INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these wili be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.

ProQuest information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI

Reproducea with permission of the copyright owner. Further reproduction prohibited without permission.



NOTE TO USERS

This reproduction is the best copy available.

-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISSERTATION

WATER TEMPERATURE EFFECT ON SAND TRANSPORT

BY SIZE FRACTION IN THE LOWER MISSISSIPPI RIVER

Submitted by

SULEYMAN AKALIN

In partial fulfillment of the requirements
for the Degree of Doctor of Philosophy
Colorado State University
Fort Collins. Colorado

Fall. 2002

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 3075335

®

UMI

UMI Microform 3075335

Copyright 2003 by ProQuest Information and Learning Company.
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Leaming Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Mi 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COLORADO STATE UNIVERSITY
Julv 16, 2002

WE HEREBY RECOMMEND THAT THE DISSERTATION PREPARED UNDER

OUR SUPERVISION BY SULEYMAN AKALIN ENTITLED ~WATER

TEMPERATURE EFFECT ON SAND TRANSPORT BY SIZE FRACTION IN THE

LOWER MISSISSIPPI_RIVER™ BE ACCEPTED AS FULFILLING IN PART

REQUIREMENTS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY.

Commuittee on Graduate Work

éﬁmm woeckd
BN

Department Head

i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For my family members
Ibrahim. Karanfil. Adem. Ali, Ayhan and Aysel AKALIN
And my wife
Catherine Elizabeth Burns-Akalin

In consideration of love & affection

“Research is formalized curiosity. It is poking and prying with a purpose.”
Zora Neale Hurston.

Novelist and folklore researcher

“You know when you think about writing a book. you think it is overwhelming.
But. actually. you break it down into tiny little tasks any moron could do.™
Annie Dillard.

Naturalist

“The Mississippi River is a wonderful book with a new story to tell every day.”
Mark Twain.

Novelist

il

Tiébroduced with permission of the copyright owner. Further reproduction prohibited without permission.



ABSTRACT OF DISSERTATION

“"WATER TEMPERATURE EFFECT ON SAND TRANSPORT

BY SIZE FRACTION IN THE LOWER MISSISSIPPI RIVER™

Sediment transport characteristics in large alluvial rivers are influenced by many
variables. In this study. the effects of water temperature on sediment transport by size
fraction are investigated in the Lower Mississippi River. The flow and sediment data for
this study were collected near the Old River Control Structures Complex (ORCC) on the
Lower Mississippi River at water temperatures ranging from 9 °C to 31 °C in 1998.
Velocity magnitude and direction data were obtained using an Acoustic Doppler Current
Profiler (ADCP). which is an accurate. reliable and easy-to-use high-performance current
profiler. The suspended sediment concentrations were measured using a U.S. P-63
suspended sediment sampler. which is a common depth-integrating. discharge-weighted
sampler. Bed material gradation samples were obtained using a drag bucket. which
collects samples from the top layer of the bed material.

First. the analysis of the effect of water temperature on the transport of sediment
is investigated by considering the water temperature effect on both the vertical
distribution of velocity profiles and the vertical distribution of suspended sediment
concentrations. The analysis of the effect of water temperature on the vertical
distribution of velocity profiles was based on the fact that water temperature changes
both the viscosity of water. v . and possibly the von Karman parameter. x. The analysis
of the effect of water temperature on the movement of sediment is made both directly and

indirectly. In the direct analysis. the sediment concentration and transport values at

v
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different water temperatures are compared. In the indirect analysis. the effect of water
temperature on the main parameters affecting the sediment transport characteristics such

as the von Karman parameter (x). Rouse number (R,). and reference sediment
concentration ( C, ) are observed first. then these effects are deployed into effects of water

temperature on sediment transport.

Second. sediment transport was analyzed based on the comparison of the
measured and calculated suspended sediment concentration profiles by size fractions.
Rouse’s suspended sediment distribution equation was used to calculate concentration
values for comparison with the field measurements by size fractions.

Finally. the analysis of the effect of the Coriolis force on the flow direction was
accomplished by investigating the relationship between the ratio of the Coriolis
acceleration to the gravitational acceleration and the flow direction measurements.

The following conclusions were obtained:

1. A change in water temperature somewhat changes the vertical velocity profiles and
definitely the vertical distribution of suspended sediment concentration: thus. the
suspended sediment transport amount in the Lower Mississippi River. On average. a
water temperature increase of 1 °C causes approximately a 3.09 percent decrease in
the suspended sand transport. When the individual sand size fractions are considered.
there are about a 2.79. 3.40. 1.42 and 1.49 percent decrease in the suspended very

fine. fine. medium and coarse sand transport. respectively.

19

The average sediment concentration decreases with water temperature regardless of
sediment size. but the sand concentration decreases more than the silt and clay

concentration with the same range of water temperature change. While. on average.
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suspended sand concentration decreases by approximately 2.00 percent. suspended
silt and clay concentration drops off by only 0.35 percent with a 1 °C increase in
water temperature. As far as the individual sand fractions are concerned. a change in
water temperature influences the fine and very fine sand fractions the most. There is
about 2.48 and 1.40 percent decrease in the suspended fine and very fine sand
concentration. respectively. with a water temperature rise of 1 "C.

The reference sediment concentration near the riverbed is also affected by water

(99

temperature change. This conclusion mainly results from the analysis of the fine and
very fine sand concentrations because the amounts of both the coarse and medium
sand near the riverbed are relatively low. With a water temperature increase of 1 °C.
there is about a 1.69 and 0.90 percent decrease in the fine and very fine sand
concentrations near the riverbed. respectively.

4. Both the calculated and measured Rouse numbers are the same for very fine sand. As
the sand size increases however. there is a difference between the calculated and
measured Rouse numbers: the calculated Rouse number values being a lot higher than
the measured ones for coarse sand. For example. the calculated Rouse number for
coarse sand is approximately 6.5 times higher in February and 3.5 times higher in
August than the measured Rouse number.

5. There is a water temperature effect on the flow characteristics. also. Flow velocity
and the von Karman parameter decrease slightly with water temperature. While the
flow velocity drops off by about 0.66 percent when the water temperature is increased
by 1 °C. there is approximately a 2.17 percent rise in the von Karman parameter value

in the main flow region as a result of the same range of water temperature increase.

vi
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6. There is no clear indication of whether the flow direction in the Lower Mississippi
River is influenced by the Coriolis force or not. Although a theoretical analysis
indicates that the Coriolis acceleration is not negligible compared to the downstream
gravitational acceleration. the variability in the field measurements does not allow

substantiating the theoretical results.

Suleyman Akalin

Department of Civil Engineering
Colorado State University

Fort Collins. Colorado 80523

Fall. 2002
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w: Factor representing both the hindered settling effect and the turbulence
damping effect

s Power constant for the suspended sediment distribution profile

ol Distance from the riverbed

- Distance from the boundary where the velocity is zero
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Chapter 1. INTRODUCTION

Historical records of ancient civilizations. such as China. Egypt. and
Mesopotamia. show that people have always been subjected to both the beneficial and
harmful influences of sedimentation. Seasonal floods provide rich silt deposits. moisture
and soil nutrients necessary for agricultural productivity. but erosion may cause damages
to agricultural land by reducing the fertility and productivity of soils. The quality of
water and its suitability for consumption may be seriously affected by the presence of
sediment in water. The deposition of sediment in stream channels and hydraulic and
general-purpose structures reduces the flood-carrying capacity of stream channels.
damaging the structures or increasing the maintenance cost for these structures.

In spite of the fact that sediment flow has always significantly affected the
development of civilizations. the process of sediment flow was not investigated until
relatively recent times. Although much progress has been made. many of the variables
and parameters governing the transport and deposition characteristics of sediment are in
need of research. The knowledge of the sediment flow process is necessary to understand
the underlying causes and effects of fluvial sediment. and to find feasible solutions to the
sediment problems. There is also a need for a well-organized data collection program
and a good river engineer who should have a broad understanding of river morphology to
estimate the long-term effects of natural or man-made changes to a river.

Any change. whether natural or human-induced. in the hydrologic. hydraulic.
climatic. vegetative. geologic. or topographic characteristics of a drainage basin can

cause rivers (or some reaches of rivers) to lose equilibrium. In most alluvial rivers. such
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changes occur continually: therefore. to transport sediment with maximum efficiency. the
channel always tries to adjust itself to these changes by changing its position. shape.
dimension. and pattern (i.e.. degradation. aggradation. meandering. or braiding). By
means of such adjustments. a stream tends toward a certain hydraulic geometry and
slope.

The vertical distribution of the suspended sediment concentration takes much
attention of the scientists in the world because of its importance in estimating the river
sediment load. in modeling natural channels. and in improving the sampling procedure.
The study of flow direction change in rivers is also important to understand the rivers’
morphologic changes. The problem of the vertical distribution of suspended sediment
concentration. like many other engineering problems. has been studied by empirical
methods in order to develop working formulas for field measurements. However. it is not
appropriate to expect that such formulas will be universally applicable. considering that it
is almost impossible to study enough field data to establish a truly general law. In recent
vears great progress has been made in studying the problem of suspended sediment
transportation by using the knowledge of turbulent transport mechanism. A good
suspended sediment transport theory should use the knowledge of the mutual interaction
of suspended particles and the turbulence required to agitate the particle motion.

Variables affecting the suspended sediment concentration or transport and the
flow direction are numerous and interrelated. The major factors affecting the suspended
sediment transport and flow direction are stream discharge. vertical distribution of the

velocity profile. flow depth. sediment and fluid characteristics. sediment load.
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longitudinal riverbed slope. bank and bed resistance to flow. vegetation. climate. geology.
and man-made works.

Other variables affecting the suspended sediment concentration or transport. and
flow direction are water temperature. particle size fraction, and Coriolis force. It is very
well known that a change in one characteristic of water brings about changes in other
characteristics. Because the flow in natural channels includes both water and sediment.
any change in water or sediment characteristics will probably cause some changes in
water and sediment flows in rivers.

It is proved by many theoretical and experimental investigations that a change in
water temperature affects some characteristics of water such as viscosity and density.
thereby affecting some sediment characteristics such as the settling velocity of sediment
particles. Of course. any change in sediment properties finally brings about changes on
the suspended sediment concentration and transport. It was known that the original path
of any mass (i.c.. oceanic currents and air flow in atmosphere) moving at the surface of
the Earth is deflected due to the Coriolis effect resulted from the rotation. Therefore. one
would expect that the Coriolis force would deflect the path of water flows in large rivers.

The water temperature influence on some characteristics of alluvial rivers such as
sediment transport rate. bed configuration. and stage-discharge relations. has been studied
by various investigators (see section 2.4 in Chapter 2). The studies were done in both
experimental streams and natural rivers. more specifically the Lower Mississippi. the
Lower Colorado. and the Missouri Rivers. In most of these studies. large changes in
sediment discharge have been observed with water temperature changes. Even though

there is a common understanding of the effect of the water temperature. we still don’t
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have complete knowledge about how the water temperature affects suspended sediment
concentration and transport and what the degree of the effect is.

The main objective of this study is two-fold: to examine the water temperature
effect on the vertical distribution of suspended sediment concentration and suspended
sediment transport by size fraction. and to explore the Coriolis effect on flow direction.
More specifically. the effect of water temperature on the parameters affecting the vertical
velocity profile (i.e.. the von Karman constant) and the vertical distribution of suspended
sediment concentration (i.e.. the von Karman constant and Rouse number) are
investigated.

To achieve the afore-mentioned objectives. the field sediment and flow data
collected on the Lower Mississippi River at a reach near the Old River Control Structures
Complex (see Figure 1.1) in 1998 were used. Only four locations (or cross-sections).
namely Union Point. Line 13. Line 6. and Tarbert Landing. are considered because of the
appropriateness of the data for this study. In each cross-section there are four equally
spaced verticals. at which the data collection was performed. Seven flow events in the
time period of about seven months (February through August) were observed.

The following main features about the study area and the nature of the data make
this study unique. These features also indicate that the study conducted herein is a good
representation of the effect of water temperature on the suspended sediment
concentration and transport.

e Acoustic Doppler Current Profiler (ADCP) is used to collect velocity profile data.
The quality. quantity. accuracy. and reliability of data collected using ADCP are

much better than those obtained by traditional or conventional techniques. Because
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high resolution and accuracy are important in sediment transport as a result of the
complex nature of the transport phenomena. it is important to use acoustic methods to
collect flow data. Obviously. increased quality and quantity of data lead to better
conclusions in analyses related to sediment transport.

¢ The data come directly from a large natural river. instead of a laboratory flume. Flow
conditions in a natural stream may be considerably different from those in a flume.
Natural streams are generally unsteady and non-uniform. Most of the time.
laboratory experiments are performed by restricting the flow conditions. and may
poorly represent some natural conditions. Therefore. the results obtained examining
the natural river data may be a better representation of the natural conditions and may
produce more reliable and accurate results.

e The effort spent on collection of data is also very crucial. The river reach studied has
been investigated thoroughly because of the importance of the site. This condition
creates more thorough data collection procedure. which leads to better data.

¢ One of the data collection stations (Tarbert Landing) in the study reach is considered
to be the one of the best stations throughout the Lower Mississippi River. This has
also increased the quality of the data.

e Short-term changes in suspended sediment concentrations in the study reach are the
result of the deposition of sediment during low flows and re-suspension during high
flows. There are no dams or other structures obstructing the reach. no tributaries
bringing in sediment to the reach. and no uncontrolled outlets draining sediment away

from the reach.

W
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The analysis will indicate that water temperature can have a significant effect on
the vertical distribution of suspended sediment concentration and suspended sediment
transport. Large changes in the suspended fine sand (0.125-0.25 mm in size) discharges
have been observed with a water temperature. However. the analysis shows inconsistent
effect of the Coriolis force on flow direction. Although some findings demonstrate

directly proportional effect. some others show the opposite or inverse proportional effect.
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Chapter 2. LITERATURE REVIEW

This chapter provides the literature review of the studies on the turbulent velocity
profiles in section 2.1: studies on the vertical distribution of suspended sediment
concentration in section 2.2: studies on the water temperature effect on the suspended
sediment concentration and transport in section 2.3: and studies on the Coriolis effect on
flow direction in section 2.4. All studies are presented in chronological order with

occasional exceptions.

2.1. STUDIES ON TURBULENT FLOW VELOCITY

Many equations for the velocity profiles for turbulent flows in pipes and open
channels have been proposed. There have been different forms of the velocity profile.
such as logarithmic. exponential. elliptical. and parabolic. In general. velocity profile
equations were classified into three categories. The first was the group of equations that
are based on the logarithmic law. For example. the equations derived by Prandtl and von
Karman in the 1920s and 1930s. and Einstein and Chien in 1954 are in this first category.
The second one was the group of equations that are purely based on empiricism. The
power law was included in this second category. The third one was the group of

equations involving the wake flow function above the turbulent boundary layer. such as
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the equations derived by Coles in 1956 and Coleman in 1981. whose derivations were
based on the fact that the entire flow region in a turbulent open channel flow is composed
of the turbulent boundary layer near the bed where the flow is influenced by the
boundary. and the outer flow region in which the wake flow dominates with the

negligible boundary effect.

2.1.1. Flow Velocity Equations Based on the Logarithmic Law

The Prandtl mixing length theory in 1925 and the von Karman similarity
hypothesis in 1930 set the origin of the logarithmic velocity distribution laws in open
channels and pipes.

Ludwig Prandtl was the first to come up with a satisfactory theory explaining
turbulent characteristics in fluid flow. Prandtl in 1925 assumed that the motion of fluid
particles in a turbulent flow is similar to the molecular motion of a gas: that is. fluid
particles travel through a distance perpendicular to the mean flow velocity. which
corresponds to the *mean free path’ of a gas molecule. and thus he established the mixing
length theory for turbulent flows (Kundu. 1990).

Prandtl in 1926 assumed that the turbulent velocity fluctuations can be expressed

in the following manner (Umeyama and Gerritsen. 1992):

(Eq.2.1)
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where }7' and }7.' are turbulent velocity fluctuations in the x and = directions.

4

. . .. dv, . . L
respectively. / is the Prandtl mixing length. and —- is the velocity gradient in the :

direction.
To find the velocity distribution near the wall. Prandtl derived an expression for

the turbulent shear stress. 7. in a fluid moving past a solid wall as following:

or r=pf;, (Eq.2.2)

in which p is the density of the fluid.

By assuming r=r,. f, =x, 2 and u. =7,/ p . Prandtl in 1926 derived the

m

following logarithmic velocity distribution near the wall (Coles. 1936).

% .
dr, v (Eq.2.3)

d= K, =

where 7, = 7 1 S, is the turbulent shear stress at the riverbed. 7 is the specific weight of
the fluid. /4 is the flow depth. S, is the riverbed slope. and «, is the universal von

Karman constant in clear water with a value experimentally determined to be about 0.4.
H. Krey in 1927 proposed the following logarithmic velocity distribution relation

for a moving fluid under the influence of gravity in a turbulent condition ( Vanoni. 1975):

10
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I ln[l+;)

= -7 (Eq.2.4)

B
d

where I’ is the maximum velocity over the flow depth. and a is a small distance from

the channel bottom.

