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Chapter I

INTRCDUCTION

Sediment has been an important problem for several thousand
years. Even the rise and fall of civilizations have sometimes been
attributed to the effects of sediment. The sediment-filled canals of
the once fertile Tigris a&and Euphrates rivers region, and the south-

western section of the United States are examples,

Definition of Sediment

Before proceeding further, the term sediment will be defined
A dictionary definition is: “Fragmental material transported by, sus-
pended in, ¢r deposited by water or air, or accumulated in beds by other
natural agents; any detrital accumulation, such as loess”.

Some examples satisfying the definition are: sand being trans-
ported by wafer; sand or snow being carried by wind; and fruits, vege-
tables or other commercial products being conveyed by some fluid medium,
The former, that of sand being transported by water, is the case studied

hetrein,

Sediment Problems

Hydraulic problems involving sediment can arbitrarily be divided
intc two types, One type is associated with the hydraulics of naturally
formed open channels, and the complementary problem is that of transport
within rigid boundary conduits, The basic inner mechanism of transport must
necessarily be the same in either case. However, the effect of rigid
boundaries and the differences in economic considerations separate the

water course and rigid channel problems.
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In the study and application of sediment mechanics to natural
channels the boundary form can seldom be controlled; it is determined by
the variables describing the flow, the fluid, and the material being trans-
ported. Economic considerations are, in general, directed toward in-
ducing a stable channel at the least possible cost.

Rigid boundary conduits are similar to natural channels in

many respects, the most obvious being & pipe in free-flow regime. The
difference between them is their relative versatility, Conduits can be
designed to flow free, flow full, up and down hills, operate under pres-
sure, and to work under practically any other conditions required by the
specific task the boundary must perform,

This dissertation is concerned with rigid boundary conduits,

Economic Application of Rigid Boundary Sediment Transport

One application of rigid boundary sediment transport which has
been before the ever-interested eye of the public is gold mining. In
the early days of gold mining, water was conveyed to a cradle or other
vibratory device, and the less dense unwanted sediment was transported
by the water to a spoil area. In recent vears essentially the same
process is used in dredge or placer mining, except that water is also
used to convey ore to the separating equipment.

Another process utilizing sediment mechanics is that of re-
fining oil. Modern refining technology makes use of a fluidized bed
of catalytic material, The fluidization process gives rise to a prob-
lem in sediment mechanics., In some cases the catalyst also goes through

a pipeline recirculation system,
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Storm sewers are often required to convey tremendous gquantities

of sand, rock and detrital material, These sewers usually do not flow
full, and hence they are a good example of a rigid conduit with free-flow,

Hydraulic dredging of river channels has been going on for cver

fifty years, The dredge pumps sediment and water from the river bed or
banks and frequently conveys the mixture through pipelines to a spoil area.

Coal and ore transport pipelines operating under pressure are

receiving more attention each year, Various United States and European
commercial companies have been experimenting with this method for several

years,

The food processing industry has been, and is doing more, moving

of vegetables, fruits and processing refuse by hydraulic means. Both
open and closed conduits are used,

Many more examples of the economic applications of rigid toundasv
sediment mechanics could be cited, However, the above are suffscient <
illustrate possible fields where the results of research are needed and

can be applied.

Variables Involved

Variables entering a practical problem include: 1) economic
factors, such as a market, 2) physical conditions, topography being an
example, 3) mechanics of sediment transport. The latter category is the
one of principal interest in this dissertation.

The important variables in the mechanics of transport can be
classified into four groups. These are: 1) fluid, 2) flow, 3) sediment,

and 4) geometry.
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The independent fluid variables are, in most practical applica-

tion, two in number, They are the dynamic viscosity and the mass density
of the fluid. The two fluids used almost exclusively are water and air,
There exist many data using these two fluids, under all sorts of combina-
tions of the variables characterizing the fluid, The chemical behavior of
the fluid is also sometimes important.

Flow variables differ considerably depending on the problem

being examined., The most common are the hydraulic gradient, the mean
velocity and local velocity, All of these receive attention in any re-
search or design problem, The yield strength is sometimes important in
fluid-sediment systems which exhibit characteristics of plastics,

Sediment variables are mass density, mineralogical composition,

chemical activity, shape., texture, and size distribution, All are
important., This is an impressive list, most of the items of which have
been studied only slightly. Mass density, size distribution and shape
have been examined quite closely, and with some success, Mineralogical
composition, chemical activity, and texture have been considered by the
geologist more than by the engineer, |

Geometric variables constitute a description of the boundary

within which the sediment-fluid complex is conveyed, For example, one
group of length parameters are required in order to specify a trapezoidal
channel; a different group is required to specify a circular conduit.

In addition to these, however, the boundary needs a local characterization,
for example, height of the roughness, frequency of roughness and any

other appropriate geometric variable,
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Summary of Previous Work

Circular conduits, a special case of rigid boundaries are the
only type corsidered in this dissertation, For centuries engineers have
been working to achieve smoother pipes and to reduce mechanical energy
losses due to the generation of heat induced by the rough boundaries, In
the last half century, however, efforts have been made to introduce artifi-
cial roughnesses of a very special type, designed for the job of more
effectively transporting a specific sediment. Some of these special

roughness types are the prime interest of this dissertation,

Delimitation of Study

Boundary form was the basic variable whose effect on mechanics
of sediment transport was studied, Three cases were considered: 1) a
geometrically smooth pipe, 2) a corrugated pipe made from steel sheets,
and 3) a Hel-Cor type of pipe formed by rollers from coils of steel, All
these had a nominal diameter of 12-in,

Clear water was the continuous phase of the sediment-fluid
mixture, The pipe was flowing full at all times and only the case of
suspended transport was considered, One size of sediment was employed.

This sediment was a fine sand with a median sieve diameter of 0,20 mm,

Statement g£ Problem

Sub ject to the limitations of the three boundary forms, the
one fine-sand sediment, the range of fully-suspended sediment transport,
and the pipes flowing full, the problem proposed was that of finding

answers to the following questions:



1, What are the interrelationships between boundary form,
rate of energy dissipation, discharge of sediment-fluid
mixture, and discharge of sediment?

2. What are the effects of the boundary form on the local
mechanism of suspended sediment transport?

Answers to question one will give a clear picture of how the
boundary form affects the parameters which are important in practical
design problems, Question two is a study of the small scale mechan-
ism of sediment transfer, and is important in explaining how the mate-
rial is transported, thus providing additional information which can

lead to development of more efficient artificial boundary roughness,
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Chapter 11

REVIEW OF LITERATURE

Analysis of the effect of boundary form on the pipeline trans-
port of fine sand by water necessitates reviewing and summarizing earlier
work on sediment transport, In order to obtain a clear picture of the
interaction of the many variables which might enter the problem, the
following review covers a very large number of sediments, velocities and
pipes., Two continuous phases, air and water, are reported. Nearly all
the papers are concerned with the one-dimensional flow pattern and only
qualitative observations are made on the mode of transport. No accept-
able theoretical development has been presented for more than a very
narrow range of variables,

The review has been divided into several sections, These are:
boundary form studies, laminar transport by water, turbulent transport
by water, turbulent conveyance by air, installed plants and their design,
miscellaneous items and summary. The miscellaneous category covers

papers on instrumentation, as an example,

Boundary Form Studies

The papers reviewed in this section cover the effects of ri-
fling on sediment transport, the mechanics of transport in a square pipe,
the factors that enter a study of artificial roughness in pipes, some
observations on flow over corrugated surfaces, and the effect on the

resistance coefficient f of using combinations of artificial roughness,
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Howard (27) presented, in 1941, one of the few papers on a
large artificial roughness placed in a pipe for the purpose of improving
sediment carrying capacity. In order to determine optimum rifling, head
loss tests were run on a 4-in, 20-gage steel pipe line, carrying water
and 0,39-mm sand from the Pearl River, It was determined that the
length of rifling should be 1/3 the pipe length. One of the best ri-
flings consisted of the above length, with 3 riflings spaced at 120
degrees around the pipe and having a pitch of 10 diameters. The rough-
ness height was D/8 , where D is the pipe diameter.

A similar rifling was installed in a 2-in, pipe and tests ma@e
with the same sand, It was hoped that in this manner a design could be
made for pipes of 30 to 32 in,

Using the above optimum rifling, head loss tests were made
using 0,023-mm silt and 2,48-mm pea gravel,

The conclusion was reached that rifling will increase the
efficiency of plants pumping coarse sand and gravel, for the range of
velocities customarily used, but will decrease it for silt and clay;
i.e., efficiency will be increased for any material large enough to
settle and travel along the bottom of the pipe, If the velocity be-
comes sufficient}y high when transporting a given material, the energy
loss due to the rifles may overshadow the decrease of energy consump-
tion due to the induced suspended flow, and a decrease in efficiency
will result,

The U.S. Corps of Engineers (48) and (49), 1952, reported

certain preliminary work in measuring head loss of corrugated pipes,

Piezometer taps were placed at various points along the corrugations
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of a prototype and a model., It was demonstrated that the actual static
pressure did not occur at a unique point on the corrugaticns for all
velocities, However, by comparing resistance coefficients computed
with the heads registered by a series of piezometers at identical rela-
tive locations with respect to the corrugation to those computed from
static tube data, it was concluded the difference was not more than the
expected experimental error,

Observations on a sectional model implied the existance of
a wavy layer of flow near the corrugations, Examination of velocity
profiles indicated the layer exists between the eddies in the corrugations
and the established turbulent flow in the center of the pipe.

Ismail (30), published a paper in 1952 on studies conducted
in a fectangula: pipe 10,5 in, wide and 3.0 in, deep., The ccnduit was
40 ft long. Sediment was recirculated. Sands having sedimentation
diameters of 0,16 mm and 0,10 mm were used, Measurements were made of
the discharge, velocity profile, concentration profile and head loss
along the conduit,

The analysis of data was based on consideration of the effect
of the sediment on f , €., €_, and K, where f is the Darcy-

S m

Weisbach resistance coefficient, €y is the exchange coefficient

for sediment, €, 1is the exchange coefficient for momentum, and
K is the Karmén universal constant, Conclusions were: i) as Ct
increased, K decreased to as low as 0,20 when Cy was 43 gm per
litre, 2) €E; ©C € ., and 3) that f was not significantly affected

by the presence of the sediment until the total load Ciy was so great

that dunes were formed on the bottom of the pipe,

.



An independent analysis of the same data by Laursen and Lin,
Areported in the discussion, led to converse conclusions, i.e., K was not
adequately de “ined to permit reliable conclusions, sediment has little or
no effect on the flow, and the proportionality factor in €q oC €m
is equal to or less than unity.

The U, S. Corps of Engineers (50), summarized in November 1953

the results of tests with clear water flowing through a 5-ft diameter
corrugated metal pipe which had the bottom one-fourth of the periphery
paved, The paving was accomplished by means of 18-gage steel sheets
welded to the pipe and coated with an asphaltic material,

Measurements of f , Re and v; , led to the conclusions that
the resistance coefficient f was decreased and that the values of the
local mean velocity v; were greater in the lower section of the pipe,
The comparison was made with a pipe of the same dimensions not having a
paved invert, The Reynolds number is Re = VD pw/yx , where V is the
mean velocity in the pipe, pw, is the fluid mass density and M is the
dynamic viscosity of the water,

Morris (36) proposed a new concept of flow in rough conduits
in 1954, Three basic types of flow: 1) isolated roughness flow, 2)
wake-interference flow, and 3) skimming flow were postulated, Corrugated
surfaces satisfy the wake-interference type of flow, and the resistance

coefficient f is given by

1 \2

Fa
f =% Io 1 BA
2 logig —2 + 1.75 + = (2.5-C)¢( (1
810 X 5 *5) )
where B is a coefficient in y = BA , and y is the distance

from a roughness crest to the breakpoint between wall and core velocity

-10-



profiles, The length A is the longitudinal spacing of the roughness

elements and r, is the radius of the pipe from the pipe axis to roughn-

ness crest., Thé dimensionless function ¢ approaches 2.5 as ﬁ goes
to zero with increasing velocity.

The resistance function

....._.}; -2 loglo'—i
™ A

will approach the same constant value 1,75 for all types of roughness

Re~/T

elements, with increasing Ton * However, before this value of 1,75
O/A

is reached, the resistance coefficient increases with Re .

Vadot (55) published, in 1954, some ideas on the problem of
friction loss in pipes. If an artificial rcughness is placed on a
smooth bottom, formed of similar roughnesses placed in a given manner,
the following variables need to be considered: 1) geometric form qf
roughness, 2) orientation with respect to the wall, 3) orientation with
respect to the direction of fluid flow, 4) a characteristic dimension,
5) placement of the roughness pattern with respect to the wall and the
flow direction, and 6) a length representing the implantation design,

The U, S. Corps of Engineers (51), 1954, gave some data on

the effect of a 50 percent paved invert on f for a 5-ft diameter
corrugated pipe. The water carrying capacity was increased 1/3 over
the case of no paving. The pipe was flowing full, The hydraulic

gradient J was measured at several locatioms,
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The U. S. Corps of Engineers (52), December 1954, reported head

loss tests on a 7-ft diameter corrugated pipe. Conclusions were similar
to those repccted earlier for 5-ft pipes, i.e., f was reduced about
1/8 by paving the lower 1/4 of the pipe periphery, and the high veloc-

ities were shifted toward the invert,

Laminar Transport by Water

Sediment transport by laminar flow of water has little appli-
cation in the field of sand conveyance, However, turbulent flow must
reduce to laminar flow for sufficiently small velocities, high viscosities,
or small pipe diameter, and herein lies the reason for studying and re-
porting certain research on the laminar flow transport of sludge,

Clifford (9), 1924, attempted to analyze the flow of sewage

sludge by an analogy with the laws of viscous fluid flow, A kinematic
viscosity for the sludge was determined by comparing the flow of sludge
containing 90 percent moisture to the flow of glycerine, This compar-
ison was made with a tube 5/16 in, in diameter and 5.25 in, long.

Applying the kinematic viscosity determined as given above,
theoretical friction losses were computed for an 8-in, line, at Calumet,
Illinois, pumping sludges containing 90 percent water, Calculations
checked with the measured friction losses,

Hubbel SEE) published limited data in 1933 on a sludge line
at Dearborn, Michigan, The pipeline was of 8-in, cast-iron and 20,466
ft long. The sludge, obtained by sedimentation of sewage, contained
99,1 percent water, Hazen and Williams coefficients were 140 and 137 at

velocities of 3,15 and 4,06 fps,
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Caldwell and Babbitt (3), wrote a paper in 1939 on the laminar

flow of sludges, Experiments were with l-in,, 2-in., and 3-in, horizontal
pipes carrying sewage sludge., It was concluded that clay slurries and
sewage sludges behaved as true plastics; and therefore a yield étress and
a coefficient of rigidity were necessary to describe the *fluid", in place
of the coefficient of viscosity used for a Newtonian fluid,

The yield stress and coefficient of rigidity were independent
of the diameter and roughness of the pipe in which they were measured, but
did depend on concentration of suspended material, size and character of
sediment particles, nature of the continuous phase, temperature, thixo-

tropy, slippage, aggitation and gas content of the sludge.

Turbulent Transport by Water

Study of the papers in this section yields information on tur-
bulent transport, from fully suspended load to bed load? Sediments in-
vestigated range from metallic ores to wood pulp and mués° Pipe diameters
investigated in the laboratory varied from 1,5 in, to 10 in. Most in-
vestigators were concerned with only the one-dimensional behavior of
sediment transport, particularly the J-V and f-Re diagrams,

Blatch (6), 1906, appears to have been one of the first to give
the problem of sediment transport in pipes the consideration it deserves,
Tests were made to determine the head loss along a horizontal pipe 27 ft
long with a 1-in, nominal diameter. A 1,0546-in, diameter brass pipe,
transporting sands of about 0,60-mm and O,20-mm median sieve diameter,

and specific gravity of 2,64 was studied, Also examined was a 1,0420-in,

diameter galvanized iron pipe carrying 0,60-mm sand,

-13-



It was demonstrated that, for a given total sediment load, the
head loss deviated further and further from the clear water head loss
curve as the nean velocity decreased. Defining the "economical velocity"
as that at which the head loss due to a given mixture of sand is a minimum,
it was concluded the economical velocity for a l-in, pipe was 3.5 fps.
Furthermore, it was observed that there existed a transition in the flow
regime between 3.5 and 4,0 fps, The transition increased in length with
an increase in grading of the sediment material,

Nevitt (37), 1919, studied the head loss in a 12-in, cast-iron
sewage sludge pipe at Toronto, Canada, The test éection was 240,5 ft
long., Values of Kutters n from 0,0168 to 0.0181, obtained after five
years of service with sludge from sedimentation tanks, were found, The
sludge was less than 10 days old, Its density was 1,01, moisture con-
tent 95,9 percent, ash 49,5 percent, and temperature 54 degrees Fahrenheit,

Gregory (24), 1927 determined the head loss when pumping a

slurry through a horizontal 4-in, pipe. Losses due to fittings were also
evaluated, The test line was about 250 ft long., The sediment was made
up of 70 percent clay (a little sand), 24 percent carbonate of lime, and
6 percent hydrate of magnesia and hydrates of iron oxide, The material
ranged from colloidal to microscopic in size and did not settle quickly
nor cake in the pipe,

Plotting J versus V , it was found that above a certain
velocity the plot agreed with that for clear water, with totai loads
ranging from 5 to 29 percent by volume. For lower velocities, of a par-
ticular total load, the head loss remained constant, The maximum vel-

ocity for which J was independent of V , for a constant load, was

14~



named the "critical velocity”. It was also the most economical velocity
in terms of power consumption,

A Saybolt viscosimeter was used to determine viscosity of the
slurry, to be used in Poiseuilles law in a study of the region for which
J is independent of V ., It was concluded a viscosity measured in this
manner has questionable value,

Mikumo, Nishikara, and Takahara (35) wrote a paper in 1933 on

their tests of pipeline head loss with copper ore slimes pumped through
a 1.5-in, pipe line, The ore had an average specific gravity of 3.5.
The median size of the material was 0,0042 in, The equipment consisted
of a recirculation system powered by a centrifugal pump. The length of
the horizontal test section for measuring pressures was one meter,
Methods for the measurement of welocity and concentration are not ad-
equately explained,

Brautlecht and Sethi (7), 1933, presented data on head loss

in a horizontal 1-in, pipeline transporting unbleached sulphite pulp,

The pulp was screened through a No., 10 flat screen, Concentrations were
from O to 1.57 percent by bone dry weight. The pipe plugged at a concen-
tration of 3.0 percent. Velocities ranged from 2,0 to 8,8 fps.,

Traxler (47), 1937, pointed out that the flow properties of

dilute suspensions of clay and other minerals depends to a large extent
on particle size, size distribution and shape. It was concluded that
there is a simple relationship between concentration of solids and the

viscosity of the suspensions.
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0’Brien and Folsom (38), 1937, published one of the classic

papers on the subject of pipeline sediment transport, They ran a series
of tests wi*: 2-in, and 3-in. standard black wrought iron pipe. The pipe-
lines were horizontal, Three sizes of sand were used, ranging from about
0.0065-in, to 0,050-in, median size. A sand and water mixture was cir-
cuiated, and concentration, hydraulic gradient and mean velocity were
measured,

In analyzing these data it was found that the Darcy-Weisbach

equation

J = f Vv3/2gD , (2)

where g is fthe gravitational field, was valid for non-homogeneous
mixtures as well as for homogeneous fluids,

Two minimum velocities were defined: 1) a Meritical vel-
ceity”, at which the head loss begins to differ appreciably from head
loss for clean water in the same pipe, and 2) the velocity of incipient
clogging., It was concluded that the critical velocity was a velocity
below which a part of the material was traunsported by rolling along the
pipe and as the velocity is decreased, more and more area of the pipe
becomes obstructed by rolling sand until conditions of incipient
clogging occur, Furthermore, the most efficient velocity for pumping
a given total load is the minimum velocity that will move the material
through the pipeline, which was independent of sand size for the range
reported,

In a discussion of the effects of solids on the furbulent

flow, they believed the concentration of material might not be the same
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across horizontal surfaces because the particles tend to fall to the
lowest point, inducing a double spiral secondary flow, downward at the
center and pward along both sides,

Wilhelm, and others (57), 1939, published friction loss data

on the pumping of cement rock and filter-gel suspensions, Horizontal
pipes 0.75-in., 1.5 in, and 3 in., in diameter, 27 ft long, were tested
with water-sediment complex., A reasonable correlation of all these data
was obtained on an f-Re diagram by substituting an apparent viscosity,
determined with a rotating viscosimeter, for the fluid viscosity,
Howard (28), 1939, studied the head loss in a 4-in, pipe about
30 ft long, the downstream half being the test section, with water-
sediment mixtures, Several concentrations and velocities were tested,
The sediment was so-called Pear!l River Sand., Some tests were rum with
gravel, The minimum energy loss occurred when a * jerking” motion
existed along the bed, Three methods of transport were observed: 1)

*jerking” at higher velocities,

rolling when velocities are low, 2} by 7]
and ?) by all particles being in motion at very high velocities, It
was found that f would decrease with an increase in V , and increase

with an increase in C; for a given velocity V .

Durepaire (21}, in a discussion of Howard (28), gave con-

clusions on some tests with water and 0.,012-in, Loire River sand
pumped through a 52-mm steel pipe. The head ioss expressed in feet of
mixture was found to be about the same as that for clear water,with con-
centrations as high as 40 percent by volume, The minimum head loss
occurred when deposition was about to begin, and the head loss was

never less than that with clear water., For a constant depth of deposit,

b
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the head loss varied as the square of the discharge, whatever the concen-
tration, There was no " jerking" motion, which seemed always to occur for
gravity systems.,

Danel (14), in a discussion of Howard (28), pointed out that a
density gradient in a pipeline could cause a damping of turbulence, just
as density variations with height causes the calmness of the atmosphere

at sunset,

Caldwell and Babbitt (4). reported in 1941 on extension of the

iaminar flow tests of 1939, with sewage sludge, to the turbulent regime,
New standard black steel pipe 0.5 in,, 1 in,, 2 in, and 3 in. in diameter
was employed., Except for the 0,5-in, pipe, the test reach was 21 ft long,
preceded by at least 40 pipe diameters for establishing the flow pattern,
The friction loss was measured for several velocities with each
of the eight sludges tested,
In analyzing these data it was found that a diagram of f versus
Re = VDpP /u was adequate to solve friction loss problems when the vel-
ocity was greater than a certain magnitude, For velocities less than
this, the hydraulic gradient deviated appreciably from that for clear water
in the same pipe. Another important conclusion was that, for sludges
composed of water and suspended material, the viscosity of the dispersion
medium is nearly the same as that of water, so that the common hvdraulic
formulas can be used in evaluating turbulent flow friction losses when

pumping sludges,
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Wilson £§§2, proposed an elementary theory in 1942 of pipeline
transport of non-colloidal inert solids, assuming that the particle set-
tling velocit~ relative to the transporting fiuid is known. A relation-
ship was written between the work done by the liquid on the particles
and the decrease in potential energy of a settling particle, Using the
Darcy-Weisbach equation and assuming the energy gradient may be divided

into two parts, the result of the energy calculation was the equation

= + 1 4 A, s 3
J 2gD Yw ¢ <) v 3

for the hydraulic gradient when sediment is being transported, where
T’5 and )/W are the unit weight of the sediment and water respec-
tively, The fall velocity of the sediment particles is w and A; is
a constant,
By assuming Cy , W, f , A, , and D constant, a condition

for deposition was derived, The condition is

w/ o ’ng/’4 =1,

for horizontal pipes.

That actual crses would differ from this, due to non-uniform
values of shear over the cross-section, was recognized,

Danel (13), presenting some theoretical considerations in 1948,
again put forth the concept of "evening caim” with respect to a fiow having
a marked density gradient, It was concluded that the amount of energy
dissipated in maintaining sediment in suspension was about equal to the
decrease in energy dissipation due to damping of the turbulence, i.e, the
total head loss for a mixture is approximately the same as that of a fluid

of the same average density,
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The concept of a plastic film near the wall was postulated for
the transport of very fine material, This is the usual laminar sublayer,
into which the sediment has diffused until the layer is plastic in
character,

Durand (17) reported in 1951 on the hydraulic transport of
gravel and pebbles, The material was sieved into categories between the
following limits: 2.3 mm - 5,25 mm - 9.9 mm - 15.5 mm - 20 mm - 25 mm,

A 104-mm horizontal pipe was used for the tests,

The head loss varied with total load for all the gravels studied,
but seemed independent of the mean diameter of the grains. Furthermore,
for a given velocity in the range usually found in hydraulic conveying
work, the head loss was higher than that for clear water,

A classification of ’'sand’ sediments was proposed, based on the
characteristic plot of head loss versus velocity plot for each class. The
classes are: 1) silts and fine sands which follow the Stokes law, 2)
coarse sands, and 3) gravels and pebbles that follow the Rittinger law,
This classification emphasizes the significance of the parameter w/V .

Durand £i§l discussed in 1951 some experimental work on pumping
fine ashes from a power plant, The material covered a wide size range,

2 to 100 microns, with a specific gravity of about 2.5, The pipeline was
250 mm in diameter., Total load was as high as 300 grams per litre,

It was felt that due to the heterogeneity of the sediment no
precise conclusions could be made until additional data on screened sedi-
ments were available,

Tison (46), wrote in 1952 on tests with a chemical plant residue
of about 0,05 mm, which was pumped through l-in, and 2-in, diameter pipes,

Concentrations by volume of 15 and 30 percent were used, Head loss was
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measured in feet of water because the specific gravity was always less
than about 1.15, a negligible exror.

The s=diment reduced the resistance coefficient f considerably,
at least for Reynolds numbers greater than 10,000,

RKestlicher (31), 1952, studied head loss in a 101,6-mm cast-

iron pipe &1 m long transportihg very fine sediment. Specific gravity of
the mixture ranged from 1,00 to 1,28, As in earlier investigations, it
was found that the head loss curve corresponded tc that of clear water for
velocities greater than a value depending on the total load. In this case
the asymptotic curve was determined after the tests had been completed,
and a very smooth ccat of sediment covered the pipe roughnesses, This
coating reduced the resistance about to that of & hydrodynamically smooth
pipe.

Head (26}, 1952, working in the paper engineering field with
non-Newtonian fluids of puip and sulfite, introduced terms to replace the
dynamic viscosity which is strictly appiicable only for Newtonian fluids,
The shear diagram was a straight line with a non-zero intercept for zero
shear over the range investigated., This led to defining the physically
meaningful‘%lape viscosity”as the slope of the shear diagram., An '"apparent
yield stress”™ was defined as the intercept on the shear diagram when the
shear was zero, A “shear criterion” was introduced for non-Newtonian
suspensions,

Durand and Condolios (19), presented a very complete paper in

1952 on the hydraulic transport of sediments having a specific gravity of
about 2,65, Besides silts, etc., nine categories of sediment, from fine
sand to pebbles, were studied in four conduits of 40,6-mm to 250-mm di-

ameter, Totsl sediment load varied from 50 to 600 grams per litre,
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Using a "whistle meter" for discharge measurements, it was re-
ported that for non-deposit regime and concentrations less than 20 percent
by volume the -anometer reading was not affected by the presence of sand.
Also, for fine sands in high velocity flows the presence of the material
did not have an appreciable influence on the value of the head loss ex-
pressed in terms of clear water, i.e,, the presence of the material was
not detectable on a metallic manometer,

The head loss for muds in turbulent flow was found to be the
same as that of water, if the head was expressed in height of mixture

For analysis of the data on fine sand and coarser material trans-
port, it was found that the Gasterstadt relative head loss (J - Jo)/Je

was a significant variable and related to the transport concentration by
(J = J /3Ly = O, 9

where © was to include V, D, d, etc, It was decided that for
sediments having a sieve diameter d greater than 2 mm, with 2 given
velocity V , the head loss is independent of the sediment dimensions,
The term J, is the hydraulic gradient for the pipe transporting clear
water under the same V as the corresponding J .

In constructing © , it wes determined empirically that, for
d and D a constant, © = ©(V) , If D were varied, © = 8(V/~/gD).

With both d and D wvariable, © became

9 = 8((V2/~/gD) (~/gD/w))

All these data for fine sand or coarser material transported entirely in

suspension, by water, were correlated by
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8 = A, (+/8D/V)3 (w/~+/zgd)*-" ,

where A; is an empirical constant.

Craven (12), 1952 presented the results of studies at the
University of Iowa with €0 ft lengths of 5.55-in, ID and a nominal
2-in, diameter plastic tubes, Tests were run with three grades of uni-
form quartz sands (0,25 mm , 0,58 mm and 1,62 mm), The slope of the
tube could be varied at will,

By dimensional considerations it was demonstrated that the bed-
load transport could be adequately described by two dimensional relations,
The experiments were designed tc determine these functional relationships,
The investigation was not sufficiently extensive to attain the original
objective, but certain interesting observations were made, It was found
that the bed configuration, for each of the sands, evolved through the
same pattern but the value of C; at which a given change occurred was
different for each grain size, It seemed that the higher the value of
V/w , the greater was the tendency for sediment to be lifted into suspen-
sion and the less the tendency for it to travel by dunes,

Ambrose (2), 1952, extending the research of Craven (12), with
the same basic equipment, investigated the case of free surface fliow in
pipes, Two relationships to define the phenomenon of sediment trans-~
port were derived by dimensional analysis: a) a traaspori function re-
lating the discharge to the geometry and to the other characteristics of
flow, channel, and sediment, and b) a discharge function relating the
discharge to the resistance to flow of the sand bed and pipe wall,

Analysis of these data indicated that the transport function
appears to be dependent sclely upon the mean geometry, No discermible
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effect due to d/D was evident, It was found that the transport reached

a maximum value of approximately
N - 2/5
;...9 ( YS/ ‘(w 1) /o

Deposition would not occur for values of the total load greater tlan this,
The parameter ¥/ ¥, Was constant.

The discharge function seemed adequately defined if k/D and
Re were neglected (k is an equivalent uniform sand roughness),

Durand (16) reported a somewhat more complete analysis of Durand
(19). However, the principal results were the same, The main difference

in the two papers is that this 1953 report was published in English,

Turbulent Convevance by Air
Y. oy

Apparently there has been little exchange of knowledge between
the investigators using air and those using water as the continuous phase,
Different nomenclature and different names are given to the same parameters

and eguations with which the hydraulic engineer is familiar., In the
following reviews the authors definitions have been very carefully ana-
lvzed and put into the more standard symbols of fluid mechanics, The role
played by (J - je)fje should be observed,

Gasterstadt (23), presented in 1924 the results of studies on

the pneumatic conveying of wheat in a 3-in, ID pipe., This seems to be the
first paper to use the relative pressure drop, (J - Je)/je as a funda-
mental variable, Measurements were made of the friction losses accompanying
transportation of given total loads of wheat at various velocities in

horizontal pipelines,
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A linear relation, for given velocities, was found between
(J = Jo)/Je and the speci’ c output of grain., The effect of velocity
vas tinvestigated both theoretically and experires:alily by considering
w/V . The ve scity of an individual grain in the two phase stream was
measured by flas: “otography,

Cramp and Priestley (11) wrote in 1924 on pneumatic grain

elevators., Tests were made with No, 1 Manitoba wheat, with the purpose
in mind of developing curves of horsepower per ton-hour for various rates
of transportation, The acceleration from rest characteristics of wheat,
desirable grain-air mixing nozzles, and thecretical efficiencies which
could be expected from plants were investigated. Only vertical conveying
-as studied. These data seem to be somewhat incompletely nresented,

Seg:er (42), 1934, studied the effect of ripe diameter on the
horizontal conveying of wheat by air. The pipes ranged from 46 to 420
mm in diameter. A few data were taken with oats, and some on the ver-
tical transport of wheat,

These data for horizontal conveying satisfy a single linear

function on a log plot of
(J/Je - 1)1r versus Re (d/D)? ( ¥/ ¥y,

where r = C, ( Ys/ Yw) and P, is the air mass density,

Woud and Bailey (59) published results in 1939 of research with

sand and linseed sediments tranported by air in a horizontal brass pipeline

2.9 in, in diameter and 25 ft long,

25



Observations were on a saltation flow regime., The length of
jump decreased with diminished air speed. It was also observed that the
hydraulic gradient was steepest at the pipe inlet, The pressure drop due
to the grain alone depended on its rate of conveyance but not the grain
velocity, indicating decreasing frictiom between the grain and pipe walls,
The hydraulic gradient was found to be a linear function of the ratio of
solids to air,

Yogt and White (56), writing in 1949 on work with horizontal
and vertical pipes conveying granular solids by gases, followed earlier
scientists in using (J - je)/je as a primary variable, Friction loss
data were recorded on a O.5-in, diameter pipeline carrying 0.0088-in.,
0.,0138-in, 0,0018~-in, and 0,0287-in. diameter sand, 0,0165-in, steel shot,
0.,046-in. ciover seed and 0,158-in, wheat,

These data, for both horizontal and vertical transport, were

rerresented by the eguation
j g ; - 1= A D/d p () ¥ e

where r 1is the weight ratio of solids to air flowing, and A; and A,

are functions of

~ (/3C Vs - §a) .4
M/g?

The latter parameter was derived from the Stokes law., The effect of

particle shape was not investigated but seemed of secondary importance.
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Farbar (22) reported in 1949 on some studies of the isothermal
flow characteristics of gas-solid mixtures in vertical and horizontal
17-mm diameter pyrex tubes. The sediments were alumina, silica, and
catalyst, ranging from 8 to 220 microns in diameter, Air velocities in
the approach section were 50 to 150 fns, The ratio of weight of solids
to air varied from O to 16, Several types of nozzles were used to in-
troduce the sediment into the air stream,

Pressure measurements were made on a 2-ft test section along
the 7-ft test pipe. The nozzles were tested for stability of flow in
the system, as characterized by pressure surging., Qualitative obser-
vations were made on the flow pattern,

The conclusions were mostly qualitative in nature, At low
concentrations the solids seemed to travel in clusters following a
sinuous path, striking the bound-ry and deflecting back into the main
stream. For high concentratiens there was a temdency for the pressure
drop to be independent of concentration, It was further concluded that
the flow characteristics of gas-solid mixtures in which the particle
size distribution covers a wide range differ comsiderably from mixtures
of a narrow size range,

Belden and Kassel (5), 1949, wrote on the vertical conveying

of large particles in pipes, by air, Two steel pipes, 0,473 in, and
1,023 in. in diameter were used, preceded by a 20-in, glass section,
The catalysts were 0.0379 in, and 0,0764 in., in diameter, with unit

weights ¥ _. of 53.7 and 60.9 pounds per cubic foot respectively,

S

Measurements were made to determine pressure drop as a function of vel-

ocity and rate of sediment transport
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The pressure drop was divided into a static term and a friction
term. The Darcy-Weisbach equation was them arbitrarily generalized to the

form

ax ST —gb

Where dpg/dx is the friction pressure drop, Vg, the true air velocity
and G; the mass velocity of the respective mixture constituents. Most

of these data were represented by the empirical equation

0.2 5
f(Re) + 0.049 + 0,22 GaGs/(Ga + Gs)

with Re = DGaffcg

Hariu and Molstad (25), writing in 1949, reported on the vertical

conveying of solids by gas in glass tubes 0.267 in. and 0.532 in, in
diameter., Six sediments were used, Ottawa sand of 0.00165 ft and 0,00117
ft diameter, sea sand 0.00090 ft and 0.00070 ft in diameter, a microsphe-
roidal cracking catalyst of 0,00036 ft and a ground cracking catalyst of
0.00036 ft diameter,

The head loss was considered in two parts; that due to the gas
alone as if no solids were present, and a solids pressure drop. The
solids pressure drop was further divided into a solids static head, a
solids friction loss due to particles-pipe contact, and an acceleration
drop for some distance above the point of introducing the sediment.
Pressure gradients were high in the acceleration zone; the Darcy-Weisbach

equation applied beyond it.
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In studying sediments having large size ranges, it was felt that
some diameter between the average and the largest should be used in calcu-

lating the macss-average slip velocity,

Installed Plants and Their Design

The purpose of studying papers on the design of plants and re-
sults observed at existing installations is to gain an awareness of the
type of problems freguently encountered, The difficulties seem to be:
1) technigue of operation, 2) economic feasibility, 3) correct pump de-
sign, and 4) energy consumption,

Maltby (34), 1905, reported the results of friction loss inves-

tigations on the discharge lines of eight dredges of the Mississippi River
Commission., The dredges operated on the portion of the river below the
junction of the Mississippi with the Ohic, at Cairo, Illinois, Tests

were made from 1896 thru 1905, With the sediment all in suspension,
apparently in smocth pipes about 24 in, in diameter, f was found to be
about 0,015, Spezific conclusions were not presented,

Orrck and ‘orrison (39). as early as 1921, made estimates on

the economic practicability of pumping anthracite and bituminous coal
as far as 320 miles, Excluding water costs, all the estimates were equal
to or less than 3 mills per ton-miie for pumping 6 million tons per year,

Cramp (10), 1925, set up a design criterion for pneumatic con-

veyors, Plants were classified as pressure, suction or a combination,

The factors to be zonsidered were the pressure differential, the sediment-
pipe friction, the air-pipe friction, the force to support the material,
the force to support and accelerate the air, and che force to accelerate

the matverial, A very lengthy equation involving all the above factors is
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given, for the case of vertical pipes, It is stated that a modification
of the equation would be applicable to horizontal lines, Measurements and
calculations d4iffered less than 4 percent, Horsepower was computed by
assuming isothermal compression,

Lambrette (33). discussed in a general way, in 1935, the pumping

of paper puip, dispersed clays, effluent water, and other solids, A so-
called stereophage type pump, suitable for pumping fibrous solids, was
described, It is a special centrifugal pump which should not clog easily,

Thoenen {(45) discussed in 1936 the advantages and disadvantages

of pipeline tramsportation of sand and gravel, An example of typical
pumping performance curves and a list of the characteristics of mixtures
are given, Included alsc are friction losses for fittings and scme dredge
pipeline dats,

Ducepaire (20), 1939, in a comtribution to the study of sedi-

ment pumps, carcied out a complete and clear analysis of stability in
sediment-water mixtuce transport lines, Hydraulic gradient was plotted
versus discharge of mixture for various arbitrary total loads, giving a
tyrical curve in which there always exists a minimum head loss for each
total sediment load, A hypothetical pump characteristic curve was
superimposed on the [J-V diagram, The stability of the plant operation,
which decreases the probability of pipeline clogging, was present for
any pump having & Q = constant characteristic, and conversely,

Chatley (8), 1940, discussed the elements of power consumption
in the transport of granular solids in suspension, The significant ones

are lifting the solid particles, accelerating the grains, sustaining the
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grains, friction against the pipe walls, accelerating the fluid, fluid
friction and losses at bends and valves,

Sample calculations were presented for a 6-in, pipe 50 ft long
transporting 48 tons of grain per hour, Air was used as the fluid, The
computations indicated that roughly three times as much horsepower is
required for horizontal transport of grains as for vertical convey-
ance, The major portion of the difference in power seemed to be due
to the higher power requirement in the horizontal pipe to accelerate the
grains, It was felt that slope is a significant variable in pneumatic
transport when it deviates from the vertical,

Soleil and Ballade (44) carried out tests in 1951, reported in

1952, on the Nantes dredging operations. Head loss, rate of material
transport and depth of deposit in at 580-mm and 700-mm pipe were measured .
The test section was about 100 m long, horizontal and located at the
end of the main dredge discharge line,

Conclusions were that the pipe diameter ought to be chosen as
large as possible in order that the width of deposit represent a con-
siderable part of the pipe diameter., The larger pipe had the lesser
head loss and carried more sediment per cubic foot of discharge than a
smaller pipe with equal mixture discharge,

The head loss was very sensitive to sediment size, Material
over 0,3 mm affected the head loss, but material less than 0,3 mm diam-
eter did not influence it,

Dougherty (15) made & survey, reported in 1952, on the prob-

lems presented by pipe transportation of coal by water, After reviewing

the opinions of manufacturers of centrifugal sand pumps, and some
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economic studies available in the literature or files of manufacturers,
the conclusion was reached that coal could be transported economically
in pipelines, especially in large tonnages. Further conclusions were
that, before coal pipelines could be built, many more pumping perfor-
mance data are needed, pumps need more development, data on erosion of
pumps are lacking, and data on the most economical linear pumping vel-

ocities and pressure drop must be determined for various coal mixtures.

Miscellaneous Items

The reports reviewed below were studied because of their
bearing on instrumentation and technique, properties of fluid-sediment
systems, stability of concentration profiles, and variables of current
importance in open channel sediment work for which there is an analogy
in the present study.

Rowalki (32), reported in 1938 on a series of experiments on

pumping of an aluminum suspension through an orifice to determine the
flow characteristics. A series of photographs shows the path of the
powdered aluminum,

The. U. S. Corps of Engineers (53), 1941, reported on laboratory

investigations of suspended sediment samplers., The following points are
relevant to the present study:
1. Comparing a standard nozzle to a rounded-edge type,
with O0.45-mm sediment, a variation of the sample
intake velocity by + 10 percent from the ambient vel-
ocity caused a sampling error of * 3 percent. Velocity
variation of A 20 percent gave * 6 percent concen-

tration error,
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2, The standard nozzle, with V = 5 fps, had a + 3 per-
cent concentration error for a + 20 percent error in
intake velocity,.
3. Various concentrations have little effect on the
magnitude of error for a givem sampler,
Vanoni (54), 1946, published results on the sediment distri-
bution in an open flume, The purpose of the studies was to investigate

the relaticn between the momentum exchange coefficient € and €

m s
ia the diffusion equation, The equation
- z
C/Ca =(D A . a ) 1 (5)
y D* -~ a

was the basis of analysis, This equation is sometimes called the "Rouse
equation” and 2z, the "Rouse number’, The concentration Ca is at the
elevation a above the bed, Df is the depth of flow and y is the
distance above the bed that ¢ is measured, The form of the equation
was satisfactory but the value of the exponment 2z, was not in quanti-
tative agreement,

Furthermore, suspended load reduced the magnitude of the
Karmén K | which characterizes the effectiveness of the turbulence
in transferring momentum, This is equivalent to a reduction in € »
which measures the effectiveness of the diffusion process, The idea
that the sediment damps the turbulence was put forth,

Alves (1), 1949, discussed the viscous and turbulent flow of

Bingham plastics, pseudoplastics, dilitant suspensions, thixotropic

suspensions, and rheopectic suspensions, The characteristics of each
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are shown graphically for comparative purposes, Possible methods were ad-
vanced by means of which head loss could be measured,

Prandtl (40), 1952, in a section discussing the fiuid media,

presents the Richardson number Ri as a stability criterion, By defini-

tion,

R = 8L dp/dy (6)

* (du/dy)?

Sobolewski and Grove (43), 1953, reported data on head loss

when pumping fire fighting foam through O0,5-in,, 0,75~in, and 1l-in,
standard black iron pipe. These foams were non-Newtonian systems, Rates
of flow varied from 27 to 155 pounds per minute, For each rate of flow
the fcoam specific gravity was varied from 0,1 to 1,0,

Pressure drop was a function of the fluid viscosity for foams
having & specific gravity of 0,4 to 1,0, For these foams a laminar
lubricating layer existed, if the velocities were not excessively high,
resulting in low energy requirements, If the foam had a specific gravity
less than 0,2, there was not an excess of liguid to readily form a
lubricating layer and it was thought that the pressure drop was a func-
tion of the surface tension of the solution, because the pressure drop
versus specific gravity curve approached a straight line, A transition

existed between specific gravity 0,2 and 0.4,

Summary

Tre literature is summarized by classes, for simplicity.
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Boundary form studies indicate that the number of investigations

conducted on the effect of boundary form on sediment transport is very
small, The corc-lusion which can be drawn from these very limited data

is that, for sediment large enough to settle rapidly, an artificial rough-
ness will result in less energy expenditure to transport the mixture for
some range of mean flow velocities,

The tests carried out to evaluate the effects of artificial
roughness, on the fluid mechanics of clear water flow, are of fundamental
importance, Such data lay the foundation for the more complex situation
which will exist when sediment is present, Corrugated boundaries were
investigated in combination with smooth surfaces, and a wavy layer of
fluid was present near the corrugated surface, A recent paper postu-
lating three basic types of flow, which are isolated roughness, wake-
interference and skimming, is significant, Each type of flow can be
associated with the results of a physical boundary shape and spacing on
the flow pattern,

Laminar transport by water, has been, for the most part,

employed with sludges and slurries. Boundary form hardly enters these
problems, The dynamic viscosity of a Newtonian fluid in not adequate to
describe the properties of non-Newtonian sludges and similar sediment-
laden flows, Solution of problems of friction loss, tramsition to
turbulent flow and clogging reduce to a study of effects of the mix-
ture properties, represented by the slope and intercept of the shear

diagram,
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The problems of turbulent transport by water are divided by

classifying the sediments according to size, i.e,, muds and silts, sands,
gravels, and pebbles, This implies size is a very significant variable,
The friction loss in transporting very fine material is generally ac-
cepted to be the same as clear water, if the head loss is computed im
terms of the mixture unit weight. Head loss can be expressed in terms
of clear water, when transporting sands, with the conclusion that the
sediment reduces the energy expended by the continuous phase, Analysis
by means of the f-Re diagram has led to various definitions of an
apparent viscosity, with no definite comclusions, It is generally be-
lieved that the most ecomomical transport velocity corresponds to
incipient deposition, for materials small enough to be carried in sus-
pension, A nuhmber of criteria for deposition have he=n advanced, Large
particles usually travel by " jumpé) i.e., in the saltation regime, The
parameters which seem to occur frequently are: Re , v/~/gD , w/-/EE .
J s Ctg f, 'Os/‘ow and w/v

Turbulent fransport by air is centered about the study of ver-

tical conveyance of cereals or fluidization of catalyst beds, A large
number of sediments have been studied, with Re, f, and (J - Ja)/Je

as primary variables, Several definitions have been used for Re in

an attempt to correlate data, Shape factor for the sediment is believed
to be of secondary importance., Head loss is frequently spiit in parts;
that due to the particles, pipe and air, static losses and various
others depending on the preference of the investigator, The slip vel-
ocity between air and particle is important, and transport is mostly by

saltation,
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Instailed plants and their design indicate there is a very lively

interest in sediment tramsport in pipelines, Plant operstion techmigues,

pump design, new materiais to transport and economic studies are re-

3

ceiving support from industry,

P

The varicus miscellaneous items reviewed each had only a specific

point to iilustrate as far as the presemt study is comcermed, thus they

do not liead to any general conclusions,



Chapter III

THEORETICAL CONSIDERATIONS

Some insight into the mechanics of fine sand sediment trans-
port, by water in pipelines, can be obtained by certain theoretical
considerations, Theoretical analysis employs two complementary methods,
One method is based on the fundamental concepts of Newtonian mechanics,
i.e,, Newton's second law, conservation of matter, and an equation of
state. The complementary method is dimensional analysis. Experience
plays an important role in selecting the significant variables for
dimensional analysis, and organizing certain ones of these variables into
products which form dimensionless parameters capable of physical inter-
pretation,

The classical equations of hydrodynamics will be presented and
discussed in this chapter, in-so-far as they apply to the problem of
pipeline sediment transport. Consideration will also be given to the
dissipation of energy by the sand-water system and dimensional analysis
of several specific problems.

