23
y v v v v v
0,0105#% 1,51 234 3.16 4425
0.,017# 1.60 2.54 3edls 4 .56
0, 020% 1,70 2470 3.67 4,91
00 049% 1.84 2.89 3091 . 5425
0,079% 2,00 30,10 4420 5060
0,100# 2,02 3425 4039 5.87
0.124 1.98 3.28 444 5094
0,110 1.93 3.26 4,45 5095
0.079 1,79 3009 4021 573
0,050 1,60 2,76 3480 5¢30
0,030 le44 238 3637 4,85
0,019 1.23 2,08 3,06 4052
00,0105 1.07 1,82 2.T1 4,11
y c C c c
0.003% 0.03 0.38 2.27 4,40
0.007% : 0,08 0.38 255 5.70
‘0.,015% 0el3 O.54 3402 571
0,030% 0,20 CeT1 3eT2: , 6.96
00060* 0040 l.14 5004 9085
0,090% 0,90 1.59 6.89 12.95
Oelll* 1.55 2.28 0.22 1773
00124* 20-03 3.27 12.07 21080 '
0124 1.91 347 12,04 20,38
Oelll 2,60 5622 16.36 24,46
0,092 3058 8.79 25045 33498
0,060 6,97 21,66 50,86 52,00
0,030 13,75 58.80 103.66 TTT1
0,006 38467 115,28 150.23 97.79
0.008 86430 220,70 205,22 125,78

0,004 151.29



63.

Experimental Data (Cont,)

Fresh water after taking out the 0,10 mm sand

Run 83 Run 84 Run 85 Run 86
U: 1.74 2.64 3467 4eT1
“i: ,00222 000471 000863 «0136
t: 23,0 : 2663 2440 2640
y v v v v
0,0105% 1,50 2630 3420 40,13
0,017# 1,60 2449 3el4 : 447
- 0,020% 1.72 2464 3.68 475
0.040% 1.87 283 3691 5,02
007O% 1,97 2,98 4,14 5631
00109% 2,03 3408 4,26 54T
0,124 2,055 3¢09 4,28 5650
0.110 2,05 3408 4428 447
0079 1.975 299 4014 5030
0,050 1,87 2,81 3092 5003
0,030 1.76 2,61 3669 4.T4
0,018 1.64 2.46 346 4,48
0.0105 - 1054 2426 3021 4,12

Total load = 100 gr of the 0,16 mm sand

Run 87 Run 88 Run 89 Run 90
U: 1,71 2,60 5¢55 - 4,72
i: .00199 +« 004786 +00808 " 00136
t: 2403 2360 24§7 2665
y v v v _ v
0.0105% 1,48 2427 305 4,15
0s017#% 1,58 2146 3408 ' 4,48
04 029% 1,67 2463 3453 4,75
0,049% 1.79 278 3.76 5.05
0.079%* 1.91 2,96 4,00 5e31
061090% 2,00 3,02 4411 547
00124 2,01 3405 44,16 5451
06110 2.00 3602 4014 5049
0.079 1.95 2.93 4,03 5.34
0.050 1.85 2.76 3482 5604
06030 1.72 2458 3459 ' 4075
0,018 1,62 2438 3035 448

00105 1.48 2623 Jell 4,10



4.

Experimental Data (Conte.)

‘Total load = 300 gr of
the 0,16 mm sand

Run: 91

Us l1lo74
i: ,0022
t: 23,3
e:s L
y
060105#* 1.53
0,01T7% 1.64
0.,020% 1.76
0s040% 1.87
0,079% 1,97
0.1090% 2.02
0,124 2:04
0,110 2:03
0.079 1,95
0.050 1.82
0.030 l.72
c.018 1,62
0,0105 1,50

92 93
2,60 3,58
«00466 ,0082
21,5 24.8
065 ,125
2420 3,12
2e38 3637
2.58 3062
2.76 3482
294 4403
3602 4,16
3603 4418
3402 4,17
2,95 4.06
2eT79 3483
2,63 3059
2643 3035
227 3011

%4
4,60
«0133
22,0
0142

44,03
4,37
4467
4492
5420
5034
536
5634
5.18
4,88
4,56
4629
3697

y

0,015%
0,030%
0,060%
0,090%
O0l1l%
00124
O.111
0,092
0,060
0,030
0,016
0,008
0.004