Theodor von Karmman in 1930 introduced his famous similarity hypothesis. which
stated that turbulence phenomena are not affected by viscosity except in a region near the
pipe wall. and the turbulence patterns at different positions are similar. Based on his
similarity hypothesis. von Karman derived the following expression for the mixing length

(Chien and Wan. 1999):

db /d=
’ m = A-ﬂ - : 4 (E .2.5)
d-V ld=" 4

in which a7, is the universal von Karman constant. which doesn’t vary with discharge.

velocity or boundary conditions. and is equal to 0.4 based on von Karman's observations

in pipe flows. Von Karman discovered that a-, is independent of the nature of the wall.

whether smooth or rough.

By utilizing Eq.2.5 and assuming the constant shear stress distribution (7 =1, ).
von Karman obtained the same equation derived by Prandtl in 1926 (Eq.2.3). but when

the linear shear distribution (7 = r, (1-=/h)) was assumed. he obtained the following

logarithmic velocity distribution (known as the von Karman's velocity defect law):

11
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S L 1 =\ ( :)' i
vm T - —— l___ +ln l_ l—— (E .2.6)
u. K, {( h] l: h )

in which I" is the maximum velocity value attained at a vertical. which was obtained at

m

the water surface. = = h.
In 1932, Prandt! and von Karman obtained the following famous relationship for

the velocity distribution in the neighborhood of a solid wall (Bakhmeteff. 1941):
[' -
Lo 1,{;] (Eq.2.7)

where u, = g 1 S, is the friction velocity. and =, is the integration constant and depends
on the bottom roughness scale.
Nikuradse (1933) gave the following expressions for hydrodyvnamically smooth
and fully rough turbulent tlows:
u, =

I
—=4In—+ B8 (hydrodynamically smooth) (Eq.2.8)
u. %

P - .
—=4In . +B (hydrodynamically rough) (Eq.2.9)

in which .4 and B are the integration constants. and k, is the Nikuradse's original
uniform sand grain roughness. which represents the equivalent sand roughness for any
]‘)
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type of rough surface and is equal to the mean fall diameter. . for a plane non-moving

sand bed. After performing some experiments using sand-coated circular pipes.
Nikuradse has shown that 4 = 2.5 (being independent of the form of the roughness). and
B =35.5 for hydraulically “smooth™ pipe flow and B = 8.5 for hydraulically “rough™ pipe
flow.

Prandtl and von Karman in 1934 independently obtained their velocity defect
relation in the following form (Prandtl-von Karman velocity defect law). considering that

Eq.2.7 is sufficiently accurate for large values of - (Bakhmeteff. 1941):

V-V z
;.&:L ln(—] (Eq.2.10)

u, K,

Keulegan (1938) assumed that in the plane normal to the boundary of any open
channel shape. the velocity distribution for fully developed turbulent flow derived by
Nikuradse could be used.

An equation was developed by Einstein and Chien (1954) for vertical velocity
distribution over alluvial beds by including the sediment particles in the exchange
mechanism. Einstein’s equation based on experimental approximation is given as

follows:

-—
-

o) -~
T O S P (Eq.2.11)
u. K, 3545k,

where & is the characteristic bed roughness height and defined by Einstein as: & = d,,

13
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in which d,, corresponds to the particle size for which 635 percent by weight of sediment
is finer. Eq.2.11 is valid only in the main flow zone (light fluid zone).

Experimental evidence presented by Vanoni and Nomicos (1960) illustrated that.
for the same discharge. the average velocity for sediment-laden flow is larger and the

velocity distribution is less uniform than for the clear-water flow. as shown in Figure 2.1.

'0 T o8

x:0.4 jx=0.2i 0.6 =1
o8 =0 1C:15.8 0.4 -
/\ :

9
1A

z/h . ’ ]
04 '530.4 §=0.2!
0.1} ¢:0 -C=15.89/1
0.08

1 ) |
0.2 0.06 11
} h:0.2951 f h=0.295 1t
o ss0.0025] Qi Ipfs 5:0.0025
0 '.0 2-0 3.0 40 ’ |_O 2.0 3.0 4~°
Velocity, V (fps) Velocity, V (fps)

Figure 2.1. Comparison of velocity profiles for clear-water flow and sediment-laden flow

(Vanoni and Nomicos. 1960).

After some experiments. Elata and Ippen (1961) showed that the velocity profile
follows the logarithmic formula for clear-water flow. whereas in flow with uniformly
distributed suspended particles. the velocity profiles deviate from the logarithmic formula
near the bed. They also realized that the range in which the velocity profiles deviate from

the logarithmic formula became bigger with higher concentration.
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2.1.2. Flow Velocity Equations Based on the Power Law

Dobbins (1944) derived the following velocity equation by assuming that the

velocity distribution follows a parabolic law:
V.=V —k(h-=) (Eq.2.12)

in which I is the velocity at the surface and & is the constant of the parabola.

Dobbins further explained that although both the logarithmic and power laws fit
equally well to the velocity distribution in sediment-laden flow. the power law avoids the
singularity at the boundary obtained by the logarithmic law and is more convenient for

mathematical treatment.

In a procedure for an analytic determination of sand transport. Toffaleti (1968)

derived the following power relation for the velocity profile:
b’ =(1+n‘_)f[—"—] (Eq.2.13)

where V—‘ is the mean stream velocity. in feet per second. R, = 4, /P is the hydraulic
radius and defined as the ratio of the flow area of stream ( 4, ) to the wetted perimeter of
the stream cross-section (). and »n, =0.1198 + 0.00048 7 in which T is the water

temperature in degrees Fahrenheit.

15
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After a theoretical study of the difference between the logarithmic velocity
distribution and the power velocity distribution. Wooding et al. in 1973 found that the
power law with a small exponent could not be distinguished experimentally from the
logarithmic law. This finding in fact restates Schlichting’s conclusion in 1968 that the
logarithmic velocity distribution is applicable for large Reynolds numbers. whereas the
power velocity distribution is applicable for small Reynolds numbers (Chen. 1991).

Cheng-lung Chen in 1988 showed that the power-law equivalent of Manning’s
formula for open channels of steady. uniform turbulent flow could be written in the

following form (Chen. 1989):
I 6
=9.5(;) =a'z'" (Eq.2.14)

95 u.,

16
-0

where a'=l: } and :, is the characteristic distance from the wall and can be

determined empirically.

2.1.3. Flow Velocity Equations Based on the Wake Flow Function

After some measurements in the wholly turbulent flow region some scientists.

such as Clark B. Millikan in 1939, and Hans A. Einstein and Ning Chicn in 1954, have

16
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proved that the stream flow was composed of two regions in the vertical: an inner region
near the wall and an outer region away from the wall (Umeyama and Gerritsen. 1992).

Millikan (1939) realized that the logarithmic velocity equation described the
actual velocity distribution well in the inner region near the wall. whereas the
experimental data deviated from the logarithmic equation in the outer region. Millikan
suggested in a discussion on turbulent flows that the actual velocity distribution in the
outer region might consist of two parts: namely. a logarithmic part and a correction part.

Sediment-laden flow was divided into two zones by Einstein and Chien (1954): a
heavy fluid zone near the bed where the sediment is highly concentrated. and a light fluid
zone away from the bed where the sediment concentration is so small that the fluid
density remains unchanged. They stated that in the heavy fluid zone the work required to
keep sediment grains in suspension must be gained from the vertical components of
turbulent fluctuations. which leads to the dampening of turbulence. Moreover. Einstein
and Chien (1955) discovered that the sediment-laden flow has steeper average velocity
gradients than the clear-water flow for the same depth. slope and bed composition.

By utilizing Millikan’s idea in 1939. Coles (1956) proposed that the velocity
profile could be represented by the combination of the law of the wall and the law of the
wake. Coles developed the following semi-empirical equation for the velocity
distribution applicable to turbulent boundary layer flows. and suggested that the

following equation is useful for practical applications:

5] (Eq.2.15)

17
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where ¢ is the integration constant which was assumed to be 5.1. [l is a profile

parameter related to a local friction coefficient and was found to be 0.55 with «, =0.4

and ¢ =5.1.and f (j) is the wake function. the values of which was given according to
some experimental data. and & is the thickness of the shear flow (or laminar sublayer

1H6v,

thickness) and was first formulated by von Karman as: 8 = ~. Coles empirically

u.

defined the wake function for zero pressure gradient or equilibrium boundary layers as:

(5)-2(53)

By applying the law of the wall to the inner region of the boundary layer on a
rough surface. J. Rotta in 1962 derived the following velocity distribution. assuming that
there is a velocity reduction across the viscous sublayer because of the rough surface

(Kirkgoz. 1989):

(Eq.2.16)

in which AI" is the change in the velocity in the viscous sublayer corresponding to the

Az reference shift from the top of average roughness height. and B is a constant whose
value depends on the nature of the wall surface.

Coleman (1981) proposed that the velocity equation for a sediment-laden flow
also consists of a logarithmic velocity distribution extended by an additive term. as

originally discussed by Coles in 1956 for clear-water flow. By combining and

18
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rearranging the equations derived by Coles in 1956 and Rotta in 1962. Coleman obtained

the following expression for the velocity defect law:

V -V = 2 N -
m LI _Llnl‘ +2E ___l__l.sin‘(zf) (EQ-2-17)
u, K, Fo) K, K, 20

Eq.2.17 represents the entire velocity profile up to = =& . except for the viscous
sublayer. In Eq.2.17 the part in square brackets is the original form of the Prandtl-von
Karman velocity defect law. Coleman suggested that the von Karman constant. x,. must
be evaluated from a straight line fit to the experimental velocity profiles only at low
values of /0 (lower 15 percent of the flow). and the values for I1 can be evaluated

from the intercept of the projected line fitat z/0 =1 as following:
oo
nz_[ _’rJ (Eq.2.18)
2 u o

In his investigation. Coleman came up with the result that «, is essentially equal

to 0.4. and is independent from the suspended sediment concentration. by knowing that
other influences such as bedforms are more significant. Figure 2.2 shows clearly how to
evaluate «, and I1 from the experimental velocity distributions.

Lau (1983) confirmed Coleman’s finding on the basis of the flow-resistance
concept. showing that the velocity is lower near the bed and higher near the water surface

for sediment-laden flow than for clear-water flow for a given discharge and slope.

19
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Figure 2.2. Evaluation of «, and [T from the velocity defect law (Julien. 1995).

2.2. STUDIES ON VERTICAL DISTRIBUTION OF

SUSPENDED SEDIMENT CONCENTRATION

In 1851. C. G. Forshey showed in his field measurements on the Mississippi River
that more suspended sediment load moves closer to the bottom than to the top. About 14
vears after Forshey. in 1865. Dupuit constructed the first physical model to explain why

flowing water was able to carry solid particles in suspension. He believed that the reason
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for suspension of particles was the magnitude differences in the velocities of adjacent
layers. and the reason for sediment settlement was the fall velocity of the sediment
particles. He also discovered that the power of suspension depended on solid-liquid
concentration. and the velocity. However. Dupuit failed to explain the interdependence
of the velocity gradient and the suspension capacity of a stream. According to P.
Jakuschoff in 1932, H. L. Partiot and C. Lechalas in 1871 were the first to explain that
velocity fluctuations and bed roughness create vortices and eddies in the river. and thus
the sediment particles become suspended (Graf. 1984).

The first quantitative study on the suspended load was done by R. G. Kennedy in
1895. who made observations at irrigation canals in India. In this study. Kennedy
discovered that sediment in a flowing canal was kept in suspension because of the
vertical components of eddies or vortices created at the bottom of the canal (Burke.
1966).

In 1925. Wilhelm Schmidt introduced a basic concept of turbulent suspension by
developing a formula for the vertical transfer of dust particles in the atmosphere by

atmospheric turbulence as follows (Taggart et al.. 1972):
dC

w(C=-¢g — (Eq.2.19)
d-

where @ is the fall velocity of dust particles. € is the volumetric concentration of dust
particles at a given clevation =. ¢, is the mixing coefficient for dust particles. which has
the dimension of velocity times length. and (' /d- is the concentration gradient of dust

particles in the = (vertical) direction.
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The first term in EqQ.2.19 indicates the mass rate of settling of the particles under
the force of gravity. and the second one shows the rate of upward movement resulting
from turbulence mixing. Schmidt derived Eq.2.19 for the equilibrium condition of the
dust particles in the atmosphere: that is. the net convection resulting from turbulence is
equal to the settling rate of the dust particles resulting from gravity (Taggart et al.. 1972).
Schmidt’s concept of turbulent suspension in 1925 set the fundamentals of the diffusion
theory.

Schmidt was also apparently the first to give the sediment distribution equation.
which was applied to the suspension of dust particles in the atmosphere. Schmidt derived
the following equation by assuming that the mixing coefficient is constant in the vertical

direction in the atmosphere (Vanoni. 1946):

<. expl-i] (Eq.2.20)

v

it

in which C, is the reference concentration at some reference depth. = =a. “exp ™ is the
. )
base of the natural logarithm. and i = — (z - a).
g\

Makkaveev (1931) and O’Brien (1933) applied Schmidt's theory to the
distribution of suspended sediment load in flowing water. O'Brien was the first to apply
Schmidt’s theory to suspended sediment in streams by integrating Eq.2.19 (Kalinske and
Hsia. 1945). O'Brien (1933) also wrote a paper stating that there is a certain ratio of the
mean amount of the substance transferred and the gradient of its content in turbulent

flows.

A
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Rouse (1937) was the first to derive and publish a theoretical formula for the
suspended sediment distribution in turbulent streams based on Schmidt's diffusion

theory. as given below:

R
C h-z a ‘
- = (Eq.2.21)
C, z h-a
in which C, is the concentration at the reference level. - =« . R, is the Rouse number
W, . . . . . . .
and expressed as: R, = in which @, is the settling velocity of sediment particles

K, U,
in clear-water. «, is the universal von Karman constant and equal to 0.4 for clear-water
flow. and w. is the shear (or friction) velocity and defined as: v, = /g i S, where g is
the gravitational acceleration. / is the flow depth. and S, is the riverbed slope.
To derive Eq.2.21. Rouse assumed that the coefficients for sediment mixing. ¢ .
and momentum diffusion. ¢,,. are the same with parabolic distribution assumption. and

the shear stress distribution. 7. decreases linearly with distance = as given below:

r=r,|1-= (Eq.2.23)
( h) !
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in which 7, is the boundary shear stress and expressed as: r, = p u. in which p is the
density of water.

It was observed by Y. F. Richardson in 1937 that the suspended sediment
concentration near the bed of a channel is inversely proportional to the distance from the
bed. whereas the concentration in the main body varies exponentially with distance from
the bed (Vanoni. 1946).

Vanoni (1941) and Anderson (1942) found that the exponential form of the
sediment concentration profile given by Rouse (Eq.2.21) is satisfactory and could be used

for practical purposes provided that an appropriate value of the exponent R, is chosen.

They concluded that R, should be determined from measured data. not from the

o

. 1) . . .
expression. “— . Anderson also pointed out the need for further study into the
K, U,

mechanism of transter in natural streams to predict R, accurately.

Kline et al. (1967) gave a detailed description of the streaky nature of the flow
structure in the viscous sublayer on a smooth wall *vith its alternating narrow. elongated
zones of high and low velocity occurring randomly in time and space. This sublayer flow
pattern appears to result from counter rotating streamwise vortex pairs. They linked the
sublayer structure to the bursting process. which they described as a randomly occurring
event comprising gradual local lift up of the low speed streaks. sudden oscillation.
bursting. and ejection. This event is followed by an inrush or sweep event described by
Grass (1971) based on observations from similar visualization studies of the boundary
layer flow structure. Grass also observed that the bursting phenomenon appeared to

influence the entire depth of the boundary layer (Grass. 1982).
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Data from laboratory flumes. irrigation canals. and natural streams were analyzed
by Paintal and Garde (1964) to compare Rouse’s suspended sediment concentration
equation (Eq.2.21) with others. They reached the conclusion that although some
equations fitted the data equally well. Rouse’s equation was preferable because of its
simpler form.

Coleman (1969) suggested that a flow with suspended sediment could be divided
into two regions: an inner suspension region near the bed and an outer suspension region
in the free stream. After an extensive analysis of both flume and stream data. Coleman

discovered that the ratio £, /@, in the inner region is different from that in the outer
region. Based on his analysis. Coleman assumed the ratio ¢, /w, varies linearly with =

in the inner region and is constant in the outer region. and derived the following

concentration distribution equations for both regions:

el = % (in the inner region. = <a) (Eq.2.24-a)
C w, . .
oo =exp| - —2(z-a) (in the outer region. = > a ) (Eq.2.24-b)
' 8\

Coleman recommended that these equations are supposedly universal relative
concentration functions for the inner and outer suspension regions.