Local concentrations, local mean velocity and mass density are
considered measured over a macroscopic volume of sand-water mixture suf-
ficiently large that they exhibit no appreciable discontinuity because
of the two materials present in the system,

It is also quite possible that a suitable solution could be
obtained for many of the problems of the mechanics of sediment motion by

introducing the tools and concepts of statistical mechanics.
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Classical Bquations

The classical equations employed in a study of viscous fluids
are the Navier-Stokes equation, the continuity equation and the equations

of state,

The Navier-Stokes equations are an expression of Newton's law

= d(mv)/dt applied to a fluid continuum., Newton’s law of motion for

a viscous fluid may be written in the form
OF, + 2 3T, /2%, = pdvi/dt , (i=1, 2, 3), 7
J

where the first and second terms on the left represent the i th rectangular

component of the volume and surface forces, respectively, in an inertial
Cartesian coordinate system (x1 y X5 xa). Tij is the stress tensor

for an isotropic viscous fluid, which may be written in the form,

3

Tyj= D835+ M(OVy/Ox5+ Dvydx; - gdij% v/ ox) . (8

\ is the i th rectangular component of velocity of a macroscopic element
of fluid, 5ij , is the Kronecker delta, and 4 is the dynamic viscosity
of.the fluid,

Subst ituting Bq 8 into Bq 7 and assuming Eué/azxi is zero,

32
+ ,U.Z

F, -
P 1 aXi &xi J BX"

. 9)

Using vector notation, Bq 9, the Navier-Stokes equation, may be written

dv
PE - Vb + [V + {v(v.n] =pgn

ov
=Pl LV, (10
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Bq 10 will apply to any small macroscopic volume of the sediment-
laden flow which is approximately isotropic in character and for which the
time rate of change of strain may be linearized, This amounts to saying
that the sediment must be, in general, of a size not greater than the
very fine sands, and the concentration must be fairly small, say 10 to 15
per cent by volume., The condition of homogeneity cannot, in general, be
satisfied throughout the volume of sand-water mixture contained in a
large pipeline,

The continuity equation of the sediment-water mixture is

op/ ot + V.py, =0, (11)
where v is the velocity of the mixture, and @ is the mass density

defined by the equation of state

P=p,+ (L - PIC, (12)

where f%" and Fg are the mass density of water and sediment respec-
tively, and ¢ is the local sediment concentration., This equation is
applicable to a pipeline conveying sediment, assuming no sources or sinks
exist.

However, the purposes of this dissertation require a continuity

relation for the sediment. Bq 11 is not useful because the relation
Ym = ¥ (¥s) (13)
is usually not known, where Vs 1is the velocity of the sediment.

Continuity Equation for Sediment
Concentration Distribution

A continuity equation for the sediment concentration will be de-
rived and then applied to sediment conveyance in a pipeline,
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The influx of sediment into an arbitrary but fixed volume

is given by

—/czs»ﬁda, L))

where # is an outward unit vector normal to the element of surface da ,
and s is the surface bounding T,, The time rate of change of sedi-

ment in T is given by

2¢C

Transforming Bq 14 to a volume integral and equating it to Bq 15, one

obtains
f(ac/at+ V-cvg) dT =0, (16)
T

Since T is arbitrary it follows that
2¢/ 0t + V-cvg =0, (17)

which is the desired continuity equation,

In order to apply Eq 17, an expression is needed for Cvg
Assume that the sediment pétfen: is due to diffusion and transport., Let
G be a vector which has the direction of the mean sediment motiom-
caused by a concentration gradient and a magnitude equal to the volume
of material diffused per unit area per unit time, The transport of the
sediment is due to the motion of the mixture and the fall velocity of
the sediment. Let c v ' represent this transport per unit area,
Therefore,

CVg =Cuvy' + G . (18)
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An expression can be derived far G in terms of ¢ by means

of the Fourier law, which states that for an isotropic medium
3
i

where €; is an arbitrary function of position., The assumption of
isotropy is probably not extremely limiting when fine sediments at low
concentrations are considered.

Substituting Eq 19 into Eq 18 and then Bq 18 into Bq 17, one

obtains the following diffusion equation for sediment:

3
dc/ ot + Ve ' - T€dc/ ax5 83) = 0 . (20
Consider the special case of a horizontal pipe, let e, , e, ,

e, be unit vectors, where e; is along the axis of the pipe, e, is

vertically upward and e; is normal to e, and e, . Further, assume

V' = Vg, eyt Vg2 €2
3c/2x3=0 , (21)
2¢/ ot =0 .

Making use of Bq 21, Bq 20 becomes

a(cv51' - €x; 2¢/0x,)/2 %, + a(cvsz' - €x, o¢/Ix,)
/2 x, =0 (22)
For the steady flow of mixture,
29y, /0x =0, (23)
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and
e/ 20x =0 , (24)

hold, and Bq 22 reduces to

Oev, " - €, dc/2x,)/d%, =0 . (25)

2

Since ¢ , v 2’ and x, are functiens of x, only, the partial
s
derivatives in Bg 25 may be replaced by total derivatives. Integrating

with respect to y Bg 25 becomes:

2 =
cv,, 6Y de¢/dy = constant, (26)

where x, has been replaced by y . In order to put Bq 26 in more mesn-~

ingful form and evaluate the constant, multiply through by dxdz . Thus.
(cdxdz)v, ~ ( €y dc/dy) dxdz = constant dxdz .

in the first term, cdxdz is that part of dxdz occupied by the sediment
particles, If v, were the fall velocity of the sediment, the first
term would be the volume of sediment settling downward across dxdz per
unit time, The second term is the volume of sediment per unit time dif-
fusing upward through dxdz . Setting v, = -w , the particle fall vel-
ocity, and the constant equal to zero,

cw + € dc/dy = 0 , (273
where €y is associated with the sediment exchange coefficient € .
Eq 27 is the fundamental equation for the sediment concentration distri-
bution aleng the vertical diameter of the pipeline in which pronounced

secondary circulatzon does not exist,
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In order to apply Bq 27, it is necessary to derive an expression

for eg/w in terms of y . While w varies with sediment concentration
and proximity to boundaries, it has often been given a magnitude corres-
ponding to the fall velocity of the median particle sieve diameter, The
exchange coefficient €g is frequently assumed a constant along the
vertical direction. However, experiments in Burope, Durand (16), demon-
strated that such assumptions are not accurate enough to enable one to
solve for the concentration distribution in pipes in the general cases,

i,e,, for any size sediment, pipe or mean velocity V .

To interpret the continuity equation for the pipe problem, it

may be rewritten as

j//f;y/( Es/w) =t)/:1/c) (d¢/dy)dy = 1n (a/ca) (28)
Y Y
c/cy = exp | - gy (29)
/W

y

or

where y is measured from the bottom of the pipe and ¢, is the local
sediment concentration a distance a above the bottom of the pipe. The

relative influence of pipe boundary forms on the concentration profile
could be determined by comparing plots of &/W for various pipes

carrying a specific sediment.

Two particular sediment distributions will give an idea of the

functional dependency of € in an actual case. One case of Bq 29 is

c=c which implies

a’
._.._d.Y._._so
Eg/W

y

. (30)
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This is true when w/ € = 0, i.e., w =0 and/ or fs is finite and
very large. ‘ior example, inert dispersed clay or very small silt par-
ticles would give c = C, because w £ 0 . The same result could occur
with fine sand, if €s>>w. This latter case implies a rough boundary
and/or a large Reynolds number inducing a large amount of turbulence.

A situation which arises more frequently, with fine sands, is a
linear concentration distribution over a vertical diameter of pipeline.
According to Durand (16), it occurs for nearly any smooth pipe if the
mean velocity is sufficiently high, and w and U& are small. The stand-

ard deviation of the sediment sieve diameter is 03'. By calculation it

is possible to demonstrate that
€/w=Ay+ KD, (31)

for a linear concentration distribution, where A' and A’ are constants.
The calculation can be verified by putting Eq 31 into Eq 29, integrating

eln A , and carrying out the

from a to vy , using the identity 1nA = ln
necessary algebraic operations.

Both of the above concentration distributions are significant
because they represent types of profiles that are desirable in trans-
porting sediment. Deposition will not take place until large total loads
are present in any pipe boundary which can induce such profiles, Hence,
in comparing boundaries satisfying Eq 31, one is essentially looking for

a boundary characterized by a large ¢ and a small energy dissipation,

)

for a given sediment.
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Energy Considerations

The total mechanical energv per unit volume of flow complex may

be defined as
E = pv2/2+p+ pey . (32)

With the above definition, an expression for the rate of

energy dissipation can be derived, Consider a simply-connected region

of space 7T fixed with respect to a coordinate system placed at some
fixed point along a pipeline. The energy of a unit volume of mixture
outside of the surface bounding T is given by Eq 32. The flow of

energy into 7 per unit time may be written in the form

-f E v.nda = —-f(V.Ev) d7 (33)
s T - - -

The rate of dissipation, i.e., conversion into heat, is

dE
....._'I_‘ = _C_i_ f E d =f -a—f- dT (34)
dt dt o T 7]

Adding Egs 33 and 34 and reducing to differential form,
0E
L= V.Ev = 0 (35
ot -

This is the basic equation for energy considerations.

The energy loss per unit volume due to the sediment is the

difference in rate between a homogeneous flow and sediment laden flow,

For a homogeneous incompressible fluid, with aP/’at =0, Y.v=0



Therefore, with a homogeneous fluid,

2B/2t = -y .VE . (36)
Expanding Bg 35 for the sediment-laden flow,

2B/ 2t = -v.VE - EV.y . (37)

Hence, the additional energy expended per unit volume per unit

time due to the sediment is

) Eh = ~E(<7Qx) . (38)
Substituting Eq 12, Eq 39 may be written as

§Eh = B VP/P Vo (39)

From Eq 39 one has the significant conclusion that 4B =0
when Y7f>= 0, pP= constant, i.e., a uniform sediment distribution,
in detail, any pipeline which is capable of maintaining a uniform sediment
distributrion can transport sediment without additional energy dissipation
per unit volume over that required to tramsport a liguid of the same
average density.’

Consider Eq 39 when $7F)# O . Substituting Eqé 14 and 32,

Eq 39 may be written in the form
=L, . P2 9gc p
§Eh-—f,(p ZVrPE (P - P Voo = (5
(405

replacing v, by -w .

47 -



In the analysis of the effect of various boundaries, the de-
sirable boundary, again, would be one such that dc/dy = O . The next
most desirable is ome corresponding to dc/dy = constant, i.e., a linear
concentration profile., But in any case the energy rate is directly pro-
portional to w and dc/dy , and inversly proportional to ¢ . This
equation also emphasizes the important role played by PS - ph .
(compare sand-air and sand-water).

The integral representation is better suited to evaluating the

energy dissipated over a length of pipeline. The basic equation is

dE./dt =f¢ V-EvdT . (41)

Expanding Eq 41,
dE /dt =f(£\7.x +VE-vdr . (42)
T .

Substituting Eq 32,
dE‘r/dt =/(v,p_‘_/_ + vV .‘Ogyy_ + V.p v2/2 v) dT (43)
T

Eq 43 is applicable whether sediment is present or not. To
apply this equation to a pipeline, select a region of length along the
pipe, parallel to the direction of the mean flow. Transform the second
two integrals of Eq 43 into surface integrals and intergrate over the
boundary surface, We find that dEp/dt = JK; (Z.pv) dT for the mean
flow. Let s be the surface composing the ends of the region, i.e.,

the planes normal to the pipe axis. Then
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&/17,pgda = ‘/Z pv.nda = ¢ bvda , (44)
dB /dt = U/; pvda - o/gzpvda , (45)

where s is the upstream cross-sectional area of the unit pipe length
1
and s, the corresponding downstream area.
For a homogeneous fluid, without sediment, retaining the second

integral of Eg 44,

dET/dt

J/'(p-+ Yy) vda

a:/(p/v/ + yivda.

H

From Eq 10, p/% + y = constant over a cross-section normal to the

direction of the main flow. Therefore,

dE./dt = (p, -p,) Q,

which is directly proportional to horsepower, i.e,, the classical result.
Comparing the flow charagteristics of a homogeneous fluid to
those of a sediment-laden fluid, sediment may cause the pressure distri-
bution to be non-hydrostatic, thereby changing the rate of energy
dissipation. The effect of this deviation of pressure from the hydro-
static could, conceivably, be negligible when Eq 44 is integrated over
a cross-section of the pipeline., The conclusion can be drawn that a
sediment-laden fluid might not dissipate more energy per unit time than

a homogeneous fluid of the same average unit weight.
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Analytical Definition of Total Load

’Up to this point in the development, & locel mean concentration
¢ , in decimal by voluwe, has been used, Ano’ther definition of concen-
tration is more significant, for example, to a dredge engineer, The
dredge engineer needs a concentration which when multiplied by the dis-
charge of mixture will give the cfs of sediment being pumped, The total

load C; defined by
cQ=¢6, (47

has the necessary property. "o evaluate C, in the laboratory, from con-

centration profiles, it is necessary to evaluate

L]

Ty (1,/Q)fcv1da (48)

(1/Q)jc(7> v,(y,2) dyde,

wherein time averages are assumed., The integral of Bq 48 is difficult to
calculate because of the different functiomal depemdency of ¢ and v, .

By iustelilng suitable instrumentation for measuring, C, can

be determined easily, A cross-section is needed at which

QGt =fcv=da= c[vlda= cQ

or
QCy =f cv,da = v, [ cda,

The former case is desirable,



General Function for Dimensional Considerations

In order to study further the effects of boundary form on fine
sand transport in pipes, one can resort to dimensional considerations.
Often, when a purely theoretical analysis becomes so complicated as to
stall progress, it is possible to extend both analytical and experimental
aspects of the problem dimensionally, This section is intended to set up
the function from which can stem dimensional analysis of any specific
point of the general problem,

Variables entering the study are of four types; those des-
cribing the fluid, the sediment, the flow, and the geometry. The signif-~
icant fluid variables are (%, , Al , and ¥, . The sediment can be
fully characterized by Pg, d, 04, ¥s and sf . Flow variables
are V., v, C, ¢, and J . The geometry of the several pipes can
be characterized by D and @ (boundary),

Some discussion of the variables is in order, All terms, that

have a time associated, are time averaged, i.e., turbulent fluctuations
have not been included, as indicated earlier, The reason for this is
that existing equipment for water chanmels is not capable of accurately
determining such short duration phenomena, The hydraulic gradient J is
an average value charaeterizing the entire cross-section, It is ex-
tremely important to remember that net all the variables listed are in-
dependent, This point will be treated in detail as the need arises. The
boundary parameter @ is made up of those geometric parameters necessary
to describe the boundaries. All considerations are with respect to a
horizental pipe.

A coordinate system satisfying
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is assumed, The axis along e; will correspond to x, , and v, will

3
be along this axis. Let r = i% -
i

Bringing the variables together in one functional relationship,

Yl , Py r Ms ¥ s Ps 2 42 T » sf ,V,¥v,C ,¢c,7J, D, @) =0.,049)
From this equation will stem dimensional analysis for the several specific
points to be studied.

One should observe in the following development that Y is a
symbol denoting an arbitrary function, and is not the same function

throughout the chapter.

One-~Dimensional Analysis

The equation

J=¥(p

w:,u:Yw:PS,daca’Sf:vact9D!g)

is the starting point for a one-dimensional analysis, Observe that the

sediment is sufficiently characterized ﬁf Fg and d . Therefore,

J=¥(p

w’ﬂ’waps!d’V’CtsD’g)- (50}

The variables in Bq 50 can be arranged into significant dimen-
sionless groups by selecting F; , V, and D as repeating variables,
The resulting function is

J = w(V]jan ’ ’ Ct ? g) .

* ?

b5
Pw

o] =

7,
2lx]l=
v}
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For the work reported herein, PS/(DW and d/D are constants,

Therefore,
J=VY(Re, VgD, C;, 9/D) . (51)

Eq 51 contains the significant dimensionless group= which
form the basis of analysis for specific one-dimensional problems, Of
course they can be mulitiplied or added to one another as desired, and
used in conjunction with explicit auxiliary equatioms,

The resistaance problem will be comsidered fivst, If sediment

were not presemt, Eq 51 would reduce to
J=WRe , V/+D, 0/D) (52)
Amplie evidemce by earlier imvestigators has demonstrated that the form

eI = V(Re , 9/D)
V<./2gD

fuily represents the data for a homogeneous fluid flowing in pipes,
The expression J2gD/V? is known a&s the Darcv-Weisbach re-
sistance coefficient f , Assume a similar solution for the present case,

Then
f = V{Re s Ct s 9Dy 333

Eq 53 is suitable for a fundamental study of the one-dimensional re-

n

istance characteristics of pipes carrying sediment; so long as there are
no staticmary or quasi-stationary deposits on the botiom of the pipe, If

deposits exist, then a new definition is needed for ¢ , In this report
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only suspended flow is of interest. Therefore, when C; is such that
=@ (c) , th's fact will be expected to show up as a deviation from
Eg 53,

The f-Re diagram, with @/D and C; as additional variables,
seems the best procedure to use in analyzing these data. A curve for
each (/D can be expected for those data which correspond to Ci = O
Then, as C; is increased, the effect of C; can be added as a fourth
variable, The @/D used here is somewhat a&nalagous to the Nikuradse
relative smoothness rg /k for uniform sand grain roughness,

A from of Eg 53, which has been used frequently, results from

substituting the definition for f and rewriting the equation in the form
J=Vi/2gD Y(Re , Cp , 9/D) .

Taking the logarithm of this,
log J = 2 log(v/~/gD)+ log yV . (54)

Study of Eq 54 reveals that, if Re and C; do not have amy influence,
a iog-log plot of log J versus log V/-/gD will be a straight line
with an intercept depending on the boundary form, since @/D is a con-
stant for each, This is exactly the case for turbulent flow in hydro-

dynamically rough pipes, when Ci = 0 . Then BEq 54 can be written
log J = 2 1@g(V/=,/2g'D")+ log ¥ (9/D) (55)

Foer wough pipes, the procedure in applying Bq 55 is to make one plot for

each 7D , then vary Ct and see if there is any deviation from the
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straight lines of Cy = O , While Eq 55 is dimemsionless and fundamen-
tally sound, work with Ci = O is still being presented by most ex-
perimenters in the dimensional form log J versus log V _, For
comparative purposes, the J-V diagram will also be used,

Two of the classic resistance equations for the study of rough-
ness, which can be found in an elementary text on fluid mechanics, are
given for reference purposes;

Karman-Prandtl (smooth pipes)

1/-/f = 2 log(Re~/T)- 0.8 , (56)
Karman-Prandtl (rough pipes)

1/-/F=2 log(ro/K)+ 1.74 , (57)

Analysis of incipient deposition can be carried out with Eg 51

as a basis, Since D is & constant throughout the study, it is omly a
dimensional constant in Re and V/</gD , As far as studying deposition
is concermed, the principal influence of the wviscosity .« is its effect
on the particle fall velocity, That w mneed not be considered is evi-
dent by noting that d/D , as used in place of wfy , was constant and
could be dropped from the beginning, This reduces to Re gnd V/-/gD
both being velocity parameters, FPor convenience (computation for ex-

ample), the latter parameter is retained, Then Bg 51 becomes
J=¥ /gD, Cp, 9D . (58)

As will be seen later (Fig. 8, chapter VI) for the range of
V/~/gD studied, C; is probably not importamt im f =¥ (Cy , O/D)

until deposition begins,
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Using this knowledge, Bq 58 can be written as
v/~/gD =¥ (Cc, , 9Dy, (59)

which should apply as a deposit is forming as well as when C, = o .

Let VL

given C¢ and @/D ., The equation for study of incipiemt depositiom is,

denote the velocity at which deposition begimns for a

therefore,
v /~ED =¥ c, , o). (60)

A horsepower function is needed in order to make designs and

economic comparisons of the effects of boundary form on sediment transport,
For reasons to be pointed out in Chapter VI, the most efficient operation
corresponds to operating, for a given J and V/+/gD , at the Ci of
incipient deposition, A fundamental parameter in design is the dimension-
al form HP, horsepower per unit length of pipe,

By definition,
HP = Q7 J/550 (61)
Assuming V= Y,

W < Q7,J

Using Egs 47, 50, 58, and 60, the equation for studying com-

parative horsepower, at the point of most efficient operation, is

HP = V(G , @/D) . (62)
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This is a dimensional equation. It represents the. horsepower per unit
length of pipe required to transport G cfs of sediment at the most
efficient operating point; what a design or costs engineer needs. However,
to complete the study, a plot of Eq 47 (QCt = G) needs to accompany the
plot of BEq 62, In this way the amount of water transported, which has

to be disposed of, is brought into the analysis., The real significance

of these equations will be brought out in Chapter VI,

Analysis of Internal Mechanics

Study of the mechanics of what is happening inside the pipeline,
on a local scale, is a somewhat different problem than the one-dimen-
sional analysis., Eq 49, repeated below, is the beginning point for a
study of concentration profiles, local deposition, secondary circulation,

diffusion coefficient, or the Kdrman K

4/(_{? Pw ? A, 7/W’ jossd: O’d’Sf,Vy v, Ct:c,
J, D, & =0 . (49)

Significant dimensionless groups can be derived by again using
V, fPw., and D as repeating variables, The dependent variable will
be the local concentration ¢ . The sediment shape factor is comstant, and

hence unnecessary to retain., Therefore,
c =V (Txy/De; , Re, V/~ED, 04D, Pg/Pu, 4/, iZ"i/Vei )
Ct » J, 9/D) . (63)

The parameters 04/D , Ps/ Pw @nd d/D are constants; therefore,
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¢ =Y (Fxy/Dei , Re, V/~BD, Jvi/Ney, Cpu T, oM.

Whiie ¢ 4is dimensionless, its numerical number will depend on
whether it is computed as percent by weight or percent by volume, The
parameter c/Ct can be used to eliminate this, A further reason why
this latter parameter is meaningful is that all concentration profiles
are reduced to a common base,

Application of BEq 51 makes it possible to drop Re or J,
which ever seems more counvenient,

The two basic forms for specific problems are,

c/Cy = /4@ x;/De; , Re, v/~/8D , Ci ,
3
gvi/Vei » 9/D) (64
or
¢/Cy = V(Z{in/nei s J, V8D, Cp,

Svi/Ve; , /D) (65)
1

Auxiiiary equations can be introduced as necessary.

Analysis of horizontal concentratiom profiles requires only the

z/D part of ;;xi/Dei . The }Evi/Vei are extra dependent variables,
1

Egs ¢4 and 65 become

¢y =Y (z/D, Re, V/oBD, C,, 9D , (66)
and
cAy= Y(2/D, J, V/ED, Cp, 9D . (67
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These equations are still very complex, To simplify them, use can be

made of the same argument followed in deriving Eq 58. Thus,
c¢/C, =¥ (2/D, V/~/gD, C;, 9/D) - (68)

Eq 68 is fundamental for studying horizontal concentration profiles,

For cases in which secondary circulation was not present in any
form, one could expect that c/’Ct would not depend on z/D , 1In such a
circumstance the profiles could be reduced to a universal function if
C; was replaced by C' , the arithmetic average concentration over z .,

Assuming such, the universal profile would be
c/C' = 1,0 . (69)

Vertical concentration profiles can be studied and interpreted

by Eq 68, with 2z/D replaced by y/D . Thus,
¢/, = Y(y/D, V/~/BD, Ct, 9/D) . (70)

A simplification such as Eq 69 is not possible in this case, However,
there is an excellent possibility for simplication in the variable Ct a
For a given y/D, V/-/gD , and @/D, C, can be dropped if the
standard deviation 04 of the sediment is very small, or the boundary

is very rough, For this case Eq 70 becomes

c/C, =Y y/D , V/~/gD, @/D) . (71)

In presenting data by Eq 70 and 71, the procedure would be to
use c¢/C; as the ordinate on a c¢/Cy versus y/D plot. However, physical
interpretation is much easier if y/D is the ordinate and c/Ct the

abscissa,
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The functional equations for such a study are, from Eq 65 and

using the arguments for deriving Eq 58,
Ivi/Vey = ¥ (Tx;/De; , V/+8D , C¢, 9/D) . (73)
B i ‘

These equations are very difficult to treat experimentally, The
complications in velocity profile analysis can be visualized by comparing

Eq 73 to the two dimensional case, i,e,,
vi/V=Y(y/D , V/~/gD, Cy, 9/D) . (74)

The functional dependence of the diffusion coefficient € is,

from Eq 72,
€/wD = Y(y/D , V/~/gD, C,, @/D) . (75)

In the theoretical analysis some discussion was given on the

type of distribution of ¢&_ that was desirable from the standpoint of

s
economical sediment conveyance lines, In Eq 74 are given the variables
which would enter, It is not proposed to study this problem intensively,
but only to present the procedure which can be used in later research
employing a given sediment,

A logical method to use in analysis of data on the diffusivity
coefficient is to construct a dimensionless plot of €,/wD versus
y/D for each ¢/D ., The first step would be to assume V/~/gD and Cq

secondary. Then, if necessary, introduce V/=/gD and subsequently bring

in C’t‘
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Local incipient deposition can be analyzed by means of Eq 70,

In studying this problem, the logical procedure is to pick a value of
y/D as near to zero as sampling equipment could conveniently take data,

Then, for each @,/D to be studied, a plot of
e/Cy = Y (Cy , V/-/BD) (72)

would be significant, at least for sand sediments in water, This would
not apply after much of a bed was formed, however, because @/D would
no longer be constant,

The function, Bg 72, is very important because it indicates the
possibilities of an absolute criterion for incipient déposition, a prob-
lem so far unanswered and which has made it difficult to bring the results
of different scientists together, For @/D , y/D constant, a little
thought will lead one to conclude that a plot of‘ c/C£ versus C, for
each V/a/gﬁ studied must reach a maximum if 04 enters the problem
(smooth pipe), A maximum of c/Cqy mneed mot exist im a rough pipe, but
probabiy a constant value will persist frmm’zero concentration up to incip-
ient deposition, Deposition would be indicated by a rapid decrease of
¢/Cy with increase inm C; . Using the maximum magnitude, or the depar-
ture from a constant magnitude, would constitute aﬁ absolute criterion,
applicable at least for sands in water and similar problems,

Study of the effect of secondary circulation is actually an

analysis of velocity profiles, somewhat beyond the scope of this disser-
tation, However, because one boundary was tested which did induce pro-
nounced helical flow along the boundaries, the basic equations necessary

for an amalysis of this problem are presented,
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Summary

Summary of theoretical and dimensional considerations c¢an be
divided into three sections: 1) theoretical analysis, 2) one-dimensional
analysis, andA 3) internal mechanics.

Theoretical analysis introduced the classical equations of

hydrodynamics, and interpreted them for a sediment-laden flow.

The general continuity equation for sediment distribution in a
fluid media was derived. It was found that the special case
cw + 6; dc/dy = 0 was applicable to pipes. Analysis indicated that a
large é‘S/w, . or f;/w a linear function of distance from the wall, was
most desirable.

Energy considerations on the transport of sediment in suspension
led to the conclusion that any change‘in horsepower over that required
to pump a fluid of the same average density was due to the sediment causing
the pressure distribution to deviate from the hydrostatic.

One-dimensional analysis can be summarized by giving the fun-

damental functions derived for each special problem involved in the trans-
port of a single size of sediment through the 12-in. pipes studied.
1, Resistance problem

f =) (Re, C, , @/D) Eq 53
log J = 2 log(V/~/gD) + log Y (C., Re, @/D) Eq 55

. 2. Incipient deposition

VL/~/§D =Y (C, , ¢/D) Eg 60
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3. Horsepower function
HP = ¥ (G, @/D) Eq 62
C, = GAQ Eq 47

Analysis of internal mechanics follows the same pattern as one-

dimensional analysis,

1, Horizontal concentration profiles

c/Cy VY(z/D, V/-/8D, C¢, 9/D) Eq 68

c/C' = 1.0 Eq 69

2. Vertical concentration profiles:

¢/Cy =Y/, V/~/D, Ci\ 9/D) Eq 70
3. Local incipient deposition

c/Cy =Y (Cp , V/-/gD) Eq 72
4, Secondaryicirculation
{jvi/Vei = "//(%‘xi/Vei s V/-/gD, Cy¢, 9/d) Bq 73

5, Diffusion coefficient

€/wD = Y(y/D, V/~/gD, C¢, 9/D) Eq 75

These equations constitute the basis of the analysis in Chapters VI and VII,
One term which recurs frequently is V/-/gD ., This should not be
interpreted as a Froude number, It is a special form of V%/2g/D , enm-

ployed for convenience throughout the analysis.
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Chapter IV

EXPERIMENTAL BQUIPMENT AND PROCEDURE

Study of the effect of pipe boundary on the transport of fine
sand was carried out by using 12-in, diameter Hel-Cor, smooth and standard
corrugated pipes, The equipment consisted of a continuous recirulation
system, sedimenﬁ'sampling devices, velocity and discharge measuring equip-
nen%; and a bank of piezometers along the test pipe, One size of sediment
was used,

The procedure was to put a fixed volume of sediment into the
system and then make measurements of velocity, sediment concentration,
discharge of mixture, piezometric head gradient, total sediment lcad and
temperature, for several discharges, The volume of sand in the recircu-
lation system was then changed and the technique repeated, with some
variation, from pipe to pipe,

One boundary was tested over the full range of variables before

another pipe was installed for investigatiom,

Experimental Bguipment

The experimental equipment was located alomg the morth side of
the Hydraulics Laboratory at Colorado A and MvColiege, Fort Cellins,
Colorado, A jet-pump was built initially to circulate the sediment-water
mixture, After discarding the jet-pump principle, am old horizontal
centrifugal pump was installed. The three pipes with different boundaries

were provided by Armco Drainage and Metal Products, Inc. The sediment was
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a natural sand and the discharge of mixture was measured by means of a
10-in, orifice, Total load data were taken at the same crifice, Tempera-
ture of the mixture was recorded frequently, Piezometer taps were located
at 10-ft intervals along the test section, Velocity data for determining
sampling time for local concentration determinations were taken by means
of the same instrument used for taking sediment samples,

The first recirculation system was a 100-horsepower motor de-

livering sediment free water to a 2.5-in, diameter jet discharging verti-
cally intc an 8-in., tube, with the jet and pickup submerged in a sediment-
laden catch basin at the downstream end of the test pipe. The necessary
water to pump through the jet was obtained by putting a screen im such a
position that the sediment, and majority of the mixture, remained in the
proximity of the jet, but sufficient clear water passed through the screen
to operate the jet,

While the principle of the equipment was sound, it was found
unsatisfactory in this case because of the high operating .head required,
impracticability of separating the fine sand from the mixture by screening,
too much sediment storage in the system, extreme vibraticn of the 8-in,
pick-up tube, and the excessive noises associated with the operation of
the jet,

The recirculation system employed consisted of a 10-cfs

horizontal centrifugal pump driven by a 35-horsepower 870-rpm electric
motor, The pump discharged vertically into a 12-in, line, The fluid
passed through a 10-in, orifice, made a right angle turm to the horizontal
and expanded into a 14-in, smooth pipe., Passing through 48 f¢ of horizon-

tal line, it discharged vertically downward into a 14-in, to 12-in, reducer,
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and then entered the 100-ft test section, The mixture emptied into a
4-x 4-x 7-ft deep sump at the downstream end of the test pipe,

The fluid traveled from the sump through & horizontal, 40-ft
long, 14-in, smooth pipe to the suction side of the pump,

The installation was satisfactory, with two exceptions, The
14-in, smooth return pipe stored large gquantities of sediment when low
velocities were being used, making it difficult tc control the mean trans-
port concentration in the 12-in, test pipes, The other difficuity was
that the temperature of the sediment-water complex increased continuously
during a run; because of the small volume of fluid being recirculated.
The temperature problem was partially controlled by continucusly intro-
ducing cold water into the pump bearing,

'Fig. 1 is a schematic diagram of the recirculation plant that
wag used for the tests reported herein,

Boundary forms tested were three in number, all nominally

12 in, in diameter, Fig. 2 summarizes the physical characteristics of
the pipes, The 12-in, Hel-Cor pipe was zinc coated imside and out, It
had a comtinuous lock seam joint, The corrugations had a pitch, or wave
length, of 0,167 ft, The amplitude of the corrugatioms was + 0,0185 ft,
measured from the mean elevation, To complete the torrugations, circular
arcs with a radius of 0,0370 ft are joined by straight tangent sectioms,
The helix angle, measured from a line drawn along the outer extremity of
the pipe parallel to the pipe axis to the tangent of a corrugation, is

11 ®/30 radians,
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The 100-ft test length of Hel-Cor pipe had two field weld joints
and two victaulic couplings along its length. One victaulic coupling was
in the downstream 75 ft of length. The inside clear diameter of the pipe
was 12.1 + 0,03 in., as measured with inside calipers; this measurement is
the average of ten trials.

The 12-in, diameter standard corrugated pipe, also 100 ft long,
was zinc coated, It was of close-riveted construction, with all seams
soldered on the outside to prevent leakage. The corrugations had a pitch
of 0.222 ft along the axis of the pipe. The maximum corrugation amplitude
from the mean was 0.0208 ft. The crests and troughs were circular arcs
with an included angle of approximately 11 #/30 radians and a radius of
0.0573 ft. Straight tangent sections jointed the circular arcs,

The five 20-ft sections of cofrugated pipe were connected by
slipping a one-ft long section of corrugated pipe over the joint formed
by butting two sections together. This band was then welded to the pipe,
making a continous pipeline. The inside clear diameter was 12.1 + 0.03
in., measured with inside calipers.

The smooth pipe was of uncoated steel, formed in 20-ft sections
by rolls, and had a longitudinal welded seam, The 20-ft sections were
field welded to form the 100-ft test pipe. The inside diameter of
12,0 + 0.03 in., was an average of ten readings.

Sediment for the tests was obtained from a delta formed in the

Lake Loveland Reservoir by a supply canal discharging into the lake. The
reservoir is located at Loveland, Colorado. Sieve analysis and fall
velocity determinations are given in Chapter V, Preliminary Studies. Brief

study under a microscope revealed that about 50 percent of the sand particles
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were quartz grains, 40 percent flakes of mica (mostly biotite), and the
other 10 percent consisted of a variety of minerals, predominately
orthoclase,

Measurement of discharge of the mixture was accomplished by

means of a 10-in, diameter sharp-edged orifice located in the 12-in,

pump discharge line, It was located about 7 ft downstream from the pump,
The mixture discharged vertically upward through the orifice, thus all
the sediment present was in suspension,

The taps for measuring the differential head across the orifice
were located about 0,10 ft on either side of the plate, They were con-
nected to a water manometeryivia some #and traps installed in each line,
Measurements could be made to + 0,001 ft, The actusl accuracy was prob-
ably somewhat less due to fluctuatioms of the water columms,

- The orifice calibration curve for tlear water was used through-
out the duration of the studies, Durand (19) pcinted out in 1952 that
the presence of the sand has little effect on the calibration curve, for
sediment concentrations less than 20 percent by volume, of fine non-cohesive
sand, This point is discussed further in Chapter V,

Temperature was determined by a cemtigrade thermometer partially
submerged in the fluid, It was locsted in the tailbox section,

The piezometer system for recording the hydraulics gradient

differed somewhat for each boundary, Taps were installed om the corruga-
tions at the point nearest to the axis of the pipe in every case, Some
taps were installed on the {roughs of the corrugatioms of the corrugated

pipe in order to check the effect of locationm,
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There were ten taps on the Hel-Cor pipe, spaced at 10~ft inter-
vals starting about twelve diameters from the downstream end of the
straight sectdon of test pipe plus diverting pipe, or five diameters up-
stream from the end of the test pipe, The taps were located on the
corrugation troughs, to an observer outside the pipe, The openings into
the pipe were 1/16 in, The taps were located on a horizontal plane
through the axis of the pipe,

The piezometer taps on the smooth boundary were eight in number,
They were spaced at 10-ft intervals, beginning about twelve diameters
from the end of the straight pipe. The openings were placed on a hori-
zontal diameter, The orifice had a diameter of 3,64 in, This small hole
led to a 0,25-in, brass tube 1 in, long that was soldered to the outside
of the pipe wall, Plastic tubes from the manometer bank were connected
to the 0.,25- in, tubes, via a sand trap to be described later,

Two sets of piezometer taps were placed on the 12-in, standard
corrugated pipe, A set of seven taps was located in the corrugation
troughs and a set of five taps on the crests, The group of seven taps was
used as a base, placed at 10-ft intervals as on the other boundaries, The
five piezometer taps were located on the crests neafest to the troughs
having taps.

Sand traps were placed at each piezometer station, A 0.5-ft
length of 3/16 in, ID Mayon plastic tubing connected each piezometer tap
to a sand trap., Each trap was a glass bottle with a volume of about 1/2

pint, The rubber stopper sealing the top of the hottle had three openings;
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one for the piezometer tap conmection, another for releasing air bubbles,
and the third /or connection to the manometer bank,

The manometer was made of 14 giass tubes, each 4 ft long, The
inside diameter was about 6 mm, The instrument for reading the manometer
was a fine wire hairline attached to a T-frame which siid in a groove
along the center of the manometer board, Accuracy of reading was of the
order of + 0,003 ft of water,

A clamping system was devised to facilitate reading the manometer,
This device instantanecusly clamped all 14 tubes so mo fluid could flow ==
which permitted rapid reading of the bank of piezometers,

The velocity profile equipment was not satisfactory as. first de-

signed, It consisted of two 1/8~in, OD brass %ubes, one for recording
ambient pressure and the other used as a stagnation tube., One tube was
recessed into each side of the sediment comcentration sampling tube, The
point where the pressure was taken was, for each tube, 0,75 in, from the
centerline of the 0,25-in, sampler opening, It was parallel tc the direc-
tion of the mean velocity. This calibrated, non-standard, pitot tube was
not practical to use because a single grain of sand was sufficient to plug
it. PFurthermore, because the small diameter tube had to be about 3 ft
long, the pitot was extremely siow to respond to chamges in velocity, The
entire apparsatus was discarded as impractical for its coamtemplated applica-
tiomn,

The principal function of the velocity profiles was to enable
one to compute the desired sampling time (or velocity) at a given locaticm

along & diameter of the test section., For reascns %o be presemted in
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Chapter V, extreme accuracy was not necessary, Therefore, the ambient and

stagnation pressures necessary for computing the local velocity were
measured by approximate means, Ambient pressure was indicated by a
3/16-in, tap in the wall of the smooth plastic section housing the sedi-
ment sampler, The 1/4-in, ID opening of the sampler was used to measure
the stagnation pressure, A coefficient of velocity, depending on concen-
tration, was determined for each run, Readings were taken from an open
piezometer containing clear water,

The sampling equipment to obtain a concentraticn profile in-

cluded an intake tube, siphoning and pumping eguipment, sampling comnes,
stop watch, and oven-drying and weighing apparatus, The equipment em-
ployed is shown in Fig. 3,

The intake tube extended 5 in, upstream from its support nor-
mal to the direction of flow, It was made of 1/2-in, OD by 1/4-in, ID
brass tubing., The nozzle section was 4 in, long, tapering to a sharp
edge at the inlet,

The sediment samples ordinarily were taken by siphoning. A
small horizontal centrifugal pump was used when insufficient piezometric
head was available for siphoning, The pump was not used unless absolutely
necessary because of its unsteady discharge characteristics,

The samples were collected in one-litre, graduated Imhoff
sediment cones,

The stop watch, the oven for drying, and the balance for

weighing the samples were standard laboratory egquipment,
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Total load sediment samples were taken at the downstream edge

of the 10-in, orifice, as illustrated in Fig, 3. Thé sampling tube had
a sharp edge opening 1/4 in, in diameter projecting upstream parallel to
the direction of the mean flow,

Samples were taken by siphoning., The rate of sampling was con-
trolled by a pinch clamp on a discharge line made of plastic tubing, and
by changing the elevation of the tube outlet, The samples were taken at
several locations along two diameters which were atgright angles to each

other,

Experimental Procedure

The experimental procedure was directed toward collecting data
on the mean values of mixture discharge, sediment discharge, energy loss,
local mean velocity, and sediment concentration, Additional information
required for analysis of the data were periodic sieve analyses of the
sediment, velocity and concentration at the total load sampling station,
and oven-dry weights of a number of sediment samples,

General operating procedure was to first make a few runs without
sediment -~ at which time discharge and head loss along the pipeline were
recorded, Then a small amount of sediment was added to the system and a
range of discharges was repeated -~ this time measuring mixture discharge,
head loss and total load, and concentration along the vertical and hori-
zontal diameters of the test pipe., After completing such a series, more
sediment was added and the process repeated until concentrations were such
that deposition occurred, If deposition took place at a given discharge of
mixture, that discharge was not used when more sediment was present to the

system, .
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Discharge of mixture was measured with the 10-in, calibrated

orifice by reading the manometer four times at ten to fifteen minute inter-

vals during each run,

In determining the hydraulic gradient for a run, all piezometers

were clamped simultaneously, read and unclamped. This was repeated four
times at roughly fifteen minute intervals for each test, It is believed
that repeated readings taken in this manner, and averaged, gave an accurate
measure of energy loss,

The manometer was read to + 0,003 ft of water, which was
sufficiently accurate for determination of the Darcy-Weisbach resistance
coefficient,

Total sediment load data were taken for all cuns in which there

appeared a possibility of deposition. PFurthermore, with the smooth pipe,
they were taken for every run which had sediment present,

The procedure was first to determine the sampling time required
to fill a one-litre sedimemt cone, Samples were then siphoned at several
locations along two normal diameters of the orifice, Five sampies were
taken at each traverse of a diameter, At least duplicate, and sometimes
as many as four, traverses were made along each diameter for each runm,

Velocity versus concentration data at the 10-in, infice were

taken in conjunction with the regular rums, on the smooth pipe. During
these runs the total load sampler was alsc used as a stagnation tube, These

data were taken for several discharges and sediment concentrations,

Comcentration profiles in the 12-in, test pipes were made in the
horizontal and vertical directions for each total load., Samples were

taken at 0,100-ft intervals along the traverse., To determine the required
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time to obtain a 1000-ml sample through a 1/4-in., ID sampler, sampling

at the ambient velocity, a velocity profile was first made, This gave a
computed sampling time" for each sampling point; Then samples were
taken repeatedly until three samples were obtained such that the average
"measured sampling time' waé nearly the same as the computed time, Any
individual sample for which the measured sampling time differed from the
computed by more than 5 percent was rejected,

Siphoning was much easier, faster and more accurate than pumping,
The siphon was controlled very closely by a clamp and varying the eleva-
tion of the siphon outlet, The pump (of about 1/50 HP) tended to surge,

The samples were collected in 1000-ml cones, tapped three or
four times by hand, and left to settle for a few moments, The apparent
volume of sediment in ml was then read and recorded, The cones were
emptied, washed and drained in readiness for reuse, However, periodically
a few samples were retained for oven drying and sieve analysis,

With the Hel-Cor pipes, the first ore tested, duplicate con-
centration profiles were frequently made. This was found unnecessary, and
wds discontinued when testing the smooth and standard corrugated pipes.