Total load = TOO gr of
the 0,16 mm sand

95
1.715
+00226
2260
« 034

1.50
1,60
1.70
1,81
1,93
2,00
2.03
2,02
1.97
1,85
1.72
le62

1.50

C

96
2059
« 0049
21,0
27

223
2642
2,58
276
293
3602
3005
3403
2,95
277
2.58
2640
2623

c

0,013
0,06

- 0,215

0,04
1,01

O¢T4
1.78
4.16
8.80

o7
3e56
0082
2447
35

3411
3439
3457
3480
4,03
4,15
4416
4,015
440k

3,81
3,55
3031
3,06

C

0,01
0,03
0,07
0.10
0.16
0.28
0.57
1.59
3,01
- 6459
10.85

98
4461
+0132
230
o4

4404
4,38
4,66
4e94

5020

5e36
5438
5036

5620

4,92
4059
4429
4,00

c

0,01
0,02
04055
0014
0e24
0033
Oo41
0,58
1.20
2438
4,02
7006
Jo T4



65.

Experimental Data (coht.)

Total load = 1500 gr of . Total load = 3100 gr of
the 0,16 mm sand the 0,16 mm sand
Run: 99 100 101 102 103 104 105 106

Us 1eT3 2460 3452 4,57 1.72 2,59 3055 4,58
it ,00235 00484 ,0084 ,0131 ,00244 ,00494 ,0085 .0132

t: 25.5 22,8 21.0 24,6 25.0 23.2 21l.5 24,7
C: 215 . 868 1.07 1.05 «385 1.94 2.21 2,16
y v v v V v v v . v

0,0105% 1,48 2.24 3407 4,02 1.50 2,27 3.11 4,03
0.017% 1,60 2443 Je3D 4,33 1.62 2.45 3.36 4435
06029* 1076 2e 61 3.55 4,62 1075 2.63 3058 4,62
0.049% 1.87 2,79 3.77 4.92  1.87 2,79 3.81 4,91
0.079% 2,00 2.96 4,00 517 1,98 2.97 4.03 520
0.109% 2,05 3607 4,12 534 20,05 3607 4418 5436
0.124 2,06 3.07 4.14 5¢36 2,06 3.10 4,21 537
0,110 2,05 3,08 4.13 5633 2.05 3.08 4,20 5,35
0.079 1.97 2.95 398 515 1.95 2.97 4,07 5.17
0.050 1.85 2,75 3.75 4.85 1.81 2.74 3.79 4.86

0.030 1.68 2655 3650 4454 1.70 2052 3.51 4.54
0.018 1.56 23T 3424 4,27 1.56 2433 3423 44,23
0.0105 1l.46 2.17 2.99 4,02 l.44 2.12 2,98 - 3.98
y c C c c c - G c C
0,003% 0.015 0.035
0.,007* v 0,015 0.019 0,05
0.,015% 0,035 0,025 0,07
0.,030% 0.05 0,03 0.10
0, 060% 0.05 00115 : 0.08 0,22
0.090% : 0,025 0,12 0.24 0.05 0,195 0046
O.111% 0.05 0.21 0O.44 0.12 0e37 0.83
0.124% 0,085 0,31 0.615 0.20 0.58 1,19
0.124 0.10 0¢335 0.59 0.16 0,49 1013
00111 O¢13 047 Do 815 002 0,21 0.81 1056'

0,092 0,004 0,26 0,81 1.24 0.03 0439 1.35 2 63
04060 0,025 0,63 1,88 2,51 0,09 1l.14 3.55 5%
0,030 0,155 250 4491 S5.41 0.32 3.68 10.36 12,

0,016 0,49 5.63 9¢45 9.52 1el5 Te90 214,40 22,85
0,008 1486 14.78 17.83 16.65 44T 13410 46657 46442
0,004 10421 31,71 27.68 23,52 21,96 4720 60,05 55.43
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Experimental Data (Cont.)

Total load = 6300 gr of Total load = 12700 gr of
the 0,16 mm sand - the 0,16 mm sand

Run: 107 108 109 110 111 132 113 114

U:  1l.64 2058 ' 3054 4,59 1064 2055 3650 4060
" 1: L0026 L0049 .,0085 L0132 ,L,00274 0054 00886 ,01385
t: 23.0 270 2305 27.1 2700 24,45 24,0 - 2608
c: 0.45 36l 540 4.7 0057 501 10.7 1308
¥