The experiments of Ikeda (1980) provided some information on the influence of
bedforms on the mixing processes. In his experiments. Ikeda found that there is more

intensive mixing as a result of the presence of bedforms. Another remarkable
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phenomenon observed by Ikeda was the increase of the sediment concentrations by a
factor of 10. as the bedforms became 3-dinmiensional. whereas the bed-shear velocity
remained nearly constant.

Different theories for the vertical distribution of suspended sediment
concentration with measurements from the Rhine River were compared by Vetter (1986).

He realized that Rouse's classical solution of the diffusion theory agrees well with

measurements for fine size fractions (d, <0.125 mm ). but gets progressively worse for

coarser particles.

Van Rijn (1986) concluded that there is a large influence of the bedforms on the
mixing process. yielding more uniform concentration profiles for a rippled bed than for a
flat bed at the same ratio of the particle fall velocits and bed shear velocity. and the
magnitude of the concentration was largely increased in the presence of bedforms.

Cao et al. (1996) explained that the bursting process is responsible for the
suspension of sediment particles: therefore. a physically more appealing approach to

suspended sediment transport is to formulate the diffusion coefticient of sediment. & .

based on this mechanism.

Now. it is obvious that most researchers agreed on Rouse’s equation being a close
representation of the form of the real suspended sediment distribution profiles: however.
certain modifications to Rouse’s equation were needed to evaluate the suspended
sediment discharge accurately. From this general idea many scientists have tried to find
different methods to calculate or estimate the parameters involved in Rouse’s equation.

The most common parameters subject to investigation or modification included the

reference suspended sediment concentration. C,: the Rouse number. R : the fali
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(settling) velocity. @, : the Schmidt’s parameter. £ and the von Karman constant. «,.

The following sections provide studies on the afore-mentioned parameters briefly.

2.2.1. Studies on Reference Suspended Sediment Concentration, (',

Most of the suspended sediment distribution equations derived were written in
terms of the concentration at an arbitrary level near the bed. ,. To calculate the
suspended sediment discharge it was necessary to obtain this reference concentration.
The idea of using a reference sediment concentration as a boundary condition occurred
just after the introduction of the diffusion theory by Wilhelm Schmidt in 1925. The
solution of the diffusion theory with certain assumptions resulted in a suspended
sediment distribution equation. which depended on a reference concentration. (. at a
reference height. «. close to the riverbed.

Von Karman (1934) was the first to speculate about the parameters influencing
the reference concentration. (',. He stated in his paper that the magnitude of C,
depends on the sediment size and the magnitude of the shear stress acting on the bed.

Various reference heights were suggested phenomenologically rather than
physically by Brooks (1965) and Willis (1979). They explained that the value of « is
rather arbitrary. and none of the values explicitly explains satisfactorily the fact that « is

different for a plane bed than for a dune bed.
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ltakura and Kishi (1980) suggested an equation for the concentration of

suspended sediment in which the reference concentration ', is calculated from the flow
data alone. M. F. Karim and J. F. Kennedy in 1983 implied that a =d,, u. / u._. in

which . is the critical shear velocity (Bechteler. 1986).
Based on an analysis of sediment concentration profiles. van Rijn (1984)
proposed a simple function. which can be used to specify an effective boundary

concentration. . as the following:

din 15 _
¢, =0015= 5— (Eq.2.25)
a d.

in which ['=(r, -7, ,)/r, ,. where 7, =pg(l7‘/(' ) with l_ being the depth-

averaged velocity and C =18log(12h/3d,, ). r, . is the critical bed-shear stress

according to Shields. and d. = d ((p‘ -plg/pv’ )' ", Van Rijn used a rough criterion
a=A/2 or u =k witha minimum value of ¢ =0.01d . in which A is the dune height.
and k,_ is the characteristic bed roughness height.

Furthermore. van Rijn stated that the location at which the bed boundary
condition is specified depends on the bed characteristics. and the most logical assumption
for the location of the boundary for sediment concentrations is the upper edge of the
bedload laver. He also found that for a perfectly flat bed. a good estimate of the

thickness of the bedload layer could be obtained by taking the maximum saltation height
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of the bedload particles. This led to a value on the order of 10 d, for the bedload layer

on flat bed in the upper flow regime.

2.2.2. Studies on Rouse Number, R

o

Rouse (1937) was the first to introduce an expression for the exponent in the
suspended sediment concentration profile equation. He discovered that the exponent was
a function of the ratio of sediment properties to the hydraulic characteristics of the flow.
and derived the following expression for the exponent. which is known as the Rouse

number:

R =2 (Eq.2.26)
K, U,

in which @, is the settling velocity of particles in clear water flows. «, is the universal

von Karman constant and equal to 0.4 in clear-water flows. and w. is the shear velocity.
Einstein and Chien (1954) collected data on the Missouri and Mississippi rivers.

and determined the values of the exponent R . They deduced that for low values of R,
the experimental and theoretical findings agreed closely. but as R, increased. the

theoretical values (the values calculated by using Eq.2.26) exceeded the measured ones.
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which indicated a continuous increase in the turbulent Schmidt number. £. with increase

in sediment size.

The analysis by Bruce R. Colby and C. H. Hembree in 1955 gave a practical
empirical solution to the evaluation of the exponent R,. They related values of R, to the

fall velocities of sediment raised to the power 0.7 (Richardson and Julien. 1986).

Weerappuli (1980) observed that the Rouse number. R,. found by statistical
regression using observed data. showed dependence not only on fall velocity w. shear
velocity «.. and von Karman parameter . but also on average velocity l- water
temperature 7 . concentration of suspended sediment at mid-depth C, .. flow depth A.
and particle size of sediment in suspension d . Weerappuli performed a multiple
regression analysis on the data collected at the Omaha station and derived the following

expression for R :

—0) §5999

(0 82897 -0 2742 I 06709 -0) $58°S -0 02702 027613
R =w I K w, T O dl (Eq.2.27)

o T h 2

It was found that the R, calculated from this expression seemed to be a better estimate

than that from Eq.2.26.

Vetter (1986) observed that measured Rouse numbers ( R, ) are generally smaller

. @ .
than the theoretical or calculated Rouse numbers (R, = ——) and the difference
K, U

becomes greater for coarser size fractions.
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For more practical calculations of the sediment concentration. a simplified

method has been proposed based on the application of Rouse equation in combination

with a corrected Rouse number R, = R, +y . in which y was determined by computer

calibration resulting in the following expression (van Rijn. 1986):

08 (' ad
w:z.s[ﬂj ( ] for 0.01<% <1 (Eq.2.28)

u.

In Eq.2.28 the y -factor represents both the hindered settling effect and the turbulence

damping effect. and (', corresponds to the maximum value of suspended sediment

N\

concentration at a vertical.

2.2.2.1. Studies on Fall Velacity of Sediment Particles,

Sir George Stokes was one of the earliest scientists interested in fall velocity.
Horace Lamb in 1945 gave the Stokes formulation (known as the Stokes Law) for

viscous flow conditions as follows (Alger. 1964):
F=3rd uow (Eq.2.29)
where F is the longitudinal force exerted by a slowly moving viscous fluid upon a small

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sphere. d_ is the diameter of the sphere particles. u is the dynamic viscosity of the fluid.

and o is the fall velocity of the sphere particles.

McNown and Lin (1952) prepared a diagram showing the influence of sediment
concentration on fall velocity. and came up with the conclusion that the fall velocity of
particles is hindered by increasing amounts of material in suspension. The usefulness of
this chart is limited because only uniform quartz particles were considered.

Brooks (1954) showed that the settling velocity differs along a vertical. being
decreased with increasing distance from the bed.

It was found by H. W. Ho in 1964 that the fall velocity of an individual particle in
a vertically oscillating fluid was less than that observed in a quiescent fluid. indicating
that the fall velocity would be decreased by turbulence (Coleman. 1970).

In his report on water temperature effect on the flow discharge and bed
configuration Burke (1966) stated that the fall velocity of a sediment particle is
proportional to water viscosity. and in turn. proportional to water temperature.

Loyacano (1967) produced evidence indicating that a group of fall velocity
existed in suspensions. and therefore particle fall velocity was increased by increasing
amounts of material in suspension.

The effect of turbulence on fall velocity was investigated experimentally and
theoretically by simulating turbulence in oscillating fluid by Houghton (1968) and
Hwang (1985). According to Houghton and Hwang's results. turbulence seems to reduce
the fall velocity. A similar conclusion was obtained by Bechteler et al. (1983) by using
high-speed camera and digitized particle trajectories.

Bouvard and Petkovic (1985) measured the fall velocity of particles in turbulent
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open channel flow and found that the measured fall velocities are nearly 30 percent less
than the settling velocities in quiescent water.
X. Zhang and X. Xi in 1993 obtained the following equation for the settling

velocity of a single sediment particle in tranquil water (Cao. 1999):

0, =[(1395v/d, ) +109G-hgdy| -1395v/d,  (Eq.2.30)

The following theoretical equation for the fall velocity of natural sand and gravel
particles was derived based on the following drag coefficient relations for natural sand

and gravel particles (Julien. 1995):

+1.5 (Eq.2.31)

2 =%3{[1+o.0139d.‘]"‘ -1} (Eq.2.32)

. . od
where C',, is the drag coefficient. Re , =
‘P

~ is the particle Reynolds number. @ is the

fall velocity of sediment particles. v is the kinematic viscosity of water. «_ is the particle

diameter. and d. is the dimensionless particle diameter and defined as follows:

Vo

d. =d{‘—(’—‘£} | (Eq.2.33)
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in which G is the specific gravity defined as the ratio of the specific weight of sediment.

7. .o that of water. 7.and g is the gravitational acceleration.

2.2.2.2. Studies on Turbulent Schmidt Number, 3

The turbulent Schmidt number. A. describes the difference in the diffusion of a

fluid particle and a discrete sediment particle and is usually derived from theoretical
relationships between dispersion coefficients of fluids and solids. It is the ratio of the

sediment-mixing coefficient. ¢ . to the momentum exchange coefficient of the water.
£ -

m*

g=2 (Eq.2.34)
&

The parameter [ varies somewhat with the relative size of the particles in
suspension. In spite of much research. the value of £. which is frequently measured by
analyzing concentration profiles. is not quite clear. Studies of the evaluation of £ in

sediment-laden flow have led to opposite results.

Some theoretical considerations have indicated that the momentum exchange

coefficient. ¢, . and the sediment-mixing coefficient. £, . are not the same. Ismail (1951)

found that £ was greater than ¢,. but Vanoni (1953) concluded that the ratio ¢, /¢,
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could be greater or less than unity. and that the coefficients are reduced with increase of
sediment concentration. Most of the findings were based on laboratory studies and there
were very few investigations pertaining to field data.

Carstens (1952) showed that # decreases from unity as the inertia of suspended
particles increase. His results were based on the assumption that turbulence may be
simulated by a simple oscillating motion of fluid.

Singamsetti (1966) speculated that turbulence is composed of eddies of
circulatory motion in nature. Moreover. he added that the centrifugal force acting on
sediment particles would be greater than that acting on fluid particles. thereby causing the
sediment to be thrown to the outside of the eddies. with a consequent increase in effective
mixing length and diffusion rate.

R. L. Soulsby et al. in 1985 showed that g is less than unity whereas L. C. van
Rijn in 1984 presented quantitative relations suggesting a relation between the value of
B and the characteristics of flow. and suspended sediment particles. These relations
suggested that S is always greater than unity (Schrimpf. 1986).

From a study carried out by Coleman (1970). £ can be represented by the

following function:

u. u.

ﬁ:nz[ﬂJ for 0.1< < <1 (Eq.2.35)

Eq.2.35 satisfies a value larger than unity. indicating a dominant influence of the

centrifugal forces which cause the particles to be thrown outside of the eddies. with a
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consequent increase of the effective mixing length. According to Coleman. ¢ is 1.5
times more than ¢, for 0.1 mm sand and 1.3 times for 0.16 mm sand. This indicates that
f varies between | and 2 and the sediment-mixing coefficient. ¢ . is always bigger than
the momentum exchange coefficient. £, . (van Rijn. 1986).

Cellino and Graf (2000) experimentally researched the influence of bedforms in
open channel flow on the suspended sediment concentration distribution. They
concluded that Rouse’s concentration distribution is altered because of the presence of
bedforms because they found that the value of S for suspension flow over bedform.
being larger than unity. is larger than that over a plane bed. which is less than unity.

Finally. Tsai and Tsai (2000) performed a stepwise multiple regression analysis
for four sets of experimental data produced by Coleman in 1986. Einstein and Chien in
1955. Wang and Qian in 1989. and Vanoni in 1946. and numerical results from the
developed mathematical model. and obtained the following equation for the estimation of

f by a simple trial-and-error procedure:

log § = 3.87 log( (CTJ ~2.60 log[ "’—] +1.89 log( Iﬁ) ~120  (Eq..36)
1

U,

where (' is the mean sediment discharge concentration.
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2.2.2.3. Studies on von Karman Constant, «,

It was shown that both the velocity and suspended sediment profiles depend on
the value of the von Karman constant. x,. Therefore. a vast amount of research has been
done by ditterent researchers on the study of this constant.

The trend in x, to decrease as the concentration of suspended sediment increases
has been observed in numerous flume experiments (Vito A. Vanoni in 1946 and 1953.

and N. H. Brooks in 1954). and in the experiments carried out by H. M. Ismail in 1952 in

a rectangular pipe. L. C. Fowler in 1953 made some measurements on the Missouri
River. and showed that &, values for sediment-laden Missouri River are appreciably less
than for clear streams. thus confirming the results obtained in flume and pipe flow studies

(Vanoni. 1975).

From his investigations. Vanoni (1946) obtained the von Karman constant. .
values less than 0.4 for sediment-laden flows. After some more observations. Vanoni
(1948) proposed that increased suspended sediment concentration increases the velocity
gradient and the mean velocity. and thus decreases x,. He explained this reduction in
K, as a result of dampening of turbulence by suspended material.

Since Vanoni's investigations. many researchers have tried to analyze the
variation of x, with sediment concentration. The influence of ripples and dunes on the
form of the velocity profile and the value of &, was investigated with the help of

measurements from a tilting flume at Colorado State University (Vetter. 1986). There

was a gradual contraction of the section upstream of the dune crest. which caused an
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increase in velocity. and therefore a steeper velocity distribution with corresponding high
K, values. Downstream of the dune crest there was a comparatively sudden expansion of
the section involving a decrease in velocity. and thus a decrease in the slope of the
logarithmic velocity profile with lower «, values. It was shown also that the bedforms
must have a certain height to yield a significant effect on the velocity distribution.

Studies by Einstein and Chien (1955) also indicated that the value of the von
Karman constant. «,. becomes smaller with the increase of sediment concentration. On
the contrary. Coleman (1981) reanalyzed the data obtained from Vanoni in 1946 and
Einstein and Chien in 1955 along with his data. and discovered that «, is independent of
the presence of sediment in water and equal to 0.4.

Vanoni and Brooks (1957) found that nearly uniformly distributed suspensions
did not affect the logarithmic form of velocity profile: they only changed the gradient or
value of «,. which increases with increasing concentration. Moreover. Elata and Ippen
(1961) reported that suspended particles affect the flow directly only in a narrow region
near the boundary. They concluded that suspensions cause a change in the structure of
turbulence rather than damping of the turbulence. Elata and Ippen used neutrally buovant
plastic spheres as suspensions to study the variation of the von Karman parameter. « .

with increasing concentration. They came up with the following relation:

A=n,(1-0.15C, ) (Eq.2.37)

where x, is the von Karman constant for clear-water and equal to 0.4. and €', is the
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linear volumetric suspended sediment concentration at a specified elevation = .

A complete theoretical treatment of the effect of suspended particles in turbulent
flows was presented by Hino (1963). The theory predicts that the von Karman constant
diminishes as concentration of suspended particles increases for neutrally buovant as well

as for heavier particles.
The following expression for the von Karman parameter.x . was developed by

Ippen (1971) to account for the effect of suspended sediment on the flow:

1+25C
1oy 14256, (Eq.2.38)
K K, |1+C(G-1)

in which «, is the von Karman constant. ', is the maximum sediment concentration
near the bed in fraction by volume. C is the mean value of volume concentration in the
entire flow. and G =y /y is the specific gravity of the sediment. Because the term in
parentheses exceeds unity. & is always less than &, and decreases with an increase in
C,. The theory agrees remarkably well with the Ao~ observed by Elata and Ippen (1961)

with suspensions of neutrally buoyant particles as well as with those with suspended
sands by Vanoni (1946). and Vanoni and Nomicos (1960).

Itakura and Kisht (1980) analyzed the velocity distribution based on the theory for
the Monin-Obukhov length. and found that the value of the von Karman constant is
indisputable and equal to 0.4.