Sediment cone calibration data were obtained by retaining a

sample periodically, All of these samples were oven dried and weighed on
analytical balances,
A record was kept of the date, the run number, and the position
in the concentration profile where each sample was obtained,

A periodic sieve analysis was performed, to determine whether

the mean size of the sediment was changing due to recirculation, The

samples used for this purpose were picked, essentially at random, from the
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ones used in calibrating the sediment cone., Standard shaking procedure
was used and tke material retained on each sieve was weighed on an

analytical balance,

The data for each sieve analysis were plotted on "log-probability™
paper, Median size and average standard deviation were taken from this

plot for each sampie analysed,
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Chapter V

PRELIMINARY STUDIES

A number of preliminary studies were conducted before proceeding
with the main problem, These preliminary studies were: 1) measurement of
the discharge of mixture, 2) determining the sampling time interval, 3)
rapid determination of the local sediment concentration 4) description of
the one sediment used, 5) method of determining the total sediment load,

and 6) effect of piezometer location along corrugations,

Measurement of Discharge of Mixture

Measurement of discharge of the sediment-water mixture hinged on
determining whether any of the common rate-of-flow devices used in clear
water hydraulics could be applied; or if not, what simple, rapid and
economical technique could be used,

Durand (19), employed a special orifice meter in the shape‘of a
whistle, The particular shape apparently was chosen because the devise
was usually installed on the end of a pipeline; the whistle-like con-
traction avoiding separation of the fluid jet from the top of the pipe out-
let, Careful calibrations with ashes, fine and course sands, gravels and
iron demonstrated that materials had a negligible influence on the clear
water calibration curve -~ provided that the fine sands were transported
at concentrations (in percent by volume) less than 20 percent and no
deposition existed at the meter,

For the research reported herein it was assumed that the

differential head across a sharp edged orifice plate located in a vertical
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section of pipeline would not be materially affected by the presence of
fine sand up to concentrations of 15-20 percent, Therefore, all discharge
measurements of clear water and the water-sediment mixture were made by

using the orifice calibration curve for clear water,

Determining the Sampling Time Interval

Since a sampler with a shirp edge at the opening and a 0,25-in,
ID circular intake was to be used, some knowledge of the allowable ratio
of intake to ambient velocity was needed, to maintain say a + 5 percent
maximum error or less in sediment concentration, From the Corps of
Engineers (53), it was found that, for the particular nozzle used,
differences of + 15 percent in intake velocity from the ambient velocity
would result in concentration errors less tham + 5 percent,

Hence, rapid velocity determinations were made at each point in
the fiow that a point time integrated sample was to be taken, From this
velocity the sampling time interval required to fill a ome litre sédiment
cotie was calculated, Each sample taken tq 'determine the iocal comncen-
tration was based on a sampling time measured in the above manner, There
seems sufficient reason to expect, as far as sampling time is concerned,

that concentrations are accurate, in general, to at least + 5 percent,

Rapid Determination of Local Sediment Concemtra%idn

Until recently, about the only technique used to measure concen-
tration was to take the sample of sediment-water mixture, oven dry it,
weigh the solids on an analytical balance and calculate concentration; a

process often requiring an average time of ten minutes per sample, For
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this study it was amticipated that some 12,000 to 15,000 samples would be
taken, The above procedure was not practical,

The difficulty was resolved by calibrating a ome litre sediment
cone, This reduced to determining the attual concentration as a function
of the apparent volume of sediment as read with a scale on the cone, A
number of samples were oven-dried in order to get the actual concentrations
during preliminary testing, The resultant curve looked very promising,

The calibration curve used, Fig, 4, is the result of oven drying
mote than 140 samples, All samples were taken by one or the other of two
petsons, The technique used in shaking down the sediment in the cone to
obtain a constamt voids ratio for each sample was not quite the same for
both men, Samples for drying were picked at random, by the man not
actually doing the sampling, over a period of about three months,

Studying this calibration curve points out the possibilities of
this method for sediment studies, It should be noted that there is a
lower limit of concentratiom beyond which the accuracy is not satisfactory,
For some field studies, in which extreme accuracy is not too important,
concentrations down to 0,05 percent could be measured satisfactorily, How-
ever, in genergl,oven drying or some altermative method is advisable below
0,10 percent, The technique is probably not applicable to studies in-

volving a large percentage of silt and clay sizes,

Sediment Data

One sediment was used throughout the course of the project,

Information as to its source and composition is given in Chapter IV,
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The purpose here is to present those data useful in analysis and repre-
senting the behavior of the sediment during the testing program.

Representative fall velocity distriBution data are given in Fig. 5.

These data were obtained from a detailed fall velocity analysis of a sedi-
ment sample sent to the Corps of Engineers, Missouri River Division Labora-
tory, by a éooperating project using the same sediment. The significant
point is that the median sieve diameter, to be discussed in the next section,
lies slightly beyond the upper limit of applicability of Stokes law. Thus,
due to the distribution of sizes present, part of the sediment had fall
velocities in the Stokes range and part was outside this range. The latter
came close to satisfying the Budryck equation. See Durand (16).

Average median sieve diameter was used as the basic variable for
describing the sediment. This variable was particularly convenient be-
cause it could be obtained by sieving select samples from those dried
for the cone calibration curve. Using these samples, frequently com-
posites, two problems were solved, In the first place, because samples
were taken over a time period of several months, a continuous record of
change due to abrasion, if any, in the median size was avafhable. Secondly,
by proper selection of samples it was possible to determine the difference
in median size at the top of the pipe and a point lower on the vertical
diameter,

The sieve analyses data were plotted on "log-probability"” paper,

thus making it possible to rapidly determine the median sieve diameter and
the standard deviation of the diameter. A typical analysis is given in Fig. 5.
The average median sieve diameter was 0.20 mm and the average standard

deviation was 0.051 mm., The average median diameter was computed including
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all sieve analvses regardless of the portion of the vertical diameter
from wﬁich the sediment sample was taken. The median diameter and
standard deviation of each analysis are tabulated in the Appendix. The
original plots are filed with the Department of Civil Engineering,
Colorado A and M College. Arithmetic averages were used in computing
average median diameter and average standard deviation.

Maintainance 9£ the median diameter of the sediment was achieved

by continuously discharging the somewhat-turbid water and adding new
sediment and clear water. The procedure was adequate for this study
but probably would not be satisfactory for coarse material, especially

if the constituent minerals were soft.

Method of Determining the Total Sediment Load

In evaluating the integral for total sediment load,

Ct = % jﬁcvlda , it is practically a necessity to pick a location for

]
measurement of either ¢ or ; , at which at least one of these variables
is a constant. An even better location would be that for which

(c) (vy) . . s . . .

Cy = ——| da . Sampling at an orifice placed in a vertical section

Q s _
of pipe seemed to be the best answer.

The variation of velocity across a 10-in. orifice placed in a

vertical 12-in. pipe line was studied. Since only the variation of velocity
was of interest, and not its absolute magnitude, special equipment was not
developed for the study. One leg of a manometer was connected to the
stagnation tap for the orifice plate and the other leg to the 0.25-in. ID
sampling tube. Duplicate traverses were made along two diameters for each
mixture discharge and sediment discharge. One diameter was parallel to the

pump axis, and the other normal to it.
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These data are plotted in Fig, 6, The distribution is quite
erratic, It is believed this was due to the proximity of the orifice to
the pump, a distamce of about seven diameters, Another factor was the
lack of refinement of the equipment, but¢ neither this nor the presence
of sediment could reasonably cause the scatter which is shown,

A study by Kowalki (32) on a similarly oriemted corifice, using
aluminum particles, gave a practically uniform velocity distribution, The
orifice to pipe-dismeter ratio was much smaller and the pump was not so

close,

The variation of concentration over the 10-in, orifice is also

plotted in Fig, 6, The concentration at the edge of the orifice corres-
ponding to the outer rim of the pump impeller iz consistently high, and
consistently low along the edge normal to it, The concentration is quite
uniformly distributed over the core of the jet, The high and low points,
mentioned above, average approximately 1,00,

The method used for determinstion of the %total load was

Ct = é ngvzda = C

whére ¢ was assumed to be near enough constant that it could be taken
outside the integral, Furthermore, it was assumed that a sufficient

measure of this Ct = ¢ was

2¢3
9

n

Ctz

where 'n £ 30, i,e,, thirty samples, three at each of ten locations over

the orifice cross-section,
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Effect of Piezometer Location Along Corrugation

While there seemed no physical reason why the hydraulic gradient
as determined from a set of piezometers all located on the crests
(observer inside pipe) should differ from a set consistently at some
other position, it was believed the matter should be investigated,

The Corps of Engineers (48), reporting on a study of large diam-
eter corrugated pipes, included some information om the deviation in head,
from true ambient pressure, at various locatioms along a corrugation., A
hydraulic gradient measured by any consistent piezometer bank seemed to
be satisfactory, within ones ability {o read the manometer, Sediment was
not present during the tests,

Nominal 12-in, close-riveted standard corrugated pipe was used
for the tests reported herein, The amplitude of the corrugations was
0,5 in, from crest to trough, A piezometer tidp was located at the crest
and another at the trough, The difference in head between a crest and
nearest trough is given as 67 ft., The hydraulic gradient determined
from the crests is called J , and that from the troughs is Ji e

The differential head between a crest and trough dr 5 is

plotted in Fig. 7 as a function of Reynolds number and total lcad, When
sediment was not present o7 appeared to be directly proportional to
the Reynolds number of the mean flow, As the concentration increased,
however, for a given Re , the J7 in general decreased, A possible
explanation can be derived by reascning that the sediment circulating in
the quite stable vortex which exists in the groove between crests caused

the vortex to shift slightly in position, This resulted in a different
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kinetic head being recorded by the trough piezometer, Another plausible
reason for the decrease in 67 is that the angular velocity of the vor-
tex was decreased because of the sediment, That this phenomenon occurs is
demonstrated by recalling that, if deposition takes place in the corruga-
tion, the angular velocity of the vortex is reduced to zero,

The effect of the piezometer location on the hydraulic 5radieﬁt

can be evaluated by examining the curve of J,/J versus Re in Fig, 7,
The gradient was not affected significantly, except for a few isolated
points, Reviewing the laboratory data revealed that Jl was based on
only two or three piezometers for these points, the piezometric head
being so great that the others were off scale, The J set are basic
throughout this study, and consist of readings from 4 to 10 piezometer
taps on 10 ft centers, Therefore, the deviating points are not given
much weight. and it is conéluded that the hydraulic gradient as recorded
by the corrugation crests gave an accurate measure of the rate of energy

dissipation,

Summarz

Preliminary studies indicated that a clear water calibration
curve for the 10-in, orifice would be used to measure mixture discharge;
a considerable error could be made in sampling time without causing undue
errors in local concentration measurements; a calibrated sediment cone
could be used for rapidly determining local concentration; the total load
could be measured at an orifice placed in a vertical pipe; and the error
in hydraulic gradient, as determined by any set of piezometers located

consistently along the corrugations, was negligible,
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Chapter VI

ONE-DIMENSIONAL ANALYSIS

The equations of homogenecus fluid hydraulics were used as a
- basis in analysis of the one-dimensional characteristics of fine sand
transport in 12-in. pipes, and extended to inciude variables describing
the sediment. The one-dimensional study was divided inte the following
parts: 1) effect of boundary form on hydraulic gradient, 2) resistance
coefficient f as & function of the Reynolds number and total load,

3) determination of the total load at which deposition is incipient, and

4) effect of boundary form on horsepower and discharge,

Effect of Boundary Form on Hydraulic Gradient

The hydraulic gradiemt may be interpreted as the energy loss
per unit weight of fluid per unit length traversed along the conduit,
Herein rests its importance in hydraulics., Before presenting and dis-
cussing the data taken during this study, it is necessary, becguse of
subsequent remarks, to show the region om the J-V diagram in which
lie the data of earlier workers and its relsation ﬁﬁ*the present dats,
The effect of boundary form may then be presented by examining:

1) effect of boundary form for clear water transport, 2) effect of sedi-
ment, 3) minimum horsepower for comstant total locad;and 4) the slope of
the J-V curves.

The variation of J with V and Ci 4is shown schematically

in Fig., 8. Most of the field and laborstory work on sands in water, re-
ported in the literature, &are in the region A, above the upper shaded
horizontal line. The region B is studied in the investigation reperted

herein.
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In many‘field applications it is desirable to know the minimum
rate of energy dissipation required to transport sediment &t & given rate.
Since horsepower is proportional to the product of J &and V , the minimum
rate of energy expenditure for a given C, occurs at the minimums in the
Cy curves. A considerable number of data emphasized that this minimum
occurred at the point of incipient sediment deposition for any
Ci = constant on the J-V diagram.

Summarizing, for minimum energy requirements to transport sedi-
ment, it is desirable to have a boundary with J-V curves for clear water
as close as possible to the J axis, and large Ct = constant curves
intersecting the J axis at small J values,

Effect of boundary form for clear water may be examined by re-

ferring to Fig, 9. For a fixed J , the corrugated pipe had the smallest
velocity V and the smooth the largest velocity. This could be inter-
preted as implying that corrugated pipe is the most desirable for con-
veying fluids which interpretation will be shown later {o be true only
for special problems,

Since the J=V curves have a slope of two (except the smooth
pipe) and horsepower is proportional to the product JV , horsepower
versus discharge was least for the smooth and greatest for the corrugated,
with Hel-Cor falling between. The artificial goughness had a slightly
greater frequency and somewhat smaller amplitude in the Hel-Cor than in
the corrugated pipe, but the lesser energy dissipation in Hel-Cor was
due to a larger effective conveyance area, because of the helical grooves.

A part of the water was conveyed continuously in each helical corrugation.
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The sediment does not have an appreciable influence on horse-

power requirements.until deposition begins to occur in the pipe, This is
what one would expect by extrapolation of earlier work, as was done in
presenting Fig, 8, There is a considerable deviation of the data from
the clear water curve for smooth and Hel-Cor pipes when deposition occurs,
but only a small change for the corrugated pipe, None of these de-
viations, however, are great enough to enable one to define a minimum

in a Ct = constant curve,

The minimum horsepower for a constant total load can not be

easily associated with & minimum on the J-V diagram for the data pre-~
sented, because the minimum of C; = constant is very near the clear
water curve and difficult to define. The data need to be analyzed in
a somewhat dif ferent manner in order to determine incipient deposition
as shown in Fig., 11.

Slope of the J-V curves is worth careful thought. The curves

for both the corrugated and Hel-Cor pipes are characterized by a slope of
two., However, the smooth pipe definitely has a slope less than two.

This implies that the Darcy-Weisbach resistance coefficient f is in-
dependent of Reynolds number for corrugated and Hel-Cor, and dependent on
Re for the smooth pipe. The significance of this will be pcinted out in

the section on resistance coefficient.

Resistance Coefficient as a Function of Re and C;

———

The dimensional J-V diagrams are important for many fieldr

design problems, but do not clarify the fluid mechanics involved. The
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resistance coefficient f is more fundamental. It is a drag coefficient

capable of representing a given boundary. Dimensional analysis has shown

that
f=Y (R, C, 9/D) . Bq 53

Analysis and discussion of resistance reduces to a study of this equation
with the aid of experimental evidence as presented in Fig. 10, The curves
of Fig., 10 are drawn in as the best fit consistent with the J-V diagram,
for fully suspended sediment transport.

Discussion covers: 1) effect of sediment in fully suspended
flow regime, 2) effect of sediment at incipient deposition, 3) comparison
of results for smooth pipe with the Kirmén-Prandtl resistance equation for
turbulent flow in smooth pipes, 4) comparison of results for corrugated
and Hel-Cor pipes with the Karman-Prandtl resistance equation for turbulent
flow in rough pipes, and 5) comparison of the results for corrugated pipe
with the Mprris wake~-interference flow concept,

The effect of sediment in fully suspended flow regime seems to

be an energy balance phenomenon, because the resistance coefficient does
not vary appreciably with total load until deposition begins. This implies
that the amount of energy expended in supporting sediment is approximately
equal to the decrease in energy transferred to the small energy dissipating
eddies by the large scale energy transport eddies -- if there were not a
decrease in energy dissipation at some part of ‘a sediment laden flow,

then the value of f would continuously increase as C; increased,
because the additional energy dissipated in supporting the sediment in-

creases with Ct
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The effect of the sediment at incipient deposition was a change

in boundary form., It is significant to note there is a definite increase
in f when deposition begins for the smooth and Hel-Cor pipes, but not a
noticeable change for the corrugated. The effective boundary of smooth or
Hel-Cor is not even approximately that which is implied in the @/D
parameter when deposition is taking place. The concentration profile
analysis will yield fyrther information. However, observations through a
plastic section in the test pipe contain important information.

A series of unstable dunes formed in the smooth pipe when de-
position began to take place. These eliminated ¢/D ag describing the
boundary. In the Hel-Cor it was observed that, for a given mean velocity,
the helical motion of the outer shell of mixture became less and less.
as the total load approached the maximum carrying capacity, i.e., the
discharge through the troughs of the artifical roughness was approaching
zero. The helical motion was non-existant when deposition was present
and the pipe closely resembled a corrugated pipe with small corrugations,
The corrugated pipe had comparatively large corrugations and the formation
of small dunes did not materially affect @/D: therefore, f did not
increase appreciably when deposition began,

Comparison of the results for the smooth pipe with the Karman-
v

Prandtl resistance equation for turbulent flow ig smooth pipes is based

on Eq 56,
1/+/f = 2 log(Re~+/T)-0.8 , Bgq 56

The curve for the smooth pipe (see Fig. 10), satisfies this equation as
well as one might wish, and can be used as a design eguation for the

given range of Re
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Comparison of the results for corrugated and Hel-Cor pipes with

the Karmin-Prandt]l resistance equation for turbulent flow in rough pipes

is based on Eq 57,

1/+/f = 2 log r/k + 1.74 . Eq 57

The relative smoothness ro/k , based on Nikuradse sand grain roughness,
has been used as a standard in discussing rough pipes. Substitution of
f =0,115 and f = 0,040 into Eq 57, for the corrugated and Hel-Cor,
yvields values of r,/k of 4,03 and 42,6, respectively.

It is interesting to compute an equivalent sand grain diameter
from the values of r /k . The grain diameter is k = 0,12 ft and 0.012
ft for the corrugated and Hel-Cor, respectively. The actual amplitude
of the artificial roughness is 0.042 ft and 0.037 ft, respectively.
There is very little correlation between k and the physical quantity
involved, thus implying that a better roughness parameter is needed for
large evenly spaced artificial roughnesses., In this connection the
listing of factors which enter, by Vadot (55), should be helpful, See
Review of Literature for list,

Comparison g£ results for corrugated pipe with the Morris wake-

interference flow concept for corrugated pipes is based on Eq 1, repeated

here for convenience,

/+F = (2 log r fa + 1.75 + (LAV2)(2.5 =& WABA/ry) Eq 1

-100-



This equation, on a graph of

Re~/f
1 f -21logr versus __:Z:
/% g r /A AR

has an asymptote of 1.75, in close agreement with the KArmin-Prandtl

resistance function. An approximate summary curve for corrugated

strip roughnesses as a function of the above variables is given in

Morris (36). To evaluate the accuracy of this curve, the value of the

. . . Rew/f

resistance function, for a given ——~Y— | was computed and compared to
T /A
o

that taken from the graph. The computation is below.

Iet Re =8 x 10° , f = 0,115 , r, =0.5ft and

= 0,222 ft. Then

Re-/F _ 12,100
Lo A
The computed value of l/ﬁ/? - 2 log roza is 2.25 and the value from the
graph is 2,31,
The close agreement of the curve and experiment, making use
of physically measurable quantities, siows the wake-interference concept
has considerable merit, and is an improvement over the Nikuradse relative

smoothness parameter,

Determination gg Total Load at which Deposition is Incipient

As emphasized in the discussion of the J-V curves, the
minimum of a C, = constant curve on the [J-V diagram is important in
determining the minimum horsepower required for transporting a given
total load. The primary purpose of this section is to determine a curve
of C; versus V for which deposition is incipient. Correlation of
such a result with a J-V diagram will give the requisite information
for efficient design of sediment pumping plants.
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A plot was made of C; versus V on rectangular, log-log
and semi-log paper, noting at each plotted point whether the sediment
was all in suspension, deposition was incipient, or a bed existed, as
observed in the laboratory for each boundary. The object was to plot
on a type of paper on which a straight demarcation line could be
drawn as separating suspended and deposition regime., Semi-log paper
was decided upon, and Fig., 11 is the result, It must be emphasized
that the straight line drawn as separating suspended; and deposit trans-
port regimes was purely a matter of judgment, i.e an empirical
conclusion in every sense of the word. Fig. 12 is a composite of the
demarcation lines, on one V scale, as taken from Fig, 11.

A remark on the Hel-Cor pipe will illustrate the latitude
one has in constructing an incipient deposition curve. If a bed existed
in the pipe before pumping was begun and the discharge was gradually in-
creased to the operating discharge without secondary circulation, trans-
port at incipient deposition would differ considerably from that possible
if the secondary circulation were in operation and concentration gradually
increased to a maximum for the same operating discharge. In the latter
case a helical motion would be aiding suspension but in the former the
motion would be one-dimensional,

Personal judgment éntered considerably in deciding whether
deposition was incipient. Observations were made through a plastic section
at the downstream end of the pipe. It was essentially the same problem
as deciding in a flume study when the critical tractive force condition

exists.
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A significant check on the result discussed above has been
found in analyzing the concentration profiles for each pipe. This check
will be discussed with the smooth pipe vertical concentration profiles,

Some valuable conclusions can be reached even if the demar-
cation curves of Fig. 11 were not exact. Dimensional analysis demon-
strated the importance of V/-/gD in deposition phenomenon, If VL is
used to designate the limiting transport velocity and plots the lines
drawn on Fig. 12 in terms of VL/W/EE versus Ct on rectangular co-
ordinates, Fig. 13 results,

Forra given boundary (see Fig 13), the range of C, for which
an observer would probably say deposition was occurring is becoming larger
and larger with increasing VL/q/Eﬁ . This has important ramifications.
Horsepower will vary almost eptirely with total load for large VL/-/Eﬁ ,
assuming operation corresponding to incipient deposition. The importance
of this to a dredge operator is that, for a nearly constant mixture dis-
charge, a large range of total loads is possible and still maintain
operation near maximum efficiency. Variation of total load occurs when
moving the suction line of a dredge from place to place. Furthermore,
nearly constant discharge is a desirable feature to have, as discussed
later under pump stability.

From the standpoint of sediment mechanics, once VL/w/gﬁ is
increased and becomes less dependent on Cy, there is sufficient large-
scale eddy transfer energy available to accommodate a rather large range

of total load.
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Effect of Boundary Form on Horsepower and Discharge

Design of a sediment pumping installation depends on the limita-
tions and assumptions imposed by the available design data and the equip-
ment available., Most problems involving boundary types are included by:
1) type of pump needed, 2) relative power for a given total load G ,

3) relative water required for a given G , 4) comparative sediment dis-
charge for a given horsepower, 5) comparative sediment discharge for a
given mixture discharge, and 6) a combination of horsepower and discharge.

Certain limitations and assumptions were imposed in order to

make comparative studies of the effects of boundary form on horsepower and
mixture discharge characteristics as a function of sediment discharge. The

sediment discharge was computed as the product of
2
(Cevy) (p%/4),

where Ct and V; are related by the incipient deposition plot.
Variation of the mixture unit weight was negligible in calculating horse-

power, The equation employed was
HP = Q)/WJ/SSO ,

where J corresponds to the clear water value at the velocity V; . This
calculation gives horsepower per ft of pipe. Therefore, results of this
calculation are valid only for the most economical operating conditions,

It is important to note that this technique is applicable only in the range
of velocities such that the minimum value of a constant C, curve on

the J-V diagram lies near the clear water line.
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The analysis is strictly applicable only for the sediment used
in obtaining these data. However, the curves of Fig. 14 should have at
least a qualitative application beyond the range of the data for which

they were derived,

The question of type of pump needed for the task of transporting

sediment is really a problem in itself, The reason for including a short
paragraph on this subject is that the problem of pipelines clogging is
often the difference betweén failure and success of an installation; and
correct pump design can be the answer,

Assume a plant operates at velocities on the J-V diagram where
a minimum occurs in the C, curves, as in Fig. 15, Further, suppose a
pump with a J-V characteristic curve such as A (constant horsepower)
were installed. This curve crosses the Ct line in two places, one in
the deposits regime and one in the suspended transport region. Such an
operation is unstable because, for the same horséepower, the discharge may
oscillate back and forth across the C; minimum and pipeline clogging
may result,

Assume a constant discharge pump with a characteristic curve
such as B . Stability is evident and the probability of clqgging is
materially reduced.

Durepaire (20) gave a very thorough treatment of this subject.

Fig. 14 is helpful in discussing the relative power requirements

for a fixed sediment discharge of the three boundaries studied. This type

of problem arises in designing a plant which runs continuously. Cost of
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power is frequently a major item in such a case, To be more specific,
suppose sediment enters a power canal at a constant rate and must not be
allowed to enter a set of turbines. Assume further that the amount of
water used in the sediment excluding operation is not important. Comparing

the boundaries fsr the above type of problems, the corrugated pipe re-
quires from 250 to 600 percent more power than the Hel-Cor, and 200 to
250 percent more than the smooth. Smooth pipe requires as much as 300
percent more power than Hel-Cor over the low range of total load. This
difference continually decreases and at a total sediment load of about one
cfs the smooth requires less horsepower than Hel-Cor.

In general, for a given G and assuming Q unimportant,

Hel-Cor will be the most economical for G< about 500 tons per day; for
larger G a smooth pipe is desirable,

Problems arise for which the relative water regquired f25.5

given sediment discharge is the fundamental problem, A typical case could

be the construction of a hydraulic fill dam. Disposal of a large volume
of water from the top of the fill, once the solids have settled, may be
difficult or undesirable. A pipeline is needed which will convey the
largest volume of solids for a given amount of mixture.

The broken curves of Fig. 14 indicate that the corrugated and
Hel-Cor are about equally efficient for G greater than 0.1 cfs. The
smooth pipe discharges about 60 percent more mixture than either of the

other pipes for a fixed total sediment load.
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It can be concluded that a smooth pipe is not practical for jobs
where the amount of water to be wasted must be held to a minimum, and that
both corrugated and Hel-Cor give about equally satisfactory results. Power
consumption has been ignered in this comparision.

Another design problem for which this study is important is that
of excluding sediment from a canal at a given rate, Assume an irrigation
system removing sedimeﬁt from a canal at the rate of 0.5 cfs, A simple
calculation, using Fig. 14 and recalling that 1.0 cfs for 28 days corres-
ponds to 55.5 ac-ft, shows that nearly 500 ac-ft of water would be saved
for irrigating farm crops by employing Hel-Cor pipe.

It would not be valid to give the water a monetary value and
say a fixed‘amoun{ of money was saved, because a part of the 500 ac-ft
might have been lost by canal seepage. Furthermore, a part of the water,
if pumped through the smooth pipé, would probably be recovered. The
problem of horsepower w@s not considered.

Other installations can be imagined in which comparative

sadiment discharge for a given horsepower is being considered. An ex-

ample would be an operator who already has a motor, and wants to convey
a maximum amount of solid material per unit time,

The most evident difference in G for constant horsepower is
between the corrugated and Hel-Cor. 'The Hel-Cor will carry approximately
ten times as much sediment per unit time as the corrugated. This is an
extremely large difference which can hardly be ignored in field contract

jobs because of the significance of the time element. Some contracts are
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in terms of a fixed amount of money to deliver a specific amount of solid
material not later than a given date. Assuming equivalent working days at
the same horsepower for the above two pipes, the Hel-Cor would require only
10 percent as long to finish the job as corrugated. Furthermore, even
though horsepower is the same in both cases, since the corrugated would
operate 10 times as long, the power bill would be 10 times greater for the
corrugated.

The above arguments are also valid when comparing the smooth
and Hel-Cor. However, the difference in G decreases with increasing
horsepower until HP reaches 0,18, Above this value the smooth pipe trans-
ports more per unit time than Hel-Cor. Hel-Cor may convey four times as
much sediment per unit time at low horsepower as smooth pipe.

The comparative sediment discharge rate for a given mixture dis-

charge is another important question to be answered. A problem in this
category arises quite frequently in irrigated areas. One of the diffi-
culties in the design of stable open channels for irrigation and power is
that of preventing sediment from entering in prohibitive amounts,
Associated with this is the limited amount of the channel water that can
be allocated for aiding the sediment exclusion. Thus, it is imperative
to have a pipe boundary, if dredges or similar techniques are used, which
will convey the largest amount of sediment for a given mixture discharge,
From Fig. 14 it can be seen that Hel-Cor and corrugated pipes
convey about 15 times as much sediment per unit time for a given mixture
discharge as smooth pipe. There is not a significant difference between

Hel-Cor and corrugated.
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In order to gain an idea of what the above savings mean, assume
a canal carrying 100 cfs, of which 5 cfs have been used with a smooth pipe
to remove sediment. Suppose the system operates four months a year. In
these four months the smooth pipe could remove about 5,400 cubic yards of
sediment and the other pipes in the order of 80,000 cubic yards. This
comparison is tempered by recalling that mention has not been made of the
rate at which sediment really needs to be removed from the canal.

A combination of horsepower and discharge will lead to valuable

conclusions. Assume a power company has a canal carrying 500 cfs, a
maximum of 5 percent of the discharge can be removed in order to keep
sediment from entering the turbines and it is known that removing sedi-
ment at the rate of 0.05 cfs is necessary. The problem is to determine
which boundary will be the most economical as far as operation is concerned;
and compare the other pipes to it.

The lower set of curves on Fig., 14 indicates that all the
boundaries will satisfy the 5 percent limitation for G = 0.05 cfs.

Further use of the curves will give the information given below.

Data From Curves Comparison to Hel-Cor
Boundary HP x 10° G x 102 Q Percent HP Percent water
5.65 discharged
Hel-Cor 5.65 0.5 3.75 100 100
Smooth 8.00 0.5 6.05 141 161
Corrugated 19.0 0.5 3.85 337 103

Considering the information above, the Hel-Cor boundary will
result in a significant saving over the corrugated and smooth pipes, a

problem for which both power and waste water must be kept at a minimum.
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Summary

One-dimensional analysis revealed that the sediment has litftle
or no effect on the J-V diagram for clear water, with J in terms of
waiter, until incipient deposition begins. The same conclusion was reached
on the f-Re diagram. A plot of the velocity 43 at which deposition
begins versus the corresponding total load indicated that V; became
less and less dependent on total load -- occurring for Hel-Cor and
corrugated much more rapidly than the smooth. In general, for the vel-
ocities used, Hel-Cor carried more sediment at less horsepower than

either corrugated or smooth pipe.
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Chapter VII

INFLUENCE OF BOUNDARY FORM ON INTERNAL MECHANICS

Analysis of boundary form effects on the internal mechanics of
sediment transport by pipes requires sediment concentration profiles in
both the horizontal and vertical directions of a cross-sectional normal
to the mean flow, Such profiles were obtained for several total sedi-
ment loads and a number of mean velocities. To analyze and discuss these
profile data, they were subdivided into: 1) horizontal concentration
profiles, 2) elementary comparison of vertical concentration profiles,
3) vertical concentration profiles in Hel-Cor pipe, 4) vertical concen~
tration profiles in a smooth pipe, 5) vertical concentration profiles in
corrugated pipe, and 6) diffusion coefficient 53 and the Karmdn con-
stant A .

The basic equation for studying concentration profiles is

Eq 70,
c/c, =YXCy , V/+/ED, y/D, 9Dy, Eq 70

or the same equation with y/D replaced by 2z/D . Reynolds number or

the hydraulic gradient enters some problems.

Analysis of Horizontal Concentration Profiles

Horizontal concentration profiles were obtained and analyzed to
determine if there was evidence of a pronounced secondary circulation
spiral owing to density gradient and if the Hel-Cor boundary induced trans-
port up the walls of the pipe. The applicable data are summarized in Fig.

16, as a plot of c/C' = YXz/D)
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Because of the large volume of these data, many of which plotted
on top of each other, only the extreme values and a few of the average ones
have been plotted. The plot was designed to show variations in concentra-
tion across a horizontal diameter, and should not be related to the total
load C; which has previously played such a dominant role. This explains
substituting 2z/D for y/D and c¢/C' for c/Cy

For convenience, the discussion of the horizontal profiles was
separated into: 1) Hel-Cor, 2) corrugated, 3) smooth, and 4) conclusions,

The Hel-Cor profile (see Fig, 16) had a constantly greater-than-
average concentration on the side of the pipe corresponding to that up
which material would have a tendency to flow because of the effect of #he
helix, To clarify this, assume an observer stationed along the centerline
of the pipe and looking in the direction of the mean flow. From this
point the pipetwall would resemble a right hand screw, Sediment had a
tendency to settle to the bottom of the pipe. But if it were carried up
the wall, corresponding to turning slightly the right hand screw, the
result would be to increase the sediment concentration on the left,

The amount of deficiency of sediment on the opposite side may
be shown to depend on the parameter V/q/gﬁ , as can the amount in excess
discussed in the preceding paragraph. Sediment was carried up one side
of the pipe when V/q/gﬁ was small, but settled away from the boundary
before going over the top and reaching the opposite side. The high
boundary concentration continued further and further up the wall, as
VyFVEB increased, until it went completely around the pipe, and a low

concentration no longer existed near any portion of the boundary.
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A more detailed description will be given when the vertical con-
centration profiiss are discussed. Worth noting at this point is the
general uniformity of concentration over the core region,

Standard corrugated pipe had a nearly uniform concentration over
the entire horizontal diameter. The maximum deviation from <¢/C’ = 1,00
was about + 5.5 percent, which was probably experimental since no con-
sistent tendency was observed.

Smooth pipe had the same type of uniform distribution in the
horizontal as the corrugated pipe. The variation of concentration from
¢/C* = 1,00 was about + 3 percent. The deviation was somewhat smaller
than in the corrugated. This was probably because less difficulty was
encountered in taking samples in the smooth pipe; in general, the con-
centrations were less and the sampler operated better.

The principal conclusion is that boundary form has a definite
influence on the mechanism of transport. In the Hel-Cor pipe there is a
definite helical secondary flow inducing a non-uniform sediment distri-
pution along & horizontal diameter -- but undoubtedly resulting in a
more uniform concentration over & cross-section of the pipe. There is
no evidence of any secondary motion due to the density gradient along
the vertical diameter of corrugated and smooth pipes., Furthermore, as
long as there is not a mechanically induced helical flow, or a similar
secondary circulation, the horizontal profile is independent of the
amount of turbulence generated by roughening the boundaries, insofar as
form is concerned. The actual magnitude of the concentration along a
horizontal diameter dependson the number of large-scale eddies generated

and transporting sediment.
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Elementary Comparison of Vertical Profiles

Analysis of the vertical concentration profiles was based on

Bg 70,
c/Cy =V, V/+/8D, Cp, 9/D Eq 70

The total load C, was again a fundamental variable; Fig, 17 is a plot
of one typical profile for each pipe, with Re and Ct constant. The
purpose of this plot is to show the characteristic¢ form of the concentra-
tion profile for each boundary.

Hel-Cor pipe, carrying a fairly high discharge of mixture without
depositicn, had a nearly constant concentration over the entire section,
The high concentration in the vicinity of the boundary may or may not be
present, depending on the value of V/+/gD . In general, for a given
Cy » as V/+/gD increased the regions of high concentration near the
boundary became more pronounced.

Corrugated pipe exhibited a profile that was an exponential
function of y/D for low V/-/gD , and passed to a nearly linear function
of y/D for high V/~/gD , The limit would be c/C, = 1.0 , for in-
finite V/~+/gD , Between these upper and lower limits, on semi-log
plots, the typical s-shaped concentration curve of Fig. 17 existed.

Smooth pipe had a comparatively non-uniform concentration pro-
file throughout the range of velocities examined, The roughhess of the
walls was not sufficient to generate large turbulent eddies capable of

transporting sediment; w32 corrugated pipe was capable of generating.
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Vertical Concentration Profiles in Hel-Cor Pipe

Objectives of this analysis of vertical concentration profiles

were to examine the relationship of the parameters in the equation

c/Cy = YV/-/gD , Cyi . y/D).

This is Eq 70 with /D constant. In order to organize the data for
study in terms of Eq 70, they were arranged in groups of nearly constant
V/~/gD ~-- that is, one plot for each value of V/-/gD . See Fig. 18.
The Ct for each profile is distinguished by an appropriate symbeol,
Presentation and discussion are given for several values of V/+/gD .
Some remarks on large eddies and a summary follow.

The limited data for V/-/gD = 0.36 , for incipient deposition,

show that there was actually less sediment on the bottom of the pipe than
up the side, Deposition occurred for quite low Ct , so low that the
"deposit" formed part way up the pipe wall -~ where the velocity of the
helical shell was about equal to the particle fall velocity.

A value of V/-/gD = 0,79 is the next lowest given on Fig, 18,

In this case there existed a fairly thick shell having a low angular
velocity -- hardly suffiqient to carry material over a complete circuit
from pipe bottom, over the top, and back again. Deposition was about
to take place.

The plot for V/-/gh = 0,98 is-nearly identical to the one

immediately preceding. The parameter V/-/gD had increased but the total
load had increased so that deposition was about to begin. Note the nearly
uniform concentration distribution characteristic of Hel-Cor just before

deposition began.
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When V/-/gD = 1,08 was reached, material was carried over the

top of the pipe before settling intc the inner core, even for low concen-
trations such that the load did not materially slow the rotation of the
shell, It is interesting to refer to the horizontal profiles and observe
that ¢/Cy at the wall was about 1.10 to 1.20, and compare this to c/Cy
of approximately 1.10 at the top of the pipe. C’' is nearly equal to Ci
for Hel-Cor.

Data for V/-/gD = 1.30 are both numerous and informative. The

sediment fcllowed a complete path around the pipe for low concentrations.
The concentration distribution became more and more uniform as Ct in-
creased;, until deposition began. Those data marked with a flag indicate
deposition (compare to Fig. 13); which,because of the short c/C; scale
are partial profiles. Comparison of these later data with those for
V/=/gD = 0,36 shows a marked difference in profile form, for the de-
position regime. A change also occurred in the flow pattern.

The change in the flow pattern with concentration took place
in the following manner. For given V/-/gD versus C¢ such that
Vi /8D was above the steep part of the V;/-/gD versus C; curve, and
at low C; , the secondary helical flow along the boundary followed the
physical spirals of the pipe walls quite clgsely. The secondary cir-
culation tended more and more to follow the mean flow as the load increased,
and deviated further from the physical boundary helix, The secondary motian
was eliminated when the total load increased and deposition began. If
C¢ increased slightly the profiles somewhat resembled those found in a

smooth pipe.
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A short note on stability is adequate to explain the incipient
deposition point C; = 12.7 percent when deposition is reported as taking
place for Cy less than this. If a bed was present in the pipe the true
maximum carrying capacity of the pipe was not reached by gradually increas-
ing V/ﬁ/gﬁ continuously upward to some point, because the effect of the
helical motion did not have a chance to operate. The true maximum was
found by increasing V/1/§5 to a point where all the material was in sus-
pension, the secondary motion was established, and then 'W/q/gﬁ and Cy
were regulated until deposition started.

Fig. 19 is a plot of certain profiles depicting the transition
from incipient deposition to deposition. The same type of data for
V/ﬁ/gﬁ = 1,17 are also shown on this plot, Shown on Fig, 20 are some
profiles in which the helical motion was not present,

Some remarkd on large eddies are appropriate. From the section

on elementary profile censiderations, the Hel-Cor, with the pronounced
secondary motion, induced a much more uniform distribution of sediment
than a smooth pipe. A similar phenomenon of comparatively constant con-
centration in the vertical has been observed as "boils", in rivers.

These phénomenon dte additional evidence to support the idea that second-
ary circulation and large-scale eddies are the mode by which sediment is
transported upward. A smooth pipe, generating only small eddies and no
secondary circulation, can not maintain much sediment in suspension.
Furthermore, the J-V and f-Re diagrams demonstrated that there is

practically no additional energy expended until deposition takes place,
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which deposition means a change in boundary form. Since the energy ex-
pended in supporting the sediment was only a small part of that being dissi-
| pated, it is logical to postulate that the energy required to support the
sediment is simply transferred to the particles from the large-scale

eddies as form drag energy, and not passed on down to the small scale
eddies, or energy consumers; thus an energy balance,

The above remarks have further implications. Because the rate
of energy transfer to the small-scale turbulent eddies is only slightly
reduced, small scale turbulence is damped to only a negligible degree by
the presence of the sediment; a very different idea than Vanoni (54), and
Danel (13) and (14) seem to have had in mind.

Another deduction is that deposition‘takes place for a given
sediment, having a certain fall velocity, when the particle drag on the
large energy transfer eddies is equal to the total mean energy of the
eddy. The nearly equivalent C; at incipient deposition in Hel-Cor and
corrugated pipes, for a given V/-/gD , may be explained from this remark.
The Hel-Cor had small frequent corrugations which shed smaller eddies
(closer to dissipation rather than energy transfer size) than a corrugated.
The Hel-Cor had an additional large-size secondary circulation due to the
helical grooves,

With V/-+/gD = 1,48 , the top and bottom of the pipe had about

equal high concentration regions., This means that the sediment was very
rapidly circling the entire pheriphery of the pipe. The centrifugal force
of the particles was so great compared to the tendency to settle due to

gravity that the concentration profile was made up of annular rings.
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Following the course of what happened when €C; increased, the
high concentration shell gradually disappeared because the energy necessary
from the secondary motion was increasing with C; and the boundary was
capable of inducing less and less fluid acceleration as the mass of the
shell increase# with Ci .

When V/-/gD became as large as 1,48 and the flow behavior was
as described above, the total load could change over quite large limits
without significant deposition occurring. This was not true when V/-/gD
was so small that sediment was not carried over the top of the pipe.

Summary of the study of Hel-Cor vertical concentration profiles
rests on the significant parameter V/q/gﬁ . The concentration profile,
y/D versus c¢/Cty , took on a given form for each V/-/gD , that depended
somewhat on Ci; . Deposition began, for low V/-/gD , when the fall vel-
ocity w was about equal to the vertical component of the angular vel-
ocity of the secondary helical motion, For larger V/q/gﬁ , deposition

began when the secondary circulation was reduced to negligible proportions,

Vertical Concentration Profiles in a Smooth Pipe

Study and interpretation of the vertical concentration profiles
in smooth pipe was slightly complicated by the fact that the median
particle size varied considerably over the cross-section for a sediment
with a large standard deviation of sediment diameter., Such a problem does
not arise in a boundary inducing a nearly uniform concentration, The
effect of the size distribution and Reynolds number will be discussed

briefly, with the aid of Fig. 21,
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The primary contribution to sediment transport mechanics stems

from

c/C, =PV/~gD , Ci, y/D)

Fig. 22 is a plot of the smcoth pipe data in a manner similar to Fig, 18
for Hel-Cor pipes. The salient points to be considered are: 1) form of
the profiles, 2) effect of V/-/gD , 3) absolute| criterion for incipient
deposition, 4) a practical determination of the total load, and

5) Richardson number.

Effect of size distribution was most pronounced where the slope

of the concentration profile was rapidly changing. Fig, 21, separated
into intervals of C; . shows that the slope was changing rapidly at
y/D = 0.2 . This elevatior is choser for subsequent remarks.

The C/Ct

increased as C. increased. This implies that if
Cy was doubled for example, with a‘given V[a/gﬁ , the concentration
would not double over the full profile but would increase near the
bottom of the pipe. This occurs when cq has a measurable influence.

| Careful study of Fig., 21 with Reynolds number as a fourth
variable (C; as the third variable) indicated that the scatter in the
lower regions of the concentration profile was not put in order. Another
significant parameter had to be considered, The effect of Re and the

reasons for dropping it for profile analysis were discussed earlier.

The form of the profiles depended to a marked degree on the

total loads unlike Hel-Cor and corrugated which vary only slightly with

Ct °
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A significant difference in the concentration profiles of the three pipes
was that a considerable portion of the total load was transported through
every small part of the pipe cross-section in Hel-Cor and corrugated, but
the top quarter of a smooth pipe carries practically clear water. Con-
veying clear water is very uneconomical in sediment transport works --
such as in dredging.

The effect of V/q/gD was to increase the concentration near

the top of the pipe and to decrease it toward the bottom, as V/ﬂ/gﬁ
increased., This is equivalent to saying that as V/-/gD increased, the
value of ¢/C; at the bed, corresponding to deposition, decreased. It
is not implied, however, that the local concentration necessary for de-
position was less; C; was much higher when agradation began,

The possibility of developing an absolute criterion for incipient

deposition can be seen by~considering a plot (see Fig. 23) of C, versus
c/Cy at y/D =0.,06 for each V/-/gD , Data were insufficient for a
complete study, but the trend is certainly evident and significant,.
The importance of the V;/-/gD versus C, plot in comparative

studies of various pipes for design problems involving horsepower, rate
of sediment discharge and excessive water losses points out the need for
an evaluation of incipient deposition other than that of visual observation

-- which is not the same for any two observers -- to determine incipient
deposition, It is proposed that the maximum c/Ct , for a constant
v/q/gﬁ on a c/Ct versus Ct plot for a given vy/D , be used in deter-

mining the C, for incipient agradation,
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The magnitude chosen for y/D is not important as long as it
is consistent for a complete set of runs in a given pipe and picked some-
where near the bottom of the pipe so that appreciable differences in c/Ct
are found.

Sufficient evidence has been presented by earlier investigators
to prove that the most economical point for opef#ting a sediment transport
line is associated with incipient deposition. Comparing the results of
scientists from various parts of the world, in order to evaluate the
effect of particle size, pipe diameter, sediment density, etc. on this
economical operating point, was practically impossible because the obser-
vations of each person were based on personal judgment. The proposed
method would eliminate the personal factor,

Fig. 23 demonstrates clearly that, as V/ﬁ/gﬁ increased, there
was an increasingly large range of C; over which an observer would say
deposition was about to begin. The maximum becomes less and less distinct
for increasing V/~/gD .

There are a number of possible applications of an absolute
criterion for deposition in flume studies on stable channels, beyond the
scope of the present work.

A practical determination of total load C, for, say dredge

operators, is indicated in Fig. 22. A simple and rapid-technique is
desirable in order that an operator can maintain maximum efficiency. A
single sampling tube located at y/D = 0.3 will determine C; with pro-
bably + 15 percent maximum error, within the range of velocities and con-

centrations of these data. Durand (16) presented a plot for 0.18 mm
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sediment in a 150 mm pipe which shows essantilly the same results for

velocities up to about 15 fps.

The Richardson number

2
. -.-hgﬁ‘ Q_L_l_ Eg 6
f=2 dy/( &) ?

could be used for an analysis of the transition from suspended transport

to bed load, The lower portion of the concentration profiles, such as
used in the derivation of the incipient deposition criterion, show that
dP/dy will increase with , until agradation star*: After a deposit
begins to form, d/dy decreases even though , continues to increase,
Before deposition sets in, dvl/dy will decrease with concentration, but
when a bed begins to form the small ripples will induce sufficient tur-
buience 10 increase dv,/dy

The end product of the above variations of the individual terms
in R, 1s that, as C; increases, Ri will probably increase slightly

i

until deposition begins. and then drop rather sharply.

verticai Concentration Profiles in a Corrugated Pipe

Concentration profiles in a corrugated pipe are somewhat easier
i¢ interprete than those in Hel-Cor and smooth pipes. Fig. 24 has pro-
files separated into groups of nearly equal Re , with Re , Ct and
V/+/gD designated by a symbol for each profile. These plots were used

to determine the behavior of the profiles as a function of Re . Fig, 25

is a plot similar to Fig. 24 but with constant V/-/gD and the symbols
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denoting Cy . This latter figure was employed in evaluating the effect
of V/a/gD asd Cy . Fig. 26 is a composite of all the profiles for

corrugated pipe, based on the equation
c/Cy = ¥ (V/~/gD , y/D)

Reynolds number, in Fig, 24, has been used as a third variable

to illustrate that it did not seem to be an adequate parameter on which
to base the profile analysis. Consideration of the individual Re in
each Re interval, in conjunction with the associated Cy and J , did
not lead to any consistent conclusions, But if V/a/gﬁ is used on this
same Fig, 24, a consistent trend is present,

Accordingly, the V,/~/gD parameter was used as a third

variable in Fig. 25, with 5 to 10 fold changes in C; as a fourth variable.
The concentration profile depended to some extent on C; at small values
of V/+/gD . As V/-/gD increased, the dependency of ¢/Cy on Cy
disappeared and became more and more a linear function of elevation,

The main conclusion from the analyis was that the corrugated
boundary induced sufficient large scale turbulence, even at quite low
velocities, to distribute sediment over the entire cross-section to such
an extent that size distribution played a negligible role,

With C, unimportant, the profiles may be represented by
C/Ct =’V”(y/D s V/ﬁ/gﬁ . Fig, 26 is the result of drawing representative
curves through each V/-/gD plot of Fig. 25. The concentration profile

is nearly linear for V/-/gD = 1,40, This means that if Eq 34,
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ew = - € dc/dy , is applicable then €,/w is a linear function of dis-
tance from the boundary near the crest of the corrugation. A plot of

Eg/w versus y/D for V/q/gﬁ = 0.79 vyields a straight line on semi-log
paper. This implies that é's was a constant over the vertical diameter
of the pipe. One may conclude that if a boundary is not available which
causes pronounced secondary circulation, then the next best type would be

a boundary characterized by ég/w being a linear function of y/D .