0.0105% 1,48 2,27 3.09 4,01 1,48 2,26 3415 4,07
0.,017* 1.56 2443 334 4433 1.60 2042 3¢37 4438
00029% 1,66 2,60 3459 4,61 170 2,59 3659 4070
0e049% 1,79 2,79 3481 4491 1,83 2,78 384 4,99
0,079% 1,91 2,96 4603 5420 1693 2497 4407 5432
0o100% 1.97 3,06 4,21 5637 1.97 3607 4023 5¢52
0.124 1975 3407 46022 5441 1e95 3408 4426 5457
0.110 1,96 3,06 4021 5440 1,95 3,05 44,24 5,60
0.079 1088 2096 4007 5.25 1083 2.92 4006 5030
0,050 1.7  26T3 376 4oB9  1eTO 2469 3,68 4,84
04030 1,60 2450  3o42 4052 1,50 2641 3,27 4436
0,018 147 2630 3el2 4,619 129 2417 2.89 3.96

00105 1.35 2,08 2085 3685 ‘ 1,93 2659 - 3962
y c C c C ¢ ¢ C C
0.003#% : 0,072 06013 0Oe¢l4
0 00TH 0el3 0o 092 0,02 0.16
0s015% 0.15 0,105 0004 0,198
0,030% 0.16 0,17 00066 0030
0.,060% 0622 0275 0,023 0613 0e53
06090 0,01 06012 0,31 0585 0s046 0428 1.00
Oelll® 0003 0,08 0e53 1.05 0012 0.58 1484
Qo.l124% 0,053 Q.14 0.80 1,48 0628  Co9% 2,79
0124 0052 078 1,50 0012 0.19 087 2646

Oolll 0,066 0019 l1.14 2623 Oell 0628  1le42 40055

06092 0,092 0,41 2004 3466 06167 06635 3417 7058

06060 0.24 l.42 6000 9446 06395 2618 1054 23064

0.030 0,65 6el7T 20,96 25,67 1.32 9.85 46,39 8l.12

00016 2.06 18038 490575 49082 10.23 33023120045 157099

0.008 20,06 59406 109,84 8885 47450 130.1 281,65 288.41
0004 3Te36 156,86 121,17



67.

Experimental Data (Conte )

Total load = 25500 gr of Totalilead = 38300 gr of

the 0,16 mm: sand T the 0.16 mm sand
Run: 115 116 117 118 119 120 121 122
" Us 1653 2458 3043 4047 le44 2656 3446 444

1: ,00318 00563 0096 310135 ,0030 L0059 01005 01425
8: 22,5 28,0 2640 28,0 2660 2647 24,0 25,0
B: 1.3 448 13,5 2440 1.4 445 13,0 30,0

'y v v v v v B 4 | v \ §

0,0105%  1o44 2,30 3413 4607  1e47 2423 3621  4ell
0e017# 1.54 2050 3039 4039 2043 3645 4,42
0,029% 1e64 24,67 3659 4470 1s70 2467 3469 4470
0.049% 1e79 2683 3,86 4,98 286 3,91 5,02

0, 07o% 1,89 34,01 4,07 5.28 1.97 3606 4¢17 5432
0,109#* 1,90 3,09 4,23 5448 1.95 3.14 4.30 5.52
0.124 1.87 3411 4.23 5,51 1.90  3.14 4431 5e54

0,110 1,83 3.08 4.22 5,47 3.10 4,28 5,48
00079 1066 2093 3096 5.17 1079 2090 4000 5‘12
0.050 1.54 2.66 3,53 4,64 2,63 3.51 4,52
0,030 1.27 2,37 3410 4,07 2,28 2.99 3.01
0,018 1,08 2,11 2,70 3461 1.19 1,81 2,50 3042
0.0105 0,80 2,05 2.41 3.28 - 1.66 2,18 3,06
y c c c c c c C C
0,003% 0,01 0.01 0.01 0.106 : 0.145
0.007% 0,015 0,017 0.012 0.123. 0,01 0.165
0.015# 0,02 0,019 0,017 0.167 0.01 0,02 0.22
0.030# 0.023 0,02 0.03 00203 0.015 0.03 0.32

0.,060% 0.08 0.021 0.08 0445 0,05 0.007 0.095 0,625
0,090% 0.13 0,055 0.21 1.04 0,09 0,02 0.285 1.32
0.111% 0.20 0,13 0.53 2.034 0.1l 0,103 0.69 2.63

O.124% 0.31 0.205 1,06 3,22 0.233 1424 . 4,35
0.123 0,20 0.18 00,93 3,00 0.17 1l.12 3.85
0.110 0.31 0,313 1.60 5.15 0.185 0.34 2,08 7.1l1
0,091 0.33 0.61 3.34 10.49 0.26  0.77 4.51 15.50
0.059 0,91 2,50 12990 37.62 0.64 3,11 18,72 57.30
0.049 0.89

0.039 ' 2,57

0,029 2,84 14,13 62,02 150.76 19,12 91,25 213.08
0.025 t 13.23 ' ‘
0,015 20,29 60,09 167.53 347.52 118.9 257.50 383.0

0.007 57.81 285.0 407.0 537.5 210,0 571.0 576.0



Sieve Mesh Openning mm Percent Coarser

42
48
60
85
80
100
115
150
170
200
250

68.