Coleman (1981) also proved in his experiment that «, remained essentially

constant over a range of Richardson numbers from zero (for clear-water) to about 100
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(capacity sediment suspension). This conclusion was based on the fact that the existence
of wake flow terms in addition to the original Prandtl-von Karman velocity defect law
emphasizes the need for evaluating x, from straight line fits to experimental velocity
profiles in the lower 15 percent of the flow. Furthermore. Coleman (1986) explained that
the findings of the variation of the value of the von Karman constant is a misapplication
of a curve-fitting method because the logarithmic velocity distribution with the various

values of x;, fits only the lower 15 percent of the total water depth.

2.3. STUDIES OF WATER TEMPERATURE EFFECT ON
SUSPENDED SEDIMENT CONCENTRATION AND

TRANSPORT

More than a century ago. in 1876. Andrew A. Humphreys and Henry L. Abbot
were the first to realize the need for recording the temperature of both water and air
among their routine data gathering observations (Dardeau and Causey. 1990).

The importance of the measurement of water temperature was not understood
well until about the late 1930s. The laboratory and field investigations of the time gave
conflicting and confusing statements with respect to the water temperature effect.

For instance. Ho (1939) found that bed material discharges increased as the water
temperature increased and Mostafa (1949) concluded that a high-viscosity fluid would in

most cases transport a smaller amount of bed material than a fluid having a low viscosity.
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According to the data collected by the Bureau of Reclamation on the Lower
Colorado River during the period 1943-1947. a much larger sediment load was carried
during the winter than summer for approximately the same flow. Because the only
apparent explanation for the difference in sediment discharge at these two periods of the
year was the variation of the water temperature. this phenomenon initiated a general
inquiry into the probable effect of temperature on the transportation of sediment in
flowing streams (Lane et al.. 1949).

Lane et al. (1948) observed in the Lower Colorado River that the major changes
in sediment load resulted from the changes in the water discharge. water temperature. bed
material size (coarsening of the bed). and possibly some other unknown cause. By
eliminating the effect of the variation of stream flow and streambed coarsening. an
attempt was made to compute the magnitude of the fluctuations assumed to result from
the change in water temperature. They discovered. after some observations. that the
sediment load varied roughly as the square of the discharge. Furthermore. Lane et al.
(1949). after some observations at two locations in the Lower Colorado River. one just
upstream of the Hoover Dam and the other just upstream of the Parker Dam. realized that
the average sediment load in winter (50 "F) was as much as 2.5 times greater than that in
summer (85 °F). They suggested that most of the effect of water temperature observed in
the study reach resulted from the rate of picking up material from the riverbed.

Einstein and Barbarossa (1952) showed the effect of the water temperature on
flow res.istancc for the Missouri River by developing a form resistance curve. For low
temperatures. they showed that the bedform becomes plane: thus the sediment transport

increases.
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Some experiments in a re-circulating channel performed by Straub (1954)
described the transport characteristics of the Missouri River sediment. The sediment
used in his experiments was obtained from the Missouri River in the vicinity of Garrison
Dam. His experiments indicated that when the water temperature was reduced by 40 °F
the suspended sediment concentration. and thus the suspended load. was approximately
doubled. In all of these experiments the Reynolds number was kept in a short range so
that there would not be any appreciable change in turbulence patterns. Moreover. Straub
(1955) carried out some experiments in a re-circulating flume with sediment (mostly fine
sand size ranging from 0.125 mm to 0.25 mm) collected from the bed of the Missouri
River. These experiments indicated that a 40 "F decrease in the water temperature
produced an increase in suspended sediment concentration. and thus the suspended
sediment load. by a factor of between 2 and 4. [t was also found that cold-water flows
supported 33 percent greater sediment in size compared to warm-water flows.

Vanoni and Brooks (1957) performed two experiments in a re-circulating flume
with fine sand (0.125-0.25 mm). and found that with an increase in temperature there was
a decrease in resistance to flow: thus. an increase in suspended sediment transport. In
both experiments the velocity and depth were nearly the same. but the water temperature
in one of the experiments was 15 “C and near 37 °C in the other.

Straub et al. (1958) performed further experiments in a re-circulating flume using
bed material (mostly fine sand size ranging from 0.125 mm to 0.25 mm) from the
Missouri River. The only difference in these experiments from those performed by

Straub (1954) was the consideration of the total sediment load instead of the suspended
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load only. Based on these experiments. Straub et al. (1958) reached the following

conclusions:

¢ The sediment transportation ability of the river was higher during cold-water flows
because decreasing water temperature increased the viscosity of the flow. and thus
decreased the fall velocity of the sediment.

e There was a strong degradation tendency of the streambed during the prolonged
periods of cold-water flow. and the process was reversed during the prolonged
periods of warm water flow.

e The total sediment load transported under essentially constant water discharge
conditions increased parabolically as the temperature of the water decreased (e.g.. the
total sediment load rate was nearly tripled with a water temperature decrease of 50
F).

e The sediment transported in suspension was similarly increased with the same
amount of water temperature decrease.

e The riverbed slope increased with a decrease in water temperature. whereas the depth
and velocity remained essentially constant.

Hubbell and al-Shaikh (1961) briefly summarized the conflicting results obtained
from several laboratory and field investigations to indicate that increasing water
temperatures could either increase or decrease sediment transport rate under various bed
conditions. After conducting some experiments in a re-circulating flume using bed
material (mostly fine sand size ranging from 0.125 mm to 0.25 mm) from the Elkhom
River near Waterloo. Nebraska. they came up with the following conclusions:

e The concentration of the total bed sediment discharge was greatest in the case of high
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temperatures in the presence of ripples or dunes with superposed ripples on the bed.

e The concentration of the total bed sediment discharge was greatest in the case of low
temperatures in the presence of antidunes on the bed.

e No general trend was apparent in the case of dunes or plane bed.

e The change in effective sediment size with the water temperature. and the changes in
the concentration of total bed sediment discharge and the flow resistance with shear.
provided the basis for an explanation of the effect of temperature change on flow
phenomena.

On the basis of field and laboratory studies. Carey (1963) concluded that with
lower temperature the amplitudes of dunes or sand waves were reduced and the stage in
both crossings and bends was lower.

Colby and Scott (1965) found that an increase in viscosity as a result of a decrease
in water temperature (other factors remaining constant) caused an increase in sediment
discharge because the particle fall velocity was decreased with viscosity. Moreover. they
provided a diagram to select a correlation factor for the estimation of sediment discharge
rate as a function of flow depth and temperature.

Likewise. Toffaleti (1968) found that the water temperature has a significant
influence on the total sediment discharge rate in large rivers and proposed a new
procedure for the calculation of sediment discharge in rivers. In this procedure. the
suspended sediment transport rate decreased significantly while the water temperature
increased. and sediment bed load transport first increased rapidly with temperatures up to
about 80 °F and then reduced slightly for higher temperatures.

Burke (1966) studied the effect of water temperature on discharge and bed
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configuration in the Mississippi River at Red River Landing. Louisiana. On the basis of
this study. he concluded that there was a significant effect on riverbed configuration and
stage-discharge relation resulting from the change in water temperature. A statistical
analysis was made of the discharge-temperature relationship for a given stage. and it was

determined that:
Q=945-28T (Eq.2.39)

in which Q is the river discharge in 1000 cfs. and T is the water temperature in °F.

Franco (1968) performed a series of tests in a feed-type flume with fine sand bed.
and reached the conclusion that the bed load transport rate was increased with increase in
water temperature. In all experiments the bed was covered with ripples. Franco also
discovered that the roughness of the bed increased with a decrease in the water
temperature. He presumed that the effect of water temperature change on bed load
transport was mostly because of the formation of the bed roughness.

After an extensive analysis of data obtained from some large alluvial rivers such
as the Mississippi. Missouri and Arkansas rivers. Fenwick (1969) concluded that
increased water temperature caused significant increase in bed resistance.

Taylor (1971) performed some experiments in two re-circulating rectangular
flumes with nine different sediments. The experiments were divided into three groups:
namely. the low-transport flat bed experiments. high-transport flat bed experiments with
fine sands. and constant-discharge experiments. Based on these experiments. Taylor

concluded that:
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e In both the low-transport and high-transport flat bed flows. the water temperature
effect on sediment discharge depended on the roughness condition of the bed. When
the bed was in the lower transition range. there was an increase in bed sediment
discharge with an increase in water temperature. whereas there was a reduction in the
sediment discharge in the upper transition range. In the case of rough bed condition.
the change in water temperature did not affect the bed sediment discharge.

e In constant-discharge experiments. an increase in water temperature might result in
either an increase or decrease in sediment transport and bed roughness depending on

u. d

the magnitude of the boundary Revnolds number. Re. = In flows where

Vm
Re. <13. it was observed that the bed-load discharge in a warm-water flow was
larger than that in a cold-water flow at the same velocity and depth.
Taylor and Vanoni (1972) performed experiments similar to those of Taylor’s in
1971 and obtained similar results with the exception that. for the boundary Reynolds
number. Re.. between 20 and 30. an increase in water temperature resulted in a reduction
in bedload discharge. and when the riverbed was hydraulically rough. sediment discharge
did not change with water temperature. They speculated that this was perhaps caused by
the change in turbulence intensity.
According to measurements made by Blinco and Partheniades (1971). turbulence

intensity increased with an increase in water temperature. and thus a decrease in water

viscosity. for Re. <13. but it decreased with an increase in water temperature for

Re, >13.

Based on data collected from the Mississippi River. Robbins (1973) showed that
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as the water temperature was decreased. the discharge. average velocity and suspended
sand concentration increased. and the percent sand increased in the suspended samples
and decreased in the bed samples. This suggested that as the water temperature
decreased. the finer sand particles were picked up from the bed and carried in suspension.
The entrainment of sand from the bed was also indicated by the fact that the mean

diameter. d.,. of the bed material increased with decreasing water temperatures. He also

showed that for the same stage. a difference in water temperature from 30 °F to 40 °F was
accompanied by a 9 to 19 percent difference in sediment discharge. He assumed that
these differences in sediment discharge resulted from the complex interrelationships
between the variables affecting the hydraulic transport phenomena. It was suspected that
other factors such as the seasonal variations in runoff and sediment supply might also

play a role in the change in ., and the percent sand contained in the samples.

Engelund and Fredsoe (1974) developed the stability theory that showed
qualitatively the effect of water temperature on the flow characteristics in alluvial
channels. The procedure for stability analysis was to introduce a small perturbation to
the flow and investigate how the amplitude of the perturbation increased or decreased
with time. Usually. the perturbation took the form of a sinusoid so that its amplitude
could be described in a complex form. If the imaginary part grew with time. the flow
was unstable. whereas if the imaginary part was dampened. the flow was stable. For flow
over a sand bed. the stability analysis was complicated because both the flow and
sediment transport equations must be coupled.

By examining the relationship between the friction factor. f,. and the shear

velocity. u.. da Cunha in 1974 physically explained the effect of the water temperature
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on resistance to flow (see Figure 2.3). Da Cunha suggested that the effect of water
temperature depended on the conditions at the bed and the size of the bed sediment
(Chien and Wan. 1999). Figure 2.3 can be understood better by knowing that a decrease

in water temperature causes an increase in the water viscosity.
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Figure 2.3. Effect of water temperature on resistance (Chien and Wan. 1999).

The U. S. Geological Survey (USGS) (1976). in collaboration with the U.S. Army
Corps of Engineers (USACE). established some graphical relations for the Missouri
River based on the 1974 stability analysis of Engelund and Fredsoe. The USGS and the
USACE stated that the stability analysis could predict the bed configuration changes
theoretically. and proved that water temperature change affected the sediment transport
rate. bed configuration. and resistance to flow. This study showed in many cases that a
decrease in temperature removed dunes from the sand bed when the flow regime was
close to the transition zone. and therefore decreased the flow resistance and depth. and

increased the flow velocity. which resulted in the increased sediment transport rate.
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It has been well known that the bed-torm configuration of the Missouri River
changes with the water temperature at a constant flow discharge (Shen et al.. 1981).

When Re. =11.6. a slight change in water temperature. and thus in kinematic viscosity

of water. changes the bed condition from hydraulically smooth to hydraulically rough.
When 3< d. < 6. slight water temperature change. and thus in kinematic viscosity of
water. may switch the values of Re. below or above the threshold value of Re, =11.6
(Julien and Raslan. 1998).

After an analysis of the major floods on the Lower Mississippi River. Tuttle and
Pinner (1982) concluded that water temperature affected water viscosity and thus
sediment transport capability (cold water resulting in high transport and warm water
leading to a low transport). They came up with the above conclusion by observing the
average temperatures corresponding to the month in which the floods peaked.

The Lower Mississippi River sediment study in the 1990s indicated that there is a
direct correlation between temperature and stage. Measurements at Red River Landing
showed that stages are higher for higher temperatures. It was also found that long-term
trends were not affected even though temperature does affect stage (Catalyst-Old River.
1999).

In summary. previous studies have revealed some consistent and some conflicting
statements about the effect of water temperature on the behavior and characteristics of

flows in rivers. Therefore. there is a need for further research on this topic.
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2.4. STUDIES OF CORIOLIS EFFECT ON RIVERS

In 1844 the French mathematical physicist Gustav G. Coriolis first showed that a
body moving on a rotating surface would be deflected from its original path by the
rotation of this surface (Williams. 1962).

The fact that the right bank of the Volga River was more elevated and eroded than
the left bank was observed by von Baer (1860). In later vears. he studied some other
rivers around the world and found changes similar to those on the Volga River. Based on
his observations. von Baer concluded that the rotation of the Earth causes the right banks
of rivers to be more elevated and eroded than the left banks.

Einstein (1926) explained qualitatively that the initiation of river meandering
might result from the Coriolis-driven secondary currents in rivers.

The effects of the rotation of the Earth on laminar flows in pipes was analyzed by
Benton (1956). and he found that there is a Coriolis effect on the longitudinal velocity
profile for a certain range of Reynolds and Rossby numbers.

Gehrig (1980) did some experiments with a fixed bed and a moveable bed model
of the Elbe River. and observed asymmetric behavior of the bed because of the Coriolis
effects. The asymmetric behavior of the bed was more distinct in the experiments with
movable beds.

Winkley (1989) performed a geometrical analysis of the Lower Mississippi River
bends and found that the Coriolis force has an effect on channel geometry. His analysis
was based on survey data from 1911 to 1915 and from 1973 to 1975.

The influence of the Coriolis force has been studied for a number of large-scale
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flows in the oceans and atmosphere. However. the Coriolis effect on smaller-scale flows
in natural rivers has been mentioned only in a limited number of articles in the literature.

which indicates the need for further studies on this topic.
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Chapter 3. LOWER MISSISSIPPI RIVER AND

STUDY REACH

Although the study area includes only a small reach of the Lower Mississippi
River. it is very important to know the history and characteristics of the valley as a whole.
First. the description and history of the Lower Mississippi River will be given. and then

the study reach will be described in the following sections.

3.1. THE LOWER MISSISSIPPI RIVER

The channel of the Mississippi River first takes its definite form as it emerges
from Lake Itasca. Minnesota. At Cairo. Illinois. the Mississippi and Ohio rivers join each
other and take a new name. “the Lower Mississippi River™. The Lower Mississippi River
is the largest river in North America. The river flows through great alluvial plains.
bounded by mountains on the west and east sides.

At Cairo. Illinois. the Lower Mississippi River begins a long journey to the Gulif
of Mexico. meandering between deep bends and shallow crossings. Even though the
straight distance from Cairo to the Gulf is only about 500 miles. the river's meandering
course is more than 1100 miles long (Ellet. 1970). The Lower Mississippi River flows in

the southwest direction between Cairo and the Old River Control Structures complex near
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the border of the Louisiana and Mississippi. and to the southeast thereafter. reaching the
“Head of the Passes™ where small channels branch into the Gulf. The Head of Passes is
at the zero river mile. being the reference point to the river mile measurements. In the
past. the Lower Mississippi River has diverted many times. forming new routes to the
Gulf.

The main tributaries of the Lower Mississippi River are the Upper Mississippi.
Missouri. Ohio. White. Arkansas. Ouachita and Red rivers. These tributaries and some
other small tributary streams provide the major part of the water and sediment flow in the

river.

3.1.1. Physical Characteristics

Along the Lower Mississippi River floodplain. most of the area is flat. The
natural banks and bed of the Lower Mississippi River are alluvial deposits. which are
mainly sand and variqus kinds of silt and clays. carried down by the stream. Managing
this great river is difficult because of the alluvial nature of the valley. Because the
sediment brought into the river is constantly subjected to deposition and erosion. as a
result of the turbulence of flow. and because the slope of the river becomes progressively
flatter downstream. the velocity and turbulence also progressively decrease. Hence.
coarse particles are deposited in the upper reaches and fine particles in the lower
(Biedenharn. 1995). The Lower Mississippi valley is subject to high flows from

February through June because of the snowmelt and early spring rains. and low flows
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particularly from September through November because of the decrease of the
underground water level during the hot summer weather (Robbins. 1977).