Dif fusion Coefficient €, and the K4rman Constant A

—— P

The coefficients é‘s and /T are terms which have been re-

ceiving considerable attention in recent years, particularly by engineers
studying alluvial channels. An analogy exists of course to pipe flow, and
the variables, particularly é‘s , are applicable in both casas, A de-
tailed study of 6‘5 and A is beyond the scope of this dissertation;
but have been computed and tabulated in an appendix to expedite future

research along such lines.

The parameter €. /w in Eq 34 was determined graphically

from plots of the concentration profiles, Data are available for both
smooth and corrugated pipes. Since dc/dy was usually zero in the Hel-
Cor a tabulation was not possible.

Cursory examination of these data indicated that in the smooth
pipe the minimum €S/w occurred near the lower boundary, increased to
a maximum at y/D = 0.6 to 0.8 and decreased somewhat as the top of the
pipe was approached. The corrugated boundary had a maximum near the top

and bottom, and a minimum near the center of the pipe,
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The Karman lﬁ was computed from 2z, = W/ ke u = (w/ K VY (+/8/F) ,
in Eq 5. The lower half of the concentration profiles were plotted on log-
log paper., The approximate slope was z, . The constant a was set equal
to D/20 . Two values of A were tabulated for the corrugated, A and
A* . The former was computed by starting calculations from the crest of
the roughness, and the latter from the trough -- assuming an observer in-
side the pipe.

In the smooth pipe, A ranged from 0.21 to 0.34. The corru-
gated boundary had A values going from 0.34 to 1,33 and A’ from 0.36
to 1,43,

The wide variation and seemingly absurd values are due to concen-

tration and the poor fit of the data to Eq 5.

Summary

The internal mechanics vary, superficially, from pipe to pipe.
Hel-Cor had a nearly uniform concentration because of the secondary cir-
culation induced by the helical corrugations. Smooth pipe had a profile
comparable to the familiar open channel type., Corrugated pipe maintained
a profile intermediate to that of Hel-Cor and smooth. This latter pipe
had a fairly large concentration at the top of the pipe and increased in
an almost linear manner to the pipe bottom.

An absolute criterion for incipient deposition in pipes is pro-
posed, Very marked differences were apparent in the sediment exchange co-

efficient and the Karman A between smooth and corrugated pipe. Near the
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bottom of the pipe, 6’5 was a minimum in smooth pipe and a maximum in
corrugated, The Karman A was less than 0.36 for smooth, and ranged to

as high as 1.43 in corrugated.
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Chapter VIII

SUMMARY AND CONCLUSIONS

Bngineering problems involving sediment are many and varied.
Pipeline conveyance of fine sediments in suspension was the narrow part
of sediment engineering from which the research problem reported in this
dissertation was drawn, Presented below are: 1) problem, 2) theoretical
considerations, 3) dimensional analysis, 4) equipment, 5) procedure,

6) summary of analysis of data, 7) conclusions, and 8) future studies,

Problem

The problem was to investigate the effect of three artificially
roughened boundaries on the energy requirements and mechanics of the
horizontal transport of 0,20-mm sand suspended in a water medium, The
problem which was studied arose because, within comparatively recent
years, pipe manufacturers have been able to economically install artific-
ial roughness in the boundary of pipes. The study took place during the
period from September, 1952, to June, 1955. The pipes investigated were
nominal 12-in, diameter Hel-Cor, corrugated and smooth, all available

commercially,

Thepretical Considerations

Theoretical considerations involved derivation of a general
continuity equation in differential form for the spatial distribution
of the sediment concentration, and some studies of the rate of energy

dissipation on a local and one-dimensional level,
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Dimensional Analysis

Dimensional analysis was used to derive functional equations for
several special problems. Some of these problems were directed toward de-
termining the effect of boundary form on the parameters which enter the one-
dimensional analysis of pipeline resistance. The f-Re diagram, with
boundary form and total load as additional variables, played a major role
in studying frictional resistance. A function of horsepower, sediment dis-
charge and mixture discharge, as affected by boundary form, was derived for
economic and design comparisons at the most efficient operating level of
each pipe.

Bquations for analysis of the mechanics of the sediment transport
process were developed, usually with the ratio of local concentration to
total load as the dependent variable. An absolute criterion for in-

cipient <desposition was derived.

Bquipment

Equipment consisted of the three boundary forms, a pump capable
of delivering 10 cfs, an orifice to measure mixture discharge, a sampler
for total load determination and a bank of piezometers along the test pipe.
Bquipment was also installed to measure the local velocity and to obtain
samples of the sand-water mixture at any point in a cross-section of the

boeundary being investigated.

Procedure
The procedure, for each run, was to measure mixture discharge,

hydraulic gradient, temperature, total sediment load, and to obtain three
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samples of the nuxture at each of ten points along a diameter of the pipe.
Bach sample had a volume of one litre. The hydraulic gradient was measured

in feet of clear water per foot of pipeline,

Summary of Analysis of Data

Several important points were brought out by analysis of the
data obtained during this investigation on the suspended transport by
water of O.20-mm sand in horizontal 12-in, Hel-Cor, corrugated and smooth
pipes,

1, A calibrated sediment cone was found sufficiently accurate
for converting the apparent volume of sediment, in one litre samples of
the sand-water mixture, to concentration of sediment in percent by volume,

2. A set of piezometers located on the crests of the corrugations
of standard corrugated pipe registered the same magnitude of the hydraulic
gradient as a set located in the corrugation troughs.

3. An orifice placed in a vertical section of the circulation
system was a favorable location for measuring total sediment load.

4. The differential piezometric head, between a corrugation
crest and trough on the corrugated pipe, decreased for & given Reynolds
number as total load increased.

5. The Darcy-Weisbach resistance ccefficient, for a given
boundary, was not significantly affected by the presence of fine sand
until the total load of sediment increased to a magnitude which caused

deposition to take place in the pipe.
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6. The resistance coefficient was, in general, increased for
Hel-Cor and smooth pipe as deposition began tq take place to a marked
degree, because the boundary was changing due to the deposits forming
on the bottom of the pipe.

7. The Darcy-Weisbach resistance coefficient decreased with
increasing Reynolds number and seemed to follow the K&rmfn-Prandtl
resistance equation for turbulent flow in smooth pipes, as long as all
the sediment was in suspension,

8. Analysis of the corrugated pipe resistance data by the

Morris concept of Wake-interference flow, agreed favorably with measure-
ments,

9. The mean velocity, at which deposition started. became less
dependent on the magnitude of the total load as velocities were increased,
This mean velocity was much higher in the smooth pipe than in the Hel-Cor
or corrugated for a fixed total load.

10. The horsepower input required to maintain a certain dis-
charge of sand-water mixture was not materially greater than that necessary

to pump the same discharge of water, as long as all the sediment was in

suspension. Horsepower was computed in terms of the discharge of mixture,
with the unit weight and head loss expressed in feet of water.

11. Defining the point of most efficient operation as the
minimum point of a constant total load curve on a J-V diagram and
assuming operation at this point, Hel-Cor transported more sediment per

unit time for a given horsepower than corrugated, and more than smooth

pipe provided the total load was fairly small.
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12, Using the above operating point, Hel-Cor required hess-horse-
power for a fixed total sediment load than did corrugated, and usually
less than smooth pipe.

13. Hel-Cor and corrugated pipe delivered more sediment for a
given mixture discharge than did smooth pipe. The smooth pipe required
a higher mixture discharge than Hel-Cor and corrugated in order to
maintain the same constant sediment discharge.

14, The horizontal concentration profiles were constant over a
horizontdl diameter of the corrugated and smooth pipes. The concentration
in Hel-Cor pipe deviated considerably from a constant in the vicinity of
the wall,

13. The Hel-Cor boundary, which caused pronounced secondary
circulation, maintained a more nearly uniform sediment concentration over
a cross-section normal to the direction of flow than the smooth and
corrugated pipes,

16. The standard deviation of the g@diment sieve diameter had
a negligible influence on the concentration profiles in Hel-Cor and
corrugated pipes, but affected the lower portion of the profiles in the
smooth pipes.

17. An absolute criterion for determining incipient de~
position was presented,

18. The sediment exchange coefficient € had a much different
distribution, as a function of distance from the boundary, in a smooth
pipe than in a corrugated pipe. The exchange coefficient had little or
no meaning in a Hel Cor pipe because the concentration profiles were

nearly constant.
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19. The Karmfn A in the Rouse number z_ was below 0.4 in
smooth pipe and ranged from 0.3 to very large values in corrugated, based
on an approximate analysis., The concentration profiles deviated consid-

erably from the Rouse equation.

Conclusions

The principal conclusions derived from the experimental data

are given below. These conclusions are limited to the transport of a
0.20-mm sand, suspended in water, by 12-in, Hel-Cor, smoothyand corrugated
pipes at velocities under 10 fps.

1. Hel-Cor pipe can usually deliver more sediment per unit
time with less horsepower than either corrugated or smooth pipe.

2. Secondary circulation induced by continuous helical corru-
gaticns is more effective in maintaining a nearly uniform concentration
over a pipe ¢ri4s-section than corrugations placed normal to the direction
of the mean flow,

3. Fine sand, traveling in suspension, does not significantly
increase the horsepower required to pump the sand-water mixture above that
to pump the same discharge of clear water, in a given boundary.

Several conclusions of quite general applicability can be pre-

sented, These conclusions are based on theory and experimental evidence,
and are valid regardless of boundary form, Assumed to be present is either
a fine sand sediment or no sediment at all,

An absolute criterion can be used to determine the total
load at which depositicn occurs for a given mean velocity. The criterion

for incipient deposition is the maximum or rapid decrease (whichever is
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applicable) of a c/Ct versus Ct plot for a given distance above the
bottom of a nipe and for constant mean velocity., The local concentration
at the fixed elevation is ¢ , and C; is the total load under investiga-
tion,

2. The Morris concept of wake-interference flow has merit in
studying large, regularly-spaced, artificial roughnesses.

3. Boundary form plays a very important role in determining the
diffusion coefficient that will exist in the vicinity of the pipe wall,

Theoretical considerations lead to the conclusions:

1. The energy balance between the rate of energy dissipation
required to maintain fine material in suspension and the decrease in the
rate the fluid consumes energy seems to take place on the level of large
scale energy transport eddies, and not to materially affect the spall
scale energy consuming turbulent eddies,.

2. The difference, if any, between the energy required to trans-
port a sediment laden fluid and an equal discharge of the homogeneous con-
tinuous phase is a function of the amount the sediment causes the

piezometric head to deviate from a constant over any cross-section normal

to the direction of the mean velocity.

Future Studies

It is not difficult to make a long list of sediment transport
problems which need to be investigated. Presented below are four of the
more general and fundamental studies which the writer believes would

yvield significant results.
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1. A dimensionless funciion of horsepower, boundary, total load
and sediment size (an extension of Fig. 14 in the text), would yield
valuable design and economic data for sediment pumping installations,.

2, Examination of the J-V diagram (see Fig. 8), with constant
total load curves, indicates that with sufficient ingenuity in plotting
C¢ -~ J intercepts and ¢/D - V fntercepts for various sediments and
pipes, one could derive a single function involving hydraulic gradient,
total load, mixture discharge and boundary form, Such a function would
make it possible to develop general sediment transport design criteria
for pipes,

3. A study to find an optimum helix angle, frequency of
corrugation and amplitude, as a function of sediment size, power con-
sumption and discharge, would lead to a boundary, possible to fabricate
commerciaily, which would transport & maximum amount of sediment per
unit time with & minimum of energy input per unit time, Other forms
of artificial roughness could alsc be investigated with the same
ultimate objective,

4, Further investigation of the “absolute criterion for
incipient deposition', proposed im this dissertation, should make it
possible for an observer to eliminate the ambiquity in deciding when
deposition is occurring. It would alsc enable ome to define more
closely the most efficient operating conditions for a sediment transport

plant.
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NOMENCLATURE

The following nomenclature were used in this dissertation. All
the symbols were defined where they were first used, and only those used
in more than one section are given below. The units are, in general,
pound-foot-second (F-L-T). However, the equations are applicable in any
system of units if proper cognizance is taken of the appropriate con-

version factors,

Symbols  Definition Unit
a distance off the channel bed at which .
is measured L
¢ local sediment concentration in percent by
volume
Ca local concentration at elevation a in

Rouse equation

d median sieve diameter of sediment in mm L
f Darcy Weisbach resistance coefficient
g gravitational acceleration L/T?
&h magnitude of velocity head parameter at
position x/r; L
h? arithmetic average velocity head parameter:
10-in. orifice L
k Nikuradse eguivalent uniform sand diameter L
p local pressure at some point in the fluid-
sediment medium E/L?
ép difference in pressure between two points E/L?
T radius of pipe from axis to crest of
corrugations L
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NOMENCLATURE --Continued

radius of 10-in. diameter orifice

components of local mean velocity in v

fall velocity of particles with median sieve

exponent in Rouse équation

numerical constants

total sediment load in percent by volume
average concentration over horizontal
diameter, rercent DLy volume

diameter of pipeline

mechanical energy, defined by

E=p+ pvi/2+ Yy

mechanical energy being dissipated per
total mechanical energy in a given region
total sediment load

hydraulic gradient along pipeline; sediment

hydraulic gradient along pipeline for clear

discharge of sediment-water mixture

Symbols  Definition
r
1
t time coordinate
v,
i
y velocity vector
w
diameter d
z.
1
A;, Ai
Ct
(CtQ = G)
Cv
D
E
Ep
unit time
Et
G
i horsepower
J
present or not
Je
water
Q
Re Reynolds numher
T

temperature in «Centigrade degrees

-A2-

Unit

L/t

L/T

L/T

FL/L3

FL/T
FL

L3/T
FL/T

L3/T



Symbols

NOMENCLATURE ~~Continued

Definition

T

i

Y

a
¥s
Tw

s

Ca

G

7d

stress tensor

mean velocity over cross-section of

pipeline

velocity at which deposition begins for a given

total load

unit weight of air

unit weight of sediment

unit weight of water

differential head between corrugation crest

and nearest trough

exchange coefficient in vertical direction
diffusion coefficient along
exchange coefficient for sediment

exchange coefficient for momentum

Karman constant

in z, , computed from

corrugation crests

Karman constant

in z, , computed form

corrugation troughs

wave length of corrugations

mass density of

mass density of

mass density of

mass density of

standard deviation of sediment sieve

diameter

mixture

air

water

~A3 -

e. coordinate

Unit

FL/L3

L/T

L/T
E/L3
E/L3

E/L3

L%/T
L2/T
L%/T

L%/T




NOMENCLATURE ~-Continued

Symbol Definition Unit
Ow standard deviation of sediment
fall velocity L/T
T a volume L3
o group of lengths describing pipe

O Op O &

boundary L
any functional relation

incipient deposition

two inch wide bed formed on bottom of pipe

four inch wide bed formed on bottom of pipe

six inch wide bed formed on bottom of pipe

Mathematical Notation

ij

€4
In

log

[ E T

i»

A

v

A rectangular Cartesian coordinate system is assumed,
Kronecker delta -- 511 = 1; 515 =0, 1i#3j

base of Naperian logarithm

unit vectors along coordinate axes

denotes logarithm to base e

denotes logarithm to base 10

unit vector normal to differential area da

position vector

=FA;e; identity

dot product of two vectors

vector operator; by definition

V= X$2/0x;e4

§72 scalar operator:; by definition

V= X3/3%;°

/{7_1}. aT =/é‘.p_da identity
(4 s
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NOMENCLATURE --Continued

Abbreviations
Symbol Definition
cfs cubic feet per second
fps feet per second
ft foot or feet
in, inch or inches
m meter
mm millimeter
C corrugated pipe (Appendix)
BwW Bast-West direction
Fig. Rigure
H Hel-Cor pipe (Appendik)
ID inside diameter of pipe
No. number
NS North-South direction
oD outside diameter of pipe
S smooth pipe (Appendix)
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DEFINITIONS

Those terms which occur frequently throughout the text are
‘defined below for reference purposes,
1. Load: The sediment being moved by the flow.

2. Suspended load: The material movimg in suspension in the

fluid medium,
3. Total load: The load of sSediment as determined from
sampling at an orifice located in a vertical pipe.

4, Incipient deposition: The transition; fully suspended

load transport to transport with a permanent bed in the
pjpeline,

5, Limit deposit velocity: The mean flow velocity at

which deposition began for a fixed tetal load,

6. Sediment size: The median sieve diameter as determined

fgom a sieve analysis.

7. Total mechanical energy: The sum of kinetic and potential

energy; thermal energy neglected,

8. Most efficient operating peint: The most efficient

operating point corresgponds to operatiom of a sediment
transport installation with a minimum horsepower input

for a fixed total load.
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Susmary of Laborstory Data

Bxplanatory notes

1, The letter following & run number denotes-the boundary type or form: H for Hel.
Cor, C for corrugated and S for smooth, In some cases, & symbol is appended to
indicate the bed condition in the pipe as observed through a plastic section at
the end of the test pipe, See Nomenclature,

2. The total load Ct is in percent by volume,

3, Bach "piezometer reading” is the average of four trials, the piezometers were
spaced at 10-ft intervals,

4, Bach "piezometer reading for Cy data" is the average of four trials, taken
while obtaining the total load sample, during & 1/2-hour interval after the
concentration profile was completed,

5. Bach "piezometer reading at check station" is the average of four trisls taken
on the corrugation trough (observer inside the pipe) of the corrugated pipe,

6, "Sampler station (y/D)" is computed from the bottom of the test pipe. The
magnitude of D being 1-ft, hence y/D = O at the pipe wall for the smooth,
and &t the crest of corrugations for Hel-Cor and the corrugated pipe (observer
inside the pipe),

.y

“Average conc. ¢" is the local sediment concentration of solids to sand-water
in percent by volume,

®

"Velocity u" is approximate, measured by the 1/4-in, sampling tube snd an
ambient pressure tap on the wall of the plastic section,

Boundary Type:Hel-Cor Run No, 1 H q =5.20 cfs V= 6.63 fps
Profile Traverse: Vertical C¢ = 1.32 percent T =16.4 °*C
Average Piezometer Reading
Piez. No. 4 S 6 1 8 92 10
Piez. reading 8.925 8,714 8,425 8,180 7.945 7.70% 7.407
Piez, reading
for C, data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D3l 0,06 10,16 10,26 ] 0,361 0,46 ] 0,56 [ 0,66 [ 0,76 [ T8 1T,
Avg. Conc. (C %)} 1,35 1.23 1,23 1.28 | 1,30 1.32 1.35 1.25 1.45 1,45
Velocity (u fps) | 595 | 7,18 | 8,03 | 8,93 | 9,15 [ 9,07 [ 8,60 | 7.95 |6.20 |5.84
Boundary Type: Hel-Cor Run No, 2 H Q =5.20 cfs V= 662 fps
Profile Traverse:Vertical C, =1.35 percent T =156 *C
Average Piezometer Reading
Piez, No. 4 3 L] 7 8 2 10
Piez, . reading 8.949 8.736 8.441 8,210 7.978 7.743 7.414
Piez, reading
for Cy data

Piez, reading
at check sta,

Concentration and Velocity Profile Data

Sampler sta {(y/D)} 0,06 | 0.16 { 0.26 | 0.36 | 0.46 56 066 1 0,76 1 0,8 | 0.96

Avg. Conc. (C %3 1,38 11,24 |1 1,33 1,28 1,31 1,33 1,38 [ 1,31 11,53 11,48 |

Velocity (ufps)] .- [7.30 18381857 [ 0.4 9,25 [875 1806 |6.76 [5.67

Boundary Type: Hel-Cor Run No. 3 H Q =5.30 cfs V= 675 fps

Profile Traverse:Vertical C, = 1.90 percent T =150 °C
Average Piezometer Reading

Piez, No. 4 5 6 7 8 9 10

Piez. reading 8.931 8.719 8.415 8,190 7.955 7,715 7,419

Pjez. reading

for Cy data

Piez. reading
at check sta,

Concentration and Velocity Profile Data

Samplier sta {y/D)] 0,06 16 ] 0,26 ] 0,36 | 0,46 1 0,56 | 0,66 1 0,76 | 0,8 | 0,96

1.9001 1,90 | 1.845¢31.90 1191512 12

5]
Avg, Conc, (C%)l 1921 1,80 | 1.920] 1.91
Velocity (u fps)| -~ | 6,05 [ 802108 196,15 Jo,1s 8,42 [8,03

5,95 T6.21

Boundary Type: Hel-Cer Run No, 4 H Q =35.21 cfs V= 6,63 fps
Profile Traverse: Vertical C, » 1,85 percent T=18.4 °C
Average Piczometer Reading
Piez, No. 4 5 7 8 9 10
Piez, reading 9,030 8.812 8,510 8,266 8.026 7,780 7.476
Piez, reading
for C, data
Piez. reading
&t check sta,
Concentration and Velocity Profile Data
ognupler ste (y/0Y[0.06 [ 0,16 10,26 | 0. 0.4 1 0.56 1 0,66 | 0.76 [ 0,8 1 0,96
vg, Conc, (C% Y] 2 15_9{ 1,770} 1,860 1,780 1,855‘ 1:54; 1,8601 1,840 1 1,845 11,73
Velocity (u fps)| 6,21 | 7,62 éﬁg 9,15 19 i 9,32 19,13 16,90 17,9 1595 J
Boundary Type: Hel-Cor Run No, 6 H Q = 6.50 cfs vV a 8.28 fps
Profile Traverse:Horizoamtal Cg = 2.00 percent T =189 ¢
Average Piezometer Reading-
Piez. No, 4 h] 6 1 B 9 10
Piez. reading p— §.521 9.049 8,650 §.266 7.958 7,398
Piez, reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D3] 0,06 | 0,16 | 0.26 70,38 ] 0.46 | 0.56 [ 0.88 | 0,76 ] 0.85 ] 0,96
Avg. Conc, (C%)| 2201 1,941 1,86 1 1,947 1931 2.00 1,86 12197 1212 1223
Velocity Cu fps) ] 7,001 9,40 110,30 [11,35 11,95 [12,00 J12.35 J10,45 [ 9.31 18,22
Boundary Type: Hel-Cor Run No, 7 H Q = 6.5 cfs Vv = 8.28 fps
Profile Traverse: Horisontal Cy = 1.83 percent T =225 *C
Average Piezometer Reading
Piez, No, 4 5 7 8 Q 10
Piez, reading = 9,571 9,154 8,699 18,316 7,950 7,449
Piez, reading i
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)| 0.06 | 0.16 [ 0.26 | 0.36 [ 0,46 0.56 | 0,66 | 0.76 | 0.8 | 0.96
Avg, Conc, (C 70| 2.23 1.78 1,79 1,76 1,81 1,79 1,78 1,79 1,79 1,77
Velocity (u fps)] 7 00§ 9.40 110.10 11,35 111,95 112,00 11,35 [10,45 [9,31 |8,22
Boundary Type: Hel-Cor Run No, 8 H Q =6.60 cfs v = 8,40 fps
Profile Traverse: Vertical Cy = 2.21 percent T =286 °C
Average Piezometer Resding
Piez, No. 4 3 L] 8 9 10
Piez. reading | 9 346 9,009 8.546 8,121 7.730 7,556 6,855
Piez. reading
for Cy data
Piez. reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 ] 0.16 ] 0,26 ] 0,36 | 0,46 [ 0.56 | 0,66 [ 0,76 | 0,86 | 0,96
Avg, Conc, (C% )1 2,540 12,158 1 2,150}i2.18 | 2,18 | 2,10 | 2.1901 2.2451 2.23 12.30 |
Velocity (u ﬁgﬁ 8.26 |9.68 110,80 [11,40 [12,00 |12,00 11,40 [10,40 | 9 30 18.45 |
Boundary Type: Hel-Cor Run No, 9 H = 6.50 ¢fs vs 84 fps
Profile Traverse; Horizontal C, * 2.13 percent T=29.0 °C
Average Piczometer Reading
Piez, No. 4 3 6 7T 8 9 10
Piez, reading 9.322 8.995 8,546 8,115 7,726 7.351 6,850
Piez, reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0.06 1 0,16 | 0,26 [ 0.36 | 0.46 | 0.56 | 0.66 | 0.76 | 0.6 | 0.96
Avg. Conc. (C % )] 2 38 2,151 2,121 2,03} 2,06 | 205} 202 12,18 { 2,18 12.21
Velocity (u €ps)| 8.26 | 9.68 [10,80 [11.40 |12,00 12,00 |1 10,40 1 9,30 ]
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Boundary Type: Hel-Cer Run No. 10 H Q = 6.45 cfs . V= 8.22 fps Boundary Type:Hel-Cor Run No, 15HE q = 1.64 cfs V= 209 fps
Profile Traverse:Horizontal C¢ = 2.87 percent T = 17.5 °C Profile Traverse: Horizontal Cy = 0.157‘,,,“"’ T =198 ¢
Average Piezometer Reading Average Piezometer Reading
Piez. No. 4 s 6 7 8 9 10 Piez, No., 4 s ] 7 8 g 10
Piez. reading w—— 9.288 8.854 8,437 8,041 7.663 7.202 Piez, reading | ... 0,714 0,691 0,639 0:621 0,593 0,554
Piez, reading Piez, reading
for Cy data : for C; data
Piez, reading Piez, reading
at check sta, at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
Sanpler sta (y/D)] 0,06 | 0,16 [T0.26 [ 0,36 | 0,46 | 0.56 1 0.66 | 0.76. 0 098 [Sampler sta (y/D)] 0,06 | 0.16 | 0.26 | 0.36 | 0.46 .56 | 0,66 | 0,76 | 0.8 | 0,96
v, Conc, (C%)} 3.33| 2.81 ] 2,711 2,70 | 2.74 | 2,70 | 2,74 | 2,94 | 2,71 | 3,30 Avg., Conc, (€ %1 0 187l 0 1621 o 182l 0.1 0162l a 181}l 01721 0. 1671 0230l 0
Velocity (u fpsy Velocity Cu fps)] 1,031 2,441 2,79 [ 3702 | 3714 [ 3.11 | 2,94 | 2.72 | 2,44 | 1.95
Boundary Type: Hel-Cor Run No, 11 H Q = 6.45 cfs V= 8,47 fps Boundary Type: Hel-Cor Run No, 16 H4 @ = 1.55 cfs v = 1.97 fps
Profile Traverse: Horizontal C, = 2.70 percent T =20 *C Profile Traverse:Horizontsl Cy = 0,138percent T =24,7 *C
Average Piezometer Reading Average Piezometer Reading
Piez. No, 4 5 8 9. 10 Piez, No, 4. 3 G, 7 8 9 pls]
Piez, reading —-—— $.310 8.898 8,466 8,070 7,691 . 7,229 Piez, reading —— 7.070 6,890 6,550 6,180 5,890 5,520
Piez, reading Piez, reading
for Cy data for Cy data
Piez, reading Piez. reading
at check sta, at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 [ 0.16 | 0.26 | 0.36 | 0,46 .56 ] 0,66 | 0,76 | 0,8 | 0.96 Sampler sta (y/D)] 0,06  0.16 | 0,26 | 0 3 0.96 | 0.56 | 0,66 0,76 | 0,86 | 0,96
Avg, Conc, (C %V 2.84) 2701 2601 2641 260 | 2641 2,64 | 2,71 1 2,74 | 2,85 Avg, Conc. (C % )}0.167 ]0,120 § 0.139] 0.182] 0,139] 0,15310,134] 01291 0.1201 0 096 |
Velecity (u fps) ; Velocity (u fps) 195 [2.44 | 2.79 ) 3.03 [ 3,14 | 3.11 | 2.94 | 2,72 | 2,44 ]1.95
Boundary Type: Hel-Cor Run No, 12 H Q = 6.45 cfs v = 8,22 fps Boundary Type: Hel-Cor Run No. 17H & Q = 1.61 cfs V= 206 (ps
Profile Traverse: Horizontal Cy = 2.43 percent T =215 °*C Profile Traverse: Vertical C, = 0.165percent T=25.6 °C
Average Piezometer Reading Average Piczometer Reading
Piez, No, 4 S 3 7 8 9 10 Piez, No. L 5 6 7 8 9 10
Picz. reading —— 9.32% 8,905 8,480 8.080 7,709 7,244 Piez, reading — 7.990 7,962 7.931 7 802 7,865 7,832
Piez, reading Piez, reading
for C¢ data for Cy data
Piez. reading Piez, reading
at check sta, at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Datm
Sampler sta (y/D3] 0,06 | 0,16 ] 0,26 ] 0,36 ] 0.46 | .0.56 | 0,66 | 0,76 | 0,86 | 0,96 [Bampier sta (y/D3] 0.06 | 0.16 ] 0.26 | 0.36 ] 0.46 [ 0.56 ] 0.66 ] 0.76 | 0.56 1 0.56
Avg. Conc, (C%)| 2,94 | 2.48 | 2,501 2,60 | 2,63 | 2.63 | 2.60 | 2,68 | 2,55 | 2,73 Ave. Conc. (C %[ 0.125 | 0.105] 0,171] 0,200 0,148 0.195] 0.181] ©.200] 0.185] 0.139
Velocity Cu fps) S Velocity (u fpsy] 1,85 | 2.33 [ 261128 | 2,96 | 3.02 | 2.85 | 2,56 | 2,20 | 1,68
Boundary Type: Hel-Cor Run No, 13 H Q = 6.45 cfs v = 8,22 fps Boundary Type:Hel-Cor Run No, 18 H § q = 1,63 cfs A 2:-‘138 fps
Profile Traverse: Horizontal N C, = 3.17 percent T=21.3 °C Profile Traverse: Vertical Cy = 0.141percent T =26. C
Average Piczometer Reading Average Piezometer Reading
Piez, No. 4 s 7 8 9 10 Piez. No, 4 5 5 7 £ 2 10
Piez. reading [ g 264 8.014 8,496 8,064 7,660 7,283 6,815 Piez. reading - 8,046 8.024 7.973 7.941 7.924 7.885
Piez, reading [~ - Piez, reading
for C, data ) for C, data
Piez. reading Piez, reading
at check sta. at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Dats
Sampler_sta (y/D)] 0,08 [ 0.16 | 0.26 | 0.36 | 0.46 | 0.56 | 0.66 | 0.76 | 0.86 | 0.96 ]_sﬂnp_xg sta (y/M] 0,06 10,16 1D, . . .56 | 0,68 1 0.76 | 0,85 T 0.9
ive. Conc. (CY,)[3.40 |3.20 | 3.12] 3.04 | 3.10 | 3.05 | 3.12 | 3.10 | 3.14 | 3.28 | Avg. Conc, (C % )| 0.064] 0.139] 0,139] 0.144 0.162] 0,171} 0.120] 0.162 ggl (;ng_
veloeity (u fps)[8,2 9,21 [10,05 30,70 {1150 [12.00 [31.60 |10.75 | 9.72 | 820 Welocity CufpsV ] 1,85 ] 2,33 1 2,61 | 2.85] 296 1302 | 2.85 2.5 |2,
Boundary Type: Hel-Cor Run No, 14 H Q =6.45 cfs v = 8.22 fps Boundary Type:Hel-Cor Run No, 19 H Q = 4,70 cfs Ve 598 fps
Profile Traverse: Horizontal C¢ = 3.01 percent T =22.8 *C Profile Traverse: Vertical C, = 1.59 percent T=200 °*C
Average Piezometer Reading . Average Piezometer Resding
Piez, No. 4 5 & 7 8 9 10 Piez, No. L} 3 [} 7 8 9 10
Piez. reading 9.26% £.921 8,496 8,061 7.638 7,281 6,811 Pjez, reading _— 8,701 8,488 8,262 8,036 7,832 7.807
Plez, resding Piez, reading b
for Cy data for C¢ data
Piez, reading Piez, reading
at check sta, at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Data I
Sampler sta (y/Dy] 0,06 T 0,16 T0.26 T 0,361 0,46 | 0.56 | 0,66 | 0.76 | 0,85 [ 098 [smgxer sta (y/Dy] 0,06 1 016 | 0,26 | 1.36 ] 6,48 ] ?':36' 7.7: f.:: ;).:16
Avg, Conc, (C% )| 3.39 2.83 1 1R [Avg, Conc, (C % )| 1,58 .57 1 1.3 35 1 1,54 1.56 R | 1.3 o 2
Veﬁocity a fpsy 2.97 1 2.91 1. 3.09 1 3.00 1 2.85 4 2.90 Velocity (u fps 3.2 u:&gé 7,17 | 7,80 | 8.14 8. 7.5 6.90 | 5.85 | 4.87
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Boundary Type:Hel-Cor Run No, 20 H Q = 4,70 cfs V=598 fps
Profile Traverse: Vertical C, = 1.52 percent T=22.5 °C
Average Piezometer Reading

Piez, No, 4 S 6 8 9 10
Picz, reading - 8,727 8.534 8,282 8.061 7.871 7,632
Piez. reading
for Cy data
Piez. reading
at check sta,

Concentration and Velocity Profile Data
[Sampier sta (y/D)] 0.06 ] 0.16 | 0,26 | 0,36 | 0.46 | 0,56 | 0,66 | 0,76 | 0,86 | 0,96
Avg., Conc, (C% )| 1,58 ] 1.51 ] 1.49 1.50 | 1,47 1,44 1.9 1,5051 1,53 1,66
Velocity (u fps)| 5,29 | 6,32 | 7,17 |-7.80 | 8,14 8.01 7,58 | 6,90 | 5.85 4.87
Boundary Type: Hel-Cor Run No, 21 H Q =3.53 cfs V= 4,50 fps
Profile Traverse: Vertical C, = 0.840percent T=27.1 °C

Average Pi(zometer Reading

Piez. No. 4 5 9 10
Picz, reading - 8.196 8.065 7.928 7.799 7.680 7.540
Piez, reading
for C; data
Piez, reading
at check sta,

Concentration and Velocity Profile Data
Sampler sta (y/DY[ 0,06 | 0.16 | 0.26 | 0.36 | 0.46 | 0.56 | 0.66 | 0,76 | 0.56 | 0.96_
Ave. Conc. (C % )| 0.785] 0.760} 0.825] 0.840]0.870]0.840]| 0,840} 0.872]0.899 | 0.870
Velocity (u fps)| 5,98 | 4,81 | S 5,93 16,18 16,15 5.84 | 5.24 4.37 3
Boundary Type: Hel-Cor Run No, 22 H Q =3.53 cfs v = 4.50 fps

Profile Traverse: Vertical

C¢ =0.837 percent
Average Piezometer Reading

T =27.7 *C

Piez. No. 4 5 8 9 10
Piez. reading — 8,141 8.010 7.872 7.741 7.621 7.456
Piez. reading
for Cy data
Piez, reading
at check sta.

Concentration and Velocity Profile Data
Sampler sta (y/DY] 0.06 | 0,16 | 0.%6 | 0,36 | 0.46 | 0.56 | 0.66 | 0.76 [ O. 0,96
Avg. Conc. (C % )| 0.865] 0.790] 0.790| 0,820} 0.840] 0.830| 0.845! 0.865 | 0.885 | 0,845
Velocity (u fps) 3,98 | 4,81 | 5.46 5.93 1 6.18 | 6.15 | 5.84 | 5.24 | 4.57 |3.72
Boundary Type: Hel-Cor Run No, 23 H Q =4.80 cfs V= 6.11 fps

Profile Traverse: Horizontal

C, =1.30 percent
Average Piezometer Reading

T =265 *C

Piez. No, 4 )] 7 8 9 10
Piez, reading m— 8,764 8,537 8.314 8,086 7,887 7,640
Piez, reading
for C¢ data
Piez. reading
at check sta,

Concentration and Velocity Profile Data
Sampler sta (v/D)| 0,06 [ 0.16 | 0.26 | 0.36 | O.46 0.56 [ 0,66 | 0.76 | 0,8 | 0.96
Avg, Conc, (C %] 1.41 |3 oeol 1,280] 1,24 [ 1,290 [ 1,27 [1,31 [1,31 {1.,31 }1.28
velocity (u fps)| s33 | ¢,35 | 7,17 | 7,83 [ 8,10 [ 8,00 | 7,75 | 7,05 ]6.19 |5,25
Boundary Type: Hel-Cor Run No, 24 H Q =4.80 cfs V= 6.11 fps
Profile Traverse: Horizontal Cy = 1.28 percent T =27.6 °C

Average Piezometer Reading

Piez. No. 4 5 6 7 8 9 10
Picz. reading - 8,809 8,585 8,349 8,129 7,931 7,685
Piez. reading
for C¢ data
Piez. reading
at check sta,

Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0.16 | 0,26 ] 0,36 | 0.46 | 0.56 | 0,66 | 0,76 | 0.8 | 0,96
Ave, Conc, (C% )| 1,45 1,26 1,23 1,28 1.29 1,26 1,23 1,29 1,28 1,28
Velocity (u fgs) 5.33 | 6.35 7.17 7.83 8.10 8.09 7.75 7.05 6,19 5,25

Boundary Type: Hel-Cor Run No, 25 H Q =3.45 cfs V= 4,40 fps
Profile Traverse: Horizomtal C, = 6.756 percent T =31.8 *C
Average Piczometer Reading
Piez, No. 4 b3 6 7 8 9 10
Piez, reading - 8155 | 8.041 | 7,885 7.754 | 7,632 7,491
Piez, reading
for C, data
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/D)] ©.06 | 0.16 | 0.26 ] 0.36 | 0.46 | 0,56 | 0.66 [ 0.76 [ 0,86 | 0,96
Avg. Conc. (C % )| 0.7751 0.739] 0.740| 0.739| 0,770 0.741| 0.741]0.741| 0,719 | 0,86
Velocity (u fps)| 4,01 | 4.75 5,31 1 5,83 | 5,98 5,90 | 5,51 5,08 | 4,57 4.01
Boundary Type: Hel-Cor Run No, 26 H & qQ =3.45 cfs V= 4.9 fps
Profile Traverse:Horizontal C¢ = 0.711percent T =32.3 °C
Average Piezometer Reading
Piez. No. 4 3 6 7 8 9 10
Piez. reading - 8,202 8,080 7.908 7.772 7.646 7.501
Piez, reading
for Cy data
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/P)] 0,06 | 0,16 | 0.26 1 0.36 | 0.46 [ 0,56 | 0.66 T 0.76 0.86 | 0.96
Avg. Conc. (C %) o.867| 0.695| 0,743] 0,630] 0,740] 0,765| 0,750] 0,705} 0,645 | .57,
Velocity (u fps) | 4,01 | 4,75 [ 5.31 | 5.83 | 5.98 1 5.90 | 5.51 [ 5.08 | 4,57 | 4.01
Boundary Type:Hel-Cor Run No, 27 H qQ =4.80 cfs v= 6,12 fps
Profile Traverse: Horizontal C, = 2.06 percent T=21.1
Average Piezometer Reading
Piez. No. 4 b 6 7 8 9 10
Piez, reading — 8,711 8.485 8,257 8.020 7,829 7,586
Piez, reading
for C¢ data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0.06 [ 0.16 [ 0,26 | 0.36 | O0.46 0.56 | 0.66 [ 0,76 | 0.8 | 0.96
[Avg, Conc, (C% Y| 2.26 | 3.8 194 1102 | 192122 [210 [22 [200 |2,20
Velocity (u fps)| s 221 6.31 | 7,14 7,80 | 8,10 ] 8,10 | 7,69 | 7,04 {6.22 |5,18
Boundary Type: Hel-Cor Run No. 28 H Q =4.75 cfs vV = 6.05 fps
Profile Traverse: Horizontal C, = 1.93 percent T =22.9 °C
Average Piezometer Reading
Piez. No. 4 5 7 8 9 10
Piez, reading o 8,709 8,485 8,255 8.012 7.826 7.581
Piez, reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0.14 0,26 [ 0,36 ] 0,46 | 0.56 | 0,66 | 0,76 { 0.86 | 0,96
Avg, Conc. (C % )] 2.26 1.8 1.835¢ 1.84 1,89 1,935} 1.90 | 1,97 1,93 1,90
Velocity (u fps)| 5.22 6.3 7.14 ] 7,8 8.10 8.10 | 7.69 7.04 | 6,22 5.18
Boundary Type: Hel-Cor Run No, 29 H Q = 3,53 cfs fps

Profile Traverse: Horizontal

C, = 1.08 percent
Average Piczometer Reading

V=
T =26, Y

Piez, No. 4 5 6 7 8 9 10
Piez, reading - 8,241 8,108 7,971 7,834 7,716 7,537
Piez. reading
for C, data
Piez, reading
at check sta.