Experimental Data {Cont.)

Determination of 8ize Distribution of Sand

For the 0,10 mm sand For the 0.16 mm sand

0.351
04295
06246
0,208
06175
0147
0.124
06104
0,088
0,074
0,061

0
0,07
Oe31
0,60
0062
0.64
1.27

1929

4T7.39

86499
96414

Percent Coarser

0
0
0
Oel4
3492
60612
91l.22
98487
99.34
99466
999

Specific gravity of the 0,10 mm sand was measured and

found to be equal to 2,61
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APPENDIX T1.

Sediment Transportation in Circular Pipes

In order to derive the egquation for the sediment dist:ibuﬁion
~in a circular pipe;‘the‘method suggested by John S. McNoun in the

a diécussion of (2) was followed. Using the vector presentation, the
vector current q (of sediment in this case), is the vector éum of
the field velocity W , times the concentration and the turbulent
diffusion which is the product of the gradient of the concentration
and coefficient of sediment transfer. Thus, in vector-operator

form:

q = WC- €g grad C

The equation of continuity is expressed by equating the divergence
of the current at any point to the rate of decrease of concentra—

tion with time, thus:

div. @ =- 26/ at
or in the steady state;
div § = O
therefore div @ C - div (€5 grad C) = 0

and performing the indicated operations for a two-dimensional

problem in polar coordinates the equation may be written as follows:
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%[a (r Ur c)«s-_..(uec)] %[%(rssac) a(grs §§>]

or [ur0+r£ur+uez.€]-[rs _B_C_-i-E 3C 4 y 98 3C
ar 1 o re ar Y

+ 2

r 062

€s QZC]zo

~ The velocities ur and up are the components of the field

velocity tending to move the sediment continuously in the '

r-direction and 6 -direction. Teking
ur
the coordinates as in Fig. 26, then: NG, s
w
ur = - w coso
and ug =W sin @ Fig. 26. The Coordinates
then in the Pipe Cross-section
PC 2Es Ss ?°C 14 13C . v
¢ 37T +( )ar WW arcos@—Fa—é-snled-%cosQJ =

To define the boundary conditions, it is clear that at the
boundary, r = r, , there will be an equilibrium between the rate of

pickup of the sediment and the rate of deposit; i.s

gsg.% +w Ccos @ =0

The main mathematical difficulty in solving this' elliptic
equation (see reference (21)) was its boundary condition which
contained both the variable and one of its derivatives.

Besides the mathematical difficulties, there was the difficulty

of eveluating £g5 . The conclusions of the main work in this thesis
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cen help in evaluating €5 by assuming reasonable k and 2. But,
it is still very difficult to solve the partial differentisl
equation because of the discontinuity in the slope of £y versus

¥ » as shown in Fig. 12.



SYMBOLS

a Reference level.

C Concentration of suspended load.

Ca Concentration of suspended load at reference level.
_a v The measured mesn value of concentration over cross-section.
v D Geometric mean sieve size.

Dg Sedimentation diameter of sand.

e The roughness height parameter,

g Acceleration of gravity.

h Yu/y - 1.

ha, vm/a - 1.

i Hydraulic gradient slope.

k von Kdrmdn universal constant.

kr k at the top portion of the section.

ky k a% the bottom portion of the section.

4 Mixing length.

Th ' Hydraulic radius,

By Reynold's number.

t Temperaturs.

T.L. Total load of sand present in the flume.

a Velocity.

u max Maximum velocity.

ut Average velocity at the central profile.

) Mean axial velocity over the cross-section.

Tw Wall velocity.

e ]

i The Prandtl friction velocity =y 7% /7 .
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The friction veloeity at the top wall.

The friction velocity at the bottom wall.

| Used for the velocity in Appendix I.

Settling velocity of particle.
Vertical distance from the boundary.

Verticel distance from the boundary to the plane of
maximum velocity. :

w//;k'U*.

Factor of proportionality.

The laminar boundary layer thickness.
The momentum transfer coefficient.
The sediment transfer coefficient.
£g &t the center of the profile.
Kinematic viscosity.

Density of fluid. Mass per unit volume.
Friction coefficient.

Geometric standard deviation.
Shearing stress at any point.
Shearing stress at the bounda:y.
Shearing stress at the top boundary.

Shearing stress at the bottom boundary.
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