The climate of the Mississippi River watershed is as varied as its topography.
The average monthly temperatures. in general. increase from north to south over the
entire watershed. In winter. the average temperatures for the southernmost and
northemmost parts of the basin are about 12.8 °C and -15 °C. respectively. but in
summer. they are about 26.7 °C and 18.3 °C. respectively. (Elliott. 1932).

In general. the annual rate of precipitation may be said to increase from the
western to the eastern divide. and from the northern divide to the Guif of Mexico. The
southerly portion of the watershed has an average annual rainfall approximating 1270
millimeters.  In the northeast area the annual precipitation approximates 1143
millimeters. whereas in the north central and northwest areas the annual precipitation is
762 millimeters and 508 millimeters. respectively. while it is about 889 millimeters in the
southwest area. The average rainfall over the entire watershed approximates 762
millimeters per year (Elliott. 1932).

Average relative humidity in the eastern portion of the watershed varies from
about 65 to 80 percent. In the western areas the humidity 1s from 10 to 20 percent lower
than in the eastern areas. The highest humidity is found in the southern portion where it
approximates 80 percent (Elliott. 1932).

The average yearly evaporation from exposed water surfaces varies from a
minimum of 508 millimeters in the northwestern portion to about 1270 millimeters in the
states of Mississippi and Arkansas.

The number of days during which snow covers the ground annually varies from
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an average of less than | day in lower Louisiana to more than 120 days in upper North
Dakota. Minnesota. and Wisconsin.
Average annual rainfall over the reach is about 1232 millimeters. and runoff is

162 millimeters. Average annual discharge is 15.631 m’/s (Tuttle and Pinner. 1982).

3.1.2. Hydraulic Characteristics

The hydraulic parameters affecting the pattern and regime of the Lower
Mississippi River include the channel geometry and alignment. the amount of water and
sediment flow. and channel resistance to flow.

While the Lower Mississippi River has mild bed slopes. and subcritical flow
regime. the channel geometry and alignment of the Lower Mississippi River are
extremely variable. and channel widths and depths fluctuate considerably over time.
Throughout the river. channel depth and width range from narrow. deep channels 10 very
wide. shallow channels with middle bars. The channel cross-sectional area generally
increases with downstream distance. Overall. the average width of the river is about 1
kilometers. and the flood-plain elevations range from about 84 meters at the Mississippi-
Ohio rivers confluence to sea level at the Gulf of Mexico.

Alignment of the channel varies from extremely sinuous reaches to straight
reaches of negligible sinuosity and these variations in geometry and alignment influence
the river’s ability to effectively transport flow and sediment. causing conditions that can

affect flood flows and navigation condition. The effect of the variations in channel

wn
w
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alignment and geometry on the sediment transport can be deduced from the variations of
the sediment transport capacity of the river from one reach to another (Tuttle and Pinner.
1982).

Total mean depth of flow varies from a minimum of approximately 6 meters at

some crossings to a maximum bend depth of about 60 meters. The average channel
bottom slope is about 8.3 centimeters per mile. -ST =5.2x10"" (Ellet. 1970) and the

width of the alluvial valley varies between 48 and 200 kilometers. However. levees limit
the flood flows to a floodplain having an average width of 4.8 kilometers (Biedenhamn
and Watson. 1997).

The magnitude of water and sediment discharge also varies substantially. From
the confluence of the Mississippi and Ohio rivers. the river discharge increases with the
addition of flows from the tributaries. After the inclusion of the Arkansas River flow. the
river discharge decreases progressively. and the average annual discharge of water is
about 15.574 cubic meters per second (m’/s). Large water discharge variations cause
variations in channel width and depth. sediment aggradation and degradation patterns.
and hydraulic roughness characteristics of the riverbed. The variations in channel width
and depth can be observed from the annual fluctuations of stage-discharge relationships.
and these overall variations are sometimes such that different stages can be observed for
the same magnitude of discharge.

Suspended sediment concentration in the Lower Mississippi River increases in the
downstream direction at above average water discharge. In the short term. this indicates
that sediment settles to the riverbed during low flows. and re-suspends and flushes out to

the Gulf of Mexico during high flows (Curwick. 1986). The suspended sediment in the
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river moves by a series of alternating deposition and suspension events.

Many scales or sizes of bedforms exist along the Lower Mississippi River. These
dynamic bedforms can reach wavelengths of 500 meters and heights of 10 meters.
Bedforms are proportional to stage. and they have a dynamic interaction with the spatial
pattern of flow. Dunes contribute to bed roughness. and tend to grow larger with
increasing flow strength. thus size and roughness characteristics of dunes cannot be
predicted well by experimental and theoretical relations in spite of intensive

measurements and studies along the river (Harbor. 1998).

3.1.3. A Brief History of the Natural and Human-induced Activities

This section is based on a couple of references and readers are encouraged to read
the following for further information: Catalyst-Old River (1999). Biedenharn and Watson
(1997). Biedenharn (1995). Keown et al. (1981). Winkley (1977). and Elliott (1932).

Looking back we see that the Lower Mississippi River has undergone
modifications from both natural and human activities throughout the centuries. The
morphologic response of the Lower Mississippi River reflects the integration of each of
these modifications. Trying to assess the individual effects of each of these features is
extremely difficult because the response of the river to any specific feature is generally
subtle or almost imperceptible.

Most of the modifications were natural before the start of the settlements around

the 17" century. Attempts to restrain the Lower Mississippi began with the first
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settlements in the lower Alluvial Valley. The first major human-induced modification to
the river was in the form of controlled overbank flow by earthen embankments called
levees. Levees were initially buiit in 1717 to protect New Orleans. Louisiana. from
overflow (Elliott. 1932). The extension of levees was carried on with the establishment
and growth of settlements because all settlers were required to build levees along their
property’s river front for flood protection. By the turn of the century. thousands of new
settlers were clearing lands and building levees where once the spring overflow had
spread unhindered across the lowlands. However. the higher and more continuous the
levees were. the higher the river rose in its narrowing flow-way.

As carly as 1726 efforts were made to deepen the channel at the river mouth for
sea-going commerce by dragging iron harrows over the bars. Navigation on the river
grew and developed with the settiement in the lower valley though on the river itself it
suffered difficulties. The introduction of steamboats on the Mississippi River system
between 1811 and 1817 accelerated navigation. and thus increased demand for river
improvement.

Beginning on December 16. 1811. and continuing through February 1812. a series
of earthquake shocks with an epicenter near New Madrid. Missouri. which was referred
to as the New Madrid Earthquake. introduced a great amount of sediment into the upper
reaches of the river combined with a severe disturbance of the channel bottom. causing
bar growth and navigation problems. During high flows this sediment was carried
downstream. and settled during low flows increasing the river bed elevation. thus causing
flooding.

By 1820 the period of discovery and settlement had come to an end. The
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Mississippi River was then entirely within the territorial limits of the United States.
From then on. national attention was directed to the improvement of the river. Federal
operations on the Mississippi River date from 1820. With the Act of Congress in 1824
the improvement of the Ohio and Mississippi rivers for navigation was authorized. Later.
navigation improvements were extended under the direction of the Chief of Engineers of
the United States Army.

In the year 1831 an artificial cutoff. which was proposed by Captain Shreve and
named after him. was constructed to improve navigation conditions at the mouth of Red
River. This cutoff was followed by a second artificial cutoff made at Raccourci Bend
several miles below the State of Louisiana in 1848.

Humphreys and Abbot of the Corps of Engineers in 1861 surveved the Lower
Mississippi. commonly known as the “Delta Survey™. and published their great study of
the Lower Mississippi under a book titled “Report upon the Physics and Hydraulics of the
Mississippi River: Upon the Protection of the Alluvial Region against Overflow and
Upon the Deepening of the Mouths™. The report discusses river hydraulics and the
effects of cutoffs. overflow basins. tributaries. outlets. levees. and crevasses. From the
study of results of field observations and measurements. a new formula was developed
for the determination of the flow of water in natural channels. An analysis was made of
three distinct methods for protection against overflow: first. by the cutting bends in the
river: second. by the diversion of tributaries and by artificial reservoirs and outlets: and
third. by confining the river to its channel thus forcing it to regulate its own discharge
(the levee system). Their scientific report stated that "levees only" was the solution to

valley flooding and suggested that other approaches were not feasible. A system of
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levees from the mouth of the Ohio River to Fort St. Philip. Louisiana. was recommended.
The Humphreys and Abbot Report remained as a guide to the Lower Mississippi River
improvements for about six decades. but subsequent events would reveal its
shortcomings.

The Civil War period was attended by a cessation of work on the river. Levees
were allowed to fall into disrepair and the floods of 1862. 1865 and 1867 did great
damage to the levee system. No navigation improvement was attempted. The vear 1867
marks the resumption of dredging operations at the mouth of the river. Perhaps the
greatest contributing reasons for the comparative lack of improvement were the scarcity
of funds and the Civil War.

The year 1879 marks the end of the period of Federal operations. The need for
improvement for navigation and flood control was generally recognized by the year 1879.
The necessity for coordination of engineering operations through a centralized
organization was also apparent. In 1879. the Mississippi River Commission (MRC) was
created to examine and improve the river to protect its banks. improve navigation. and
prevent destructive floods. @ The commission did some considerable channel
improvement. navigation. and flood control works.

After the disastrous flood of 1927. the “levees only™ approach was abandoned. In
1928. Congress directed the Corps of Engineers to develop a flood control system. which
would prevent such massive flooding from ever occurring in the future. More than 300
flood control plans were put forth. but Congress adopted the Jadwin plan. which was
proposed by General Edgar Jadwin. then Chief of Engineers. This plan suggested

floodways to divert peak flows and hold down stages in the main channel. and designing
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all works on a project flood™. a hypothetical flood derived from examining historic
rainfall and runoff patterns. The Jadwin Plan and its comprehensive approach to the
river's management resulted in the Mississippi River and Tributaries (MR&T) Project
authorized by the 1928 Flood Control Act.

The MR&T Project is one of the most complex and comprehensive water
resources projects in the world. The primary elements of the MR&T Project include
levees. channel improvement features (cutoffs. bank stabilization. dikes. revetment.
dredging. floodways. and diversion structures). and tributary basin improvements
(Biedenharn. 1995).

Levees were built to contain flood flows. extending from Cape Girardeau.
Missouri. nearly to the Gulf of Mexico. The levee protection was continuous except
where major tributaries enter the Lower Mississippi or where natural high ground makes
them unnecessary. The current construction program also consisted of strengthening and
raising. and in some cases extending the existing levees.

Cutoffs. constructed by the Corps of Engineers between 1929 and 1942. shortened
the river by about 150 miles in the reach between Memphis and Old River. and reduced
flood stages (Winkley. 1977). Fifteen artificial cutoffs were constructed above the mouth
of the Red and Atchafalaya Rivers. which is upstream of the study reach. The primary
purpose of the cutoff program was to improve the flood-carrying capacity of the river and
thereby significantly reduce the required levee heights. In this respect. the cutoff
program was a tremendous success in that it lowered stages to the lowest levels
experienced in modern time. However. there is still considerable controversy about the

long-term impacts of the cutoffs on the overall morphology of the system. A system of
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outlets was installed below the Red River to prevent overtopping of levees in this reach
of the river. There are advantages and disadvantages of the cutoffs on the lower
Mississippi River. The advantages are: (1) major reduction in flood profiles (flood-
carrying capacity increases). (2) lower frequency and shorter flood duration. (3)
shortening the navigation time and deepening the channel for easy navigation. and (4)
reducing the length of channel to be stabilized. The disadvantages are: (1) a major
dredging effort because of the increased stream velocities through the cutoff. (2)
structures located upstream may be adversely affected by the lowering of both the high-
water and low-water planes. and (3) excessive bank caving either in the reach or near it
because of the increased velocities.

The tendency of the river to regain the pre-cutoff length was curtailed by the bank
stabilization and channel improvement works. The kanks of the Lower Mississippi River
and its trnibutaries were stabilized to a desirable alignment. obtaining efticient flow
characteristics from the standpoints of flood control and navigation. Dikes were
constructed to confine the river to a single low-water channel. reducing excessive widths
and developing desired alignments for navigation. Revetments. consisting of huge
sections of concrete blocks joined together with wires. were built to help fix the channel
and protect nearby levees by preventing bank caving. Improvement dredging was
employed to adjust river flow patterns and maintenance dredging was employed to
deepen shallow channel crossings that tend to form during low water. Foreshore
protection was used primarily in the lower part of the river to laterally protect the
riverbanks from wave wash attack and other erosion. The MR&T also incorporates four

floodways that divert excess flows past critical reaches so the levee system will not be
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excessively loaded. For example. the Bonnet Carre' spillway diverts Mississippi River
water into Lake Pontchartrain to keep stages down in the vicinity of New Orleans.

One of the Corps™ greatest challenges has been building the Old River Control
Structures to regulate the diversion of the Mississippi River flow into the Atchafalaya
Basin. The initial Old River Structures were completed in 1963. The Auxiliary Structure
was added in 1986 to provide greater control and flexibility of operations. A low-head
hydroelectric power station slightly upstream of the Old River Structures came on line in
1990 (Biedenharn. 1995). Since the construction of these river contro! structures
sediment vield has been on the decline.

Dams. reservoirs. control structures. canals. and pumping plants on the tributaries
were constructed between 1953 and 1970 for flood control and drainage. These
structures on ihe tributaries and navigation locks on the upper Mississippi River have
served as sediment-retention structures. and resulted in a 64 percent decrease in
suspended sediment delivery to the Lower Mississippi River as compared to the period
prior to such construction (Keown et al.. 1981).

The channel improvement work on the Lower Mississippi River and its tributaries
is approximately 85 percent complete and the scheduled completion date is March of

2010 (Biedenharn and Watson. 1997).

3.2. DESCRIPTION OF THE STUDY REACH

The study area is located just upstream of the Mississippi and Louisiana state
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border line on the Lower Mississippi River (LMR). which is between the Tarbert and
Union Point stations and is about 20 miles in length (see Figure 1.1 on page 7). The river
in this section has an average slope of 3.78x107°. and the depth of the River in this section
ranges approximately between 10 and 34 meters.

Flow in the studied reach of the LMR is mainly regulated by the Old River
Control Complex (ORCC). which became operational in 1963. The construction of the
ORCC is one of the primary elements of the Mississippi River and Tributaries (MR&T)
Flood Control Project. which was initiated by the Flood Control Act of 1928 to provide
flood control and navigation improvement for the LMR.

The main components of thc Old River Complex include the Low Sill Structure
(1963). the Auxiliary Structure (1986). and the Hydroelectric Power Station that came on
line in 1990 (Biedenharn. 1995) (see Figure 1.1 on page 7). The primary reason to
construct these structures is to control and regulate the flows from the Mississippi River
into the Atchafalaya River. thereby preventing the capture of the Mississippi River by the
Atchafalaya River. Prior to construction of these structures. the percentage of flow from
the Mississippi into the Atchafalaya had been steadily increasing because the distance to
the Gulf of Mexico via the Atchafalaya route is about one half the distance to the Gulf via
the Mississippi route. which gives a definite hydraulic advantage to the Atchafalaya route
(see Figure 3.1). Therefore. there was a big concern about the capture of the Mississippi
River by the Atchafalaya River.

To maintain stability on both rivers the distribution of water and sediment into the
Lower Mississippi and Atchafalaya Rivers is controlled by allowing 30 percent of the

combined flow from the Mississippi and Red Rivers to flow into the Atchafalava River.
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Figure 3.1. Comparison of the distances to the Gulf of Mexico via the Lower Mississippi

and Atchafalaya Rivers.

In addition to controlling the flow split at this location. these structures play an important

role in determining the sediment distribution to both rivers. The complex also provides a
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navigation connection between the Mississippi River and the Atchafalaya and Red rivers
(Catalyst-Old River. 1999).

The primary water and sediment discharge monitoring station for this reach of the
Mississippi River is the Tarbert Landing station. which is located just downstream from
the Old River Control Structures at river mile 306. The U.S. Army Engineer District.
New Orleans. computes daily sediment and water discharge at this station. The Old
River Structures are operated as necessary to ensure that the discharge at New Orleans
does not exceed 35.396 m’/s (Catalyst-Old River, 1999).

Any down-river changes that are observed in the discharges of suspended
sediment represent deposition of material onto the riverbed or re-suspension of material
from the riverbed. On a net basis. sediment is neither stored nor re-suspended at the
average water discharge. At less-than-average water discharge. the suspended load
decreases down the reach: sediment is being dropped by the flowing river and stored on
the riverbed. At greater-than-average water discharge. the sediment load increases down
the reach: at least part of the previously stored sediment is being re-suspended from the
riverbed. The short-term pattern. therefore. shows sediment being deposited and stored
on the riverbed at lower flows and being re-suspended and flushed out on higher flows

(Meade and Parker. 1985).
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Chapter 4. FIELD DATA COLLECTION

This chapter provides the sources of the field data used for the current study and
describes the equipment and procedure used to collect the field data. First. in section 4.1.
the sources of the field data used in the current study will be provided. and then in section
4.2 a brief description of the methods used to collect the field data. the data collection

procedure. and the description and capabilities of the equipment used will be explained.