Concentration and Velocity Profile Data
Sampler sta (y/D)y] 0.06 | 0.16 | 0,26 | 0.36 | 0.46 | 0.56 | 0,66 | 0,76 | 0.86 | 0.9¢
Avg. Conc. (C% | 1,22 1,05 ] 102 | 1,05 11,07 11,151,090 | 2,13 11,07 {0,920
Velocity (u fps)
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Boundary Type: Hel-Cor Run No, 30 H q = 3.53 cfs Vs 450 fps
Profile Traverse: Horizomtal C¢ = 1,08 percent T=3.7
Average Piezometer Reading
Piez, No, 4 - 6 8 10
Piez. reading - 8,240 8,103 7.968 7.833 7,711 7,569
Piez, reading
for Cy data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 T 0,18 10.26 T O, N U.58 [ 066 [ 0.76°] 0,8 [ 098
Avg. Conc. (C %] 1,221 1,06 ] 1,03 1,30 1,005 1,130] 1,00 | 2,13 | 0,985] 0,98
Velocity (u fps)
Boundary Type: Hel-Cor Run No, 31 H Q = 4.82 cfs va= 608 fps
Profile Traverse: Horimomtal C, = 0.515percent T=19.1 o
Average Piezometer Reading
Piez. No, 4 3 ] 7 9 i0
Piez, reading 189 8,979 8,771 8,547 8,322 8,130 7,888
Piez, reading 2189
for Cy data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0,16 | 0.26 ] 0,36 | 0.46 | 0.56 | 0.66 0.76 { 0,8 | 0.96
Avg, Cone, (C %) 2! 0,533} 0,502} 0,525 0,519} 0,38
Velocity (u fps)] g 5,321 7 7.90.4 8.27 | 8,22 ] 7,82 17,08 | 6,1 4,94
Boundary Type: Hel-Cor Run No, 32 H Q = 4.81 cfs v= 6.12 fps
Profile Traverse: Vertical Cy = 0.520percent T =20.6 °C
Average Piezometer Reading
Piez. No, 5 (] 8 9 10
Plez, reading | ¢ 147 8.972 8,746 8,524 8,301 8,108 7,864
Piez, reading
for Cy data
Piez. reading
at check sta,
Con ation and Velocity Profile Data
Sampler sta (y/D)[ 0,06 [ 0.16 | 0,26 | 0,36 0,46 0.56 0,66 1 0,76 0,96
Avg, Conc, (C %)] 0,319 0,482] 0,480 0,500} 0.319] 0,480] 0 1] 0,373
Velocity (u fps) 5lo!al 6.32 I'T“‘X.zs S O BT W A AT 494
Boundary Type: Hel-Cor Run No, 33 H Q = 3,57 cfs V= 4,385 fps
Profile Traverse; Vertical C, = 0,.293percent T=24.1 *°C
(some air) Average Piczometer Reading
Piez, No. ) 4 s 6 7 8 9 10
Piez, reading
Piez, reading | 8.622 8.478 8,318 8,141 7970 7.509 7.813
for C, data
Piez. reading
\at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] G,.06 [ 0,16 | O, s N N 0,66 TG, 0,98
Avg. Conc, (C%,5|0,2811 0,276] 0.258] 0,281] 0,258 0,305] 0.286] 0.200] 0.335] -~
Velocity (u fps)[3.94 | 5.01] 568 ] 6,06 [6.227] 6,22 | 6,07 [ 5,62 ] [ 3,56 ]
Boundary Type: Hel-Cor Run No, 34 H Q = 4,78 cfs V= 610 fps
Profile Traverse: Horisontal C¢ = 0.564percent T=220 °C
Average Piezometer Reading
Piez, No, 4 -1 [} 7. ] 9 10
Piez. reading | ¢ 175 8,986 8,765 8,54 8,333 8,135 | 7,998
Piez, reading
for C¢ data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta {y/M[ 0,06 [ 0,16 T 0. 2% 10, s . V.88 TO.76 T 0,85 1O,
Avg, Conc. (C % )| 0.63: :ssol‘o.su 0.588] 0.572] 0,365 0.560| 0.575| 0,530 0,560
Velocity (u fps) 5.20 22 1 7. 7.841 8, 8,23 | 7.74 ] 6.96 W17 | 4,96

Boundary Type: Hel-Cor Run No, 35 H Q = 4.78 cfs V= 6.10 fps
Profile Traverse: Herisontal C, = 0.335percent T=329 o
Average Piezometer Reading
Piez, No, 4 3 3 4 8 9 10
Piez, reading | 9 1s 8,970 8,754 8,327 8,318 8,121 7,888
Pjez, reading
for C¢ data
Piez, reading
at check sta,
Concentration and Velocity Profile Dats
[Sampler sta (y/D)] 0,06 | 0.16 T 0.26 [ 0.36 | 0.46 .56 | 0,66 | 0,76 | 0,8 | 0,96
iAvg, Conc, (C %) 0,500] 0,325] 0,520} 0,565] 0,530} 0,520} 0,560} 0,520
Ielocity Cufpsy 5,20 1 6,221 70017 s4| 8,22 ] 8,23 | 7,74 | 6,96 | 6,17 | 4,96
Boundary Type: HelCor Run No. 36 H Q = 3.43 cfs vV = 4,37 fps
Profile Traverse: Horizontal C, = 0.402percent T =24.8 °C
| (some air) Average Piezometer Reading
Piez, No, 4 3 3 rd 8 9 10
Piez. reading | g ¢8 . 8,33 8,151 7,981 .8
Piez. reading | 8,682 8,502 3 15 9. 7,821 7,644
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
ampler sta (y/D)] 0,06 T 0.16 1 0,26 | 0,36 | 0,46 | 0.56 | 0,66 | 0,76 | 0,86 | 0,96
Avg, Conc, (C %3 0,.53510 0,415 043§|0Q§ 0,3851 0,3691 0.360] 0.325| 0.281 |
Velocity (u fps
Boundary Type: Hel-Cor Run No, 37 H Q = 4.73 cfs v= 6,03 fps
Profile Traverse: Horiszontal C, = 2,39 percent T = 28,0
Average Piczometer Reading
Piez, No, 4 3 6 7 8 9 10
Piez, reading 9.0. 8, 8 8 8
Piez. reading 9,225 32 80¢ 366 335 127 7.877
for C, data
Piez, reading
at check sta.
Concentration and Velocity Profile Data
ls.mlu st (y/D)] 0,06 | 0,16 0,26 | 0.36 | 0,46 | 0.56 | 0.66 | 0.76 | 0.86 | 0.96
vg. Conc. (C¥ 0 267] 2,2702,35 | 2,25 [ 237 2431241245120 [23s
Velocity (u fps)] 5.14] 6.38 7,18 7,83 | 8,19 | 8,16 | 7,71 | 7,05 | 6.22 | §.14
Boundary Type: Hel-Cor Run No, 38 H Q =4,73 cfs V= 603 fps
Profile Traverse: Horizontal C¢ = 2,36 percent T =28.8 °C
Average Piezometer Reading
Piez. No, 4 5 6 1 8 9 10
Piez. reading | 9 249 9,031 8,824 8,588 8.361 8.153 7.900
Piez, reading
for Cy data
Piez, reading
at check sta,
. Concentration and Velocity Profile Dats
Ter sta (y/0)] 0,06 [ 0,18 [ 0.25 1 0.8 [ 0.8 [ 0.36 [ 0.6 0.76°] 0,86 ] 0,96
vg., Conc. (C %) 230 12,27 {233 ] 2,30 ) 2.25 | 2,36 | 2,36 |2.40 }2.,30
Velocity (u fps) | 5 14- 6,38 [ 7.18 7.83 .19 1'8.16 | 7,71 7.05 6.2 5.14
Boundary Type: Hel-Cor Run No, 39 H Q = 4.00 cfs Vs 510 fps
Profile Traverse: Horisomtal C, = 1.83 percent T =310 °C
Average Piezometer Reading
Piez. No, 4 3 [ 7 8 9 10
Plez, reading | g8 924 8,625 8,383 8,393 8,175 8,016 7,806 |
Plez, reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
ampier sta (y/D)] 0,06 | 0.16 [ 0,26 ] 0.36 | 0.46 SLG 0.66 | 0.76 | 0,86 | 0.96 ]
Avg, Conc, (C% | 2221 187 1 1,841 1 1,82 1168 11,83 |1.83 1181 |1
Velocit u fpsi! 378 4.96 | 5,68 8 16,38 6.22 | 5.68 14,9
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Boundary Type: Hel-Cor Run No, 4 H Q =3.82 cfs V= 4.87 fps Boundary Type: Hel-Cor Run No, 45 H Q = 4.90 cfs V= 6.14 (ps
Profile Traverse: Horizontal C, = 1.81 percent T =315 °C Profile Traverse: C, = 4.45 percent T =220 °C
Average Piezometer Reading Average Piczometer Reading

Piez, No, 4 s ¢ 7 8 9 10 Piez. No. 4 s P 7 8 9 10
Piez, reading 8,896 8.735 8.561 8,371 8,184 8,024 7.822 Piez, reading 9,355 9,098 8,838 8,570 8,287 8,062 7.767
Piez. reading Piez. reading 8.279 8.049 7.760
for Cy data for C. data 9,300 9.070 8,818 | 8.550 . . .
Piez. reading Piez. reading

at check sta, at check sta,

Concentration and Velocity Profile Data - Concentration and Velocity Profile Data
Sanp e 5ta (y/D)] 0,06 ] 0,16 ] 0.26 ] 0,36 | 0.46 | 0.56 | 0,66 | 0,76 | 0,86 | 0,96 SampIer sta (3/DY[ 006 [ 016 [ 0.26 | 0.36 | 0.46 | 0.56 | 0.66 | 0.76 1 0. 296
Ave. Conc, (C%)| 2.00] 1,821 1,88 | 1,79 { 1,83 | 1,73 11,90 ['1.85 11,76 [1.50 T TR (e

Velocity (u fps)

- Velocity (u fps)

Roundary Type: Hel-Cor Run No, 41 H Q = 4.73 cfs v = 6.03 (ps Boundary Type: Hel-Cor Run No, 46 HE  =3.80 cfs V= 6,60 fps
Profile Traverse: Vertical C, = 3.48 percent T =24.3 oC Profile Traverse: Cg = 3.48 percent T=2.9 °C
Average Piczometer Reading Average Piezometer Reading
piez, No, R 4 5 6 8 9 10 Piez. No. 4 5 [} 7 B 9 10
Picz. reading 9.504 9,265 8,996 8,716 8,436 8,198 7.894 ::ez. renging
: . ez, readin
‘?éizé r;:::n“ for Cy data ® | s.084 8,806 8.522 8.221 7.915 7.635 7.312
Piez, reading Piez, reading
at check sta, at check sta, -
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
Sampler sta (v/D)] 0,06 | 0,16 | 0.2 36 [ 0.46 ] 0.56.] 0,66 | 0.76 | 0,86 ] 0.96 Sampler sta (y/P)] 0,06 | 0,16 1T O. 0,38 | 0.4 | 0.56 | 0,85 ] 0.76 | U, 86 T V.78
Ave, Conc, (C%Y| 3,35] 3,35] 3,26 | 3,45} 3,31 | 3,53 | 3,53 13,45 13,46 |3,92 Avg. Conc. (C %)
lvelocity (u fps) [Velocity (u fps)
Beundary Type: Hel-Cor Run No, 42 H Q = 4.73 cfs V= 593 fps Boundary Type: Hel-Cer Run No, 47 HE Q =5.10 cfs Vs 6,60 fps
Profile Traverse: Vertical Cy = 3.27 percent T=s259 o Profile Traverse: Vertical Gy = 3.73 percent T =283 °C
Average Piezometer Reading Average Piezometer Reading
Piez, No, 4 5 [} i 8 9 10 Piez. No. 4 s 6 7 8 9 10
Prez. reading | 9 530 | 9,300 9,021 8,739 8,459 8,219 7,920 Piez, reading [ ¢ o70 8.811 8,520 8.230 7,915 7.652 7,327
Piez, reading Piez. reading
for Cy data for Cy data
Pirz, reading Piez. reading
at check sta, at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
[sampler sta (y/M] 0,06 T 0,181 0.26 T 0,36 ] 0.46 | 0,56 | 0,86 | 0.76 1 0, .98 Sampler sta (y/0)] 0.06 ] 0.16 1 0.26 | 0,36 | 0.46 | 0.56 | 0,66 1 0,76 ] 0.8 | 0.96
F\gc. Conc, (C %>|3.23 }3.30 [2.91 | 3,45 3.00 | 3,24 | 3.30 | 3.28 | 3.38 | 3,60 Avg. Conc. (C %] 7201 6.70 | 4.63 | 4,32 | 2,99 | 2,35 | 1,88 | 1,84 1,78 } -
[velocity (u fps) Velocity (u fps)
Boundary Type: Hel-Cor Run No, 43 H Q = 4.36 cfs V= 5.55 fps Boundary Type: Hel-Cor Run No, 48 H Q =5.80 cfs V= 7.39 fps
Profile Traverse: Vertical + = 2.27 percent T =29.2 *C Profile Traverse: Cy = 5.87 percent T =211 *C
Average Piezometer Reading Average Piezometer Reading
Piez. No. 4 5 6 7 8 9 10 piez. No. 4 5 6 7 8 9 10
Pirz, reading 9,225 9,028 8,788 8.550 8,330 8.125 7,884 Piez. reading 9.004 8 825 8,504 8,176 7.846 7,555 7,205
Piez. reading Piez, reading
for Cy data for Cy data 9.119 8.844 8.527 8.199 7.876 7.581 7.232
Piez, reading Piez. reading
at check <ra, at check sta,

. Concentration and Velocity Profile Data
Sampler sta (v/D)[ 0,06 ] 0.16 T 0.26 [ 6.36 [ 0.46 | 0.56 | 0.66 [ 0.76 | 0.8 | 0.96
2

Ave, Cone, (C% [ 2.40 12,12 2,251 2,16 1 2,29 1 2,18 | 2,29 | 2,28
Velocity (u fps)

Concentration and Velocity Profile Data

Sampler 5ta (y/D)] 0.06 | 0.16 | 0,26 | 0,36 | 0.46 | 0,56 | 0.66 | 0,76 [ 0,86 | 0,96
235 12,40 Avg. Conc. (C %] 3.80 | 5.71 [ 6,63 | 5,93 ] 5,99 | 6,03 | 5.81 | 5,75 { 5.8 |6.30
Velocity (u fp;s)

Boundary Type: Hel-Cor Run No, 44 H Q = 4.35 cfs V= 554 fps Boundary Type: Hel-Cor Run No. 49 H Q = 5.8 cfs v= 7.39 fps

Profile Traverse: Vertical Cy = 2.21 percent T =29.6 °*C Profile Traverse: Vertical C, = 5.65 percent T=223 °C
Average Piezometer Reading Average Piczometer Reading

Piez, No, 4 s 6 7 8 9 10 Piez, No. “ 5 6 7 8 9 10

Picz, reading | 9 226 9.016 8,791 8,566 8,329 8,132 7.874 Piez. reading | ¢ 003 8,815 8.504 8,178 7.850 7,560 7,211

Piez, reading Piez, reading *

for Cy data for C, data 9.119 8.844 8.527 8.199 7,876 7.581 7,332

Piez. reading Piez. reading

at check sta, at check sta,

. Concentration and Velocity Profile Data Toncentration and Velocity Profile Data

Sampler sta (y/D)] 0.06 | 0.16 ] 0,26 | 0,36 ] 0,46 | 0,56 | 0,66 | 0,76 | 0,86 | 0,96 Sampler sta (3/D3] 0,06 [ 0.16 [ 0.6 | 0.36 [ 0.46 | 0.56 | 0.66 | 0.76 | 0,86 | 0.96

vg. Conc, (C%)] 2.24] 227 72,36 [ 2,20 | 2,20 | 2,20 2,18 | 2,24 | 2,21 [2,21 Ave. Conc. (C%)| s.85| 5.35] 5.40 | 5.41 | 5.40 | s.49 | 5,50 | 5.60 | 6.03 | 6,39 |

i"locity  Cu fps) = Velocity (u fps)
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Boundary Type: Hel-Cor Run No, 30 H Q =6.60 cfs v 8.41 fpy
Profile Traverse: Vertical C¢ = 6.03 percent T =248 <
Average Piezometer Reading
Piez, No, 4 5 [ B 9 10
Piez. reading - 9,359 8,919 8,461 8,006 7,617 7,131
Piez, reading
for C, dats - 9.366 8.925 8.470 8,033 7.636 7.148
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Samplier sta (y/D)] 0,06 | 0,18 . 0,38 | 0.4 | 0.36 | 0.66 | 0,76 | 0.86 | 0,98
Avg, Conc. (C%)[ 6,35 [ 5,74 [ 5.82 | 5,75 | 6,05 5.85 15,85 1| 5,80 16.15 16.90 |
Ev:locity (u (gg,\
Boundary Type: Hel-Cor fun 'No, 51 H Q =660 cfs
Profile Traverse:Vertical C, =56.00 percent
Average Piezometer Reading
Piez, No. 4 5 $ 7 8 9 10
Piez, reading - 9,371 8.913 8,469 8.022 7,625 7,138
Piez, reading
for Cy dats - 9,366 8,925 8.470 8,033 7.636 7.148
Piez, reading )
at check sta,
Concentration and Velocity Profile Data
[Sampler sta (y/D)] 0,06 | 0.16 | 0,26 | 0,36 | 0.46 .56 1 0.66 | 0.76 | 0.8 1 0.96
veg, Conc, (C %] 6.78 | 6.15 | 5,72 | 5.79 | 5,85 |5.79 [ 572 |5.82 |5.79 |5.59
elocity (u fgg)
Boundary Type:Hel-Cor Run No, 52 H Q =5.78 cfs v = 7.37 fps
Profile Traverse: ¢, =210.3  percent T =200 °C
Average Piezometer Reading
Piez. No, 4 3 d 8 2 10
Piez, reading
Piez, reading
for C¢ data 9,259 8,945 8,608 8,246 7.877 7.566 7.191
Piez. reading
at check sta,
Concentration and Velocity Profile Data
ampler sta (y/D)] 0,06 T 6,16 | 0,26 1 0,36 | 0,46 .36 | 0,66 | 0,76 | 0,86 | 0,96
Avg, Conc, (C%
Velocity (u fgn
Boundary TypetHel-Cor Run No, 53 H Q =6.50 cfs V= 832 fps
Profile Traverse:Vertical C, =11.1 percent T=23.2 °C
Aversge Piczometer Resding
Piez, No, 4 5 6 7 8 9 10
Piez, reading 9,196 8,802 8,384 | 7,956 7,5% | 7,144
Piez, resding
for C, dats 9.194 8,799 8,385 7.956 7.954 7,147
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Fnu:milet sta (y/I] 0,06 | 0,18 22 N o, 0,56 ] 0.66 | 0.76 { 0.56 | 0.96_]
Avg, Conc. (C % 3]11.40 [11.30 {10,50 111,10 {16,80 10,90 l11,50 li1,40 B1.,30 |11,60
Velocity (u fps)

Boundary Type: Hel-Cor
Profile Traverse: Vertical

Run No, 55 H Q =6.55 cfs
C, =12.7 percent
Average Piezometer Reading
[] 7 8

v 8
T = 22, °c

20
L

Boundary Type: Hel-Cor

Run No. S4 H{

Q =5.80 cfs

Vs 7.37 fps

Profile Traverse:Yertical C¢ =12.2 percent T=190 *C
Average Piezometer Reading

Pier - 4 1 & 1 8 [] b [+ -
Pin- g . 9,201 | 8,767 | 8,294 | 788 | 7

Piez, resding 261 - * * 391 6.587

for Cy data - 9.264 8.978 8,307 7.820 L 7.367 6.820
Piez, reading '

at check sta,

Concentration and Velocity Profile Data

lsangler 3ta (y/M] 0,06 1 0,16 [T, . . : . 0.76 10,8 T 0.9
vg, Conc, (C %)[13,90 16,60 .80 113,30 113.30 110 10 1,10 {7, 3
]VelocitL(o fps) 1 ’_&_“Q_L‘__ -

Piez, No. 4 3 9 10
Piez, reading - 9,233 8,809 8.400 7,954 7,576 7.114
Piez, reading
for Q¢ data - 9.241 8.834 8,408 7.934 7.574 7.110
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/D)][ 0,06 1 0,167 0,26 .36 | 0.46 | 0.56 | 0,66 0,76 1 0,8 | 0,96
Avg. Conc, (C %)]12.30 [12,85 111,70 112,30 ]13.00 |13.10 }13.00 }12.80_{13.00 [12.80
Velocity (u QE) -
Boundary Type: Hel-Cor Run No, S8 H§ Q = 5.75 cfs v= 7.52 fps
Profile Traverse: Vertical C, =12.3 percent T =2L5 °C
Average Piezometer Reading
Piez, No, 3 h 2 8 9 10
Piez. reading = 9,283 8,776 8,308 7,808 7,348 | 6,792
Piez. reading
for Cy data == 9,251 8,790 8,330 7.805 7.368 6,837
Piez. reading
at check sta.
Concentration and Velocity Profile Dats
Sampier sta (y/D)] 0,06 | 0.16 | 0,26 ] 0,36 | 0,46 | 0,56 | 0,66 | 0,76 | 0.8 | 0,96
'Avé. Conc, (C %)} 15,30 |14,90 116,10 13,30 (13,00 (10,80 [10.80 [11.60 | 9,80 [ 7,75
velocity (u f%g) .
Boundary Type: Hel-Cor Run No, 57 H Q = 6.35 cfs v = 8,09 (ps
Profile Traverse: Horizontal C, =13.2 percent T=17.2 *C
Average Piczometer Reading
Piez. No, . 4 5 9 10
Piez. reading - 9268 | 8844 | 8405 | 7019 | 7,551 | 701
Piez, reading A
for C, data - 9.236 8.826 8,406 7.967 7.571 7.110
Piez. reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0.06 | 0.16 | 0.26 | 0.36 | 0.46 | 0.56 | 0.66 | 0.76 | 0.86 | 0.96
vg. Conc. (CY, 5] 14,40 | 14,00 13,80 113,60 [13.70 [13.20 |12 40 113,30 {11.65 [11,65
Velocity (u fps)
Boundary Type: Hel-Cor Run No. 38 H Q =7.10 cfs va 9.05 fps
Profile Traverse: Horizontal C¢ =12.2 percent T =212 ¢
Average Piezometer Reading
Piez. No, 4 5 (] 7 8 10
Piez. reading o "
Piez, reading 9.630 9,182 8,661 8,127 7,661 7.099
for Cy data == 9,630 9.188 8.664 8.133 7.665 7.096
Piez, reading
at check sts, .
Concentration and Velocity Profile Data
Sampler sta (y/D][ 0,06 [0, I6 T2 T 03T 0.8 [0.56] 068 T 0.7 0.8 10,96
Avg. Conc. (C %313 50 112,20 112,30 80 f11 12.10 112 12,30 112.30
Velocity (u fps) S H0.99. ‘m'“
Boundary Type:Hel-Cor Run No, 39 H Q. = 8.45 cfs

Profile Traverse:

Cy =12,2 percent
Average Piezometer Reading
6 8

Piez. No, 4 5 9 10
Piez, reading
Piez, reading
for Cy data == 9.310 B.864 8,204 7.334 65.944 $.2% |
Piez. reading
at check sts.
Concentration and Velocity Profile Dats
0,06 [0.16 T 6.26 10,36 | 0.6 | 0.56 | 0.66 | 0.76 | 0.8 [ 0,96

Saepler sta (/D
. Conc, (C%,
Velocity (u EE




-¢Iv-

Boundary Type: Hel-Cor Run No. 60 H Q = 8.00 cfs v = 10,20fps
Profile Traverse: Cy = 6.25 percent T= 17,0 *°C
Average Piezometer Reading
Piez. No. 4 3 ] 7 8 2 10
Picz, reading - 9,285 8,679 8,071 7.481 6,926 6.267
Piez. reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data _
Sempier sta (y/D)] 0,06 | 0,16 | 0,26 | 0,36 [ 0.46 ] 0.56 | 0,66 0.76 0,86 | 0,96
Avg, Conc., (C %)
Ql_vg;gcity (11 fps)
Boundary Type: Hel-Cor Run No, 61 H Q =6.93 cfs V= 8,82 fps
Profile Traverse: C, = 6.25 percent T = 18,9 °C
Average Piczometer Reading
Piez, No. 4 5 6 7 8 9 10
Picz, reading
Piez, reading
for C, data - 9,409 8.965 8.506 8.046 7.627 7.125
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0.06 | 0,18 1O 0,36 | 0,46 ] 0.56 [ 0.66 ] 0.76 | 0,86 [ 0.96
Ave. Conc, (C %,
Veloeity (u fps)
Boundary Type: Hel-Cor Run No. 62 H qQ = 7.00 cfs v = 8.92 fps
Profile Traverse: Vertical C¢ = 6.48 percent T = 19.5 *C
Average Piezometer Reading
Piez, No, 4 S 3 7 8 2 10
Piez. reading . 9.425 8.964 8,499 8,041 7,616 L117
Piez, reading
for Cy data
Pirz, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/M] 0,06 | 0,16 1 O. . N 0, 0.66 | 0.76 1 0,56 | 0,96
Ave, Conc. (C %] 7,191 6,30 | 6,301 6,371 6. 30| 6 381 6.85 | 6.25 6.l 6.85
Velocity (u fps) 7,37 8,483 10,05 | 11,00 | 11.50 111,50 |10,80 { 9,83 8,61 7 37
Boundary Type: Hel-Cor Run No, 63 H Q = 6.20cfs V= 7.8 fps
Profile Traverse: Horizontal C, = 6,74 percent T =19,8 °C
Average Plezometer Reading
Piez. No. 4 S 7 9 10
Piez, reading - $.156 8,749 8.352 7.949 7.573 7,138
F;i:zétr;:;l:ng - 9,154 8,747 8,345 7.940 7,566 7.134
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Gampler sta (y/D)[ 0,06 [ 0.16 [ 0,26 | 0.36 | 0.46 .56 | 0.66 | 0,76 | 0,8 | 0,96
Avg, Conc, (C% | 7,40 | 6,75 | 6,38 | 6,35 | 6,50 | 6,75 | 6.60] 6.85]6.,80 [ 7,00
Velocity (u fps
Boundary Type: Hel-Cor Run No, 64 H Q =6.10 cfs V= 7.7 fps
Profile Traverse: Horizontal Cy = 5.37 percent T= 16,1 *°C
Average Piezometer Reading
Piez. No, 4 3 7 8 9 10
Picz, reading -- 9.204 8,812 8.414 8.005 7,633 7.232
;iizé:;:::ng - 9.200 | 8.%07 | 8.416 8.021 | 7.663 | 7.241
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Samplier sta (y/D)] 0,06 | 0.16 | 0,26 ] 0,36 | 0.46 | 0.56 | 0,66 | 0,76 | 0,86 0,96
Avg, Conc, (C%)] 5,95 ] 5,34} 5,22 | 5.22 8l 5.21 | 5.28 5.1 5401 5,30
Velocity (u f&) =

Boundary Type: Hel-Cor Run No, 65 H Q = 8,00cfs V 210,20 fps
Profile Traverse: Horirontal Cy = 4.44percent T =23,5 °C
Average Piczometer Reading
Piez, No, 4 5 6 7 8 9 10
Piez, reading - 9.349 9,751 8,160 7.587 7.035 6,411
Piez, reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
Samplet sta (y/D)] 0.06 | 0,16 | 0.26 1 0,36 [ 0,46 ] 0.56 | 0.66 [ 0,76 [ 0,56 | 0,96
Avg, Conc, (C %)
!Velocity (u fpsy| -- -= 11.,92] 12,901 13,551 13.78] 13.051 11.801] 10.45
Boundary Type: Hel-Cor Run No, 66 H Q = 6,93 cfs V= gg fps
Profile Traverse: C¢ = 4.44 percent T = 18,5 *C
Average Piezometer Reading
Piez. No, 4 5 6 7 8 Q 10
Piez. reading
?iizét';:::"g - 9.563 9,076 8.594 8.112 7.677 7.170
Piez. reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 [ 0,16 L2861 0.36 | 0.46 | 0.56 | 0.66 | 0.76 1 0,56 ] 0,98
Avg, Conc. (C %)
{Velocity (u fps) i
Boundary Type: Hel-Cor Run No, 67 H Q = 6.90 cfs v« 8,8 fps
Profile Traversei Horizontal Cy = 4.55 percent T=19.1 *C
Average Piezometer Reading
Piez. No. 4 5 8 9 10
Piez, reading —— 9.562- 9,080 8,600 8,107 7.681 7.172
Piez, reading
for C¢ data
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0,16 [ 0,26 | 0,36 | 0.46 | 0,56 | 0,66 | 0.76 | 0,8 | 0.96
Ava. Conc, (C % | 3.15 | 4.61 | 4.29 4.34| 4.40| 4.30 | 4.50 | 4,65 ] 4,70 | 4,60
Velocity (u fps)| 7.48 [9.23 [10,47 | 11,62 | 12,04 | 12,04 | 11.60 [10.45 | 8,97 | 7.65
Boundary Type: Hel-Cor Run No, 68 H . Q = 5.95 cfs V=764 fps
Profile Traverse: Horizontal Cy = 4.40 percent T =220 °C
Average Piezometer Reading
Piez. No, 4 -1 7 2. 10 .
Piez, reading - 9,102 8,722 8.344 7.564 7.611 7.208
’;iizétrg:‘::"g - 9.092 8.715 8,335 | 7.957 7.608 7.203
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0.06 | 0.16 | 0,26 | 0,36 | 0.46 | 0.56 | 0,66 | 0,76 { 0,86 | 0,96
Avg, Conc. (C %) 5,15 | 4,20 4,32 4,15] 4,311 431 | 4 4.9,
Velocity Cu fpsy| 6,81 [8,15 | 9.35[10.50]10.63]10,63110.28 [19.30 | 8,03 [ 6.83
Boundary Type: Hel-Cor Run No. 69 H Q = 8,80 cfs vV = 10,05 {ps
Profile Traverse: Horizontal Cy = 1.98 percent T = 18,7 °C
Average Piczometer Reading
Piez, No. 4 5 6 7 8 9 10
Piez, reading
Piez,. reading
for Cy data
Piez, reading
at check sta, )
Concentration and Velocity Profile Data
Sampler Sth (3/D3] 0,06 | 0.16 [ 0.6 [ 0.36 1 0.46 ] 0.56 | 0.66 | 0.76 ] 0.86 ] 0.96

Avg, Conc., (C %)

Welocity (u fps)
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Boundary Type: Hel-Cox Run No. 76 H Q = 6.60 cfs V= 840 fps
Profile Traverse: Vertical C, = 0,919percent T= 21.2 °C
. Average Piezometer Reading
Piez, No, 4 7 8 9 10
Piez, reading - 9,151 8.710 8,270 7.854 7.436 6.981
Piez, reading
for Cy data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0.16 | 0.26 0,36 { 0.4 .56 | 0.66 | 0,76
Avg, Conc, (C %3]1.06 [0.864 | 0.849] 0.870] 0.897| 0.870] 0,870 6.903
Velocity (u fps)| -~ 8.86 10,00 110.85 |11.50 [11,45 |10.80 | 9.80
Boundary Type: Hel-Cor Run No, 77 H Q =5.8 cfs v 7.
Profile Traverse: Vertical Cy = 0.854percent T= 22,3 °C
Averapge Piezometer Reading
Piez. No, 4 3 6 7 8 9 10
Piez, reading - 8.608 8,282 7.969 7.661 7.358 7.028
Piez. reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
[Sampler sta (y/D)] 0.06 Q.16 0,26 0,36 0,46 0,56 0,66 0,76 0,8 0,96
Avg, Conc. (C % )| 0,855 0.825] 0,810 0,845} 0,820] 0.865| 0.820 | 0,840 0,840 | 0.9
Velocity (u fps)] 5.951 7.57 | 8,57 | 9.31 [ 9.72 | 9.80 | 9,29 | 834 [17.40 [ ¢ 21
Boundary Type: Hel-Cor Run No, 78 H Q = 6.63cfs V= 845 (ps
Profile Traverse: Horizontal C, = 0,758 percent T= 21,8 °C
Average Piczometer Reading
Piez, No, 4 5 6 7 8 9 10
Piez, reading - 9.304 8,849 8,400 7.970 7.543 7.069
Piez, reading
for C; data
Piez, reading |
at check sta,
Concentration and Velocity Profile Data
Sampier sta (y/D)] 0,06 ] 0.16 | 0,26 | O, D.46 | 0,56 | 0,66 ] 0.76 | 0,86 | 0.96
Avg. Conc. (C %] 0.883] 0.718] 0.705] 0,730/ 0.730] 0,740 0,730 [[0.730] 0,763 0,820
Velocity (u fpsy] 7.34 | B.75 | 9.1 10,90 111,50 [11.50 10,90
Boundary Type: Hel-Cor Run No, 79 H Q = 6.63 cfs
Profile Traverse: Horixzontal Cy =0.748 percent
Average Piezometer Reading
Piez. No, 4 5 7 8
Piez, reading -~ 9,295 8,841 8.390 7.959
Piez, reading
for Cy data
Piez, reading
at check sta,

Concentration and Velocity Profile Data
0,46 |

Boundary Type: Hel-Cor Run No, 7O H Q = 5.85 cfs V= 7.45 fps
Profile Traverse: Horizontal C¢ = 2.13 percent T=2.5 °C
Average Plezometer Reading
Piez, No, 4 S [} 7. 8 9 10
Piez. reading - 9,494 $.129 8,774 8,424 8.108 7.705
?i:’ét';:‘t’:"‘ - 9.502 9.137 8.781 | 8.435 8.009 7.719
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/M] 0,06 T 0,16 [0.26 1 0,36 | 0.46 | 0.56 | 0.66 [ 0.76 1 0.86 1 0.98
Ave, Conc, (C%)) 2,46 | 2,35 ] 1,97 [ 1.95| 205 | 2,19 | 2,10 | 2,05 | 2.23]2.20
Velocity (u fps? 6,08 700 [ 8,121 8,811 9,32 19.32 8,81 | 7,89 7.081 6.05
Boundary Type: Hel-Cor Run No, 71 H Q = 5.90cfs v=7.52 fps
Profile Traverse: Horimontsl C, = 2.0%percent T =215 °C
Average Piezometer Reading
Piez. No, 4 5 ] 7 8 9 10
Piez, reading - 9.480 | 9,118 8,763 8.421 8,084 7,711
Piez, reading
for Cy data - 9,502 9.137 8,781 8,435 8,099 7.719
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 0,16 | 0,26 | 0.36 [ 0,46 .56 1 0.66 | 0,76 | 0.8 | 0,96
Ave, Conc, (C %V} 2,371 2041 1,04t 204 197 | 1.97 2.161 2,101 2,15 2,16
Velocity (u fgs) 6,05 | 7,00 | 8,121 8,81 | 9.32 | 9.32 8.81| 7.80] 7.08 6,05
Boundary Type: Hel-Cor Run No, 72 H Q =6.,73 cfs VvV =8,58 fps
Profile Traverse: Horizontal Cy = 1,80 percent T =21.4 °*C
Average Plezometer Reading
Piez, No, 4 6 d 8 ] 10
Piez, reading - 9,218 8,754 8.301 7.862 7 .430 6.949
;i:’ét'f,:ﬁ"‘ - 9.229 8.767 8.310 | 7.871 | 7.442 6.964
Piez. reading
at check sta.
Concentration and Velocity Profile Data
[SampIer sta (y7D)] 0,06 1 0.1 0,26 1 0,36 | 0.46 1 0.56 | 0,66 | 0,76 | 0.8 | 0,96
|Avg, Conc, (C %) 96 | 1,7 1,69 ] 1,80 1,75 1.75 1.725) 1761 1.86 ] 1.97
Velocity (u fps) 3318954 J10.30 {1120 | 1i,70}11.80 T13.20110.301 s a9 1 7.57
BRoundary Type: Hel-Cor Run No, 73 H Q = 6.75c¢fs V = 8.48 fps
Profile Traverse: Vertical C, = 2.09 percent T= 23,3 *C
Average Piczometer Reading
Piez, No. 4 5 6 7 8 9 10
Piez. reading - 9.177 8.709 8.249 7.807 7.373 6.884
Piez, reading
for C, data
Pier, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 1 0,16 | 0.26 [ 0. . 0.56 | 0,66 ] 0.76 | 0.86 | 0.96
l/\vs. Conc. (C %] 2.35 2,07{ 1.98 | 2,07 1,94} 198} 197/ | 2051 2,19 2,32 |
I!elocity (u fps) e - _— - 11,531 11,2141090]| 9,73] 860 ]| 7. 18
Boundary Type: Hel-Cor Run No, 74 H Q = 5.90 cfs v =752 fps
Profile Traverse: Vertical Cy = 2.21 percent T=242 °C
Average Piezometer Reading
4 3 (] 7 8 9 0
= 8,707 8.343 7.980 7.634 7.280 | 6.907
|
Piez. reading |
at check sta, I
Concentration and Velocity Profile Data
Sumpler sta (y/M] 0,06 | 0,18 [ 0.26 [T 0.3 [ 0.8 [ 056 T 036 T 078 0,86 | 0,98
Avg, Conc. (C% )] 2.34| 2,16 | 2.12 | 2.21| 2,13 | 2.13 | 2.1z 2,24] 2,21 2,48
Velocity (u fps)

Sampler sta (y/M] 0,06 T 0,16 T O. . . . 086 [ 0.76 [ 0,96 | 0.98
Avg, Conc, (C %) -~ 0.730] ~w 0.730] - 0.725] -~ 0,715] - 0.820
{Velocity (u fps> | 7.45 | 8.75 [ 9.81 |10,90 ] 11.50}11,50 | 10.90}10,00 | 8.82[[7.4S
Boundary Type: Hel-Cer Run No, 80 H Q = 5.85 cfs V= 7.45 fps
Profile Traverse: Horizonmtal C; = 0.870percent T= 25,3 °C
Average Piezometer Reading

Piez. No, 4 5 8 9 10
Piez, reading — 8.810 8.312 7.993 7.681 7.375 7,037
Piez, reading
for Cy data
Piez, reading
at check sta,

Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 1 0,16 1 0.26 1 0.36 [ 0.46 | 0,56 | 0.66 | 0,76 | 0,8 | 0,96
Ave, Conc, (C %) — 0.833 feted 0,845 - 0,865 - 0.885 - 0.929
Velocity (u fps)[6.01 T B3 V.| 5.71 19,70 §.32] 8.26 7.361 6.26
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Boundary Type: Hel-Cor Run No, 81 H Q = 5.85 cfs V= 7,45 fps
vrafile Traverse: Horizontal Cy = 0.872percent T = 25.8 °C
Average Piezometer Reading
No, 4. ] (] 7 8 10
2. reading - 8.639 8,311 7.994 7.686 7.380 7.044
irz. reading
for Cy data
Pirz, reading
at check sta,
Concentration and Velocity Profile Data
Rampler sta (y/Dy] 0,06 | ©0.16 | 0,26 } 0,36 | 0.46 0,56 ] 0,66 | 0,76 | 0,86 0,96
Avg. Conc, (C %[ 1.050] 0,820 0,825 0,825] 0,839] 0,839] 0,850 0.865] 0,905} 0,899
volocity (u fps)[6.0 770 [ 8,39 [ 9,29 [ 9,71 [ 9,70 1 9,32 6.1 7 i
RBoundary Type: Hel-Cor Run No, 82 H Q = 7.63 cfs V= 9,72 fps
profile Traverse: Horizontal C, = percent T= 17,0 *C
Average Piczometer Reading
Piez, No. 4 5 6 7 9 10
Picz, reading 9.557 9.069 8,499 7.943 7.408 6.880 6.295
Piez, reading
for C, data
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0.06 | 0,16 | 0,26 | 0.36 | 0.46 [ 0,56 | 0,66 | 0.76 [ ©. 0.96
Ave, Conc, (C¥%,)
Velocity (u fps) m— ~v | 11.24{) 12,25{ 12,80} 12,78] 12,13] 11,001 9.76 8.30]
Boundary Type: Hel-Cor Run No, 83 H Q = 7.70 cfs V=98 fps
Profile Traverse: Horizontal C¢ = 0,0 percent T=20,7 *°C
Average Piezometer Reading
Piez, No, 4 5 [ 8 10
Picz, reading 9,451 8,996 8,418 7.853 7.319 6.795 6,202
Piez, reading
for Cy data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampier sta (y/M] 0,067T 0,16 [ T, 0.36 | 0.46 ] 0,36 [ 0,66 [ 0.76 0. -
Ave, Conc, (C %)
Velocity (u fps) - 9,90 11,18 [12,25 | 1289 |12.90 {12.20 | 11.16] 9.80 | 8,50
Boundary Type:  Hel.Cor Run No. B84 H Q = 6,60 cfs V=34 fps
Profile Traverse: Horizontal Ct = 0,0 percent T =213 °C
Average Piezometer Reading
Piez. No. 4 3 ] Vi 8 g 10
Piez, reading 9.512 9,143 8,698 8.264 7.837 7,430 6,971
Piez, reading
for Cy data
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/Dy[ 0,06 1 0,16 [ 0.26 ] 0.36 | 0.46 .56 | 0,66 | 0,76 | 0,8 | 0.96
Ave, Cone, (C % V]| trace |trace trace ltrace | trace| trace) trace| trace! trace | trace
Velccity (u fpsyl 7,271 8,83 | 9,86 | 10.83] 11,35{ 11,40 10,851 9,83 | 8.67 | 7
Boundary Type: Hel-Cor Run No, 85 H Q = 5,78 cfs v = 7,30 fps
Profile TraversesHorizontal C¢ 0,0 percent T= 22,5°C
Average Piezometer Reading .
Piez, No, 4 5 8 9 10
Picz, reading 8.857 8,607 8.307 8.006 7.720 7.433 7,121
Piez, reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0.16 [ 0,26 1 6,36 ] 0.46 | 0.56 | 0,66 | 0,76 | 0,86 | 0,96
Avg, Conc, (C %) trace trace trace trace trace
{Velocity (u fps)l 6.06 723 (822 |9.00 (9,50 |9,51 1000 | s20l705 1 6.1

Boundary Type: Hel-Cor Run No, 86 H Q = 5.80cfs V=723 fps
Profile Traverse: Horizontal C, = 0.0 percent T= 26,2 °C
Average Piczometer Reading
Piez, No. 4 5 6 7 8 10
Piez, reading | ¢ 3195 8.8%0 | 8.484 8,144 {7,819 7.501 7146
Piez, reading
for C, data
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/D)] O.06 | 0,16 | 0.6 | 0.36 | 0,46 | 0.56 | 0.66 | 0,76 | 0,86 | 0,96
Avg, Conc. (C %)
Velocity (u fps)| 6,57 7,601 9,00 9,401 10001 9.9619.50 9001 7601 6,57
Boundary Type: Hel-Cor Run No, 87 H Q = 6.60cfs V= 8.21 fps
Profile Traverse: Horizontal C¢ = 0.0percent T = 27.0 °C
Average Piezometer Reading
Piez. No. 4 1 [} 7 8 ] 10
Piez, reading 9.575 9.219 8,774 8.331 7.910 7.502 7.021
Piez, reading
for Cy data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0,16 | 0.26 1 0,361 0.46 [ 0.536 [ 0.86 1 0,76 ] 0,56 | 0.96
Avg. Conc, (C %)
|Velocity (u fps) - 8,641 5. 741 10,701 T1.33] 11.33] 10,70 9,65 8§.62] 7.63
Boundary Type: Hel-Cor Run No, 88 H Q =6.70 cfs V= 8,40 fps
Profile Traverse: Horizontal C, = 0.0 percent T = 28,5 °C
Average Piezometer Reading
Piez. No. 4 5 $. 7 8 9 10
Piez, reading 9.596 9.232 8,772 8,320 7.896 7,469 6.991
Piez, reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0.06 | 0.16 [ 0.26 ] 0,36 [ 0,46 | 0,56 [ 0,66 [ 0,76 | 0.8 | 0.96
Ave, Conc, (C %)
Velocity (u fps) 8,68 5.767] 10,01 11.3%]| 11.39] 10.80| 9.86 | 8,72 7.65
Boundary Type: Hel.Cor Run No, B89 H Q = 3.53 cfs V =4.45 fps
Profile Traverse:Horizontal Cy = 0.0 percent T =27.0 °*C
Average Piezometer Reading
Piez. No, 4 3 [] z 8 2 10
Piez. reading 8.357 8.242 8,112 7.985 7.858 7,730 7.597
Piez. reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profije Data
Sampler sta (y/D)] 0,06 | 0,16 0,26 ] 0,36 | 0,46 | 0,56 | 0,66 | 0,76 | 0,86 | 0,96
Avg, Conc. (C %)
[Velocity (u fpsy| 3.93 | 4,60 | 5,39 | 6,00 | 6.31 | 6.32 | 6,00 | 3.39] 4.68] 3.85
Boundary Type: Hel-Cor Run No, 90 H Q = 4,78 cfs v = 6,00 fps
Profile Traverse: Horizontal C, = 0.0 percent T = 27.1 *C
Average Piczometer Reading
Piez, No. 4 3 - 9 10
Piez, reading 8.976 8,789 8.566 8.347 8,137 7.931 7.702
Piez, reading
for C,; data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Samplex sta (y/DY] 0.06 1 ©.16 | 0,36 ] 0.36 [ O. 0.56 | 0,66 | 0.76 | 0,86 | 0.96
Avg. Conc. (C %) )
Velocity (u fps)| 4,68 5,671 6,67 | 7,31 | 7,70 | 7. 74 | 7.4Q 6,671 5,64 4‘_6_8;:
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Boundary Type: Hel-Cor

Run No, 91 H q = 1.63 cfs

V= 2,08 fps

Profile Traverse: Horiszontal C¢ = 0.0 percent T = 26.4°C
Average Piezometer Reading

Piez, No, 4 5 ] 7 S L] 10
Piez, reading 7.983 7.960 7.932 7.903 7.87 7.842 7.812
Piez, reading
for C; data
Piez, reading
at check sta,

Concentration and Velocity Profile Data
[SampTer sta (y/DY[ 0,06 | 0.16 | 0.25° 1 0. 0.46 | 0,56 | 0.66 1 0,76 0,86 [ 0.96
[Avg. Conc. (C %)
[Velocity (u fps) - — JATT IV 2.‘5{‘ 29[ 2,78 [ 2.41 2,27 l,g
Boundary Type: Smooth Run No, 1 8 Q =1.83 cfs v = 2.36 fps

Boundary Type: Smooth Run No, 3 8 g =6.62 cfy v 8.30 g
Profile Traverse: Vertical Cy =0.0 percent T w181 o
Average Piezometer Reading

Piez, No, 4 5 L] 8 9 10
Piez. reading 8,869 8,384 8.514 8.391 8.299 8,162 8.008
Piez, reading
for Cy data
Piez, reading
at check sta,

Concentration and Velocity Profile Data
ISmglet sta {y/M] 8,06 T 0,16 [ 0.26 10, 0.4 [ 0,36 [ U866 [0.76 [ 0. SR,
jAvg, Conc, (C %)
[Velocity (u fpsY T 803 19,00 | 9.47 | 9,94 |10,10 [ 9,97 | 9.70 | 6.24 | 8.56 | 7.40
Boundary Type: Smooth Run No, 6 § Q =7.32 cfs Vs 9.17 fps

Profile Traverse: Vertical C, =0.0 percent T =18.9 e
Average Piezometer Reading
Piez. No. 4 5 [} 7 8 2 10
Piez, reading | 3 995 8,664 8,591 8,447 8.347 8,194 8.019
Piez, reading
for C¢ data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 [ 0,16 | 0.26 | 0,36 | 0.46 | 0.56 | 0.66 | 0,76 | 0.86 | 0,96
Avg, Conc., (C %)
Velocity (u fps)| 7,40 | 9,67 [10.32 |10,58 10,70 |10,60 |10.31 ] 9.85 | 5.05 |8.00
Boundary Type: Smooth Run No, 7 S Q =7.400cfs V= 9,17 fps
Profile Traverse: Vertical C, = 0.261percent T =21,7 °C
Average Piezometer Reading
Piez. No, 4 3 6 T 2 10
Piez. reading | 7 764 7,472 7,346 7,199 7,100 6,942 6,767
Piez. reading
for Cy data 7,761 7.469 7.347 7.205 7,106 6.949 6,772
Piez. reading
at check sta,

Profile Traverse: C¢ 0.0 percent T=16.0 <
Average Piezometer Reading
Piez, No, 4 5 [ i B Q. 10
Plez. resding | o aas 0,267 0.251 0.234 0.219 0,191 ©0.185
Piez, reading
for Cy data
Piez, reading
&t check sta,
Concentration and Velocity Profile Data
Sampler sta (y/M] 0,06 | 0,16 ] 0,281 .36 | 0.46 | 0.36 | 0.66 | 0,76 | 0,86 [ 0.96
Avg. Conc, (C %)
Velocity (u fps) | 1 s0 | 241 | 2,41 [ 2,78 | 2,76 | 2,90 | 2.76 | 2.54 | 2.27 | 1,80
Boundary Type:Smooth Run No, 2 § Q =35.83 cfs V= 730 fps
Profile Traverse: Vertical C, =0.0 percent T =180 °C
Average Piezometer Reading
Piez, No. 4 3 6 8 9 10
Piez, reading 9.100 8,947 8,874 8,715 8,696 8,568 8,471
Piez, reading
for Cy data
Piez, reading
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0,16 ] 0.26 | 0,36 | 0.46 | 0,56 | 0.66 | 0,76 | 0.8 | 0.96
Avg, Cone, (C %) i
Velocity (u fps)} €,87 | 748 [ 503 | B.26 | 8.37 | 8.5 | 8.07 | 7.62 17.18 16.12
Boundary Type: Smooth Run No, 3 8 Q = 4,78 cfs V= 6,00 fps
Profile Traverse: Vertical C, =00 percent T =18,5 *°C
Average Plezometer Reading
Piez, No. 4 3 [ rd 8 9 10
Piez. reading | 8.747 8.674 8.350 8,491 8,422 8,364 8,230
Piez, reading
for Cy data
Piez. reading
at check sta,
Concentration and Velocity Profile Data
ampler sta (y/D)[ 0,66 1 0,16 ] 0,26 ] 0,36 | 0,46 | 0,56 | 0,66 | 0,76 | 0,86 | 0,9
Avg, Conc, (C %)
Velocity Cu fps)| 574 | 6.3 176,63 | 7,00 | 6,95 | 7,64, 6,77 | 6,48 ] 6.06| 5.5
Roundary Type: Smooth Run No, 4 § Q =3.85 cfs V= 4.52 fps
Profile Traverse: Vertical C, = 0.0 percent T=18.8 <
Average Piczometer Reading
No. 4 s P 7 9 10
i, ivadiag
Piez. reading 1 0,367 | Q284 | 0,242 0,200 0,151 0,110 0,059
for Cy data
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/D)[ 0.06 [ 0,16 10,26 ] 0,36 | 0.46 ] 0.56 | 0.66 | 0.76 | 0.86 | 0.96 ]
Avg, Conc., (C %)
iVeloclty (u fps)| 4.47 | $.02 =§ég=2 5.33 1 5.63 1 5.39 | 5.27 | 5.08 | 4,69 | 4.02