4.1. FIELD DATA SOURCE

The data in this study come from a comprehensive study at the Old River Control
Complex (ORCC) by the U.S. Army Engineer Waterways Experiment Station (WES) and
the New Orleans District of the U.S. Army Corps of Engineers (NOD) in 1998. The
WES and the NOD were provided with funding by Louisiana Hydroelectric Power to
provide an engineering analysis of the hydraulics and sediment transport characteristics
associated with the diversion structures and the adjacent Mississippi and Atchafalaya
rivers. To achieve this goal. the WES and the NOD started a data collection program.
This program was initiated to provide a database for studies leading to a better
understanding of the basic principles controlling water and sediment transport. The
major study assignments and components were specific gage and slope analysis. sediment

and flow analysis. channel geometry analysis. and integration of the above (Catalyst-Old
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River. 1999).

The data collection program included 2 boats. each of which contained an
Acoustic Doppler Current Profiler (ADCP). US P-63 suspended sediment sampler. drag
bucket. electric winch. Price meter. and recording fathometer (depth sounder). The boat
provided by WES could not be outfitted to deploy a P-63 sediment sampler and Price
current meter: therefore. it could only obtain velocity profile data with the ADCP
(Catalyst-Old River. 1999). The ADCP was used to obtain the velocity magnitudes and
directions. and river discharges at the specified cross-sections. The suspended sediment
concentrations were measured using U.S. P-63. and drag buckets were used to obtain bed
material gradation samples.

Field sediment and flow data were collected at a couple of stations on the Lower
Mississippi. Red. and Atchafalaya rivers. seven of which were on the Mississippi River.
However. in this study only four out of the seven stations on the Lower Mississippi River
will be used: namely. Union Point. Line 13. Line 6. and Tarbert Landing (see Figure 1.1
on page 7). Besides velocity intensities and directions data and sediment data. the
following conditions and quantities are reported for each of these four locations: the river
condition. the time of the measurement. the weather condition. the river discharge and
water temperature measurements. and water elevation readings. All data used in this
study are detailed in Appendix B (see Table B.1 through Table B.12). All suspended
sediment data are provided in Table B.l1 through Table B.4. all velocity and flow
direction data in Table B.5 through Table B.8. and all bed material data in Table B.9

through Table B.12.
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4.2. DATA COLLECTION METHODS

4.2.1. Flow Data Sampling Method

Accurate velocity and discharge measurements of large rivers have been a
problem for many years. These measurements were difficult. time consuming. and
sometimes dangerous. To eliminate the problems mentioned above. a new measurement
technique and equipment was necessary: therefore. the U.S. Geological Survey has
developed a technique which uses an Acoustic Doppler Current Profiler (ADCP). This
technique was first used to make discharge measurements from a moving boat on the
Lower Mississippi River at Baton Rouge. Louisiana. in 1982, The ADCP-measured
discharges differed less than 5 percent from the simultaneous conventional discharge
measurements. which was encouraging (Simpson and Oltmann. 1993). Over the past two
decades. Acoustic Doppler Current Profilers have greatly expanded the ability to make

detailed flow measurements in challenging field applications.

4.2.1.1. Description of the ADCP

The ADCP is an electronic instrument which is used in combination with some
other instruments. such as sensors and data-processing equipment. to make flow

measurements. The ADCP is an accurate. reliable and easy-to-use high-performance
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current profiler. [t has an acoustic frequency of 600 kHz (kilohertz). profiling range of
3 — 67 meters. and velocity range of * 10 meters per second. The profiling range of an
ADCP is determined by the acoustic frequency and the conditions in the water:
specifically. the amount of suspended material present (RD Instruments. 1989).

The ADCP includes four transducers. each of which is 17.1 centimeters in
diameter. and a thermistor. Transducers are positioned 90° apart horizontally and
directed downward into the water column at an angle of 30° from the vertical. The
thermistor is used to calculate the speed of sound in water (Simpson and Oltmann. 1993).

The ADCP uses a Doppler effect to measure vertical profiles of water velocities
from a moving boat. The transducers transmit pulses of high frequency sound into the
water. Transducers are constructed to generate a narrow beam of sound where the
majority of energy is concentrated in a cone only a few degrees wide (see Figure 4.1).

As the sound travels through the water. it is reflected in all directions by
particulate matter (sediment. biological matter. bubbles. etc.). Some portion of the
reflected energy travels back along the transducer axis toward the transducers where the
processing electronics measure the change in frequency. If the particles are moving
toward the instrument the reflected sound pulse will have a higher frequency than the
originally transmitted pulse. Conversely. if the particles are moving away from the
instrument the reflected pulse will have a lower frequency. This is known as the Doppler
shift. and it allows the determination of flow velocity along the acoustic beam path
(Oberg and Mueller. 1994).

The ADCP has a region immediately in front of the transducers. which is called

the blanking region. where no measurements can be made. This region is required for the
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transducers and electronics to recover from the high energy transmit pulse. The blanking

distance is a function of the acoustic frequency (Simpson and Oitmann. 1993).

 J

DEPTH BIN FORWARD

>
BEING MEASURED

STARBOARD

Figure 4.1. Beam configuration of the ADCP (Simpson and Oltmann. 1993).
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The best characteristics of making a discharge measurement with an ADCP are
high speed. high accuracy. and simple operation. With an ADCP mounted on a boat. a
large number of velocity and discharge measurements can be achieved in a couple of
minutes with an accuracy of about 98 percent. The ADCP can be used to make flow

measurements wherever a boat can travel. provided the water is not too shallow.

4.2.1.2. Comparison of ADCP Techniques with Conventional Methods

Comparison of the ADCP techniques with the conventional methods such as a
Price or other point-current meter can be made by considering the time required to
complete a measurement. quality and quantity of data collected. functionality. and cost.
There are advantages and disadvantages of making flow measurements using the ADCP
compared with conventional methods. the advantages being greater than the
disadvantages (Lipscomb. 1995).
The primary advantages follow:
e The time required to complete a measurement is reduced. Because traditional
discharge measuring techniques with standard current meters would have taken such
a long time to complete measurements at one transect. it would have been difficult to
measure velocities and discharges at several transects with extensive floodplains
during the peak of the flood. With an ADCP these measurements are done in a very

short amount of time.
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e Data can be collected throughout the water column and cross-section rather than at
discrete points. The ADCP gathers far more velocities than conventional discharge
measurement devices in the same amount of time: this considerably increases the
resolution of the velocity profiles.

e Taglines or other stationing devices are unnecessary because the instrument keeps
track of the distance traveled. provided the bed is stable. Frequently. velocity and
discharge measurements cannot be made in tide-affected rivers using conventional
measurement techniques because of dynamic conditions in the river. If a suitable
bridge is not available from which to make conventional current-meter
measurements. a tagline is suspended across the river and a small boat is attached to
the tagline (use of a tagline is generally restricted to channels with widths of 250
meters or less). The boat then traverses the river cross-section. stopping at 25 or
more positions where depth and two or more velocity measurements are made.
Measurements of this type usually take 1 hour or longer. while the tagline poses a
significant navigation hazard. The tagline often must be dropped to permit passage of
boat traffic. thereby increasing the duration of the measurements and increasing the
chance for accidents.

e The ADCP can be boat-mounted. thus eliminating the installation. maintenance. and
liability of costly cableways.

The primary disadvantages follow:
e The ADCP instrument has a high initial cost.
e The ADCP doesn’t function well in shallow water conditions.

e Because of its complexity. the ADCP measurement requires an in-depth
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understanding of the physics. electronics. and software of the system prior to use.
e Because the ADCP is a new technology. frequent revisions to hardware. firmware.
and software are required to improve the accuracy.

The final result is that in the time required for one conventional discharge
measurement. one could take 5 to 20 times as many discharge measurements with the
ADCP. Now you can observe the variability of the discharge over short time scales or. if
the flow is steady. average a few ADCP discharge measurements together to achieve
even higher accuracy. The freedom from taglines or other fixed positioning equipment
allows one to measure in locations that were previously impractical or impossible.

In brief. acoustic techniques to measure the suspended sediment transport
parameters are a much better method than traditional techniques. The acoustic method
has a high resolution and accuracy (Adams et al.. 1998). Because the high resolution and
accuracy are important in sediment transport because of the complex nature of the
transport phenomena. it is essential to use acoustic methods to collect stream velocity

data.

4.2.1.3. ADCP Data Collection Procedure

Flow data for all flow events were obtained by using the Acoustic Doppler
Current Profiler (ADCP) (see Figure 4.2 and Figure 4.3).
The ADCP made measurements at 20-23 verticals across each of the four cross-

sections. [t took about 10 minutes for the ADCP 1o gather data at each vertical. The
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Figure 4.3. Perspective view of the Acoustic Doppler Current Profiler (ADCP).

ADCP and Price meter were operated at the same time only every 4 verticals. which
makes Price meter measurements only at 5 verticals. Price meter readings were obtained
at 5 depths (20. 40. 60. 80. and 98 percent) of the overall depth. Fathometer depth

readings were done at the same verticals as the Price meter readings over the same time
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period (Catalyst-Old River. 1999).

The ADCP and Price meter were operated at the same time to obtain data values
proper to make comparisons of the variables. The comparison of both methods was done
only at Union Point station for five flow events from February to May. Figure 4.4
illustrates discharges both obtained by the ADCP and Price meter at different water

temperatures. For comparison purposes the reported discharges are also shown in the

same graph.
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Figure 4.4. Comparison of the ADCP. conventional and reported discharges at Union

Point.
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Price meter velocities represent a single point velocity value at a particular depth
and averaged over a 120-second time period. The ADCP data were recorded
continuously during the time required to complete the Price meter vertical profile at 5
different depths (Catalyst-Old River. 1999).

The ADCP measures the velocities over a short period of time. so velocity
fluctuations could be expected (Admiraal and Demissie. 1995). To make sure that the
ADCP readings are not biased. a complete circuit of the river (crossing the river twice)
was performed (Catalyst-Old River. 1999).

The water velocity at each depth of a velocity profile was determined with respect
to the boat velocity: therefore. the accuracy of the measured boat velocity is important.
The ADCP measured the boat velocity relative to the river bottom by using a flux-gate
compass and the results of measurements of the Doppler shift of acoustic pulses reflected
from the river bottom. In order for measurement of the boat velocity to be correct. the
ADCP signal must penetrate through the channel bed load to the fixed river bottom. In
addition to measuring boat velocity. the ADCP measured the depth of the river by
measuring how long it took for an acoustic signal to be reflected off the channel bottom
(Gordon. 1989).

The ADCP cannot measure water velocities near the top and bottom of the water
column. The velocity measurements near the top cannot be made because of the physical
characteristics of the ADCP. such as the transducer draft and blanking distance. The
reason for not being able to measure water velocities accurately near the bottom is the
contamination of the acoustic signals in the lower part of the water column because of the

interference of vertical side lobes. Although the ADCP transducers concentrate most of

77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the acoustic energy in a narrow beam. some energy is transmitted in all directions. A
portion of this energy takes a direct path to the boundary: this is called side lobe energy
and the reflections are called side lobe interference. Although side lobe energy levels are
much lower than the main beam. the boundary reflection is much stronger than the
reflection from particles in the water and can potentially bias velocity measurements.
Side lobe interference may affect the bottom 10-15 percent of the velocity profile. The
extent to which the side lobe reflection may contaminate the velocity measurements is a
function of the boundary conditions. the scattering return strength from the water. and the
acoustic properties of the transducers. There is always a potential for side lobe
interference. and any near-boundary data should be analyzed carefully (Simpson and
Oltmann. 1993).

A power law was used to construct a curve fit of the data. and velocities outside
of the measurement range were extrapolated. Data does not always take on a power law
form. so estimates of top and bottom discharge can be erroneous. However. velocity
profiles of this type are not common in the main channel of the river. and most velocity
profiles are well presented by the power law (Oberg and Mueller. 1994).

To be consistent with the suspended sediment data. the distribution of the
horizontal velocity vector intensities and directions were reported only along four chosen
verticals: the same ones that were used for collecting suspended-sediment samples (see
Figure 4.5).

Each velocity vector intensity and direction value. reported for a particular point
on a particular vertical. is the average of the value at the particular point and five or eight

surrounding points. The ensemble averaging. instead of time averaging. was introduced
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Figure 4.5. Locations of the four sampling verticals at Union Point.

to eliminate significant randomness in measured velocities caused by the ADCP high
frequency sampling (1 - 3 seconds per vertical). The profile of water velocity is divided
into range cells. where each cell represents the average of the return signal for a given
period of time. The velocity intensity and direction data are provided with about 0.5 m
increments along each vertical (see Figure 4.6).

Figure 4.6 is obtained using Table B.6 in Appendix B. Similar graphs at different
verticals of all cross-sections can be attained using the flow data in Table B.5 through
Table B.8 in Appendix B. Velocity and depth data were used to compute the individual

subsection discharges. Finally. the ADCP software with a discharge computation
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Figure 4.6. Flow velocity intensities and directions at the 4™ vertical at Line 13.

algorithm was used to estimate discharges in the shallow regions that could not be
measured. then total river discharge was computed by adding all the measured and
estimated (unmeasured) discharges. Velocity. depth and discharge measurements were
done simuitaneously (Lipscomb. 1995). Figure 4.7 demonstrates the total water
discharges at all cross-sections for all flow events. According to the figure below. the
ADCP discharges for the individual locations are almost same for flow events between
February 27 and April 17. 1998, but there is a drastic decrease in ADCP discharges after
May 8. 1998 event. Due 1o the existence of control structures in the study reach. the
ADCP discharges decrease by approximately 15 to 20 percent between the Union Point

and Line 13 locations and by approximately 5 to 10 percent between the Line 13 and Line
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6 locations. and stay almost the same thereafter. These changes in the Lower Mississippi
River flow discharges in the study reach confirm the earlier statement that about 30
percent of the Lower Mississippi water flows into the Atchafalaya River through the
outflow channel. Moreover. water temperatures are equal at all locations. and increase

between the February 27 and August 3. 1998 flow events.
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Figure 4.7. The ADCP discharges for all flow events at all locations.

4.2.2. Suspended Sediment Sampling Method

The measurement of suspended sediment. particularly in field settings. is important in the
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documentation of sediment transport and deposition 10 cope with the problems
originating from the existence of sediment in streams. Many measurement techniques to
measure sediment transport parameters. such as suspended sediment concentration. have
been used with varying degrees of success. Some of the sediment concentration
measurement methods include suspended sediment samplers. suction pumps. siphons.
grab samplers. and optical measuring systems (Adams et al.. 1998). Suspended sediment
concentrations in this study were determined with a common depth-integrating discharge-

weighted sampler. the US P-63 (see Figure 4.8).

Figure 4.8. The US P-63 (Point-integrating suspended sediment sampler).

Even though the operating mechanism in the US P-63 is the same as the US P-61.

they differ mainly in size and weight. Because the US P-63 is larger and heavier than the
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US P-61. it is better in large river environments with greater depths and higher velocities
(Federal Inter-Agency Committee. 1963).

The US P-63 is an electrically operated cast bronze suspended sediment sampler.
It weighs about 90.7 kilograms. and is 86.4 centimeters in length. The US P-63 can be
used both as a point- and a depth-integrating sampler because the sampler head contains
an electrically operated sampling mechanism. The sampling is controlled by an
electrically operated. two-position rotary valve. The sample container is either a 1-pint or
I1-quart round milk bottle. The maximum sampling depth is 35 meters with a pint sample
container and 37 meters with a quart container (Federal Inter-Agency Committee. 1963).

The US P-63 has a specifically designed intake nozzle. which is 4.8 millimeters in
diameter. The nozzle is cut and shaped so as to ensure that the velocity in the nozzle is
the same as the stream-flow velocity. provided that the nozzle is oricnted parallel to the
flow direction with the help of tail vanes. in order to collect a sample representative of
the mean discharge-weighted sediment concentration. Because of the design of the
sampler. the US P-63 samples the water-sediment mixture from the water surface to
within a zone close to the riverbed. which is about 8-9 centimeters apart from the
riverbed (Edwards and Glysson. 1988).

Because of the extreme difficulty of calibration. suspended-load samplers
generally are assumed to have a sampling efficiency of 1.0. that is. perfect efficiency.
Sampling efficiency is the ratio of quantity of sediment trapped in the sampler to the
quantity of sediment the stream actually would transport at the same time and place had
the sampler not been there. Inaccuracy in the measured suspended sediment load can

arise from sampler inefficiency. improper sampling in the vertical. and errors in
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measuring water discharge. Possibly a more serious problem arises in determining the
average transport rate for the entire cross-section from a group of verticals. This problem
results from hydraulic causes and natural fluctuations in sediment concentrations. both
spatially and temporally. These fluctuations can vary by several orders of magnitude
(Guy and Norman. 1970).