Concentration and Velocity Profile Data
Sampler sta (y/D5] 0,066 | 0.16 | 0,26 | 0,36 | 0.46 | 0.56 | 0,66
Avg, Conc, (C% )] 1.3 0.630] 0.379] 0.286] 0.210] 0.165] 0,134
Velocity (u fps)] 8.07 | 9.25 110.00 [10,50 10,80 {10,80 10,50
Boundary Type: Smooth Run No, 8§ Q =6.60 cfg

Profile Traverse: Vertical

C, =0.195percent
Average Piczometer Reading
[ 8

Piez, No. 4 5 9 10
Piez, reading 7.568 7,333 7.214 7.0%6 7.010 6,871 6.725
Piez, reading
for C, data 7.574 7.336 7.220 7.098 | 7.010 6874 6,721
Piez, reading
at check sta,-

Concentration and Velocity Profile Data

E@__st_l_([@) 6,06 | 0,16 1 0,26 [ O, - 0,56 [ 0,86 [ 0.76 | 0.86 ] 0.96
vg. Conc, (C%)] 1,130] 0,429] 0.266] 0,190] 0,148] 0,120 0.082 ]
Velocity (u fps)| 7,52 | 8,62 | 9.21 | 9,70 |10.00 | 9.95 ] 9,70 | .9.16| 8,45] 7.50
Boundary Type: Smooth Run No, 9 § QG =5.80 cfs v= 7.39 fps
Profile Traverse: Vertical C¢ =0.125percent T =23.5 *C

: Average Piezometer Reading
Piez. No, 4 5 6 7. 8 9 10
Piez. reading K R .831 6,761 6.654 6.534
Plez, reading |—7.203 7,019 6.929 6.83 6
for C, data 7,204 7,032 6,935 6.836 6.776 6.660 6.541
Piez. reading .
at check sta,

Concentration and Velocity Profile Data

Sempler sta (y/D)[ 0,06 | 0,16 | 0.76 1 0.36 | 0,46 | 0.56 ] 0.66 [ 0.76 1 0,86 ] 0.98
Avg. Conc. (C % )] o,885] 0,300] 0.163] 0.121] 0,078} 0,064] 0,0461 0,03 [0,02 0,01
Velocity (u fpsy 1 .61 1 7,60 1815 1 8,60 | 8,90 | 8,90 | 6,60 | 8,15 [7.57 6,61




Boundary Type: Smooth Run No, 10 § Q =7.50 cfs V= 9.55 fps Boundary Type: Smooth Run No. 15 S § Q =4.85 cfs V= 6.18 fps
Profile Traverse:Horizontal C, =0.332percent T =245 °C Profile Traverse:Vertical Cy =0.374percent T =23.8
Average Piezometer Reading Average Piezometer Reading
Piez. No, 4 S 6 7 8 ] 10 Piez. No. 4 3 [] 7 8 9 10
Piez, reading | 7 641 7,365 7,243 7,117 6.995 6,854 6,683 Piez. reading | 8,532 8.448 8.335 8,277 8.201 8.125 8.042
Piez, reading Piez. reading
for Cy data 7.649 7.375 7.240 7.114 7.001 6.855 6.679 for Cy data 8,519 8,432 8,324 8,278 8,196 8,116 8,036 |
Piez. reading Piez. reading
at check sta, at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
|Sampler sta (y/D)[ 0,06 [ 0,16 | 0.26 0.36 | 0,46 | 0.56 | 0,66 | 0,76 | 0,8 | 0,96 Sampler sta (y/D)] 0,06 | 0.16 0,26 { 0,36 | 0,46 | 0,56 | 0,66 0,76 [ 0,86 | 0,96
Ava., Conc. (C % o 224] 0.210 0,195 0,195 0,182 0,182] 0,176 | 0,186 [ 0,190 [ 0,190 Avg., Conc. (C %] 7,60 | 0,960] 0,349] 0.200] 0,115 0,077] 0,059 | trace| trace tri
Velocity (u fps)] _-- | 9.90 [10.40 10,70 |11.00 |11.00 |10.90 [10.40 | 9.64 |8.71 Velocity (u fps)| 4,39 { 6,02 [ 6,80 | 7,18 [ 7,50 [ 7,52 { 7,25 J6,82 16.32 [5.25 |
Boundary Type: Smooth Run No, 11 § Q =6,60 cfs V= 8.40 fps Boundary Type: Smooth Run No, 16 § Q =4.8 cfs Va 6,18 fps
Profile Traverse: Horizontal Cy =0.175percent T =217 °C Profile Traverse:Vertical C, =0.116 percent T =25.7 °*C
Average Piezometer Reading Average Piczometer Reading
Piez. No, 4 3 6 7 8 9 10 Piez, No. 4 5 6 7 8 9 10
Picz. reading 7.529 7.254 7.186 7.070 6.984 6.855 6,706 Picz, reading 8.473 8,396 8.286 8,255 8,181 8,106 8.035
Picz. reading Piez, reading
for Cy data 7.521 7.248 7.182 7,068 6.985 6.858 6.708 for C, data 8.484 8,401 8,290 8,226 8.184 8,104 8.020
Picz. reading Piez. reading
at check sta, at check sta.
Concentration and Velocity Profile Data CToncentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0,16 | 0,26 | 0,36 | 0,46 | 0,56 | 0,66 [ 0,76 | 0,86 | 0,96 Sampler sta (y/D)] 0.06 | 0.16 | 0.26 | 0.36 | 0.46 | 0.56 | 0.66 | 0.76 | 0.86 | 0.96 ]
Avg, Conc. (C %)10,115 10,106 | 0,110] © 101[ 0,110 0,101] 0,106 | 0,110} 0,110 [ 0,115 Avg. Conc. (C¥ )| 1.65 | 0.415| 0.187] 0.127] 0.080] 0.059 [ 0 045 | trace] trace| tra
Velocity (u fps)|g8 17 [8.95 9,55 | 9,87 10,10 10,25 § 9,94 19,55 |8 88 ]7,84 Velocity (u fps)| 5.21 | 6,02 | 6,87 | 7.10 [ 7,37 17,33 [ 7,05 [6.68 | )
Boundary Type: Smooth Run No, 12 § Q =35.%0 cfs v= 7.37 f(ps Boundary Type: Smooth Run No, 17 S Q =3,40 cfs V= 433 fps
Profile Traverse: Horizontal C, =0.151percent T =24.2 <C Profile Traverse: Vertical C¢ =0.081percent T =20.5 °C
Average Piczometer Reading Average Piezometer Reading
Piez, No, ., 4 S 6 7 8 9 10 Piez, No, 4 b 6 7 8 9 10
Picz, reading Piez. reading | § 129 8.091 8,027 7.999 7.957 7.916 7.874
Piez. reading | 7,424 7.305 7,152 7.065 6.987 6.879 6.761 vies, reading N
for Ct data 7,425 7,307 7.155 7,069 6.990 6,885 6.763 for C, data 8,116 8,081 8.016 7,9%0 7.950 7.901 7.858
Piez, reading Piez, reading
at check sta. at check sta.
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
~ampYer sta (y/D)] 0.06 | 0.16 | 0.26 | ©0.36 | 0.46 | 0.56 | 0.66 | 0.76 | 0.86 | 0.96 Sampler sta (y/D)] 0,06 [ 0,16 | 0.26 [ 0,36 | O, 0,56 0.66 1 0.76 N D.98
Ave. Conc. (C %[ 0,073] 0.068] .- | 0.068] -- | 0.068] 0.068] 0.068] 0_068] 0.073 [Avg, Conc. (C %)} 0,810] 0.165] 0.073| 0,054] trace{ trace - — - -
Velocity (u fnsy] 6.90 | 5.080] 8.50] 8.85 | 5.94 | 890 | 5.79 [ 8.50 | 7.95 16.76 [Velocity Cu fps) | 3,60 | 4,47 | 4,78 [ 5.20 [5.39 [5.39 | 5.20 4,95 |4.54 |4.02
Boundary Type: Smooth Run No, 13 S Q =8.75 cfs va= 111 fps Boundary Type: Smooth Run No, 18 S & Q =2.20 cfs V= 2.80 fps
Profile Traverse: C¢ =0.386 percent T = 23.5 °C Profile Traverse: Vertical C, =0.040 percent T =21.4 °C
Average Piezometer Reading Average Piezometer Reading
Piez. No, 4 5 [ 7 8 ] 10 Piez. No, 4 s 6 7 8 9 10
P§oz, reading Piez, reading 0,789 0,769 0,745 0,732 0,714 0,698 0,679
Piez, reading Piez, reading
for C, data 8.740 8.499 - 8.106 7.909 7.699 7.465 for Cy data
Piez, reading Piez, reading
at check sta, at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
Sampler sta (y/M 0,06 T 0,18 | 0.26 | 0,3 0.4 1 0.56 [ 0.68 ] 0.76°] 0.86 | 0,98 Sampler sta (y/D)| 0,06 | 0.16 | 0.26 | 0.36 | 0,46 | 0.56 | 0.66_] 0,76 | 0.8 | 0.96
Avg. Conc, (C %) | iAvg. Conc. (C % )1 0.465] trace| trace| trace[ -- - - - - -
[Velocity (u fps) - -- 112,00 [12.33 12,56 [12.48 |12.30 [11.92 |i1.18 |5.91 Velocity (u fps)|] -- | 2,27 [ 2,66 [ 2.90 | 3.11 [3.22 {3.11 301 [2.54 [2.41
Boundary Type: Smooth Run No, 14 S § q =4.80 cfs v= 6,11 fps Boundary Type: Smooth Run No, 19 S . Q =4.80 cfs Vs 6.11 fps
Profile Traverse:Horisontal . C, =0.383percent T =20.8 °C Profile Traverse: Vertical C, =0.010percent T =23.0 °C
Average Piezometer Reading Average Piezometer Reading
Piez. No. 4 5 6 7 8 9 10 Piez. No, ) 5 6 7 8 9 10
Piez, reading 8.532 8,445 8,330 8,289 8,202 8,139 8,056 Piez. reading 8.472 8.391 8.293 8,243 8,170 8.094 8.013
Piez, reading Piez. reading
for Cy data 8,519 8,437 8,331 8.284 8.198 8.126 8.045 for Cy data 0,466 0,38 0.285 0.238 0.170 0,093 0,014
Piez. reading Piez. reading
at check sta, at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
Sampler sta (y/D)] 0.06 | 0.16 | 0.26 236 | 0.46 56 [ 0.66 | 0.76 | 0,86 | 0.96 S 0,06 1 0.16 | 0,26 | 0,36 | 0.46 ] 0,56 | 0,66 | 0,76 | 0,8 [ 0,96
Avg, Cone, (C %3] 0,167] 0,153] 0.144] 0,134 0,125 0,120 0.115 | 0.110 | 0,115 | 0.110 v 0,163] 0,059]tzace | - - U == == ==
Velocity (u fps)] 5,85 | 6,52 | 7,26 17,50 | 7,65 | 7.65 | 7.50 | 7.26 |6.52 |5.85 Velocity (u fps)| 5,32 | 6,30 | 6,51 | 6,90 | 7,12 | 7,12 16,90 |6,57 [6.10 |5,20
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Boundary Type: Smooth Run No, 30 §S§ Q =5.82 cfs V= 7.41 fps Boundary Type: Smooth Run No, 36 § Q =6.,60 cfs Vo= B 41 'fps

Profile Traverse:Horizontal Cy =0,609 percent T =26.4 °C Profile Traverse: Vertical : . €, =1,16 percent T=22.2 *°C
Average Plezometer Reading Average Piezometer Reading

Piez. No. 4 s 6 7 8 ) 10 Piez. No. 4 5 6 7 8 9 10

":"- "‘:?“S | 8,263 | 8,155 8,026 7.959 7,854 | 7.753 | 7.641 Piez, reading | 8_558 8.404 8,221 8.135 7.989 7,847 7,690

Piez, reading

Piez. readin,

for Cy data 8,271 8.161 8.028 7.960 7,856 7.756 7.640 f:«rzct data € 8.568 8.411 8,226 8,141 7.994 7.854 7.696
Piez, reading

at check sta.

Piez. reading

at check sta,

tration and Velocity Profile Data "~ Concentration rn__y!g Velocity Profile Datas TR KT
Sampler sta (770)] 0,06 | 0,16 | 0.26 | 0,36 | 0.46 56 ] 0.66 | 0.76 | 0.86 [ 0.96 Sampler sta (3/M)] 006 10,16 | 0,26 ] 0,36 | 0.46 56 ] 0,66 | 0,76 | 0,86 .
Ave, Cone, (C %Y 0.210] 0.200° -- 0,208 -~ 0,186 0,1771 00,1771 0,171} 0,167 Avg, Conc, (C %, )[13,20 | 3,48 | 1,14 | 0.990] 0.644 0,418 - 0.234 0.162] 0,120
Velocity (u fps)] ¢ o0 | 7,57 | 8 26 | 8,45 | 8.69 | 8,60 | 8,40 | 7,98 | 7,52 | 6,51 Velocity (u fps)| 7.61 | 8,42 | 9.42 |10,00 10,45 110,35 9,35 [ 8721 7.65] -- |
Boundary Type: Smooth Run No, 31 8§ Q = 5.8 cfs v = 7.38 fps Boundary Type: Smooth Run No, 37 S Q =7.60 ¢fs v = 9.68 f(ps
Profile Traverse: Vertical C, = 0.613percent T =22.0 < Pmﬁle',hzs"se: Vertical C, = 1.19 percent T =20.5 <C

Average Piezometer Reading Average Piczometer Reading
Piez. No, 4 s s 8 9 10 Piez, No. 4 s ] ki 8 9 o
Piicz. reading 8,224 8,117 7.983 7.918 7.809 7.708 7.586 Piez, reading 8,851 8 634 8,386 8,280 8,096 7.919 7.723
Piez. reading ‘Piez, readin
for Cy data 8,247 8,135 7.999 7.935 7,829 7,727 7.610 et et | 8700 8.608 8.384 8.289 8.111 7.945 7.756
Piez. reading Piez. reading
at check sta, at check sta,

Concentration and Velocity Profile Data _
§amgler sts (y/D3] 0,06 1 0,16 1 0,26 | 0,36 | 0,46 | 0,56 | 0,66 | 0,76 %),86 0,96
Avg, Conc, (C% )| 9,50 | 1 0,730 0.430] 0,267[ 0,172} 0,129] 0,092 0,068
Welocity (u fgsg 3,26 | 7.26 | 7.95 | 8,27 | 8,82 | 8.82 | 8,27 | 7,90 | 7

Concentration and Velocity Profile Data
Sampler sta (y/Dy] 0.06 | 0,16 [ 0. 28710, 0,46 ] 0.56 [ 0,66 | 0.76 | 0 ]
Avg. Conc. (C %] 9,40 | 3.23 | 1.71 11,20 [1.32 | 1,03 10.920] 0.763} 0,530} 0.405
Velocity (u fps)| 7.82 | 9.35 5,86 [10,60 |10,70 (10,70 |10.60 [10.00 |9

Boundary Type: Smooth Run No, 32 § Q =6,70 cfs vV = 8.53 fps Boundary Type: Smooth Run No, 38 § Q = 5.84 cfs V= 7.44 fps
Profile Traverse; Vertical ¢, = 0,624percent T =23,7 *C Profile Traverse: Horizontal C¢ = 1.16 percent T =246 °C
Aversge Piczometer Reading Average Piezometer Reading

Piez, No. 4 5 6 7 8 9 10 Piez, No, 4 5 6 7. B ') 10
Pivz, retd#ns 8,514 8,355 8,166 8,054 7.937 7.800 7.642 Piez. reading 8,334 8,195 8,051 7.981 7.854 7.735 7.607
Piez, reading Piez, reading

for C, data 8,514 | 8362 | 8.168 | 8,08 | 7.940 | 7.79 7.642 for C; data 8320 | 8.100 | so04r | 7.965 | 7.841 | 7.724 | 7.504
Piez, reading Piez, reading

at check sta, at check sta.

Concentration and Velocity Profile Data

Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,08 | 0,16 | 0.26 [ ©0.36 [ 0.46 | 0.56 ] 0.66 | 0,76 | 0.86 | 0,96 Sampler sta (y/P)] 0,06 | 0,16 | 0.26 | 0,36 | 0.46 | 0,356 | 0.66 ] 0,76 | 0.86 | 0.98
Avg, Conc, (C% )] 5,79} 1,58 | 0.850] 0.557{ 0.378} 0,252] 0.172] 0.134] 0.100| ~~ [Avg, Conc, (C%)]| 0,354] -- |0.339] -- ] 0.358] 0.364] 0.314] 0.376 | 0,395 | 0,400
Velocity (u fps)| 7.13 1 8.42] 9 31 116.00 {70.20 [10.20 [ 9.81 | 9.31 | 5.69 [7.70 Velocity Cu fpsy | 7.31 18,30 [ 881 0,30 | 9.35 [ 9,41 [ 9,15 [ 8,67 [8.08 |7,12
Boundary Type: Smooth Run No, 33 § Q =7.50 cfs V=935 fps Boundary Type: Smooth Run No, 39 §  Q =6.63 cfs V= 8.45 fps
Profile Traverse: Vertical C¢ =0.731 percent T =21, o« Profile Traverse: Horizontal . = 1.15 percent T s27.0 °C
Average Piezometer Reading Average Piezometer Reading

Piez, No, 4 -1 ] va 8§ 9 1 Piez, No. 4 s 6 7 8 9 10
Picz. reading 8,790 8,576 8,328 8,221 8,035 7.861 7.664 Piez, reading 8.494 8.334 8.155 | 8,074 7.927 7.792 7.636
Piez. reading Piez, reading
for Cy data 8,737 | 8,548 8,323 8.232 8,057 7.893 7.707 for C¢ data 8.479 8.323 8,141 8.065 7.920 7.789 7.634
Piez, reading Piez, reading
at check sta, at check sta,

Concentration and Velocity Profile Data Concentration and Velocity Profile Data
Sanpler sta (y/M] 0,06 [ 0,18 [ 0.26 [ 0.3 0, 0,56 1 086 | 0.76°1 0.8 [ 0,58 Sampier sta (y/D)] 0,06 | 0,16 ] 0,26 ]| 0.36 | 0.46 | 0,56 | 0.66 | 0,76 | 0.8 | 0.96
Avg. Conc. (C % )| 4,60 | 1,840] 1.040| 0,719 0.500] 0,352 0,256 [0.190 [ 0.499 10.092 Avg, Conc, (C % )| 0,430] 0,439 -~ 0.439] -~ [0.,46510.,4391 0,459 !0.459 [0.498
(VelocTy (u Fpsy | 2,45 1978 110,30 136,50 116,70 110,70 110,40 {10.00 9.50 |8.45 Velocity (u fps)| 8,02 | 9,30 | 9,00 |16,30 [10.40 [10.40 |10.20 | 6,74 | 8,97 |7.78
Boundary Type: Smooth Run No.34 S & Qq =5.83 cfs V= 7.43 fps Boundary Type: Smooth Run No, 40 § Q =7.70 cfs V= 9.80 fps
Profile Traverse: Vertical €, =1.17 percent T=20.0 °C Profile Traverse: Horizomtal Cy = 1.29 percent T =240 °C

Average Piezometer Reading Average Piezometer Reading

Piez. No. 4 5 [ ki 8 9 10 Piez, No. 4 s 6 7 8 9 10
Piez, reading 8,334 8.2 8,072 7,990 7,866 7,747 7,616 | Piez, reading 8,699 8,507 8,285 8,196 8,026 7.865 7.680
Piez, teading Piez. resding
for Cy data 8,327 8.210 8.063 7.987 7,866 7.751 7.624 for Cy data 8.698 8.504 8,281 8.198 8.023 7.861 7,676
Piez, reading Piez. reading
at check sta, at check sta,

Concentration and Velocity Profile Data " Concentration and Velocity Profile Data
Sampler sta (y/DV] 0,06 10,16 T 0.26 T 0.36 | 0,46 .56 | 0.66 [ 0.76 | 0.8 | 0,96 Emgler sta {y/D)] ©.06 | 0.16 | 0,26 ] 0.36 | 0.46 | 0.56 | 0,66 | 0,76 | 0,86 | 0,96
Ava, Cone, (C%Ylig20 ) 470 §1.70 10,009} 0.5 0.35110.25610.190 10,129 {0,092 | wvg, Conc, (C %)} 0.665] -= 0,649) -~ 0,630 0,610 0,66510,68510,649 |0.7
Velocity (u fps)] 4.34 | 6,72 | 7,96 | 8,62 | 9,15 | 9.15 | 8,8 |8,34 |7,65 |6,57 Velocity (u fps)| 9,12 [10.30 [10,90 [11.40 [11.60 [11.60 f11.30 [10,80 [10,10 } 8.82




- wv-

Boundary Type: Smooth Run No, 41 8 qQ = 8.80 cfs va 112 fps
Profile Traverse:Horizontal C, = 1.54 percent T = 22.4 °C
: Average Piczometer Reading

Piez, No. 5 7 8 9 10
Picz, reading 8,486 8,236 7,957 7.854 7,854 7.441 ] 7.212
Piez, reading
for Cy data 8.448 8,198 7,950 7.820 7,606 7.4907 7,177
Piez, reading X
at check sta,

Concentration and Velocity Profile Data .
Sampler sta (y/Dy] 0,06 | 0,16 | 026 | O, . . 0.66 | 0.76 ] 0.86 | 0,96
Avg. Conc, (C %) ] :
Velocity (u fpsy| 30,30 1070 [13.30 {12.50 |12 66 1275 [12.55 12,02 [11.20 | 9,84
Boundary Type: Smooth Run No, 42 5 Q = 8.81 cfs v = 11,25 fps
Profile Traverse: Horizontal C¢ = 2,51 percent T= 26,0 *C

Average Piezometer Reading

Piez, No. 3 . 8 10
Piez. reading | 8.401 8,160 7.886 7,781 7,570 7..369 .7.136
Piez, reading
for Cy data 8,405 8,165 7.892 7.784 7.574 7.374 7,143

Piez, resding
at check sta,

Concentration and Velocity Profile Data

Sampler sta (y/D)] 0,06 | 6,161 T, N . . 0,66 | 0,76 10,86 1 0,96
vg, Conc, (C¥%) 3

{velocity (u fpsy | 7.41 | 9,68 |10,10 [10,84 [11,00 (10,80 }10.45 [9.85 {9.05 |7.71
Boundary Type: Smooth Wun No, 43 8 Q =7.58 cfs V= 966 fps

Profile Traverse:Vertical C, = 1.93 percent T =282 °C
Average Piezometer Reading

Piez. No. 5 $ 7 8 9 10
Piez, reading | 8,754 8,566 8.353 8,261 8,004 7.935 7,753
Piez, reading

for Cy data 8,750 8,570 8,355 8,261 8,095 7.933 7.742
Piez. reading

at check sta,

Concentration and Velocity Profile Data
Sampler sta (y/D) 0,16 | 0.26 | 0.36 | 0.46 .56 | 0,66 | 0,76 | 0,8 | 0,96
Ave, Conc, (C % 1119.00 1 6,75 | 2,75 | 1,54 | 0,96510,610] 0,405 0,285 | 0,200 {0,129
Velocity (u fLs) - 04 | 9.08 10!20 11,00 11,50 |¥1.50 |i1.00 ]10.20° ] 9,55 | 8,18
Boundary Type: Smooth Run No, 44 S § q =6.65 cfs V= 8.4 fps
Profile Traverse: Vertical i C, = 2,08 percent T =23,7 °C

Average Piezometer Reading

Piez. No, 3 6 8 3 10
Picz, reading | 8.632 8.472 8,294 8,209 8,062 7.921 7.760
Piez. reading
for Cy data 8,611 8,455 8,273 8,194 8,044 7.901 7,742
Piez. reading
at check sta,

. . - Concentration and Velocity Profile Data =
Sampler sta [2) 6,16 0,26 | 0,36 1 0,46 1 0,56 1 0,66 | 0,76 | © 0,96
Avg. Conc. (C %,)[21.70 8.890 | 3.15 1.;7:m. o.oiho 0,435 10,300 [0.224 [0.144
lVelocitZ (u fgsz 3,55 | 7, .30 110,20 |10,60 [10.60 {10,200 }9.56 {871 [7,70
Boundary Type: Smooth Run No. 45 S § q =5.85 cfs vz 7.45 {ps
Profile Traverse: Vertical C, *2.35 percent T =232.0 *C

Average Piczometer Resding )
Piez. No, 5 8 9 .10
Picz, reading | 8.502 8,352 8,187 8.008 7.954 7.827 7.687
Piez. reading
for Cy data 8,503 8.355 8,186 _8.097 7.956 7.827 7,686
Piez, reading
at check sta,

Toncentration and velocity Profile Data

ampier sta ( 06 10,18 O N " WL—{ 0.66 [ 0.76 | O. .96
Avg. Conc. (C %) .00 113,00 | 4,19 | 1,60 10,844} 0,500] 0,300]0.214 10,148 0,110
Velocity (u fpsy| 3-74 | 6.57 [ 7.8 8. 88 [9,30 [9.56 |9.15 [8,53 |8.04 |7.04

Boundary Type: Smooth Run No, 46 S & Q =6.70 cfs v = 8,53 fps
Profile Traverse: Vertical s Cg =3.00 percent T =242 °C
. Average Piezometer Reading
Piez, No, 4 3 ] 7 8 10,
Piez. reading | 8 667 8,300 8,307 8,216 8,054 | 7,902 7,733
Piez, reading
for Cy data 8,867 8.499 8.305 8.213 8,049 7.896 7.724
Piez, reading
at check sta,
Concentration and Velocity Profile Data
lSmglez sta (y/D)] 0,06 10,16 Y N . [ V.88 [ U710 T 0,
vg, Conc, (C % )i24,60 113,70 | 5.56 | 2.53 | 1.52 | 0,955/ 0,644 0.46{ 0,330 0,21
[Velocity (u fpsd.| . 227 1266 1290 | 3,11 13,22 j311 |301 2,541 2,41
Boundary Type: Smooth Run No, 47 § Q =7.60 cfs v = 9,67 fps
Profile Traverse: Vertical C, =3.01 percent T =222 *C
Average Piezometer Reading N
Piez. No, 4 s 6 8 9 10
Piez, reading | 7,909 7.719 7.500 7.408 7.231 7,061 7,876
Piez, reading
for Cy data 7,909 7,726 7,502 7.406 7.230 7,066 7.879
Piez. reading
at check sta,
Concentration and Velocity Profile Data
ampler sta {y/D3] 0,06 1 0.16 | 0.26 0.36 ] 0,46 | 0.56 | 0,66 0,76 1 0,86 0,96
Avg, Conc, (C % V|22.80 11,80 [ 5,20 | 2,70 | 1,65 [ 1,090/ 0,7701 0,555 0,410 [0,280 |
Velocity (u fps)l ¢.05 | 9,08 110,40 {11,20 {11,73 71,70 111,30 110,50 (9,72 |8 32.J
Boundary Type: Smooth Run No, 48 S g Q =6.65 cfs V= 8,4 fps
Profile Traversei Hortzontal Cy =3.19 percent T =210 *C
Average Piezometer Reading .
Piez, No, 4. 3 [] z 8 10
Piez. reading 7,764 7.600 7.411 7,316 7.156 7,000 6,830
Piez. reading
for Cy data 7.759 7.595 7,406 7.311 7.149 6,997 6,827

Piez. reading
at check sta,

Concentration and Velocity Profije Data
Fs:amgler sta (y/Dy] 0,06 ] 0.16 | 0,26 ] 0,36 | 0,46 | 0,56 | 0,66 | 0,76 | 0,86 | 0,96
Avg, Conc, (C %)} 1,3401 1,270} .- 1,360] e 1,38 | 1,350 36 11,360 |
[Velocity (u fps)| 8.30 | 9.20 [10.10 [10.56 [11.00 Ji1.00 lio.s0 110,08 [9.20 18,07
Boundary Type: Smooth Run No. 49 § § Q =5,8 cfs .38 fps

Profile Traverse: Horizontal

C, = 2.65 percent
Average Piczometer Reading
6 7

Piez, No. . 4 ] 8 9 10
Piez, reading 8’ 6,786
Piez. reading r_mi____z.m 7,344 7.241 7.087 6.941
for Cy data 7.671 7.502 7.317 7.219 7,062 6.920 6,766
Piez, reading
at check sta,

Concentration and Velocity Profile Data
Famgler S¥a (/D] 0,06 1 0,16 1 0,76 | 0,36 | .48 [ 0.56 | 0.66 | 0.76 ] 0.56 ] 0.96 ]
Avg, Conc. (C ¥, 1,150 -- 1,060 - 1;13011.12011.1201 1,090 1,170 | 1,100
[velocity (v fps)] 5.90 | 6.90 | 8.30 | 7,95 | 8,15 | 8.19 |7.95 | 7,47 16,90 [ 5,90 __;
Boundary Type: Smooth Run No, 50 8 q =7.70 cfs v = 9.80 fps
Profile Traverse: Horizontal Cg = 3.04 percent T =25.0 oC

Average Piezometer Reading

Piez. No. 4 5 ] i 8 9 10
Piez. reading | 7 978 7,786 7.561 7,462 7,286 7,115 6,927
Piez, reading
for Cy data 7.990 7.799 7.370 7.474 7,299 7,130 6,936
Piez, reading
at check sta,

Concentration and Velocity Profile Data

Sampler sta (y/D)] 0,06 | 0,16 ¥ 0.26 | O, N 036 T 0861 0.7 N (N7
Avg, Conc. (C% )| 1,390] -~ | 1.380] -- | 1,420] 1.440] 1,460] |10 410 |
Velotity Tu fpsy {908 J16.36 {11, 10 {11.60 (11 90 11,00 fi1.60 Ji1.10 110,20 [9.13




Boundary Type:Corrugated Run No, 2C Q = 3,54 cfs vV = 4,45 fps
Profile Traverse: Vertical C¢ = 0.0 percent T=221
Average Piezometer Reading

Tiez, No, 4 3 [} 7 3 9 10
Picy. reading 9.017 8,581 8,142 7.818 7.447 7.058 6.670
Pirz, reading
for Cy data
Piee. reading oo 5o 8.845 8.434 - - 7.280 | 6,893
ai check sta,

Concentration and Velocity Profile Data
[SanpTer sta (y/DY] 0,06 | 0,16 .26 10,38 10,46 [ 0.56 ] 0.656 ] 0.75 A 0,96
|Are. Conc. (€ %)
i“elocity (u Fpsy | 4,16 | 4,73 | 5,06 | 5,42 | 5,97 | 5,97 | 5,77| 5,18 | 4,13 | 3,48
Boundary Type: Corrugated ftun No, 3 C Q = 4.78 cfs V= 5,98 fps

Profile Traverse: Vertical C, = 0,0 percent T =23,3 *°C
Average Piezometer Reading

Piez. No. 4 5 6 8 9 10

Piez, reading - 9,101 8,395 7,840 7.249 6,565 5.935

Piez, reading

for Cy data

Piez, reading

at check sta, - 9.640 '8.944 - - 6,988 6,341
Concentration and Velocity Profile Data

{fampler sta (y/D)] 0.06 | 0.16 | 0.26 | 0,36 | 0.46 .56 | 0.66 | 0,76 | 0.8 | 0.96

(e, Cone, (C %

r'.‘f»'ncitv (u fps)| s 14| 5,78 ] 6,8 | 7,18 | 7,70 | 7,60 7.34] 6.53 | 5.78 5,26

Evundary Type:Corrugsated Run No, 4C Q =5.82 cfs V= 7,23 fps

Boundary Type: Corrugated RunNo, 7C ¢ Q = 4,8 cfs Vs 6,12 fps
Profile Traverse: Vertical C, = 0,334percent T =30,7 *C
Average Piezometer Reading
Piez. No, 4 3 (] 7 8 2 10
Piez, reading — 9.064 8,354 7.796 7.214 6,626 5,930
Piez. reading
for Cy data
Piez, reading — — —
at check sta. 9.640 8,962 7,021 6,376
Concentration and Velocity Profile Data
Sampler sta (y/D)| 0,0 0.16 [ 0.2 0,36 | O, a¢ .56 | O, 0,76 1 0,86 | 0,96
Avg. Conc, (C %3] 0.680] 0,605] 0,4737 0,420] 0,364 0,300 0,234 0.195] 0,181 || 0,158
Velocity (u fps)]| 5,0 5,56 | 6,3 7.10 | 7.7 7,86 | 7,45 6,62 [ 5,51 4,68
Boundary Type: Corrugated Run No. 8 C Q =5,80 cfs V= 7,20fps
Profile Traverse: Vertical C; = 0,448percent T = 25,7 °C
Average Piezometer Reading
Piez, No. 4 3 6 rd 8 9 10
Piez, reading - 9.950 8,960 8,179 7.317 6,442 5,450
Piez. reading
for Cy data
Piez. reading — _— — —
at check sta, 5.8 7.030 6.112
Concentration and Velocity Profile Data
ampler sta {y/D)] 0,06 1 0,16 | 0,26 1 0,36 | 0,46 | 0,56 0,66 | 0,76 | 0,86 | 0,96
[Avg. Conc. (C 0,735] 0,670} 0,565] 0,535] 0,460] 0,420[ 0,315} 0,290] 0 276] 0.2
Velocity Cu fps)] 6,06 | 7,05 1 8,20 | 8,94 { 9,15 19,11 [8.94 { 8,201 712 | 6.2
B Type: C grted Run No. 9C & Q = 1,63 cfs vV 5 2,08 fps
Profile Traverse: Vertical C,. = 0,046 percent T=26,9 °C
Average Pi(zometer Reading
Piez, No. 4 5 6 7 8 9 10
Picz, reading 8,031 7,940 7.848 7,754 7,687 7.606 7.521
Piez, reading
for Cy data
Piez. reading
at check sta. 8,101 7.996 7.885 — - 7.639 7.556
Concentration and Velocity Profile Data

Sampler sta (y/Dy] 0.06 1 0,16 | 0.26 | 0,36 | 0.46 | 0,56 | 0.66 | 0.76 | 0,56 | 0.96

Avg, Conc, (C %1 0,300 0,144] 0.,003] - - — -— . . ——

Velocity (u fns)| 1.80 | 2,12 | 2,27 | 2,66 | 2,84 | 2.84 1 2.66 (2,27 | 2,12 | --

Boundary Type: Corrugated Run No. 10 C Q = 3,55 cfs V= 4,52 fps

Profile Traverse: Horizontal Cy = 0.250percent T = 24,7 °C
Average Piezometer Reading

Piez. No. 4 3 L] 7. 8 9 10

Piez. reading 9,078 8,608 8,169 7.843 7.459 7.101 6,683

Piez, reading

for Cy data

Plez. reading | o 270 | 5,887 8,481 - - 7.310 6.930

at check sta,

Concentration and Velocity Profile Data

Profile Traverse: Vertical Cy = 0,0 percent T =253 °*C
Average Piezometer Reading
Piez, No. 4 S 6 7 8 2 10
Picz, reading - 9,800 8,845 | 8,079 7.249 6.295 5.380
Piez. reading
for Cy data
Piez. reading — _— 9.601 — — 6.914 6.025
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/DY] 0,06 1 0.16 | 6,26 ] 0,36 | 0,46 | 0.56 | 0,66 | 0,76 | 0,8 | 0,96
Aveg, Conc, (C%)
Volocity (u fps)| 6,42 | 7,10 | 7,78 | 8,37 | 8,97 | 8,97 | 8.46 8,2717.04 | 6.33
RHoundary Type: Corrugated Run No, 5 C Q = 1,84cfs v = 2.38(ps
Profile Traverse: Vertical C, = 0,0 percent T= 27,1 °C
Average Piczometer Reading
Picz, No, ) 4 5 6 7 8 9 10
Picz, reading 8,094 7.985 7.873 7,785 7.686 7.581 7,483
Piez, reading
for Cy data
Picz, reading 8.126 | 8,030 | 7.924 - - 7.622 | 7.524
at check sta,
Concentration and Velocity Profile Data
Sampler sta (y/Dy] 0,06 | 0,16 1 0.26 ] 0.36 1 0.4 | 0,56 | 0.66 1 0.76 | 0,86 | 0.96
e, Conc. (C9%,)
Velocity (u fpsd| 1,80 [ 2,25 | 2,60 | 2,74]12,74 (2,75 | 2,71 [ 2.66 12,41 ==
Boundary Type: Corrugated Run No, 6C Q = 3,50 cfs ¥ = 4,52 fps
Profile Traverse: Vertical Cy = 0,183percent T =319 °C
Average Piezometer Reading
No. 4 5 7 8 ] 10
. reading 8,991 8,501 8,060 7.736 7.376 7.011 6,554
Pirz, reading
for Cy data
Pirs. reading | g 206 | 8.820 | 8.412 - - 7.241 | 6.857
at check sta,
Concentration and Velocity Profile Data .
(Sanpler sta (y/DY] 0,06 [ 0,16 1 0.26 1 0,361 0. ) U85 10,76 [0, >
Avr, Conc, (C %) 0,520] 0,370f 0,305§ 0,225] 0,176] 0.150] 0,110] 0,104 0,073 0,06
veTocTty (u fpsy | 3,50 | 4,10 | 4,48 | 5.39 | 5,01 | 5,96 | 5,80 5.08| 4,25]| 3,11

{Sampler sta (y/M] 0,06 1 0,16 1 0. 28 T O 381 0,46 | 0,56 | 0,68 | 0,76 ] 0,56 ]

Avg, Conc. (C % )| 0,220 0,220[ 0,229] 0,234] 0,234] 0,234] 0,267] 0,248 0,267] 0,265

Velocity (u fpsY| 4,48 | 4,68 | 5,33 | 5,80 | 5,91 | 5.91 | 5.73 | 5,02 | 4.75 | 4,02

Boundary Type: Corrugated Run No, 11¢C Q = 4,70 cfs V= 598 fps

Profile Traverse: Horizontal Cy = 0,320percent T =26,1 *C

Average Piezometer Reading

piez. No, 4 5 6 d 8 9 A0

Piez, reading - 9.114 8,367 7,851 7,275 6,704 6,010

Piez, reading

for Cy data

Piez. reading — — _—

at check sta, 9.650 8,976 7.065 6,438
Concentration and Velocity Profile Data

[Sampler sta (y/D)] 0,06 | 0,16 | 0.26 | 0,36 | 0,46 .56 1 0,66 | 0,76 | O,8 | 0,96

Avg, Come, (C %, Y| 0,281 0,290] 0,295] 0,295] 0,315[ 0,305] 0,335 0,330} 0,340] 0,3

Velocity (u fps)| 5.45 | 6,22 | 6,67 | 7.22 7.49 7,49 | 6,95 | 6,42 | 5,85 5.




“oundary Type: Corrugated Run No, 12 C Q = 5,80¢cfs V= 7,38 fps Boundary Type: Corrugated Run No, 17 C Q = 4,8 cfs v = 6,11 fps
*=nfile Traverse: Horizontal Cy = 0,340percent T =28,5 °C Profile Traverse: Vertical Cy = 0,688percent T =30,6 °C
Average Piezometer Reading . Average Piczometer Reading
Piez, No, 4 3 . 7 8 9 10 Piez, No. R 4 5 7 8 9 10
picz, reading - 9.730 3.769 8.017 7.211 6.396 | 5.420 Picz, reading e 9.011 8,249 7.714 7.101 6.536 5,870
Piez, reading Piez, reading
f~r Cy data for C, data
Piez. readin Piez, readin,
at check sn’f - - 9,556 - - 6.915 | 6,041 at check sta - 9.57s 8,904 - - 6.936 6,301
Concentration and Velocity Profile Data Concentration and Velocity Profile Dats
fSsmpier sta (y/D)] 0,06 ] 0.16 | 0,26 | 0,36 | 0.46 | 0,56 | 0,66 | 0,76 | 0,86 | 0,9 Sampier sta (y/D)] 0,06 ] 0,16 | 0.26 | 0,36 | 0.46 | 0.56 | 0.66 | 0.76 | 0.56 | 0.96
i*vg, Comc. (C %] 0,315 0,310] 0,315] 0,310] 0,330] 0.330] 0.345 ] o.;;o]_n‘}m_m Avg, Gonc, (C %,)
ivodocity (u fps)| 6.43 [ 7,73 [ 8,27 | 8,98 [ 8,98 [ 9,04 [ 8,50 7,62 [7.10 16.17 | Velocity (u fpsdis.0o | s.38l 6,41 ! 7,05 [ 7,76 | 7.82 [ 7,36 [ 6,72 | s.84] 5.13
Roundary Type: Corrugated Run No, 13 C Q = 3.58 cfs V= 4,5 fps Boundary. Type: Corrugated Run No, 18 C Q = 5.80 cfs V= 7,25 fos
rrofile Traverse: Horizontal C, = 0,385percent T =315 °C Profile Traverse: Vertical C¢ = 0,881percent T=32,3 °C
Average Plczometer Reading Average Piezometer Reading
Pizz, No. 4 5 [ 7 8 9 10 Piez. No. 4 5 6 brd 8 2 10
z., reading 8,936 8,458 8,019 7.669 7.292 6.931 6,509 Piez. reading -— - 8.672 7.902 7.018 6,263 -
Piez, reading Piez, reading
frr Cy data for Cy data
Picz, reading 9.169 8.767 8,364 — - . - Piez, reading — — 9.592 - _— 6,818 5,950
at check sta, ° N at check sta,
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
Sampier sta (y/D)] 0,06 | 0,16 | 0.26 | 0,36 | 0.46 | 0.56 | 0.66 | 0.76 ] 0.56 | 0.96 J] Sampler sta (y/D)] 0.06 | 0,16 1. 0.26 | 0,36 ] 0.46 | 0.56 | 0.66 ] 0,76 | U, 86 [ 0.8
ve, Conc, (C%)| 0.315] 0.305] 0.340] 0,320] 0,369] 0,345] 0,365] 0,330/ 0,335 0,335 Avg. Conc, (C %] 1,700 1,370] 1.199] 1,070 0,900| 0,800| 0,660] 0,590 0,520] 0.475
Velocity (u fpsi| 4.25 | 4.54 ] 5.33 | 5.68 | 6.07 | 6.12 | s.80 1 5.08 | 4.61 1 4.02 Velocity (u fps) | 6,06 | 6,71 | 7,61 | 8,42 | 8,95 [ 9,32 | 9,00 | 8,02 | 7,95 6,74
Beundary Type: Corrugated Run No, 14 C Q = 4,80 cfs V= 6,11 fps Boundary Type: Corrugated fun No, 19 C Q =6.30 cfs Ve go2 fps
Profiie Traverse: Horizontal C¢ = 0,720percent T =30,4 °C Profile Traverse: Vertical Cy = 0,868percent T =28,3 °*C
Average Piezometer Reading Average Piezometer Reading
i No., 4 5 L] i 8 9 10 Piez. No. 4 5 6 9 10
. reading — 9.007 8,284 7.729 7.114 6.558 5,920 Piez, reading - - 8,906 7.940 6,809 5.812 4.550
Pirz, reading i Piez, reading
for Cy data for Cy data
Pirz, reading . Piez, readim ,
at check sta. - 9.556 8,802 —- - 6,926 6,313 at check sta? - - i —— - 6,468 5,350
Concentration and Velocity Profile Data Concentration and Velocity Profile Data
Sanpler sta (y/m] 0,06 | 0,16 ] 0.26 [ 0.36 ] 0.46 | 0.56 ] 0.66 ] 0.7 . .98 Yampier sta (v/D1] 0,06 | ©.16 | 0.26 | 0.36 | 0.46 | 0,56 ] 0.66 [ 0,76 [ 0.8 | 0.96
[Ave, Conc. (C %) 0,590 0.590] 0.560] 0.625] 0.650] 0.649] 0.640| 0.650] 0,625 0,630 Avg. Conc. (C %[ 1,200] 1,090[ 1,050f 0,945] 0,870] 0,765[ 0.685| 0,645| 0,585 | 0,570
VeTocity Cu fpsy [ 5,73 | 6,37 | 7,36 | 7,62 | 7,82 | 7,82 | 7,58 | 7,10 | 6,22 | 5,33 Velocity (u fps)] 7,12 | 8,22 | 8,83 | 9,80 110,40 [10,40 110,20 | 9,42 | 8,63 | 7,70
Boundary Type: Corrugated Run No, 15 C Q = 5,78 cfs V= 7,37 fps Boundary Type: Corrugated Run No, 20 C Q =6.30 cfs V= 8,02 fps
Profile Traverse: Horizontal Cy = 1,06 percent T=29.2 °C Profile Traverse: Vertical Cy = 1,20 percent T = 32,7 *C
Average Piezometer Reading Average Piezometer Reading
Piez. No., 4 5 6 7 8 9 10 Piez, No, CH H [ 7 8 9 10.
Piez, reading - 9.800 8,761 8,000 7,132 6,249 5,380 Piez, reading - - 8,965 7.968 6,859 4.750 4,550
Piez, reading Piez, reading
for C¢ data for Cy data
Piez, reading Piez. readin o — e _— — .
at check sta, - - 9.621 - - 6.865 5.999 at check st: 8586 540
tration and Velocity Profile Data Concentration and Velocity Profile Data
Sampler sta (y/D)] 0.06 | G.16 | 0.26 | ©.36 | 0,46 | 0,56 | 0,66 | 0.76 | 0.86 | 0.98 FSamglet Sta (y/D)] 0,06 | ©.16 [ 0,26 | 0,36 | ©.46 | 0.56 | 6,66 | 0,76 | 0.8 T 0,9
flve, Conc, (C % )| 0.859] 0,865] 0.860] 0.885] 0.935| 0,970] 0.995[ 0.989| 1,000 | 0,980 Avg. Conc. (C %) 1,740] 1,590] 1,440] 1,340] 1,190] 1,040} 0,920 0©,845(,0,765] 0 7
Velecity (u fps)| 6,16 | 7,45 | 8,15 | 8,75 | 8.98 | 8.98 | 8.45 | 7.75 1 6.81 16.16 [Velocity Cufps)| 732 1 7.71 [ 8,50 [ 9.35 110,30 {1040l 10 200 9. e2 | 8,56 | 72,71
Boundary Type: Cosrugated Run No. 16 C Q = 3,58 cfs V= 4,56 fps Boundary Type: Corrugated Run No, 21C Q =4,78 cfs V= 6,09 [ps
Profile Traverse: Vertical C, = 0,455percent T=2.6 °C Profile Traverse: Vertical Cy = 1,09 percent T= 28,6 °C
Average Piezometer Reading A ge Pic ter Readi
Piez. No. 4 s 6 7 8 9 10 Piez, No. 4 5 6 4 8 9 10
Piez. reading 8,974 8,471 8,043 7,594 7.312 6.959 6.538 Picz, reading — 9.162 8,441 7,898 7.271 6,667 6,002
Piez, reading Piez, reeding
for Cy data for C, data
Piez. reading | ¢ 187 8.782 8,331 - — 7.185 6.790 Piez, reading - 9.658 9,032 - - 7.089 6.445
at check sta, at check sta, .
ation and Velocity Profile Data Toncentration and velocity Profile Data
[s-mgler sta (y/D)] 0.06 | 0.16 | 0,26 36 ] 0.46 | 0.56 | 0,66 | 0,76 | 0.86 | 0,96 Sampler sta (y/D)] 0.06 | 0.16 | 0.26 | 0,36 | 0.46 | 0.56 | 0,66 | 0.76 | 0,86 ] 0,96
Avg, Conc, (C %)} 1,050] 0,899] 6,720] 0,570] 0,425] 0,340] 0.248] 0.190] 0.14410.120] wvg. Conc. (C ¥, )| 2,260] 1,900] 1,660] 1,360 1,170 0,950 | 0,770 | 0,685 | ©0.568 0,550
Welocity Cu fpsh] 3,841 4,17 | 4,88 | 5,62 [ 6,21 [ 6,32 | 5,62 | 4.88 | 4.56 | 4.17_ Velocity (u fpsy| 447 | 5.26 | 6.16 | 7,09 | 7,65 | 7.78 | 7,35 16,72 | 6,00