As mentioned earlier. four cross-sections. namely Union Point. Line 13. Line 6.
and Tarbert Landing. are analyzed in this study. To obtain suspended sediment data. four
verticals at each cross-section were chosen. The verticals in most cases were equally
spaced across the stream. using a method known as the equal transit rate or equal width
increment. For each vertical. samples were taken at six locations representing 10. 30. 50.
70. 90. and 98 percent of the total depth. Thercfore. there are twenty-four point
suspended sediment samples at each cross-section. Suspended sediment samples
generally contained a significant amount of silt and clay and fine sand. some amount of
very fine and medium sand. and very little coarse sand. Suspended sediment samples
were processed to obtain vertical suspended sediment concentration profiles by size class
for each of the chosen verticals. Suspended sediment concentration results are published
in milligrams per liter (mg/l). Measured suspended silt and clay concentration is nearly
uniform at each location. averaging approximately 250 mg/l. Measured suspended sand
concentration. however. indicates significant variation in both the vertical and lateral
directions. Figure 4.9 shows a sample suspended sediment concentration profile.

Each zone has a respective area. average concentration. and velocity. The unit
suspended sediment discharges for each zone are computed by using the modified

Einstein procedure. and then summed over all the zones to compute total unit suspended
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sediment discharge for each cross-section.
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Figure 4.9. Suspended sediment concentration profile at a vertical at Line 13.

The suspended load being transported was computed as the product of the
concentration and the local velocity based upon the individual measurements of
concentration and velocity at the sampling point (see Figure 4.10). In the figures below.
it seems like the suspended sediment concentration profile and the turbulent velocity
profile are mirror images of cach other. That is. the turbulent flow velocities are low at
points of high suspended sediment concentrations. and high at points of low suspended
sediment concentrations along a vertical. For example. the turbulent flow velocity is low

near the riverbed. where the suspended sediment concentration is high. and is high near
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the water surface. where the suspended sediment concentration is low.
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Figure 4.10. Calculation of the suspended sand discharge from the product of the sand

concentration and flow velocity profiles.

4.2.3. Bed Material Sampling Method

Bed material samplers. as first developed. may be divided into three types: the
drag bucket. grab bucket. and vertical pipe (Vanoni. 1975). Samples of bed material in
this study were collected with a drag bucket. Figure 4.11 illustrates a drag bucket (bed
material sampler) and a US P-63 (suspended sediment sampler) mounted on a boat. The
drag bucket sampler consists of a weighted section of a cylinder with an open mouth and
a cutting edge. As the sampler is dragged along the bed. it collects samples from the top
layer of the bed material.

One disadvantage of using a drag bucket is that it is likely to permit fine material

to be washed out as the sample is taken and then raised through the water column. Using
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a drag bucket can give a good result for gravel-size material gradation.

US-P63

Drag
Bucket

Figure 4.11. Drag bucket and US P-63 in the field.

Bed material samples are generally collected in conjunction with a set of
suspended sediment samples. Four bed material samples were collected at bed surface
locations corresponding to the same four chosen verticals for suspended sediment
samples. Bed material samples generally contained a significant amount of sediment
with a diameter smaller than Imm (predominantly grain diameters varying between 0.125
and 0.5 millimeters). and only a small percentage of sediment with a diameter larger than
I millimeters. Table 4.1 provides the percent average amount of bed material for all flow
events at all locations. This table shows that the bed material is mostly composed of
medium and fine sand fractions. medium sand fraction being the most. It also shows that
there is only little coarse and very fine sand fraction. and almost negligible amount of

very coarse sand fraction at the riverbed.
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Table 4.1. Average percent bed material by sand size fraction at all locations.

Percent Bed Matenal

Location | VCS | CS | MS | FS |VFS
uP 1.1 | 52 ]47.0/42.3] 1.9
L13 11 | 86 (477|376 24
L6 0.2 | 40/570]36.2]| 2.4
T 02 | 47 1|569137.11 1.0

Bed material samples were processed to obtain the bed sediment size distribution

at the bed surface location of each vertical (see Figure 4.12).
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Figure 4.12. Bed material size distribution for February 27. 1998 event at Line 13.
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Chapter S. DATA ANALYSIS

This chapter provides an extensive analysis of the field data collected by the U.S.
Army Engineer Waterways Experiment Station (WES) and the New Orleans District of
the US. Army Corps of Engineers (NOD) at a reach near the Old River Control
Structures Complex on the Lower Mississippi River in 1998. The purpose of the analysis
was to determine whether the water temperature has any effect on the sediment
movement processes. and the Coriolis effect on the flow direction in the Lower
Mississippi River.

To understand how the water temperature affects the sediment distribution and
transport by flowing water. and how the flow direction is affected by the Coriolis force. it
is important to know the effects of water temperature. and the Coriolis force on
parameters affecting both the water and sediment movement characteristics. There are
many factors affecting the water and sediment transport characteristics in the Lower
Mississippi River. which include all effective geometric. flow and fluid characteristics.
and the properties of the sediment itself. As the sediment transport rate is the product of
the vertical flow velocity and sediment concentration distributions. it is necessary to have
reliable information on how the water temperature affects the vertical distributions of
both the flow velocity and sediment concentration in the Lower Mississippi River.

The effect of water temperature on the vertical distribution of suspended sediment
concentration and the transport of suspended sediment was sought in both direct and

indirect ways. In the direct analysis. both the suspended sediment concentration and
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transport values were compared at different water temperature values. [n the indirect
analysis. on the other hand. first the effect of water temperature on the main parameters
(i.e.. the fall velocity of sediment particles. the kinematic viscosity of water. and the von
Karman parameter) affecting the suspended sediment concentration and transport was
searched. and then these effects were employed (i.e.. by evaluating the change in Rouse
number) to investigate the water temperature effect on the suspended sediment
concentration and transport. The Coriolis effect on the flow direction was investigated by
comparing the calculated and measured flow direction angles.

This chapter is mainly divided into four sections. The analysis of the effect of
water temperature on the flow velocity in section 5.1 and on the sediment flow in section
5.2 is made. In section 5.3. a sample application is provided to demonstrate the
difference between the measured and calculated sediment concentrations by size fraction.
Finally. in section 5.4. the analysis of the Coriolis effect on flow direction is

accomplished.

S.1. EFFECT OF WATER TEMPERATURE ON FLOW

VELOCITY, v,

Flow velocity depends highly on the fluid properties such as viscosity. bed
roughness characteristics such as type of bedforms on the riverbed. and turbulence

characteristics such as the von Karman parameter. Therefore. the effect of water
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temperature on afore-mentioned properties is the main reason for velocity profile change
with water temperature. Because of the lack of bedform data in the study area. only the
analysis of the effect of water temperature on water viscosity and the von Karman
parameter was made first. and then the effect of water temperature on the vertical
distribution of velocity profiles was analyzed based on the changes in water viscosity and
the von Karman parameter with water temperature. Afterwards. a visual representation
of the difference between velocity profiles at different water temperatures is

demonstrated.

S.1.1. Water Temperature Effect on Kinematic Viscosity of Water,

Water viscosity results fundamentally from the cohesion and interaction between
the water molecules. It opposes flow motion. Any pressure and temperature change
affect the water viscosity. the pressure effect being to a negligible extent only.

Figure 5.1 based on Vanoni's 1970s experimental data clearly shows how the
water temperature affects the kinematic viscosity of water. Figure 5.1 illustrates that the
kinematic viscosity of water decreases considerably as the water temperature increases.
However. there is an exponential decay of the effect of water temperature on the water
viscosity towards the high water temperatures.

The existence of suspended sediment in the flow is also expected to change the

viscosity of water. Because of the negligible suspended sediment concentrations in the
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study area of interest. it was assumed that the viscosity of sediment-water mixture is
approximately equal to the viscosity of water. v =v.

Based on Eq.2.8. which is the velocity distribution equation in a turbulent flow.
one can conclude that a decrease in kinematic viscosity with an increase in water
temperature causes an increase in flow velocity. This means an increase in water
temperature results in an increase in flow velocity. In the range of water temperature in
the study reach. on average. there is approximately 1.9 percent decrease in the kinematic

viscosity of water with a 1 °C increase in water temperature.
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Figure 5.1. Water temperature effect on the kinematic viscosity of water.
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5.1.2. Water Temperature Effect on von Karman Parameter, x

The von Karman parameter. x. is a measure of the slope of the local velocity
profile (see Figure 2.2 on page 20). To investigate the behavior of the von Karman
parameter. x . under real conditions it is necessary to calculate the value of x from
measured velocity distributions. When measured velocity profiles are plotted as a
straight line on semi-logarithmic paper. the average slope of the line represents the value

of the von Karman parameter for a sediment-laden flow (see Figure 5.2).

20 -
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V., /e 220526 Ln{u 2/v)- 10 445

10 - o
. R =08145
«z1720526=04872
5 -
i
r
0 ! —p— 1
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Figure 5.2. Obtaining the von Karman parameter from a velocity profile.
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In analyzing the suspended sediment data. the von Karman parameter. «. is

determined from the velocity distribution according to the following equation:

K=1/m (Eq.5.1)

where m is the slope of the semi-logarithmic velocity profile. and expressed as follows:

_ diV /u.)
_dln(u. z/v)

(Eq.5.2)
in which «. is the shear velocity and v is the viscosity of water. The shear velocity. u..

is obtained using the following equation:

u. =\/ghs, (Eq.5.3)

where g is the gravitational acceleration. 4 is the flow depth. and S, is the riverbed
slope.

In clear-water flows. the value of x is commonly assumed to be a constant and
equal to 0.4. In the presence of sediment in the flow. x is not really a constant and its
value can be influenced by factors such as sediment concentration. €. and characteristic
bed roughness height. k. However. there have been some conflicting ideas about how

the changes in ' and &, affect the value of . Besides the effect of (" and &, . water

temperature also has an influence on the value of « .
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In this study. the effect of water temperature on the value of x is sought by
observing the changes in the value of « for different flow events with different water
temperature values from the field data. The values of the von Karman parameter at all
verticals at all locations are obtained from the slope of the logarithmic velocity profiles
and are provided in Table 5.1. The majority of the x values given in Table 5.1 are
positive and there are only a few negative a values. Therefore. it is assumed that the von
Karman parameter. x . takes positive values. and negative values of & are disregarded in

this study.

Table 5.1. Values of the von Karman parameter at all locations.

CROSS FLOW EVENT

SECTION |VERTICAL] 27-Feb  23-Mar 10-Apr 17-Apr 8-May 9-Jun 3-Aug
Union Paint \4 08184 | 04247 09555 | 08349 | 04749 | 05748 | 02827
\Z 032688 | 06125 | 04337 | 02602 | 0.3118 | G 2381 0.7301
V3 02874 | 02070 | 0.2651 04445 | 05966 | 02928 | 0.4266
V4 04267 | 04165 | 0.5001 0 2481 03639 | 04822 | 03375
Line 13 V1 06809 | 07537 | 08295 | 05397 | 05018 | 05696 | 32613
V2 02117 | 029% | 02720 | 02018 | 0.2064 | 05651 05382
V3 02782 | 02905 | 50665 | 06220 | 33953 | 03535 | 05180
V4 04872 | 0297 14415 | 05164 1.1145 | 05253 | 0.5090
Line 6 V1 03868 | 03181 0.3751 02788 N/A 02562 | 05007
V2 03244 | 03293 | 08891 02773 N/A 04236 | 05062
V3 03821 05140 | 0.2824 | 05704 N/A 04374 | 04680
V4 05046 | -22182 | 0.7064 12714 N/A | -24 4309 | 0.6208
Tarbert V1 04547 | 08524 | 0.8033 11037 | 07734 | 05703 | 05169
V2 15453 | 06690 | 03065 | 03490 | 028687 | 03466 | 0.3599
V3 04648 | Q1708 | 02768 | 18484 | 07585 | 03931 0.3059
\Z 08073 | 02264 | 05698 | 03178 | 02600 | 04353 | 04473

To obtain the effect of water temperature on the von Karman parameter. first the
von Karman parameter values at specific cross-sections at different flow events. which

have approximately the same flow discharges. were compared by using the multiple
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regression analysis. In the multiple regression analysis. the von Karman parameter. .

depends on both the water discharge. (). and water temperature. 7 . as following:

K=cQ"'T" (Eq.5.4)

in which ¢ is a constant. and ¢, and ¢, are the exponents of the water discharge and

water temperature. respectively.

Table 5.2 below provides the values of the exponents ¢,, and ¢, at Union Point.

Line 6. and Tarbert locations.

Table 5.2. The values of ¢,, and ¢, showing the relationship between the von Karman

parameter. «x . and water temperature. 7 .

Location Union Pont Line 6 Tarbert

Flow Event 23-Mar | 17-Apr | 27-Feb | 17-Apr | 23-Mar | 10-Apr] 23-Mar | 10-Apr

Temperature °C) 9 16 9 16 9 16 9 16

ADCP Q (m’/s) 30,092 | 30,265 | 22,174 | 22,571 | 23,500 | 24,239 | 24,388 | 23,989 Average|
€Q -0033 -0 024 -0 129 -0 048 -0 058
et 0029 0367 0518 0245 0290

Since the purpose of the analysis herein is to figure out the water temperature
effect on the von Karman parameter. the effect of water discharge on the von Karman
parameter is eliminated by choosing the flow events that have approximately the same
ADCP flow discharges (see Table 5.2). Based on Table 5.2. on average. the von Karman

parameter. x . is directly proportional to the water temperature. 7 . In other words. when
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the water temperature is increased. the value of the von Karman parameter increases. For
instance. when the water temperature is increased from 9 to 16 °C (water discharge being
constant). there is approximately 15 percent increase in the von Karman parameter.
Moreover. the effect of water temperature on the von Karman parameter is sought
graphically (see Figure 5.3). Figure 5.3 is obtained from the von Karman parameter
values calculated for February 27. March 23. April 10 and April 17 events at Union Point
station because the flow discharges for these events are approximately equal. eliminating

the flow discharge effect on the von Karman parameter.

Union Point
February 27 - \pril 17
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=
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00 — ———— — - - - - =
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Water Temperature, T (°C)

Figure 5.3. The effect of water temperature on the von Karman parameter for

approximately same discharge events at Union Point.
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As it is obvious from the above figure. the average value of the von Karman
parameter increases with water temperature. Similar trends are obtained for other
stations (l.ine 13. Line 6 and Tarbert) also (see Figure C.1 through Figure C.3 in
Appendix C). In all of these figures the average value of the von Karman parameter is
higher than the clear-water value of 0.4. averaging about 0.53 at 9 °C and 0.61 at 16 °C.

The von Karman parameter versus the water temperature for all events at all
locations are also plotted and are shown in Figure 5.4. In Figure 5.4. the trendlines show
that the average value of the von Karman parameter tends to decrease with increasing
water temperature at Union Point and Tarbert stations. and increase with increasing water
temperature at Line 13 and Line 6 stations. The difference in trendlines at different
locations in Figure 5.4 indicates that there might exist other flow parameters (i.e. flow
discharge. bedforms and secondary currents) that might affect the von Karman parameter.

The analysis herein shows that the von Karman parameter. & . is not a constant
and slightly increases with an increase in water temperature. 7. On average. there is
about 2.14 percent increase in the von Karman parameter for every 1 °C increase in water
temperature. Also. the value of the von Karman parameter is always higher than its value
of 0.4 in clear-water flows.

Another obvious conclusion that can be deduced from the Figure 5.4 is that in
flows with low temperatures the von Karman parameter has a higher variability than that
in flows with warmer water temperatures. To demonstrate this more clearly. the standard
deviations of the von Karman parameter for all water temperatures are calculated first.

Then. the average values of the standard deviations of the von Karman parameter for
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Figure 5.4. The effect of water temperature on the measured von Karman parameter for

all locations.

each water temperature are determined (see Figure 5.5). Figure 5.5 indicates that the
deviation of the von Karman parameter from an average value is small in warm
temperatures. which tells us that the von Karman parameter can be defined more
accurately in flows with higher water temperatures. More specifically. during the
summer season the value of the von Karman parameter does not fluctuate as much as that
during the winter season. Moreover. the value of the von Karman parameter is more
accurately predictable in warm water flow than that in the cold one. This might be
because of the fact that the turbulent velocity profiles during the winter are more uniform

than those during the summer.
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Figure 5.5. Average standard deviation of the von Karman parameter with water

temperature at Union Point and Tarbert locations.

5.1.3. Comparison of Velocity Profiles at Different Water Temperatures

To visualize the effect of water temperature on velocity profiles. only the flow
events that have almost the same flow discharges are selected for comparison. For
example. March 23 & April 17 flow events at Unjon Point. February 27 & April 17 and
March 23 & April 10 flow events at Line 6. and March 23 & April 10 flow events at
Tarbert have approximately the same flow discharges (see Figure 5.6 through Figure 5.9).