>

[R}
(3]
'

b.oandary Type: Corrugated Run No,22C ... Q =5,78 cfs v = 7.37 fps
toiije Traverse: Vertical C¢ = 1,32 percent T =30,2 °C
Average Piezometer Reading
<. No, 4 5 7 8 10
©» reading . - 8,968 8,168 74241 6,391 e
‘ez, reading -
Toe 0, data
reading
o heck sta, — - 9,839 == - 7,004 6.147
Concentration and Velocity Profile Data
fanpler Ste (y/D[ 0,06 0,16 ] 0,26 1 0,36 | 0,46 | 0.56 ] 0.66 ] 0.76 | 0.56 1 0.96
Ae, Cone, (€ %) 2.430] 2,200 1,790 1,620 1.320] 1,140 0,995 | o.880 ©0.800 0.76
Nedocity Cu Fpsy Vs 30 16 46 17,44 18,57 19.25 19,55 | 8,97 8,511 7,651 6,21
fonndary Tyne:Corrugated Run Ne, 23 C Q =3.55 cfs V= 4,43 fps
PFrofite Traverse: Vertical Cy =0.845 percent T =27.0 °C
Average Piezometer Reading
. No, 4 5 (-] 8 9 10
reading 9,056 8,584 8.148 7,832 7,436 7,091 6,596
. reading
Por Cy data
ooz, reading
4’ check sta, 9.258 8,871 8,469 —_— - 7.315 6,932
Concentration and Velocity Profile Data
Iampier sta (y/DV] 0,06 0,16 | 0,26 | 0,36 | 0.46 .56 ! 0.66 | 0.76 | 0,86 | 0.96
i nefome, (C % aa00] 21,7201 1 080] 0,8401 0,670 ] 0,530 {0,415 [ 0,320 {0,258
o laeity (u fps)| 3.5 | 401 4,33 | 5,390 16,11 16,17 |5.68 |6,01 14,54 |3,68
“oundary Type:Corrugated Run No, 24 C Q =5.80 cfs V= 7,38 fps
~afile Traverse: Horizontal Cy =0.46 percent T =27.8 °C
Average Piezometer Reading
®iez. No, 4 3. (] 8 ) 10
Pici, reading e ==n 8,985 8,189 7,245 6,350 5,492
Picz, reading
for C¢ data
Piez, reading
at check sta, ——— = 9,882 — ——— 7,002 6,048
= Concentration and Velocity Profile Data
pler sta (y/Dy] 6,06 16,16 | 0,26 ] 0,36 | 0.46 | 0,56 | 0,66 | 0,76 | 0,86 | 0,96
Avg, Conc, (C% 31,2401 1,200] 1,230; 31,2401 1,2801 1,340} 1,400 1,340 11,360 | 1,360 |
Welocity (ufps)] 6.6¢ | 7,80 | 8,17 [ 9,08 19,520 [9,40 18,80 18,2 [7.18 l6.52 |
Roundary Type: Corrugated Run No, 25 C Q =4,78 cfs V= 6,09 fps
Profile Traverse: Horizontal C, = 1,16 percent T =28,9 <C
Average Piczometer Reading
Piez, No. 4 5 6 9 10
Picz, reading | ____ 9,078 8,363 7,835 7,189 6,596 5,940
Piez, reading
{or Cy data
Piez, reading
at check sta, e 9,640 8,960 - - 7,014 6,365
Concentration and Velocity Profile Data
[iampler sta (y/DY[ 0,06 | 0,16 ] 0.26 | 0.36 .46 170,56 [ 0.66 ] 0.76 | 0.86 | 0.96
\we, Conc. (C %)} 0,9%0] 0,920] 0,960] 0,9451 1,040] 1,040] 1.060] 1.030] 0.990 | 0.990
velocity (u fps)| 5,381 6,36 | 6,95 1 7,57 | 7,61 | 7,61 | 7,40 | 6,71 } 5,78 |5.21
Ruoundary Type: Corrugated Rurt No, 26 C Q = 3.50 cfy V= 4,45 fps
Profile Traverse:Horizontal C¢ = 0.610percent T = 31,0
. Average Piezométer Reading
Piez, No, 4 5 ] 7 8 10
:‘(j ""‘fff:s 8,886 8,429 | 8,002 7,704 7,319 6,980 6,620
iz, aing
for Cy data
Piez, reading
at check sta. 9.122 8,719 8,341 - - 7.227 6,856
= Concentration and Velocity Profile Data
sples sta (y/D] 0,06 1 0,16 L260,36 1 ©0.46 | 0,56 ] 0.86 [ 0,76 [ 0,56 | 0,98
Conc. (C %] 0,475 0,450] 0,530 0,540 0,535 0,580| 0,570| 0,570) 0,485] 0,550
Welocity Cu sy 1 4,211 4,941 5,56 | 5,84 ] 5,96 | 5,96 | 5,44 | 5,26 | 4,66 | 3,71

Boundary Type: Corrugated Run No, 27 C& Q = 3.43 cfs V= 4,36 fps
Profile Traverse: Horizontal €y = 1.00 percent T =291 °C
Average Piezometer Reading

Piez. No, 4 5 3 8 9 10

Piez, reading | 8049 | 8,501 8,090 7,760 7,389 7,060 6,685

Piez, reading

for Cy data

Piez. reading

at check sta. 9.148 8,775 8,390 - - 7,280 6,921
Concentration and Velocity Profile Data

[Sampler sta (y/D)[ 0,06 0,16 0,26 0,36 0.46 0,56 | 0,66 | 0,76 0,86 0.96

vz, Cone. (C %]0,850 |0,915 [0,850 10,920 | 0,920 0,910| 0,925] 0,924] ©,895] 0,910

[elociey Cufpsylga 7 la g1 Isso 1s90 | 6,131 611 | 5.73

Boundary Type: Corrugated Run No, 28 C Q = 4,76 cfs

Profile Traverse: Horizontal Cy = 1.82 percent
Averapge Piezometer Reacding
Piez. No, 4 5 6 7 8 9 10
Piez. reading —— 9.096 8,390 7,855 7,226 6,641 5,951
Picz, reading
for Cy data
Piez. reading
at check sta, ket 9.612 8,959 e e 7.036 6.424
Concentration and Velocity Profile Data
[Fampler sta (y/D)] 0.06 | 0.16 | 0,26 ] 0.36 | 0.4 o.m 0,66 | 0,76 .86 | 0,96
Avg, Conc, (C%)]| 1,560 1,590 1.570] 1.560| 1.630| 1,660] 1.660| 1,560{ 1,580] 1,530
Velocity {u fps)| 5,62 6,37 | 7,05 | 7,70 | 7,98 | 7,98 | 7,61 | 6,80 | 6,06 | 5.00 ]
el L0 <
Roundary Type: Corrugated Run No, 29 C Q = 5.78 cfs V= 7.37 fos
Profile Traverse: Horizontal C, = 2.47 percent T=3L3 °C
Average Piczometer Resding
Piez. No. 4 5 6 7 3 9 10
Picz. reading o P £.904 8,119 7.194 £.344 ==
Piez, reading
for C, data
Piez. reading
at check sta. - - 9.732 - 6.932 6.012 ==
Concentration and Velocity Profile Data
Sampier sta (y/M] 0.06 10,16 | 0.26 [ 038 10,46 1 0,56 [ 0,66 | 0.76 | 0,881 0.96
Aveg, Conc. (C%,3{1,99012,100 §2,100 {2,120 | 2.210| 2,290} 2,250 2,260} 2,200] 2.230
Velocity (u fps)] 7.44 8,15 ]8.90 [9.35 9,70 | 9,59 | 8,96 | 8,41 1 7,35 | 6,37
Boundary Type: Corrugated Run No, 30 C§ q = 3.53 cfs V= 4,50 fps
Profile Traverse: Vertical C¢ = 0.972percent T = 30,5 °C
Average Piezometer Reading
Piez, No, 4 3 § 8 9 10
Piez, reading
Piez, reading | 8.939 8,480 8,058 7.737 72339 6,999 6,607
for Cy data
Piex, reading
at check sta, 9,158 8,769 8,382 - — 7,238 6,854
Concentration and Velocity Profile Data
Sanmpler. sta (y/D)] 0,08 | 0,16 | 0.26 1 0. 0.46 | 0,56 [ 0.66 [ 0.76 | 0.56 [ O
Ave. Cone. (C %)12,600 [2,160 | 1,750 | 1,350 | 0,963 | 0,742] 0,520] 0,420] 0.350] 0,300
Velocity Cu fpsy 13,11 13,59 14,60 [5,25 |6,10 | 6,10 | 5.62 | 5.13 | 4.17 [ 3.32
Boundary Type: Corrugated: Run No, 31 C Q = 4,80 cfs V= 605 fps
Profile Traverse: Vertical Cy = 1,56 percent T = 31,6 *C
Average Piezometer Reading
Piez, No, 4 5 [-] 7 8 9 10,
Piez, reading -
Pier. reading 9,117 8,395 7,873 7,220 6,638 5,991
for Cy data
Piez, reading
at check sta, - 9.648 8,988 -— - 7.053 6,414
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 | 0,16 | 0.26 | 0,36 ] 0.46 | 0.56 ] 0.65 0,76 | 0.8 | 0,06
vg, "T’onc. (C % 335502 860 12,500 12,000 11,650 | 1,340! 1,090 0,905] 0,820] 0,735
[Velocity  Cufps)[ 4 47 Is.08 l6.21 17.00 17 90 8,19 (. 7,39 | 6,8 | 5,83 | 5.08




7,25 fps B

Boundary Type: Corrugated Run No, 32 C Q = 5,70 cfs Vo=
nrofile Traverse: Vertical . Cy = 2,17 percent T = 32,2 °C
Average Piezometer Reading
Piez, No, 4 S ] 7 8 ] 10
Picz, reading - 9,852 8,836 8,072 7,161 6,325 5,422
Picz. reading
for Cy data
Picz. reading
at check sta, - - 9,647 - _— 6,929 6,016
Concentration and Velocity Profile Data
npier sta (y/D3] 0.06 | 0.16 | 0,26 ] 0,36 | 0.46 | 0.56 | 0,66 | 0,76 | 0,86 0,96
Conc, (C %)} 3,740 | 3,430 | 2,890} 2,470 {2,200 850} 1.570] 1.3 1,180 1,130
iclocity  (u fps)| 6,8 |7,70 18,55 19,55 | 9.66 | 9.25 | 8,39 |
Roundary Type: Carrugated Run No, 33 C Q = 6,28 cfs V= 7,85 ips
Profile Traverse: Vertical C, = 2,47 percent T =284 °C
) Average Piczometer Reading
Piez, No. 4 s 6 7 8 10
Pivz, reading — — 9,058 8,060 6,936 5,802 4,398
Piez, reading
for Cy, data
Piez. reading
at check sta. -- == - - -- 6,554 5,395
Toncentration and Velocity Profile Data
{Sampier sta (y/D)] 0,06 | 0.36 1 0,26 | © T4 | 0.56 ] 0.66 | 0.76 ] 0,86 | 0,96
[Tve. Conc. (C %1 3,460 3,290 13,010 12,770 | 2,480[ 2,200] 1.950! 1.700] 1.610 1.460]
[verocity (u fpsy| 6,71 |7.40 |8,51 19,5 10,40 110,60 {10,20 | 9,40 | 8.42 |
Beundary Type:Corrugated Run No, 34 C Q = 6,32 cfs vV = 8,04 fps
“Profile Traverse: Vertical Cy = 3.86 percent T = 31,6 *C
- Average Piezometer Reading
Piez. No, 4 5 1 '] 10
Picz. reading == - 8,989 8,000 6,830 5,690 4,360
Piez, reading
fer Cy data
Yiry, reading
at check stg, - - - - = 6,400 5.308
o Concentratjon and Velocity Profile Data
[Sampler sta (y/D3] 0,06 | 0,16 | O. 70,36 | 0.46 | 0.56 | 0.66 [ 0.76 56| 0,98
Ave, Conc, (C%)] 5,50 | 8,10} 4,751 4,30 | 3.80 | 3,25 | 2,80 | 2,40, 1 2,27 | 2,17
Volocity (u fpsi1 6,02 ] 7,50 | 8,90 [10,10 [ 10,50 |10,40 | 9,8 | 8,70 [ 7,48
Boundary Type: Corrugated Run No, 35 CE Q = 3,58 cfs V= 4,56 fps
Profile Traverse: Vertical C, = 2,09 percent T = 29,7 *C
Average Piezometer Reading
Piez. No. 4 S 7 8 9
Piez, reading | o 089 | 8,638 8,206 7,895 7,301 7,154 u.;ia
Piez, reading
for Cy data )
Picz, reading
at check sta, 9.300 8,920 8,535 - - 7,404 7,028
Concentration and Velocity Profile Data
[Sampier sta (y/DV] 0,06 10,16 ] 0,26 | 0,36 | 0.4 156 | 6,66 1 0.76 1 0,8 1 0,96
v, ‘?onc. (€ %)17.550 1 4 200 13,340 | 2,460 880! 1,358] 0,990 0,785! 0,645} 0,345
Welocity Cufpsdl3 11 14,24 1507 | 5.90 | 6.37 | 6.56 | 6.10 | 5,20 | 4.3% | 3,67
Boundary Type: Corrugated Run No, 36 C Q = 4,75 cfs v = 6,03 fps
Profile Traverse: Vertical C, = 2,97 percent T = 30,6 *C
Average Piezometer Reading
Piez, No, 4 3 [] 8 9 10
Picz. reading - 9.164 8,626 7.971 7.361 6,790 6,115
Picz, reading
for C¢ data
Picz, reading
at check sta, [ 9.632 8,990 - - 7,164 6,554
Concentration and Velocity Profile Data
Sampler sta (y/0)] 0,06 | 0.16 | 0,26 | 0,36 | 0,46 | 0,56 | 0,66 | 0,76 | 0,8 | 0,96
Ave, Cone, (C %) 6,750 15,80 14,700 ] 3,810 3 2 1,8% 600
Velocity (u fpsyl 4,10 15,08 16,06 | 7,261 7 8 86 1 5.79 15.28 |

Roundary Type: Corrugated Run No, 37 C Q = 5.80 cfs Vv = 7.27 fps
Profile Traverse: Vertical C, = 3,69 percent T = 30.8 *C
Average Piczometer Reading
Piez, No. 4 5 7 8 9 10
Picz, reading .- ——
Piez, reading 2,305 L 8,460 Lo491 6.314 Sa45L
for C, data
Piez, reading
at check sta, - - — - - 4,128 6,132
Concentration and Velocity Profile Data
Sampler sta (y/Dj] 0,06 | 0,16 | 0,26 | 0.36 | 0,46 ] 0.56 | 0.66 | 0,76 | 0.86 | 0.96
Ave, Conc, (€% ¢ 001135.590]4.830 | 4.060 | 3.6001 3.0801 2,490 2.380] 2 190 2 050
Velocity (u fps)i 5,88 16,31 17,65 18.85 9,80 | 10,004 9.61 | 8.8 | 72,727 | 6,70
Boundary Type: Corrugated Run No, 38 C¢§ Q = 3,54 cfs V= 4,51 fps
Profile Traverse: Horizontal C¢ = 2,30 percent T = 28,3 *C
Average Piezometer Reading
Piez, No, 4 s s 8 10
Piez. reading | pog0 ! g.557 | 8.147 | 7,836 7.452 7,111 6,711
Piez, reading
for Cy data
Piez, reading
at check sta, 9,195 8,835 8,454 - - 7,356 6,982
Concentration and Velocity Profile Data
angler Sta (y/D)] 0,06 | 0,16 ] 0.26 ] 0,36 ] 0.46 | 0.56 ] 0,66 | 0.76 ] 0.86 ] 0,96
Avg, Conc. (C %)} 1,570} 1,660] 1,740] 1,750 1,740} 1,760| 1,650! 1,600{ 31,5041 1,501
{Velocity (u fps) | 4,831 5,51 | 6,03 | 6,73 | 7,11 | 7,11 | 7,00 | 6,40 | 5.51 | 4.70
Boundary Type: Corrugkted Run No, 39 C Q = 4.70 cfs v 6,08 fps
Profile Traverse: Horizontal C, = 3.10 percent T =29.4 °C
Average Piezometer Reading
Piez, No. 4 S 6 8 9 10
Piez, reading — 9,097 8,418 7,882 7,266 6,664 6,002
Piez, reading
for Cy data
Piez. reading
at check sts, - 9.562 8,910 - — 7,058 6,429
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 ] 0.16 [ 0,26 | 0.36 | 0.46 .56 [ 0.66 | 0,76 | 0,8 | 0,96
Avg, Conc, (C %Y 2.710] 2.680] 2.7401 2.760] 2.860! 2.80 | 2.840] 2.6401 2,600 | 2.500 |
Velocity (ufps)| s.s2] ¢33 1 7,331 7,851 s.21 1 8,051 7.85 | 7,011 16,13 {5,33
Boundary Type: Corrugated Run No, 40 C Q = 5,75 cfs V= 7.32 fps
Profile Traverse: Horizontal C, = 4.07 percent T =303 *C
Average Piezometer Reading
Piez. No, 4 5 6 7 8 9 10
Piez. reading - - 9,212 | 8374 | 7,401 | 6,395 | 5,330
Piez, reading
for Cy data
Piez. reading
at check sta, o - - - - 7.006 5.992
~ Concentration and Velocity Profile Data
Isamler sta (y/D)] 0,06 1 0,16 1 0,26 } 0,36 | 0,46 | 0.56 0,66 0,76 { 0.86 | 0,96
Avg, Conc, (C%)! 3.380[ 3.420 3.6107 3,690 3,600! 3,700; 3,800 3,740] 3,580
Velocity (ufps)[ 6,971 8,051 9,32 9,629,955 5.95 19,42 186,71 17,55 16.38
Boundary Type: Corrugated Run No, 41 C& Q = 4.75 cfs V= 6.10 fps
Profile Traverse: Horizontal C, = 5,05 percent T = 24,8 °C
Average Piczometer Reading
Piez, No. 4 5 6 7 8 9 10
Piez, reading
Piez, reading
for C, data
Piez, reading
at check sta.
Concentration and Velocity Profile Data
Sampler sta (y/D)] 6.06 | 0.16 N N . ] 0.66 | 0,76 1 0.56 | 0.96
fvg. Conc. (€% 13,990 4,410 14,400 14,600 | 4.120] 2.990 |
Velocity (u fps)




Boundary Type: Corrugated Run No, 42C Q = 85,75 cfs 7.33 fps
Profile Traverse: Horizomtal C¢ = 5,55 percent 21,0 *C
Average Piezometer Reading
Piez. No. 4 8 10
Piex, teaging — 9,255 | 8,385 7,364 6.354 5,370
Piez, reading
for Cy data
Piez, reading
at check st&, - - - — 6,590 5,962
Concentration and Velocity Profile Data
Sampler sta (y/D] 0,06 . . N K 76 [ 0.86 [ 0,98
vg, Conc, (C %) 4.5 gg)l 5,000] 5,060 Q,Olﬁi 5.2&‘,1.119.‘_;.&1_.4.1&&&
Velocity (u fps)
Boundary Type: Corrugated Run No, 43 C Q = 5,78 cfs 7.37 fps
Profile Traverse: Vertical C, = 4,72 perceént 7.1 ¢
Average Piezometer Reading
Piez, No, 4 L3 7 8 9 10
Piez, reading e 9,261 8,416 7,400 6,419 5.360
Piez, reading
for Cy data fed el fnd Ced 6.969 3,960
Piez, reading }
at check sta, .
Concentration and Velocity Profile Data
Sampler sta (y/D)] 0,06 9,26 .36 ] 0.4 $6 10,66 10,76 ] 0.8 | 0,96
Ave, Conc, (C % 317,600 16,750 16,050 15,390 14,800 14,150 | 3.5%] 3,310
Velocity (u fps)is80 1e67 1 773 ] s.08] .86 110,15 .19.830 [ 8.61 [ 7,79 | 6.72
Boundary Type: Corrugated Run No, 44C & Q = 4.83 cfs 6,15 fps
Profile Traverse: Vertical C, = 4.53 percent 28,7 ¢
Average Piezometer Reading
Piez, No. 4 7 .9 19
Piez. reading —
Piez. reading 8,452 | 7.909 | 7,281 6,684 £.005 |
for Cy data
Piez. reading
at check sta, - 8.912 - - 7,064, 6,426
Concentration and Velocity Profile Data
Sampler sta {y/D)] 0,06 0,26 1 0,36 | 0.46 | 0.56 | 0,66 | 0,76 | 0,86 { 0,96
Ave. Conc. (C %, 3| 10:00] 6.800] 5,580 4.11 | 3.75 | 3,03 [ 2,450 2,10] .

Velocity Cu fps)| 4.75 6.76 | 7,66 | 8,23 | 8,41 | 8,10 | 7,00 | 5,91 | 4,40

Boundary Type: Corrugsted Run No, 45 C Q = 5.95 cfs = 7,58 fps

Profile Traverse: Vertical Cy = 6,87 percent =26,5 *°C

Average Piczometer Reading

Piez, No. 4 8 9 ~—10

Picz, reading - 9,412 3,016 7,507 6,504 5,345

Piez, reading i

for C, data

Piez, reading

at check sts, - - — -— 451..916 5,960
Concentration and Velocity Profile Data

‘Samélet sta (y/D)] 0,08 [ 0,18 20 ] R 0.86 1 0.7 286 1 0.96 )

Avg, Conc. (C ¥, )] 10,60 9,10 | 7.% | 7,25 ]%,%_4 4,65 50 | 4,10

Welocity (u fps) 3,02 8.1 19.9 0 19,05 17

Boundary Type: Coxzugated
‘Profile Traverse: Verticxl

Piez, No., 4 3

Run No, 46 C8 Q = 4.82 cfs
Cy = 8,73 percent
Average Piezometer Resding
8. i

V= 8,08 fps
T = 28,7 *C

Piez. reading 9,910 9,139 8,45 7.2&

Piez, reading
for Cq data

Piez, reading

at check sta, - 9.515 8,865 —— —

8 9
1 ILM_J_:Dq
._LE.!__I

7,027

Concentration and Velocity Profile Data
0,46 ]

Sampler sta (y/D)] 0,06 [ 0,16 [ 0.26 170,38 1 0,46 | 0,58 [ 0.86 1 0.76 T 0,58 1098

vg, Conc, (C%[13,90 |11,40 | 9,65 [ 825 | 6,78 | 5,60 [ 4,38 | 3,65 13,03 2,20 |

Velocity (u fps) | 6,80 7,83 | 8,56 19,53 ] 9,90 [10,20 9,65 1875 17,85 16,80

Boundary Type: Coxrup RunNo, 47CE  Q = 4.75 cfs Ve 595 fps

Profile Traverse: Yertical C, =10.9 percent T =325

Average Piezomster Reading

Piez, No, 4 s 6 8 9 10

Piez, reading | 9, 800 9.106 8,438 7,902 7,286 6,708 6,021

Piez, reading

for Cy data

Piez, reading | ) .

at check sta, - 9.458 8,809 - — 7.016 6,375
Concentration and Velocity Profile Dats

Sampier sta (y/D)| 0.06 | 0.16 | 0,26 ] 0.36 | 0.46 .56 1 0.66 1 0,76 | 0,86 | 0.96

Avg, Con C%) F

Velocityc (f‘ 75) 17.30 113,02 112,30 110,02 | 8,25 | 6,80 | 5,39 | 4,45 | 3,83 ! 2,95

Boundary Type: Corrugated

Run No, 48 C Q =6.,00 c¢fs

V= 7,5 fps

Profile Traverse: Vertical Cy = 8,16 percent T =340 °C
Average Piezometer Reading

Piez, No, 4 3 ] 7 8 ] 10

Piez. reading ~— _— 9.282 8.398 7.376 5,368 5,300

Piez, reading

for Cy data

Piez. reading

at chegk sta, - - 9,878 — -— 6,840 5.820
Concentration and Velocity Profile Data

amplier sta (y/D)] 0,06 | 0.16
Avg, Conc, (C %)113.70 112,30

[Velncity (u f&s)

Boundary Type:
Profile Traverses

Piez, No. 4 5

Run No, Q = cfs

0,26 1 0,36 1 0.46 | 0,56 | 0,66 | 0,76 ] 0,86 | 0,96
11,20 |9, g 7.00 | 6,20 5,52 5,00 ] 4,46

V= fps
Cy = percent T = <
Average Pi(zometer Reading
3 7 ] 10

Piez. reading

Piez, reading
for (1t data

Piez. reading
at check sta,

Concentration and Velocity Profile Data
26| 0,48

S, N .

N 0,66 | 0.76 | 0,86 ] 0.96

Sampler eta (y/DY] 0,06 | .18
iAvg, Conc, (C %)

ivdccitv (u f_p_g)




Run
No

56H

76H

228
328
33s
338
345
44S
44S
44S
44S
453

435S

45S
478

Date of
Taking
Sample

1954

Jan, 23
Feb, 5
Feb, 13
Mar., 2
Mar. 25
Mar. 23
Mar. 24
Mar . 26
Mar, 27
Mar., 29
Mar. 30
Apr. 3
Apr. 3
Apr. 16
Apr., 19
Apr. 19
Apr, 21
Apr,. 21

May 11
May 14
May 15
May 15
May 17
May 22
May 22
May 22
May 22
May 24
May 24
May 24
May 26

SUMMARY OF SEDIMENT SIEVE ANALYSIS

Station
Traverse No.
Direct. (y/D)
integrated
integrated
integrated
integrated
integrated
integrated
horz, 0.06
vert. 0.16
integrated
vert. 0.06
horz. 0.06
horz. 0.06
horz. 0.06
horz. 0.06
vert. 0.06
vert., 0.06
horz. 0.96
horz, 0.06
integrated
vert, 0.06
vert. 0.66
vert. 0.26
integrated
vert, 0.16
vert, 0.96
vert, 0.86
vert. 0.76
vert, 0,26
vert. 0.56
vert. 0.46
vert. 0,26
vert, 0.06

S

ample

Number

~A26 -

55,56
57,59

61,62
70
76,78

84

86
103
104
109
124
125
127
141

Mean Sieve
Diameter
(mm)

(Avg = 0.20)

0.175
0,175
0,195
0.155
0.215
0.198
0.195
0.193
0.202
0.205
0.205
0.205
0.205
0.251
0.250
0.250
0.183
0.183

0.215
0.195
0.195
0.195
0.182
0.183
0.143
0.143
0.143
0.174
0.157
0.157
0.178
0.198

Std. Dev,

of Sieve

Diameter
(mm)

(Avg = 0.051)

0.0493
0.0472
0.0470
0.0563
0.0512
0.0478
0.0564
0.0455
0.0527
0.0564
0.0564
0.0498
0.0498
0.075

0.065

0.065

0.058

0,053

0.060
0.031
0.073
0.052
0.042
0.030
0.041
0.041
0.041
0.031
0.041
0.041
0.029
0.027



Run  §7
No. (ft)

1C
2C
3C
4C
5C
6C
7C
8C

Jx102

0.157
0.245
0.550
0.98
1.52
2.17
2.95
3.84

1.45
1,60
2.85
4.50
6.40
8.70

0.56

. 0,76

0.98
1.25
1.52
1.82

[oNeNeNeoNoNoRoNeo)

Run
No.

9C
10C
11C
12C
13C
14C
15C
16C

( fps)

8838838883

L

O~ s W

NousWwN
88888%&

.

Somuow
388883

[

o
(ft)
0.06
0.26
0.47
0.63
0.30
0.50
0.60
0.28

DIFFERENTIAL HEAD BETWEEN
CORRUGATION CRESTS AND TROUGHS

Run
No.
17C
18C
21C
22C
23C
24C
25C
26C

o7
(ft)

Run
No.
27C
28C
29C
30C
31C
- 32C
33C
34C

o

Run =«
No, (ft)
35C 0.28
36C 0.40
37C 0.70

- . 38C 0.23

36C 0.44
40C 0.61
42C O
43C O,

HP AND Q AS FUNCTIONS OF G

(Fig. 14)
Cy Q
cfs)
Hel-Cor
0.10 1.25
0.14 1,57
0.32 2.35
0.73 3.14
1.70 3.92
3.90 4,71
10,50 5.48
20,0 6.27
Corrugated
0.100 2.24
0.124 2.35
0.42 3.14
1.40 3.92
4,90 4.71
16,5 5.48
Smooth
0,10 3.93
0.21 4.71
0.48 5.48
1,02 6.27
2.27 7.06
5.00 7.85

~A27

Gx102
(cfs)

0.125
0.220
0.752
2.29
6 .66
18.4
57.5
125 .4

0.224
0.291
1.32
5.48
23.1
90.5

Run
No.
44C
45C
46C
47C
48C

coooon
8u88°

o+
2]



Run
No.

50H
54H
55H
56H
57TH
58H

61H
63H
64
66H
68H

72H

118

208
218
228
23S
24S
288
298

328
33S
36S
37s
39S

40S
418
44S
488
493

-0.96

0.968
0.967
1,033
0.985
1,037
0.942

0.792
0.845
0.923
0.873
1.204

0.777

0.926

1.005
0.82%
0.684
0.673
0.795
1.054
0.790

0.803
0.943
0.863
0.705
0.87

0.783
1.123
0.933
0.877
0.823

c/C', NS Traverse,

CONCENTRATION AT 10-IN. ORIFICE

at x/ri
0,72 0.24 +0.24 0 .48

1.084
1.073
1.025
1.050
1,086
1.067

0.993
1,051
1.115
1,035
1.146

1,031

0.978

1.311
1.010
1.010
1.128
0.9%90
0.985
0.995

1.010
1,047
0.975
1,050
1,027

0.993
1.070
1.008
1.056
0.970

1.018
1.000
1.081
1.0138
1.008
1,067

1.008
0.986
1.060
1.284
1.014

1.005

1.005

1.050
1.010
1.042
1,010
1,057
0.948
1.010

1.035
0.943
1,020
0.992
1.027

1.009
0.934
1.033
0.971
1.087

0.913
1.041
0.896
1.000
0.997
0.943

1,000
1.005
0.959
1.051
0.903

1.052

1.063

0.728
0,963
1.010
0.976
1.040
0.948
1.045

019
.695
.008
.009
975

QO o O e

1.009
0.942
0.933
0.965
0.935

(FIG.

0.855
0.993
0.904
0.908
0.890
0.976

0.975
1,068
0.877
1.058
0.760

1.085

1.040

0.728
1.022
0.994
0.961
1.040
0.948
1.024

1.025
0.950
1.020
1.033
0.956

0.971
0.953
0.962
0.960
0.930

6)

-0.96

1.200
1.247
1,147
1,173
1.086
1.067

1,192
1.051
1.115
1.149
1.205

1.196

-A28-

¢/C', EW Traverse
at x/r,
~0.72 -0.24 +0.24

0.960
1.024
0.952
1.082
1.000
0.853

0.976
0.931
0.928
0.907
0.976

0.889

0.926

1.101
0.883
1.025
1.010
0.860
0.984
0.871

3 0.833

1,018
0.870
1,033
0.87

1.102
0.925
0.890
0.877

1.042
1.068
1,010
1.075
1.023
0,943

0.975
1.005
1.004
0.985
0.983

0.947

0.973

1.008
0.940
0.994
0.991
0.990
0.957
0.965

0.930
0,979
0.975
0.975
0.947

0.932
0.927
0,994
0.940

0.960
0.836
0.961
0.917
1,000
1.017

1.041
1.051
0.977
1.051
1,041

0.941

1.115

0.773
1.021
0.944
0.991
1.057
0.970
1.024

1.035
0.985
1.033
0.992
0.983

0.977
0.987
1.050
1.033

0.930 0.981 0.955

0.48

1.000
0.673
0.961
0.769
0.897
1.131

1,047
1.068
1.042
1,051
1.022

1,052

1.005

0.813
1.055
0.920
0.957
1,040
0.920
1,031

1.035
0.979
1.033
1.009
1.061

0.932
0.973
1.050
1.060
0.981

Total
Load

6.04
12.2
12.4
12.1
12.7
12,2

6.25
6.56
5.47
4.44
4.30

1.88

0.175

0.360
0.374
0.307
0.312
0.293
0.778
0.684

0.624
0.731
1.16
1.19
1.15

1.29
1.54
2.08
3.19
2.65



KARMAN K’IN z = w/ktu

Smooth Pipe Corrugated Pipe

Run Run
No. # Ct No. # V'
7 0.332  0.261 6 0.440  0.473
8 0.330 0,195 8 1.33 1.43
9 0.202  0.125 9 0.436  0.468
15 0.230  0.374 16 0.824 0,885
16 0.353  0.166 17 0.767  0.825
17 0.305  0.081 18 0.530  0.570
18 0.208  0.040 19 0.950  1.022
19 0.300  0.010 20 0.807  0.753
20 0.224  0.360 21 0.645  0.600
21 0.252  0.374 22 0.537  0.577
22 0.303  0.307 30 0.625  0.673
31 0.217  0.613 31 0.560  0.603
32 0.247  0.624 32 0.725  0.778
33 0.236  0.731 33 1.05 1.13
34 0.209 1.17 34 0.960  1.035
36 0.229 1.16 35 0.338  0.363
37 0.247  1.19 36 0.525  0.565
43 0.221 1,93 37 0.646  0.694
44 0.253  2.08 43 0.605  0.649
45 0.313  2.35 44 0.554  0.595
46 0.287 3,00 45 0.804  0.865
47 0.279 3.01 46 0.555  0.596
47 0.643  0.674
48 0.603  0.648

-A29 -



Run
No.

108
118
128
148
238
2438
258
288
298
308
38S
39S
408
48S
498
508

10C
11C
12C
13C
14C
15C
24C
25C
26C
27C
28C
29C
38C
39C

41C
42C

0.06

1.160
1.065
1,059
1.294
0.995
1,018
1,140
1.159
1,125
1.123
0.975
0.947
1.010
1.181
0.954
0.973

0.905
0.901
0.946
0.937
0.945
0.920
0,955
0.957
0.897
0.843
$.980
0.915
0.954
0.998
0.938
0.920
0.925

DIMENSIONLESS CONCENTRATION PROFILES --HORIZONTAL
(Fig, 16)

c/C!
0.36

010
935
.985
.038
974
.987
.993
.031
.021
097

bt bt = O OO et OO

0.967
1.200

o

0.963
0.945
0,930
0.952
1.002
0.947

0.955;'
1.048

1.020
1.019
0.980
0.975
1.062
1.019
1,023
1.014
1.025

at station 2z/D

0.46

0.943
1.020

0.970

Pt bt b b bk ek ek s bt e
. e e e e e e .
@)
&
-3

0.56

0.943
0.925
0.985
0.930
0.974
1,018
0.993
0.969
0.946
0.994
1.000
1.022
0.926
1,217
0.930
1.013

1,000
0.978
0.990
1.027
1.040
1.039
1.031
1.067
1,097
1,010
1,042
1.051
1,069
1.032
1,028
1.061
1.041

~£30-

0,66

0.912
0.981
0.985
0.891
0.995
1.018
0.950
0.957
0.915
0.947
0.865
0.967
0,926
1,189
0.930
1.02¢9

1.100
1.072
0.990
1.085
1.027
1.065
1.079
1.067
1.078
1.024

1,042

1,033
1.002
1.048
1.056
1.040
1,042

0.76

0.963
1.020
0.985
0.852
1.042
1.043
0.950
0.957
0.976
0.947
1.035
1.010
1.010
1.202
0,905
1.013

1.020
1.058
1,079
0.983
1.042
1.059
1,031
1.038
1.078
1,022
0.980
1.039
0.972
0.973
1,039
1.013
1.022

0.86

0.985
1.020
0.985
0.891
0.995
0.957
0.950
0.923
0.946
0.914
1,089
1,010
1,040
1.181
0.871
1.008

1,100
1,089
1,052
0.995
1.002
1.071

©1.047

0.997
0.917
0,993
0.993
1.011
0.914
0,959
0.9%4
0.951
0.972

o

.96

.985
065
.059
.852
.070
.957
.993
.923
930
0.893
1.102
1.100
1.086
1.200
0.913
0.993

COO O Q= Q

°

1.090
1,058
1,109
0.995
1.010
1.048
1.047
0.997
1.040
1.010
0.963
1.023
0.910
0.922
0.968
0.920
0.972



Run Direct

No.

15’
18’

2s’
28

38’
35

45’

43

58
58

6S’
6S”

78

7S

8%
88’

95’

9S

108’
108”7

1187

118

128’
128"

135’
135°

Trav,
NS
EW

NS
EwW

NS
Ew

NS
EwW

NS
BW-

NS
BwW

NS
EW

NS
EwW

NS
Ew

NS

- BW

NS
Ew

NS
EW

NS

-0.84
0.887
0.980

0.980
1,028

1.055

1,124

0.743
0.915

0.963
0,875

1,000
0.720

1,033
1.120

0.875
1.049

0.995
1.030

0.743

o —

0.914
0.689

0.886
0.911

0.954
1.040

VELOCITY PARAMETER AT 10-IN. ORIFICE

Magnitude of

-0.72

0.999
0.987

1,031
1.047

1,113
1,150

0.876
0.962

1.005
0.978

1.050
0.780

1,121
1.148

1,005
1.072

1.005
1.040

0.895

0,972
0.923

1.090
0.929

1.075
1.071

-0.48

1,064
0.963

0.990
1.038

1.113
1,110

1.040
0.975

1.021
0.987

1,010
0.770

1.106
1.092

1.043
1.072

1,005
1.040

1,039

———

0.977
1.032

1,098
0.973

1.013
1.040

(Rig. 6)

§h/ &h!

-0.24
1.056
0.972

0.990
1.009

1,040
0.987

1,081
0.995

1.030
0.987

0.980
0,750

1,077
1,012

1,043
1.010

1.005
1.000

1.080

1.001
1,079

1.048
0.998

0.954
1,020

-A31~

at Position x/r, Mean
0.00 0.24 0.48 Value
(&h")
0.999 1,008 0.997 1.241
1.026 1.069 1.078 1.237
0.980 1,000 1.031 0.990
0.977 0.947 0.947 0.983
0.967 0.803 0.820 0.683
0.918 0.835 0.863 0.730
1.081 1,081 1.104 1.416
1.001 1,070 1,082 1.488
1.030 0.963 0.980 1.103
1.048 1,064 1.073 1.167
0.980 0.990 1,610 1.000
0.670 0.620 0.560 1.000
0.963 0.800 0.804 0.696
0.904 0.877 0.850 0.741
1.043 1,018 0.966 0.766
0.953 0.940 0.892 0.830
1.005 1,015 0.975 1.016
0.950 0.940 0.940 1.000
1.080 1,080 1.080 1.453
1.022 1,060 1.060 1.567
1,085 1,092 1,100 1.464
0.979 0.946 0.954 1.187
1.033 1,070 1.087 1.131
0.954 1,013 1.035 0.986
0.969 0.937 0.937 0.971



Run No,

AW

O woo 3O

1

12
13
14
15

16
17
18
19

21
22
23
24
25

26
27
28
29
30

SUPPLEMENTARY DATA -- 12-IN. HEL-COR

o
o

W WA DD
o W W =
588805

W W
L4 e 4 . & e

gugs88 83388

H Ao
- . ]

(without sediment)

6.80

-A32-

T °C

17.0
17.0
17.0
17.1
17.2

17.3
17.3
17.4
17.4
17.4

17.4
17.5
17.5
17.5
17.5

13.0
13.1
13.3
13.4
13.6

13.8
14.0
14.0
14.2
14.4

14.6
14.8
15.0
15.2
15.4

f x 102

3.91
3.82
4.12
4.19
4.04

3.85
3.60
3.84
3.97
3.90

3.96
4.33
3.97
3.91
3.83

Re x 1073



Run
No.

6C
- 7C
8C
9C
16C

17C
18C
19C

21C

22C
23C
30C
31C
32C

33C
34C
35C
36C
37C

43C
44C
45C
48C

0.96

0.355
0.960
1.385

0.645

0.800
0.840
1,650
1.350
1,650

1.955
0.470
0.500
0.900
1,650

1.350
3.960
0.707
0.743
2,500

1,850

2.195
1,158

0.86

0.700
0.840
0.780

0.410

0.910
0.%10
1.320
1.200
0.912

1,090
0.468
0.545
0.875
0.800

0.985
1,075
0.585
0.825
1,390

1.065
0.770
1.555
1.000

0.76

0.667
0.700
0.700

0.378

0.400
0.690
1.245
1.190
0.710

0.986
0.435
0.430
0.660
0.690

0.905
0.895
0.480
0.680
1.080

0,456
0.540
0.985
0.985

VALUES OF

€ /w
0.86

0.385
0.510
0.690

0.340

0.476
0.655
1.050
0.810
0.500

0.790
0.400
0.350
0.515
0.635

0.714
0.565
0.327
0.520
0.600

0.710
0.500
0.780
0.710

é‘s /w = cdy/dc

at Location y/D

0.56

0.350
0.520
0.724

0.343

0.525
0.620
0.890

0.46

0.386
0.544
0.690
0.050
0.362

0.530
0.610
0.990
0.865
0.510

0.500
0.395
0.336
0.434
0.620

0.915
0.765
0.328
0.415
0.570

0.755
0.500
0.800
0.710

«-A33-

0.36

0.400
0.580
0.710
0.150
0.350

0.585
0,710
1,090
0.965
0.550

0.600
0.420
0.355
0.460
0.620

1.015
®.865
0.340
0.425
0.670

0.780
0.455
0.900
0.650

0.26

0.390
0.582
0.810
0.225
0.450

0.685
0.638
1.190
1.065
0.585

0.700
0.455
0.430
0.532
0.720

1,115
1,200
0.280
0.460
0.770

0.880
0.420
1.000
0.750

0.16

0.365
0.682
0.910
0,154
0.550

0.785
0.580
1,290
1.165
0.620

0.800
0.520
0.515
0.590
0.820

1.650
1.275
0.245
0.560
0.870

0.920
0.440
1,100
0.850

0.0§

0.260
0.755
1.010
0.110
0.650

0.885
0. 446
1.390
1.265
0.615

0.900
0.615
0.580
0.675
0.920

3.410
1,980
0.295
0.660
0.970

0.880
1.000
1,200
1,220



VALUBS OF € /w = cdy/dc

Run  €,/w at Location y/D
No. 0.9 0.8 0.76 0.66 0.56 0.46 0.36 0.26 0.16 0.06

7S 0.420 0.450 0,360 0.324 0.390 0.341. 0,360 0,272 0,230 0.060
8 0,180 0.280 0.340 0.380 0.380 0.375 0.337 0.248 0.160 0.088
9S 0.120 0.220 0.300 0.240 0.295 0.280 0.240 0,232 0.105 0,100
158 0.050 0.100 0.110 0.210 0.280 0.134 0.154 0.140 0.092 0.078
16§ 0.140 0.194 0.294 0.296 0,300 0.260 0.210 0.156 0.131 0.104

17S 0,100 0.025 0.125 0,120 0.220 0.200 0.240 0.183 0.040 0.010

18s - - - - - - 0.100 0.080 0,074 0.010
108 - - - - 0.030 0.130 0.118 0.154 0.100 0.070
208 0.220 0.320 0.420 0.280 0.210 0.190 0,205 0.149 0.072 0.066
21S 0,300 0,360 0.340 0.255 0.280 0.245 0.210 0,170 0,094 0,142
225 0.410 0.510 0.525 0.540 0.440 0.456 0.230 0.184 0.155 0.130
31S 0.140 0,240 0,340 0,190 0.292 0.218 0,200 0.190 0.092 0.060
328 0.300 0.206 0.230 0,245 0.250 0.262 0,240 0,208 0.113 0,060
338 0.160 0,194 0,230 0.265 0.300 0.295 0,280 0.230 0,145 0.085
345 -- - 0.080 0.120 0,120 0.155 0,190 0,090 0.088 0,080
36S 0.057 0.080 0.250 0.278 0.245 0,220 0.210 ©,162 ©O.111 0.132
37S 0.200 0.245 0.340 0.230 0.200 0.800 0.76 0.18 0.124- 0,076
4385 0,160 0.200 0.200 0.205 0.250 0.236 0.200 0.140 0.085 0,150
448 0.100 0,100 0.084 0.658 0,190 0,272 0.165 0,120 0.105 0.138
45 0,080 0.120 0.146 0,170 0,225 0.260 D.158 0,08 0,090 0.180
46S 0.050 0.100 0.18 0.195 0,230 0.236 0.145 .i24 0.120 0,220
47S 0,100 0.125 0.200 0.210 0.235 0,245 0.150 ¢,132 0.110 0.208

-A34-



Nomenclatare:
- radius of orifice
- distance along diameter

r
X

TOTAL LOAD DATA AT 10-IN. ORIFICE

from centerline

Mixture
Run Discharge
No. Q cfs
50H 6,60
50H 6,60
54H 5,80
54H 5.80
55H 6450
55H 6450
56H 5,85
56H 5,85
57TH 64,35
57H 6435
58 7,02
58H 7,02
61H 6,93
61H 6,93
63H 6.20
63H 6420
64H 6,05
64H  6.05
66H 6,93
66H 6.93
68H 5,95
68H 5,95
7TH 6473
72H 6,73
118 6,60
11S 6,60
20S 5.80
20S 5,80
21S 6.60
218 6,60

Avg.
Temp
T °C

24,0

- 24,0

18.4
18,4
22.1
22.1
21,0
21,0
16,2
16,2
20,3
20,3
18,9
18,9
18,46

18,6

15,0
15,0
18,5
18,5
21,6
21,6
21,4
21,4

21,7
21,7
21,5
21,5
22,7
22,7

Trav,
Direct,

NS
EW
NS
EW
NS
EW
NS
EW
NS
EW
NS
EW
NS
EW
NS
EW
NS
EW
NS
EW
NS
EW
NS
EW

NS
EW
NS
EW
NS
EW

Note:

Local mean concentration ¢
station location x/r1

-0,96

55,85
7.25
11.8
15.2
12,8
14,2
11.9
14,2

o 13,2

13.8

11,5

13.0
4,95
745
5455
6.90
5205
6,10
3.88
5,10
4,03
5,18
1.46
2.25

0,162
§.215
0.362
0.520
0,310
0.472

~A35=

-0.72  =0,24 0.24
6455 6.15 5.52
5.80 6.30 5.80

13,1 12,2 12,7

12.5 13.0 1042

12,7 13.4 11.1

11.8 12,5 11.9

12,7 13,3 12.1

13,1 13.0 11.1

13,8 12,8 12,4

12,7 13,0 12,7

13,0 13,0 11,5

10,4 11,5 12.4
6020 6430 6425
6,10 6,08 6450
6,90 6435 6460
6,10 6435 6490
6,10 5480 5425
5,08 5.50 5435
4,60 3.70 4,67
4,03 4,37 4,67
4,93 4,36 3.88
4,20 4,23 4,48
1.94 1.89 1.98
1587 1.78 1,77
0,172 0,176 0.186
0.162 0.172 0,195
0.472 0,378 0.262
0,400 0,366 0.280
0.378 0.378 0.360
0.330  0.352 0.382

Orifice is located in a ver-
tical section of the cir-
culation system.

at
0.48

5,17
6,05
12,1
9,50
11,2
11,9
11,0
9.3
11,3
11,4
11,9
13,8
6,08
655
7,00
7 .00
4480
5470
4,70
4,6%
3.27
4,40
2,04
1,98

0.182
0,176
0,262
04295
0,382
0.395



TOTAL LOAD DATA AT 10-IN. ORIFICE --Continued

Nomenclature: Note: Orifice is locate in a ver-
ry - radius of orifice tical section of the cir-
x - distance along diameter culation system,

from centerline

Mixture Avg. Trav. Local Mean concentration c¢ at

Run Discharge Temp Direct. station location x/r,

No. Q cfs T °C 096 -0.72 -0.24 0.24 0.48
228 7.50 19.2 NS 0.210 0.310 0.320 0,310 0.305
228 7.50 19.2 EW 0.415 0,315 0.305 0.290 0.288
238 7.80 22.7 NS 0.210 0.353 0,315 0.305 0.300
238 7.80 22.7 EW 0.400 0.315 0.310 0,310 0.300
24s 6.64 24.0 NS 0.233 0,290 0,310 0,305 0.305
248 6.64 24,0  EW 0.330 0.252 0,290 0.310 0.305
283 7.62 22.9 NS 0.820 0.765 0,737 0.737 0.737
28s 7.62 22.9 EW 1.00 0.765 0.745 0,755 0,715
29S8 6.75 25.2 NS 0.540 0.680 0.715 0.690 0.700
29S 6.75 25.2 EwW 0.860 0.595 0.660 0.700 0.705
328 6.70 24.4 NS 0.500 0.630 0.645 0,635 0.640
328 6.70 24.4 EN 0.800 0,520 0.580 0.645 0.645
338 7.63 22.7 NS 0.660 0.765 0,690 0.695 0.695
33s 7.63 22.7 EW 0.880 0.743 0.715 0.720 0,715
36S 6.65 23.2 NS 1.00 1.13 1.18 1.17 1.18
36S 6.65 23.2 EW 1,40 1.01 1.13 1,20 1.20
378 7.62 21.5 NS 0.84 1.25 1.18 1.20 1.2
37s 7.62 21.5 EW 1.41 123 1.16 1.18 1.20
39S 6.63 27.6 NS 1.00 1.18 1.18 1.12  1.10
398 6.63 27.6 EW 1.47 1,00 1.09 1,13 1.22
408 7.70 24.5 NS 1.01 1,28 1,30 1.30 1.25
408 7.70 24.5 EW 1.67 1.42 1,20 1.26 1.20
418 8.78 23.5 NS 1.73 1.65 1.44 1.45 1.47
418 8.78 23.5 EwW 1.82 1.41 1.43 1.52 1.50
44S 6.62 25.1 NS 1.94 2.10 2.15 1.94 2,00
44s 6.62 25.1 EW 2.36 1.85 2.07 2.18 2,18
488 6.65 21.0 NS 2.80 3.37 3.10 3.08 3.06
48s 6.65 21.0 EW 4.02 2,80 3.00 3.30 3.38
49S 5.80 21.7 NS 2.18 2.57 2.88 2.48 2.47
498 5.80 21.7 EW 3.73 2.46 2.60 2.58 2,60

~A36-



Run
No,.

1H
4H
17 HS
18Hs
19H
20H
21H
22H
31H
32H
41H
42H
43H
44H
47HS
48H
49H
50H
51H
53H
54H8
55H
56H6
62H
73H
74H
76H
77TH

0.96

1.099
0.934
0.843
0.987
1,075
1,093
1.035
1.010
1,127
1,103
1.127
1,101
1,058
1,000
1.073
1,120
1,143
1.098
1,046
0.573
1.009
0.630
1,056
1,110
1.100
1,129
1,159

0.86

1,099
0.997
1.121
1,213
1,019
1,006
1,070
1,057
1,008
0,998
0.995
1,034
1,036
1.000
0.477
0.988
1,066
1,020
0.965
1,019
0.553
1,023
0.797
0.986
1,048
1.000
1.043
0,973

DIMENSIONLESS CONCENTRATION PROFILE
COMPUTATIONS

0.76

0.947
0.994
1,213
1.147

1,000
0.989 .

1,038
1.032
1,019
1,017
0.993
1.002
1,004
1,023
0,493
0.980
0,992
0,962
0.970
1,028
0,787
1,009

0.743

0.964
0.982
1,014
0,983
0,973

c/C¢
0,66

1.023
1,005
1,098

1 0.853

1,025
0.981
1.000
1.010
0,973
0,961
1,015
1,009
1,009
0.986
0,503
0,990
0,974
0.970
0.953
1,005
0.757
1 Q023

0,877

1,056
0,943
0.959
0.947
0,961

at station

0.56

1,00

0.997
1,181
1,213
0.983
0,948
1,000
0.991
1,034
0.923
1,015

0.992

0,961
0.995
0,630
1,029
0,972
0.970
0.965

0.983

0.800
1,031
0,877
0,985
0,947
0,964
0,947
1,013

0.46

0,985
1,000
0.897
1.147
0.968

0,967

1.035
1,003
0.973
0.998
0,952
0.917
1.009
0.995
0.801
1,021
0.995
1,002
0.975
0.955
0.942
1,023
1.058
0.971
0,928
0.964
0.978
0.961

-A37~

y/D
0.36

0,970
0,963
1,213
1,021
0.975
0,937
1.000
0,980
1.010
0,961
0.993
1,053
0,952
0.995
1,158
1,010
0,956
0.953
0.965
1.000
0.942
0,968
1.080
0,952
0,990
1,000
0.947
0,990

0.26

0,932
1.005
1,034
0,987
0.975

- 0.981

0,983
0.944
0.893
0.922
0.937
0.889
0.993
0.977
1,241
0,955
0.965
0.953
0.947
1,190

;0.921‘

1.309
0,940
0.947
0.960
0.923
0.949

0.932
0.957
0,636
0,687
0,987
0,993
0,905
0.944
0.953
0.926
0.963
1,009
0,934
1,027
1.797
0,973
0,953
0.953
1.025
1.019
1.176
1,011
1,210
0,971
0,990
0,977
0.941
0.967

0.06

1,023
1,162
0,757
0,454
0.996
1.040
0.934
1,032
1,008
0.998
1,020
0.987
1.058
1,013
1,931
0,988
1.034
1.053
1,130
1,028
1.140
0.968
1,243
1,109
1,124
1,059
1,153
1.035



Run
NOD

6H
TH
8H
9H
10H
13H
14H
15H3
16HS
23H
24H
26HS
28H
29H
34H
35H
57H
58H
63H
64H
67H
68H
71H
79H
31H

0.96

1.015
0.967
1,041
1.039
1,049
1,034
1,057
0.700
0.695
0.985
1.000
0.808
0.984
0.853
0.994
0.973
0,883
1,009
1,038
0.987
1.011
1,000
1,034
1.097
1.030

0.86

1,060
0.978
1.008
1.023
0.943
0.991
0.997
0.875
0.869
1,000
1,000
0.907
1.000
0.993
0.997
1 .047
0.383
1.009
1.009
1.022
1,033
1,012
1.029

1,037

DIMENSIONLESS CONCENTRATION PROFILE

0.76

0.985
0.978
1,016
1,023
1.023
0.9¢7
0.946
1.063
0.935
1,008
1,008
0.992
1,202
1.046
1,019
0.973
1,008
0.984
1,015
1.005
1,022
1.001
1,005
0.956
0,990

COMPUTATIONS --

C/Ct
Q.66

0.930
0.973
0.992
0,948
0.954
0.984
0.963
1,108
0.972
1.008
0.960
1,055
0.984
1,010
0.994
0.993
0.938
0.993
0986
0.983
0.990
0.976
1,034

0.974

Continued

at station

0.56

1.000
0.978
0.992
0.962
0.941
0.963
0.946
1.152
1,109
Q.9738
0.984
1,077
1.002
1.065
0.997
1.057
0.993
0.983
1.001
0,970
0.945
0.980
0.943
0.970
0.962

0. 46

0.965
0.939
0.987
0.967
0.954
0.977
0.997
1,031
1,006
0.993
1,008
1.040
0.980
0,993
0,923
0,973
1,038
0.967
0.965
0,983
0,967
0,980
0.943

0,962

~A38~

v/D or z/D

0.36

0.970
0.962
0.987
0.953
0.941
0.991
1,026
0.943
1.319
0.953
1.000
0.887
0.953
0.973
1.039
0.982
1.030
0.983
0.943
0.973
0.954
0.943
0.976
1.002
0.945

0.26

0.930
0.978
0.973
0,995
0.943
0.984
0.967
1.031
1.006
0.985
0.960
1.045
0.951
0.945
0.967
0.934
1,046
0.993
0.947
0.973
0.943
0.982
0,928

0.945

0.16

0,970
0,978
0.975
1.009
0.9738
1.010
0.986
1.031
0.869
0.985
0.984
0.977
0,947
0.973
0,967
0.973
1,060

1,000

1.001
0.994
1,012
0.955
0.976
0.977
0.939

0'06

1.100
1.218
1.150
1.103

-1.160

1,101
1,128
1.063
1.211
1.085
1.134
1.220
1.171
1,130
1.121
1.112
1.090
1.105
1.099
1.109
1.133
1.171
1.134

1.200



Run
No.

7S
88
9S
1558
168
178

- 18S8

198
2088
218
228
328
335
3455
36S
378
43S
4488
4556
465§
4758
3184
108
118
128
148§
23S
248
258
28S
29S8
3088
38S
39S
408
485§
4988
508

0.96
0.226

0.080

DIMENSIONLESS CONCENTRATION
COMPUTATIONS --
Continued

c/C¢
0.66

0.514
0.421
0,368
0.153
0.271

v
——

0.203
0.259
0.358
0.276
04350
0.219

0.210
0.209
0.133
0,213
0.256
0.210
0.630
0.605
0.451
0.293
0.596
0.556
0.408
0.540
0,438
0.291
0.314
0.382
0.515
0,423
0.423
0.481

at station

Q.56

0.632
0.616
04513
0.206
0.356

=-A30~

0.46

0.805
0.75%
0.624
0.307
0.482

PROFILE

y/D or z/D

0.36

1,100
0.975
0.969
0,535
0,759
0.667

0,703
0.843
0,667
0.894
0.984
0.777
0.855
0.799
0.804
0.712
0,843
0.897
0,702
0.537
0,577
Q.451
0.341
0,583
0,540
0.426
0.3582
0.4%0
0.337
0.382
0.426

-

0.26

1.451
1.365
1.302
0.927
1,127
0,901

1,167
1,390
1,156
1,363
1.423
1.451
1,585

1.437

1.425
1,518
1.865
1.853
1.729
1.190
0.587
0.628

0.16

2.416
2.200
2,400
2,570
2,500
2,038
5.900
2.620
2.650
2,048
2,536
2.520
4.020
3.000
2.762
3.500
4,275
5.780
4,567
3.920
2,860
0.633
0.605
0.451
0.339
0,563
0.540
0.451
0.609
0.545
0.329
0.382
0.404

0.06

5.330
5.800
7.085
20,350
9.940
10,00
11,620
16.300
15.830
3.630
4,915
9,290
6.290
16.850
11.40
7.90
9,850
10.42
9,330
8,200
7.570
15,600
0,675
0.657
0,484
0.425
0.596
0.556
0,490
0.655
0.539
0.345
0.305
0,374
0.515
0.420
0.434
0.454



Run
No.

6C
7C
8C
9Ck
16C
17C
18C
19C
20C
21C
22C
23C
30Cs
31C
32C
33C
34C
35CH
36C
37C
43C
44C
45C
48C
10C
11C
12C
13C
14C
15C
24C
25C
26C
27Ch
38cé
40C
41Cé
42C

0.96

0.372
0.473
0,553
0.264
0.472
0.538
0.656
0.600
0.505
0.580
0.306
0.309
0.471
0.521
0,591
0.561
0.261
0.431
0.555
0.560
0.596
0.546

DIMENSIONLESS CONCENTRATION
COMPUTATIONS --
Continued

c¢/C¢y at station
0,76 0,66 0.56 0.46

0.547 0.601 0.820 0,963
0.584 0,700 0,897 1.090
0.647 0.704 0.938 1.027
0.417 0.545 0.747 0.934
0.581 0,704 0.864 1,045
0.669 0.749 0,907 1,021
0.693 0,749 0.832 1.00
0,704 0.767 0,867 0,993
0.639 0,707 0.873 1,075
0.674 0.754 0,863 1,00
0,491 0.627 0,793 0.993
0.432 0,535 0,763 0,99
0.581 0,700 0,860 1.059
0,617 0,723 0,853 1,015
0.689 0.790 0,891 1,005
0.623 0.725 0.842 0.935
0.376 0.474 0.650 0,900
0.539 0.633 0.794 1,009
0.645 0.675 0.835 0.975
0.702 0,753 0,878 1,013
0.540 0.668 0.827 0,907
0.677 0.757 0,887 1.055
0.675 0.760 0.857 1.017
- - ‘0,935 0.900
== - 0.953 0.985
—— —— 0.970 0.970
0.857 0.947 ©.896 0.958
0.903 0.889 0.900 0.903
0.933 0.937 0.915 0.883
0.918 0.959 0.918 0.877
0.889 0.916 0.897 0.897
0.935 0.935 0.951 0,877
0.924 0,925 0,910 0.920
0,916 0.911 0.927 0.895
0.849 0,916 0.900 0.920
0.920 0,935 0.912 0.887
0.871 0.892 0.912 0.912

~A40-

PROFILE

y/D or z/D

0.36

1,229
1.259
1,195
1,254
1.250
1.213
1,089
1,117
1,249
1,227
1,276
1,389
1.281
1.129
1.122
1.115
1,177
1.282
1,100
1.143
1.232
1,136
1,163
0,900
0.921
0.921
0.832
0.868
0.835
0.850
0.816
0.885
0.920
0.859
0.890
0.910
0.873

0.26

1,667
1.417
1.261
1,955
1.583
1.401
1.359
1.209
1.200
1.525
1.356
1,610
1.300
1.600
1,333
1.220
1.230
1,600
».583
1,310
1,283
1.500
1.324
1.372
0.381
0.921
0.926
0.883
0.819
0.812
0.843
0.830
0.869
0.850
0.851
0.883
0.888
0.874

0.16

2.020
1.811
1.491
3.300
1.975
1,673
1.554
1.255
1,337
1.745
1.668
2.041
2.220
1.835
1,581
1.332
1.321
2.348
1.951
1.516
1.430
1,945
1.383
1.508
0.847
0.905
0.911
0.792
0.819
0.817
0.823
0.795
0.738
0.915
0.851
0.863
0.842
0.842

0.06

2.840
2.038
1.640
6.515
2,310
1,931
1.930
1.383
1,451
2.076
1,827
2.390
2,675
2,275
1,725
1,400
1,425
3.618
2.272
1,628
1.610
2.220
1.541
1.679
0.847
0.877
0.926
0.3817
0.319
0.810
0.850
0.620
0.778
0.850
0.805
0.873
0.831
0.791



ONE-DIMENSIONAL ANALYSIS

Note: Subscript t on a run number
denotes it is the total load
portion of a run.

Note: V and J rounded to three
figures after f was

computed.
Run Direct. Q v T 2 1™ 2
No. Trev. ofs fps  ©C C, VA®D fx10" Rexl10 ~ Jx10
1H  vert. 5.20 6.62 16.4 1,32 1,17 . 5.60 2.55
2H vert. 5.20 6.62 15,6 1,35 1,17 . 5,55 2,55
3H vert., 5.30 6.75 15,0 1,90 1,19 . 5,60 2.65
4H vert. 5,21 6.63 18,4 1,85 1.17 . 5.85 2.58
6H horz. 6.50 8.28 18,9 2,00 1.46 . 7.50 4,10
7H horz. 6.50 8.28 22.5 1.83 1,46 8.20 4,10
8H horz. 6.60 8.40 28.6 2.21 1,48 . 9.42 4,25
9H hor,. 6.60 8,40 29.0 2.13 1.48 . 9,60 4.25
10H horz. 6.45 8.22 17,5 2.87 1.45 . 7.20 4.08
11H horz. 6.65 8.47 20.0 2.70 1,49 . 7.85 4.30
12H horz. 6.45 8,22 21,5 2.43 1.45 . 8,10 4,08
13H horz. 6.45 8,22 21,3 3,17 1.45 . 8.00 4,08
14H horz. 6.45 8,22 22.8 3.01 1.45 8.20 4.08

. -

1.93 0,260
2.05 0.235
2.17 0.044
2.25 0.260

1548 horz., 1.64 2,09 19.8 0.157 0.369
16H8 horz. 1.55 1,97 24.7 0.138 0.347
17H6  vert. 1.61 2.06 25.6 0.165 0.36
1846 vert. 1,63 2.08 26.1 0.141 0,37

FogRemr000300 0000 m»a>k>8 © -4 O 0
H N0 WRWN o CWwo N N0 oo O W o W

D WEDBDWWHREDRDWWLUDDDDRDWDHWWWDHAWWIWW
L

19H vert. 4.70 5,98 20.0 1.59 1.05 . 5.52 2.038
20H vert. 4.70 5.98 22,5 1.52 1.05 ° 5.78 2.08
21H vert. 3.53 4,50 27,1 0.840 0.79 . 5.00 1.23
22H vert. 3,53 4,50 27.7 0.837 0,79 . 5.00 1,20
23H hor?. 4.80 6,11 26.5 1,30 1.08 N 6.60 2,20
24H horz, 4.80 6.11 27.6 1.28 1,08 N 6.75 2,20
25H horz. 3.45 4.40 31.8 0.756 0.776 o 5.35 1,16
26H8  horz, 3.45 4.40 32,3 0,711 0,776 . 5.40 1,16
27H horz. 4,80 6.12 21.1 2.06 1.08 . 5.80 2,20
28H horz, 4.75 6.05 22.9 1.93 1,07 .05 6.00 2.16
29H horz, 3.53 4,50 26,5 1,08 1,26 .27 4.95 1.23
30H horz, 3.53  4.50 26.7 1,08 1,26 4,27 4.95 1.20
31H vert.  4.82 6,08 19.1 0.515 1.07 3.72 5.98 2.18
32H vert. 4,81 6,12 20.6 0,520 1.08 3.75 5.75 2,20
33H vert. 3.57 4,55 24,1 0.295 1,25 5.40 4.70 1,23
344 horz. 4,78 6,10 22.0 0.564 1.03 3.67 5.90 2,19
35H horz, 4,78 6.10 22.9 0.535 1,08 3.81 6.10 2.19
36H horz. 3,43 4,37 24.8 0.402 0,77 6.07 4.52 1,13
37TH - horz, 4,73 6.03 28.0 2,39 1.06 4.18 6.80 2,13

~Adl-



ONE-DIMENSIONAL ANALYSIS --Continued

Run  Direct. Q v T Ct VAED £x10° Rex10~ SJXIOZ
No. Trav. cfs fps ©C

38H  horz. 4.73 6.03 28,8  2.36 1.06 4.14 6.90 2.13
39H  horz. 4.00 5.10 31,0 1.83 0.90 5.53 6.10 1.55
40H  horz. 3.82 4,87 31.5 1.81 0.86 5.00 5.85 1.43
41H  vert. 4.73 6,03 24.3  3.48 1.06 5.0l 6.20 2.13
42H  vert. 4.73 5.93 25.9 3,27 1.05 4.77 5.65 2.08
43H  vert. 4,36 5.55 29.3  2.27 0.98 4,63 6.4p 1.78
44H  vert. 4.35 5.54 29.6  2.21 0.98 4.78 6.40 1.78
45H - 4.82  6.14 22.0  4.45 1.08 4.67 5.95 2.22
45H, - 4.90  6.24 23.7  4.45 1.10 4.45 4.90 2.30
46H,8 - 5.10  6.60 26.9  3.48 1.16 4.53 7.22 3.45
47H 8 vert. 5.10 6.60 28.3  3.73 1.16 4.53 7.22 3.45
48Hy  -- 5.80 7.39 19.0  5.87 1.30 3.74 .70 3.24
481  vert. 5.80 7.39 21,1  5.87 1.30 3.74 7.10 3.24

49H vert. 5.80 7.39 22.3 5.65 1,30 3.72 7.35 3.24

50H, — -- 6.60 8.41 24.Q 6.03 1.48 3.92 8.60 4.25
SOH  vert. 6.60 8.41 24,8  6.03 1.48 3.96 8.60 4.25
51H  vert. 6.60 8.41 25.5  6.00 1.48 4,00 8.90 4.25
S2H, - 5.78  7.37 20.0 10.3 1.30 4.15 6.84 3,22
5308 -- 6.50 3.28 22.4 11.1 1.46 3.81 8.20 4,10
S3H 6  vert. 6.53 8.32 23.2 12,2 1.46 3.78 8.40 4,13
sad  -- 5.80 7.38 18.4 12.2 1.30 5.73 6.62 3.24
5403 vert. 5.72 7.27 19,0 12.2 1.28 5.84 6.60 3.12
55Hy  -=- 6.50 8.27 22.1 12.7 1.30 4.02 7.90 4.09
SSH , vert. 6.55 8.20 22.6 12.7 1.32 4.21 8.10 4.08
seHd - 5.85° 7.45 21.0 12,3 1.31 5.63 7,10 3.32
56H § vert. 5.90 7.52 21.5 12,3 1.32 5,58 7.25 3,40
STH, == 6.35 8.09 16.2 13.2 1.43 4,19 6.95 3,92
57H  horz. 6.35 8.09 17.2 13.2 1.43 4,28 7.10 3.92
58H, == 7.02  8.94 20.3 12.2 1.57 4.14 8.40 4.90
58  horz. 7.10 9,05 21.3 12.2 1.60 4.04 8.65 5,00
59Hy - 3.45 10.77 17.8 12.2 1.90 3.62 9,30  --

60H,  -- 8.00 10.20 17.0  6.25 1.80 3.86 8.70 --

61H, - 6.93 8.82 18.9  6.25 1.55 3.76 8.00 4.60
62H  vert. 7.00 8.92 19,5  6.48 1.57 3.76 8.10 4.80
63H,  -=- 6.20 7.89 18.6  6.74 1.39 4,18 7.10 3.75
63H  horz. 6.20 7.89 19.8  6.74 1.39 4,19 7.25 3,75
64H, - 6.05 7.70 15.0  5.37 1.36 4,23 6.40 3.55
64  horz. 6.10 7.70 16.1 5,37 1.36 4.34 6.55 3.55
65H, - 8.00 10.20 23.5  4.44 1.80 3.59 10.2  7.54
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Run
Nob

66Ht
67H
68Ht
68H
69H
70H
71H
70H,
72Ht
72H
73H
74H
76H
77TH
78H
79H
80H
81H
82Ht
83H
84H
85H
86H
87H
88H
89H
90H
91H

1S
28
35
4S5
5S
6S
7S
8S
9S

Direct
Trav.

horz.
horz.
horz,
horz,
horz.
vert.
vert.
vert.
vert.
horz,
horz.
horz.
horz,.
vert.
horz,
horz.
horz.
horz,
horz.
horz,
hqQrz.
horz.

ONE-DIMENSIONAL ANALYSIS --Continued
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5.70
6.60
6.70
3.53
4.78
1.63

1.87
5.83
4,78
3.56
6.62
7.32
7.20
6.60
5.80

A
fps

8.82
8.80
7.58
7.64
10.05
7.45
7452
7.39
8.58
3.58
8.48
7.52
3.40
7.25
3.45
8.45
7.45
7.45
9.72
9.8)
8.40
7.39
7.23
8.21
3.40
4.45
6.00
2.08

2.36
7.30
6.00
4,52
3.30
9.17
'9.17
3.40
7.39

T
oC

18.5
19.1
21.6
22.0
18.7
20.5
21.5
22.5
21.4
21.9
23.3
24.2
21.2
22.3
21.8
22.3
25,3
25.8
17.0
20.7
21,3
22.5
26.2
27.0
28.5
27.0
27.1
26.4

16.0
18.0
18.5
18.8
18.1
18.9
21.7
22.7
23.5

Cy
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VAED

1.55
1.55
1.34
1.35
1.77
1.31
1.32
1,30
1.51
1.51
1.49
1,32
1,48
1.28
1.49
1.49
1.31
1.31
1.71
1.73
-1.48
1.30
1.28
1.45
1.48
0.78
1.06
0.37

0.42
1.28
.1.06
0.80
1.46
1.61
1.61
1.48
1.30

£x10°

3.94
3.96
4.17
4.19
3.31
4.15
4.01
4,27
4.03
3.89
4.12
4.10
4.05
3.85
3.97
4.33
3.87
3.71
4,56
4.38
3.92
3.50
4,18
4.11
4.06
4.22
3.82
4.46

1.76
1.28
1.14
1,50
1.35
1.24
1.26
1.24
1.31

Rex10™ 7 Jx10%

4.60
4,59
3.47
3.50
6.15
3.32
3.40
3.24
4.40
4.40
4.30
3,40
4.25
3.10
4,27
4.27
3.32
2.02
5.60
5.80
4.20
3.24
3.15
4.09
4.20
1.18
2.15
0.262

0.643
1,60
0.75
0.51
1.44
1.58
1.64
1.36
1.12



Run
No.

108
105,
118
128
1284
138
14S
1456
158 §
1554
168

168,
17S

17S¢
188 &
198

1954
208 &
2ost£
218

21,
228

228,
238

23Sy
248

245,
258

255,
26S¢
278

285"
28S
29S
298,
30S &
305,48
31s §

31546

Direct.

Trav.

horz.

‘horz,

horz.

ONE-DIMENSIONAL ANALYSIS --Continued

Q

cfs

7.50
7.42
6.60
5.78
5.80
8.75
4,80
4,80
4.85
4.90
4,86
4.86
3.40
3.35
2.20
4,80
4,81
5.83
5.80
6.62
.60
7.45
7.50
7.80
7.80
6.62
6.64
5.80
5.60
8.60
8.70
7 .65
7,62
6.65
6.75
5.82
5.70
5.80
5.65

24.5
25.0
21.7
24.2
24.4
23.5
20.8
22.2
23.8
24.5
25.7
26.0
20.5
20.8
21.4
23.0
23,2
20.7
21.5
22.2

22,7

18.8
19,2
22.5
22.7
23.8
24.0
19.7
20.7
21,7
23,5
22.2
22.9
24,9
25.2
26.4
26,7
22.0
23.0

Cy

0.332
0.332
0.175
0.151
0.151
0.386
0.393
0.393
0.374
0.374
0.166
0.166
0.081
0.081
0.040
0.010
0.010
0.360

0.360
0.374

0.374
0.307
0.307
0.312
0.312
0.293
0.293
0.235
0.235
0.323
0.720
0.778
0.778
0.684
0.684
0.609
0.609
0.613
0.613

-Ad4~

VA/gD

1.68

°

.

. . e L]

e N - e W T S I S S PR PRy Sy O Py gy Wy W
DWW IS bt O W W H O
o O c;g;§§© w o 8 3 c>8 5;8 o0 O o

.

1.48
1.66

1.68

1.75
1.75
1.48
1.49
1.30
1.26
1.93
1.96
1.72
1.71
1,49
1,52
1.31
1.28
1.30
1.27

£x10°2

1.13
1.11
1,22
1.35
1.33
1.11
1.51
1.37
1.36
1.39
1.28
1,31
1,43
1.56
1.48
1.31
1.30
1.24
1.23
1.27
1.28
1.19
1.21
1.15
1.14
1.33
1.32
1.25
1.31
1.13
1:13
1.18
1.25
1.33
1.26
1.22
1.27
1.23
1,27

Rex1077 Jx10%

9.90
9.90
8.10
7.60
7.60
11.0
5.75
5.95
6.30
6.45
6.60
6.70
3.90
3.90
2.70
6.20
6.20
7.00
7.05
9.30
9.30
8.60
8.70

7.80

7.80
3.55
8.70
8.70
6.70
10.00
1110
9.50
9.60
8.85
9.15
8.05
7.90

- 7.20

7.25

1.60
1.54
1.34
1.14
1.14
2,12
0.838
0.80
0.82
0.84
0.76
0.78
0.426
0.44
0.18
0.76
0.76
1.06
1.04
1.40
1.40
1,66

21,76

1.74
1.46
1.46
1.06
1.04
2.10
2.16
1.74
1.74
1.48



ONE-DIMENSTIONAL ANALYSIS --Continued

Run  Direct. Q v T C; VAED f£x10% Rex107>Jx10°
No. Trav. cfs fps °©°cC

328 vert. 6.70 8.53 23.7 0.624 1.50 1.31 38.60 1.48
3254 - 6.70 8.53 24.4 0.624 1,50 1.31 8.80 1.48
33S vert. 7.50 9.55 21.7 0.731 1.68 1.33 9.20 1.88
33s —— . 7.63 9.72 22.7 0.731 1.71 1.17 9.60 1.72
34s vert. 5.83 7.43 20.0 1.17 1,31 1.40 6.90 1.20
35555 - 5.80 7.39 21.4 1.17 1.30 1.37 7.05 1.16
36S vert. 6.60 3.41 22,2 1,16 1.48 1.34 8.19 1,46
365, - 6.65 8.47 23.2 1.16 1.49 1.33 8.50 1.48
37s vert. 7.60 9.68 20.5 1.19 1,70 1.33 9.05 1.92
3784 - 7.62 9.70 21.5 1,19 1.71 1.19 9.30 1.74
38s horz. 5.84 7.44 24.6 1.16 1,31 1.40 7.70 1.20
3834 - 5.87 7.47 26,0 1,16 1.31 1.34 8.00 1.1l6
39S horz. 6.63 8.45 27.0 1.15 1,49 1.30 9.25 1.42
39s, - 6.63 8.45 27.6 1.15 1,49 1.28 9.35 1,42
40S°  horz. 7.70 9.80 24.0 1,29 1,73 1.14 10.20 1.70
408 - 7.70 9.80 24.5 1.29 1.73 1.14 10.30 1.70
418 - 8.80 11.2 22.4 1.54 1.96 1.08 10.8 2.12
418, - 3.78 11,18 23.5 1.54 1,96 1.10 11,2 2.14
428 - 8.84 11,25 26.0 2.51 2.00 1.08 11.6 2.12
428, - 8.84 11.25 26.8 2.51 2.00 1,05 11.7 2.06
43s vert. 7.58 9.66 28.2 1.93  1.70 1.15 10.9 1.66
438, - 7.60  9.67 26.7 1.93 1.70 1.17 10.7 1.70
4458 vert. 6.65 8.46 23.7 2.08 1,49 1.31 8,55 1.46
4488 - 6.62 8.42 25.1 2.08 1.48 1,29 9,00 1.42
458 & vert. 5.85 7.45 22.0 2.35 1,31 1,56 7.25 1.3
4558 - 5.80 7.38 23.1  2.35 1,30 1.61 7.35 1.36
46S § vert. 6.70 8.53 24.2 3.00 1,50 1.38 8.75 1,56
465,68 - 6.70 8.53 23.4 3.00 1.50 1.80 8.50 1.58
47s vert. 7.60 9,67 22,2 3.01  1.70 1.17 9,40 1.70
4784 - 7.60 9.67 23,4 3.01 1,70 1.20 9.60 1.62
48s '8 horz. 6,65 8.46 21.0 3.19  1.49 1.42 8.00 1,58
485,85 horz. 6465 8.46 22.0  3.19 1,49 1.40 8.20 1.56
498§ horz. 5.80 7.38 20.7 2.65 1,30 1.75 6.95 1.48
49548 -- 5.80  7.38 21.7 2,65 1.30 1.77 7,10 1.50
508 horz. 7.70 9.80 25.0 3.04  1.73 1.17 10.3 1.74
508 ¢ - 7.70 9.80 24.5 3.04  1.73 1.18 10.1 1.76
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Run
No.

1c
2C
3C

5C
6C
7C
8C
océ
10C
11C
12¢C
13C
14C
15C
16C
17C
18C
19¢C
20C
21C
22C
23C
24C
25C
26C
27C4
28C
29C
30Cé
31C
32C
33C
34C
35CE
36C
37¢C
38C&
39C
40C

Direct,
Trav.

ONE-DIMENSIONAL ANALYSIS --Continued

Q

cfs

4.32
3.54
4,78
5.80
1.87
3.55
4.80
5.75
1.63
3.55
4.70
5.80
3.58
4.80
5.78
3.58
4.80
5.80
6.30
6.30
4.78
5.78
3.55
5.80
4.78
3.50
3.43
4.76
5.78
3.53
4.30
5.70
6.28
6.32
3.60
4070
5.80
3.54
4,78
5.75

A
fps

5.30
4.45
5.98
7.23
2.38
4.52
6.12
7.20
2.08
4,52
5.98

7.38

4,56
6.11
7.37
4.56
6.11
7.25
3.02
8.02
6.09
7.37
4.43
7.38
6.09
4.45
4.36
6.06
7.37
4.50

- 6.05
" 7.25

7.85
8.04
4.56
6.03
7.27
4,51
6.08
7.32

T
°c

21.6
22.1
23.3
25.3
27.1
31.9
30.7
25.7
26.9
24,7
26.1
28,5
31.5
30.4
29.2
29.6
30.6
32.3
28.3
32.7
28.6
30.2
27.0
27.8
28.9
31.0
29.1
29.8

31.3

30.5
31.6
32.5
28,4
31.6
29.7
30.6
30.8
28.3
29.4
30.3

Ct

~A46~

V//8D" £x10°

0.93
0.78
-1.05
1.28
0.42
0.30
1.08
S1.27
0.37
0.80
1.05
1.30
0.80
1,08
1.30
0.80
1.08
1.28
1.42
1.42
1.08
1.30
1.28
1.30
1.08
1.27
0.77
1.07
1.30
0.80
1,07
1.28
1.38
1.42
0.80
1.07
1.28
0.80
1,07
1.29

1.21
1.25
1.12
1.11
1.14
1.27
1.07
1.055
0.125
1.21
1.11
0.99
1.22
1.04
1.03
1.24
1.02
0.99
1.02
1.10
1,10
1.02
1.24
1.12
1.08
1.23
1.20
1,09
1.05
1.15
1.09
1.08
1.20
1.16
1.17
1.06
1.16
1.17
1.11
1.21

Rex10~ JxlOZ
51.0 5.20
4.30 3.80
6.05 6.24
7,70 9,00
2.63 1.00
5.50 4.04
7.30  6.02
7.70 8,50
2.27 0.84
4.67 3.84
6.42 6.18
8.15 8.40
5.98  3.96
8.25 6.00
3.40 8.58
5.50 4.02
8,25 5.92
8.75 8.10
9,15 10.24
10,1 10.96
6.95 6.32
3.75 8.64
4,60 3,80
3.25 8.74
7.00 6.24
5.30 3.80
4,85 3.56
3.07  6.20
8.80 8.84
5.35 3.76
7.30  6.20
8.90 8.84
8.90 11.50
9.75 11.70
5.27 3.76
7.20 6.04
8,70 9.54
5.20 3.90
6.90 6.20
8,70 10.10



ONE-DIMENSIONAL ANALYSIS --Continued

Run Direct. Q v T c VA/gD fxl()2 Rex10™° JXiOZ
Ne. Trav. =fs fps °cC t

41C8  horz. 4.80 6.10 24.8 5,05 1.08 1.12 6.92 -
42C horz. 5.75 7.32 27.0 5.55 1.29 1,19 8,00 9.90
43C vert. 5.78 7.37 27.1 4,72 1,30 1.17 8.05 9.88
44C6  vert. 4.83  6.15 28.7 4,53 1,08 1,07 7.05 6.30
45C vert. 5.95 7.58 26,5 6.87 1.34 1,08 8.25 9,68
46CE  vert. 4.82 6.06 28.7 8,72 1,07 1,10 6.85 6.30
47CS  vert. 4.75 5.95 32.5 10.9 1,05 1,10 7.30 6.06
48C vert. 6.00 7.50 34.0 8,16 1,32 1.13 9.43 9,92

-A47-



	CER_Chamberlain_0001
	CER_Chamberlain_0002
	CER_Chamberlain_0003
	CER_Chamberlain_0004
	CER_Chamberlain_0005
	CER_Chamberlain_0006
	CER_Chamberlain_0007
	CER_Chamberlain_0008
	CER_Chamberlain_0009
	CER_Chamberlain_0010
	CER_Chamberlain_0011
	CER_Chamberlain_0012
	CER_Chamberlain_0013
	CER_Chamberlain_0014
	CER_Chamberlain_0015
	CER_Chamberlain_0016
	CER_Chamberlain_0017
	CER_Chamberlain_0018
	CER_Chamberlain_0019
	CER_Chamberlain_0020
	CER_Chamberlain_0021
	CER_Chamberlain_0022
	CER_Chamberlain_0023
	CER_Chamberlain_0024
	CER_Chamberlain_0025
	CER_Chamberlain_0026
	CER_Chamberlain_0027
	CER_Chamberlain_0028
	CER_Chamberlain_0029
	CER_Chamberlain_0030
	CER_Chamberlain_0031
	CER_Chamberlain_0032
	CER_Chamberlain_0033
	CER_Chamberlain_0034
	CER_Chamberlain_0035
	CER_Chamberlain_0036
	CER_Chamberlain_0037
	CER_Chamberlain_0038
	CER_Chamberlain_0039
	CER_Chamberlain_0040
	CER_Chamberlain_0041
	CER_Chamberlain_0042
	CER_Chamberlain_0043
	CER_Chamberlain_0044
	CER_Chamberlain_0045
	CER_Chamberlain_0046
	CER_Chamberlain_0047
	CER_Chamberlain_0048
	CER_Chamberlain_0049
	CER_Chamberlain_0050
	CER_Chamberlain_0051
	CER_Chamberlain_0052
	CER_Chamberlain_0053
	CER_Chamberlain_0054
	CER_Chamberlain_0055
	CER_Chamberlain_0056
	CER_Chamberlain_0057
	CER_Chamberlain_0058
	CER_Chamberlain_0059
	CER_Chamberlain_0060
	CER_Chamberlain_0061
	CER_Chamberlain_0062
	CER_Chamberlain_0063
	CER_Chamberlain_0064
	CER_Chamberlain_0065
	CER_Chamberlain_0066
	CER_Chamberlain_0067
	CER_Chamberlain_0068
	CER_Chamberlain_0069
	CER_Chamberlain_0070
	CER_Chamberlain_0071
	CER_Chamberlain_0072
	CER_Chamberlain_0073
	CER_Chamberlain_0074
	CER_Chamberlain_0075
	CER_Chamberlain_0076
	CER_Chamberlain_0077
	CER_Chamberlain_0078
	CER_Chamberlain_0079
	CER_Chamberlain_0080
	CER_Chamberlain_0081
	CER_Chamberlain_0082
	CER_Chamberlain_0083
	CER_Chamberlain_0084
	CER_Chamberlain_0085
	CER_Chamberlain_0086
	CER_Chamberlain_0087
	CER_Chamberlain_0088
	CER_Chamberlain_0089
	CER_Chamberlain_0090
	CER_Chamberlain_0091
	CER_Chamberlain_0092
	CER_Chamberlain_0093
	CER_Chamberlain_0094
	CER_Chamberlain_0095
	CER_Chamberlain_0096
	CER_Chamberlain_0097
	CER_Chamberlain_0098
	CER_Chamberlain_0099
	CER_Chamberlain_0100
	CER_Chamberlain_0101
	CER_Chamberlain_0102
	CER_Chamberlain_0103
	CER_Chamberlain_0104
	CER_Chamberlain_0105
	CER_Chamberlain_0106
	CER_Chamberlain_0107
	CER_Chamberlain_0108
	CER_Chamberlain_0109
	CER_Chamberlain_0110
	CER_Chamberlain_0111
	CER_Chamberlain_0112
	CER_Chamberlain_0113
	CER_Chamberlain_0114
	CER_Chamberlain_0115
	CER_Chamberlain_0116
	CER_Chamberlain_0117
	CER_Chamberlain_0118
	CER_Chamberlain_0119
	CER_Chamberlain_0120
	CER_Chamberlain_0121
	CER_Chamberlain_0122
	CER_Chamberlain_0123
	CER_Chamberlain_0124
	CER_Chamberlain_0125
	CER_Chamberlain_0126
	CER_Chamberlain_0127
	CER_Chamberlain_0128
	CER_Chamberlain_0129
	CER_Chamberlain_0130
	CER_Chamberlain_0131
	CER_Chamberlain_0132
	CER_Chamberlain_0133
	CER_Chamberlain_0134
	CER_Chamberlain_0135
	CER_Chamberlain_0136
	CER_Chamberlain_0137
	CER_Chamberlain_0138
	CER_Chamberlain_0139
	CER_Chamberlain_0140
	CER_Chamberlain_0141
	CER_Chamberlain_0142
	CER_Chamberlain_0143
	CER_Chamberlain_0144
	CER_Chamberlain_0145
	CER_Chamberlain_0146
	CER_Chamberlain_0147
	CER_Chamberlain_0148
	CER_Chamberlain_0149
	CER_Chamberlain_0150
	CER_Chamberlain_0151
	CER_Chamberlain_0152
	CER_Chamberlain_0153
	CER_Chamberlain_0154
	CER_Chamberlain_0155
	CER_Chamberlain_0156
	CER_Chamberlain_0157
	CER_Chamberlain_0158
	CER_Chamberlain_0159
	CER_Chamberlain_0160
	CER_Chamberlain_0161
	CER_Chamberlain_0162
	CER_Chamberlain_0163
	CER_Chamberlain_0164
	CER_Chamberlain_0165
	CER_Chamberlain_0166
	CER_Chamberlain_0167
	CER_Chamberlain_0168
	CER_Chamberlain_0169
	CER_Chamberlain_0170
	CER_Chamberlain_0171
	CER_Chamberlain_0172
	CER_Chamberlain_0173
	CER_Chamberlain_0174
	CER_Chamberlain_0175
	CER_Chamberlain_0176
	CER_Chamberlain_0177
	CER_Chamberlain_0178
	CER_Chamberlain_0179
	CER_Chamberlain_0180
	CER_Chamberlain_0181
	CER_Chamberlain_0182
	CER_Chamberlain_0183
	CER_Chamberlain_0184
	CER_Chamberlain_0185
	CER_Chamberlain_0186
	CER_Chamberlain_0187
	CER_Chamberlain_0188
	CER_Chamberlain_0189
	CER_Chamberlain_0190
	CER_Chamberlain_0191
	CER_Chamberlain_0192
	CER_Chamberlain_0193
	CER_Chamberlain_0194
	CER_Chamberlain_0195
	CER_Chamberlain_0196
	CER_Chamberlain_0197
	CER_Chamberlain_0198
	CER_Chamberlain_0199
	CER_Chamberlain_0200
	CER_Chamberlain_0201
	CER_Chamberlain_0202
	CER_Chamberlain_0203
	CER_Chamberlain_0204
	CER_Chamberlain_0205
	CER_Chamberlain_0206
	CER_Chamberlain_0207
	CER_Chamberlain_0208
	CER_Chamberlain_0209
	CER_Chamberlain_0210
	CER_Chamberlain_0211
	CER_Chamberlain_0212
	CER_Chamberlain_0213
	CER_Chamberlain_0214
	CER_Chamberlain_0215
	CER_Chamberlain_0216
	CER_Chamberlain_0217
	CER_Chamberlain_0218
	CER_Chamberlain_0219
	CER_Chamberlain_0220
	CER_Chamberlain_0221
	CER_Chamberlain_0222
	CER_Chamberlain_0223