Comparison of the velocity profiles at different water temperatures at all verticals for the
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Figure 5.6. Water temperature effect on flow velocity profiles at Union Point.
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Figure 5.7. Water temperature effect on flow velocity profiles at Line 6.
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Figure 5.8. Water temperature effect on flow velocity profiles at Line 6.
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Figure 5.9. Water temperature effect on flow velocity profiles at Tarbert.
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above specified flow events and locations indicate that the flow velocity increases.

decreases or stays almost the same at different verticals (see Figure 5.6 through Figure

5.9).
verticals.

indicated by bold-filled marker styles.

However. in general. the flow velocity decreases with water temperature at most

In the above graphs the flow velocities at warmer water temperature are

The relationship between the turbulent flow velocity and water temperature is

shown in Figure 5.10.
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Figure 5.10. The effect of water temperature on average flow velocity for about the

same flow discharges at all locations.

This graph is produced based on the data at Line 13. Line 6 and Tarbert locations since
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these locations have almost the same discharges for February 27 through April 17. 1998,
flow events. The figure below clearly indicates that. for almost the same discharge
events. the flow velocity decrease with water temperature. For example. when the water
temperature is increased from 9 °C to 16 °C. flow velocity drops off by about 4.6 percent.
In other words. the flow velocity decreases by approximately 0.66 percent for every 1 °C

increase in water temperature.

5.1.4. Concluding Remarks about the Effect of Water Temperature on

Flow Velocity

On average. the flow velocity decreases with water temperature. The main reason
for the flow velocity to decrease with water temperature is an increase in the von Karman
parameter. x. and a decrease in the kinematic viscosity of water. v. with water
temperature. Eq.2.8 shows clearly the relationship between the flow velocity. the von

Karman parameter. and the kinematic viscosity of water.

5.2. WATER TEMPERATURE EFFECT ON SEDIMENT

FLOW
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The suspended sediment and bed material in the study reach are mainly composed
of fine material (clay and silt). sand. and little gravel (see Figure 5.11 and Figure 5.12).
The analysis mainly focuses on certain sand fractions: namely. very fine sand (VFS). fine
sand (FS). medium sand (MS). and coarse sand (CS). Fine materials (clay and silt) are
excluded in this study because large changes in the flow can bring about only minor
changes in the transport of fine sediment. Also. very coarse sand (VCS) and gravel are
not accounted for in this study because their volume in the flow is so minor that the
analysis would produce incorrect results. After an examination of the ail suspended and
bed material gradation curves at all locations. it was realized that the bed material is
mostly composed of the medium sand (MS) fraction. and the suspended sediment is

mostly made up of the fine sand (FS) fraction.

Sut & Clay VFS FS MS cs j
100 -
—o— Union Pownt
90 - —Lmne 13
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-8~ Average
70 .
E .
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Figure 5.11. Average suspended sand gradation curves at all locations.
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Figure 5.12. Average bed material gradation curves at all locations.

Water temperature affects the sediment flow mainly by changing the vertical
distribution of velocity profiles and sediment concentration. The effect of water
temperature on velocity profiles was discussed in detail in the previous section (section
5.2). In this section the water temperature effect on the vertical distribution of the
suspended sediment concentration and transport will be sought.

The effect of water temperature on sediment concentration and transport was
sought in both direct and indirect ways. In the direct analysis. both the suspended
sediment concentration and transport values were compared at different water
temperature values. In the indirect analysis. on the other hand. first the effect of water
temperature on the main parameters (i.e.. kinematic viscosity of water. von Karman

parameter. fall velocity. turbulent Schmidt number. shear velocity. and Rouse number)
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affecting the suspended sediment concentration and transport was searched. and then
these effects were employed to investigate the water temperature effect on the suspended
sediment concentration and transport. In previous sections it was already mentioned that
both the kinematic viscosity of water and the von Karman parameter are influenced by
water temperature. Also. because of the lack of data on the turbulent Schmidt number
and shear velocity. only the analysis of the effect of water temperature on the fall velocity
of sediment particles and the Rouse number is included in the indirect analysis subsection

(section 5.2.2).

5.2.1. Direct Analysis of Water Temperature Effect on the Vertical

Distribution and Transport of Suspended Sediment

In this section. the effect of water temperature on the Mississippi River sediment
is analyzed by calculating the depth-averaged sediment concentrations and unit
suspended sediment discharges at different water temperatures. and applying the multiple
regression analysis method to relate both the suspended sediment discharge and bed
sediment concentration to water temperature.

To explore the direct effects of the water temperature on the vertical distribution
of suspended sediment concentration. depth-averaged suspended sediment concentrations
were obtained first. Depth-average suspended sediment concentrations at each vertical

for each flow event were calculated by using the following equation:
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-

s [(('(d, )+ C(d,., ))Aa']
(Eq.5.4)

C=C, +-
0 h

)

in which C is the depth-averaged suspended sediment concentration at a vertical. C, is
the depth-averaged concentration at the region between the water surface and the first
sampling point and expressed as: [C(d, )/2] [a', /h‘]. where C(d,) is the measured
sediment concentration at the first (or minimum) sampling depth from the water surface

(d)). C(d,) and C(d,,,) are the suspended sediment concentrations at consecutive

sampling points. where / =1...6 because there are 6 sampling points at each vertical. and
h, is the maximum sampling depth.

Table 5.3 on the following page shows the depth-averaged suspended sediment
concentration values for each vertical at all locations. Because the water temperatures for
all flow events are known at the specified locations. a graph of the depth-averaged
suspended sediment concentrations versus the water temperature for all flow events can
be plotted (see Figure 5.13).

Figure 5.13 shows that the depth-averaged suspended sediment concentration
values decrease when the water temperature is increased. It is also obvious from these
graphs in Figure 5.13 that the effect of water temperature on sand particles is greater than
that on fine particles (silt and clay) because the trendlines for sand particles in the above
graphs have higher negative slopes than those for silt and clay particles. The higher the
negative slope of the trendline. the more change occurs in the depth-averaged suspended

sediment concentration with an increase in water temperature. Although the average
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suspended silt and clay concentration decreases by about 0.35 percent with a water
temperature increase of 1°C. the average suspended sand concentration decreases by

about 2.0 percent with the same range of water temperature increase.

Table 5.3. Depth-averaged suspended sediment concentrations for each vertical at all

locations.
Water Depth-averaged Suspended Sediment Cancentration (mg/f)
Temp. Union Point Line 13 Line 6 Tarbert

Vertical| Date | CCO) [|Sand Fine Total [Sand Fine Total | Sand Fine Total | Sand Fine Total
V-1 [27-Feb| 9 9072 21868 30940) 6525 18832 25357 77 53 24699 324 52{137 26 221 30 340 16
23Marl 9 9436 27178 366 14| 5316 22284 276 00}143 72 241 41 385 13| 27 02 22861 25563
10-Apr] 16 | 4212 17937 22150| 2874 13323 16202| 6615 12864 194 79| 6163 14227 20390
17-Apr| 16 [ 7349 27501 34849| 4220 26577 3079710004 30228 402 32| 26 18 32047 34665
8-May 19 6269 138968 20168| 6343 11506 17849} NVA  N/A N/A | 3152 14765 17917

9Jun| 26 | 1869 24932 26802| 1661 21856 23516] 1661 21855 23515 4366 23163 27530
3-Aug| 31 13724 187 46 22469) 1118 17773 18890] 997 18619 196 16| 2666 18599 216 66

V-2 |27-Feb| 9 {14789 20070 34860( 8215 203 12 2685 26144 85 20090 345 73| 52 46 194 59 247 05
3Mmarf 9 11108 22825 339 3413504 226 34 361 38181 06 237 82 41888107 75 210637 31812
10-Apr| 16 [ 7738 15850 236876055 14066 201 21,153 43 107 93 261 37143 43 14184 28526
17-Apr| 16 | 9528 26261 347 89| 93 44 257 43 350879168 27321 3648S8| 9328 30157 40085
8-May| 19 12516 13192 26708|68820 12033 20853| NVA  NA  N/A [9373 10648 20520

9Jun| 26 | 6427 22132 2B559;9684 23175 32859| 9684 23175 32859| 7390 23160 30550

3-Au 31 | 6861 18067 24348] 3094 18176 212715533 18436 24068] 7514 19200 267 15

V-3 |27-Feb| 9 |11607 19089 30695(189 29 194 43 3837313526 20298 33823] 1960 22575 245 36
23-Mar| 9 11775 23087 34B62| B06B 23341 314 09| 6554 224 41 8995|125 95 228 56 354 51
10-Apri 16 | 7799 15643 23442( 76817 13820 21647|10388 7228 1761713396 15524 268520
17-Apr| 16 (10037 26622 3665311204 253 18 37122153 11 26870 327 81| 99338 287 98 387 38
B-May| 19 13428 12468 25896| 7514 12560 20074 NVA'  NA  N/A [12260 10562 228 2

9Jun| 26 [9565 22192 3175711910 227 24 346 34119 10 227 24 346 34| 4395 22964 27358

J-Aug| 31 4353 18323 226777150 18539 266689 83 11 19603 279 14| 44 43 183 11 227 54

V-4 |27-Feb| 9 4288 20041 2433013595 22055 356 50| 4266 19914 241 680| 3150 22272 264 21
23-Mar{ 9 4113 24895 2900719298 24003 333014479 27782 32261| 7805 237 41 31546
10-Apr| 16 3712 15366 190777790 13830 21620} 5171 7581 12753} 4581 16254 208 35
17-Apr| 16 | 6204 287 92 349976219 27638 33857 2340 25285 276 25| 5170 289 34 34104
B-May| 19 |[5743 12727 18470| 6837 14971 21808 NVA  NA  N/A | 5958 11031 16989
9Jdun|{ 26 |3181 236856 268 37| 2483 25831 283 14| 2483 25831 283 14| 2902 22963 25865

3-Aug| 31 846 17508 18353 3859 18463 22323| 7571 35750 43321] 1927 176 26 19553

It was also observed that the effect of water temperature is different for different
sand size fractions (see Figure 5.14). Figure 5.14 shows that the general trend is toward a

decrcase in the depth-averaged suspended sand concentration with an increase in water
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temperature. From the graphs in Figure 5.14. it was noticed that the fine sand size is
influenced the most from water temperature changes. While. on average. the suspended
fine sand concentration decreases by approximately 2.48 percent. the suspended coarse.
medium and very fine sand concentrations reduce less than 1.40 percent with a water
temperature increase of 1 oC. Figure 5.15 shows the water temperature effect on the
suspended fine sand concentrations at all four locations. As it is clear from Figure 5.135.
on average. fine sand concentration decreases when the water temperature is increased.
That is. suspended fine sand concentration is inversely proportional to water temperature.
This is true for other sediment sizes. too. but the effect is less pronounced for other sand
size fractions. A 1.19 to 3.17 percent decrease in the depth-averaged suspended fine sand
concentration was determined with an increase in water temperature of 1 °C.

Why is there more pronounced effect of water temperature on fine sand (FS) than
other sediment sizes? This question can be answered by determining the sediment size
that is in transition between the hydraulically smooth and rough flows. More
specifically. the sediment particle in question is so unstable in the flow that even little
changes in the flow can influence the state (suspended or settled) of that sediment size.
One of the methods to determine whether a particle will be suspended or settled is by

comparing the size of that particle. « . with the thickness of the laminar sublayer.
0 =11.6v/u, (Julien. 1995). Table 5.4 on page 111 provides the values of o at

different verticals at all locations. The laminar sublayer thickness (&) values in Table
5.4 are mainly in the fine sand (FS) size range. which indicates that a slight change in the

water temperature changes behavior between the hydrodynamically rough and smooth.
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Figure 5.13. Depth-averaged suspended sediment concentration change with water temperature at all locations.
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Figure 5.15. Depth-averaged suspended fine sand concentration change with water

temperature for all events at all locations.

Table 5.4. Laminar sublayer thickness values at all locations.

& Values in Millimeter
Flow Ewents
Location |Vertical{ 27-Feb | 23-Mar | 10-Apr 17-Apr 8-May 9-Jun 3-Aug
Union Paint] V1 0.179 0.184 0.144 0.144 0.130 0.125 0.124
V2 0.179 0.178 0.143 0.142 0.131 0.122 0.120
V3 0.179 0.163 0.133 0.144 0.131 0.119 0.120
V4 0.195 0.188 0.155 0.159 0.146 0.139 0.132
Line 13 Al 0.141 0.141 0.114 0.114 0.104 0.095 0.090
V2 0.148 0.150 0.120 0.117 0.110 0.097 0.093
V3 0.154 0.156 0.125 0.126 0.119 0.105 0.099
\"Z 0.174 0.168 0.137 0.137 0.124 0.113 0.112
Line 6 Vi 0.210 0.202 0.171 0.173 N/A 0.167 0.185
V2 0.167 0.154 0.134 0.125 N/A 0.113 0.113
V3 0.154 0.150 0.120 0.122 N/A 0.103 0.097
V4 0.154 0.154 0.122 0.125 N/A 0.103 0.095
Tarbert V1 0.198 0.193 0.152 0.157 0.142 0.136 0.132
V2 0.210 0.213 0.151 0.163 0.153 0.147 0.141
V3 0.200 0.204 0.159 0.163 0.149 0.149 0.148
V4 0.215 0.213 0.171 0.173 0.157 0.159 0.169
113
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Similar trends were obtained for the suspended sand discharges. Suspended sand
discharge decreases when the water temperature is increased (see Figure 5.16). Figure
5.16 shows that there is approximately a 3.09 percent drop in the suspended sand
transport with a water temperature increase of 1 °C. As for sand size fractions. the fine
sand fraction shows the highest sensitivity to a change in water temperature. Figure 5.17
illustrates clearly the sensitivity of the fine sand discharge to a change in water
temperature. Because the slope of the trendline for fine sand has the highest negative
value compared to the other sizes. the suspended fine sand discharge change in the given
water temperature range is also the highest. There is approximately 3.4 percent decrease
in the suspended fine sand discharge with a I °C increase in water temperature while it is
about 1.49. 142 and 2.79 percent decrease for coarse. medium and very fine sand

discharge. respectively. for the same range of increase in water temperature.

The suspended sand discharge values were calculated using the measured
suspended sand concentrations and velocity intensities. The suspended sand discharges

are calculated using the following relationship:

A X

g.=[C. ¥, d= (Eq.5.5)

in which (' is the suspended sand concentration. and I, is the flow velocity in the x

.

direction.

First. at every sampling point. the product of sand concentration and flow velocity

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



values was obtained. and then sand discharge values for every individual incremental
depth were determined. To calculate the unit sand discharge at the section between the
water surface and first sampling point. it was assumed that the suspended sand
concentration at the water surface is zero. Then. unit suspended sand discharge at each
vertical is obtained from the summation of all individual sand discharge values for every
incremental section. By using proper unit conversion factors (see Table B.13 in
Appendix B). the unit of the suspended sand discharge is obtained as tons per meter per

day (tons/m/day).

Aill Cross-sections

Suspended Sand Discharge, q. ( tons/m/day )

Water Temperature, T (°C)

Figure 5.16. Effect of water temperature on suspended sand discharge for all events at all

locations.
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To obtain a better picture of the effect of the water temperature change on the

suspended sand concentrations. the ratio of AC/AT is calculated for different sand size

fractions at all locations (see Figure 5.18). Percent amount of each sand size fraction is

also calculated and shown in Figure 5.18. AC/AT values are obtained from the slopes

of graphs of the depth-averaged suspended sediment concentrations against the water
temperatures at each vertical. The average values of AC/AT for each size fraction are

obtained from the arithmetic averages of the AC/AT values for all verticals at all cross-
sections. Figure 5.18 indicates that fine sand has the highest percentage compared to the
other sand fractions. and the average value of the ratio AC /AT is the minimum for fine
sand size. which confirms that water temperature change affects the suspended fine sand

concentration the most.

There 1s only a minor decrease in the suspended very tine sand concentration with
an increase in water temperature. Suspended medium and coarse sand concentrations. on
the other hand. don’t change with the change in water temperature. Also. it can be
deduced from Figure 5.18 that the amount of change in suspended sand concentration
with water temperature change is influenced by the amount of the sand present in the
flow. The higher the concentration of a sand size fraction. the higher the effect of water

temperature on the concentration of that size fraction. It was also observed at some

verticals that the value of the ratio AC /AT can reach up to about -6 (see Table B.14 in
Appendix B). which is an indication of the pronounced effect of the water temperature on

the average suspended sediment concentrations.
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Figure 5.18. Comparison of DC/DT values for different sand fractions. and average

percent amount of each fraction for all flow events at all locations.

5.2.1.1. Multiple Regression Analysis

Multiple regression analysis is one way of showing how different parameters are
related to each other. With this kind of analysis. it is possible to find a relationship
between the dependent and independent parameters (or variables). In this study. the
dependent parameter is the depth-averaged sediment concentration or transport and the

independent parameters are water temperature and water discharge.
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The following two models were considered for the analysis. In the first model.

the unit suspended sediment discharges. ¢, . and. in the second one. reference sediment
concentrations. C',. which are the concentrations measured at the lowest points of the

suspended sediment concentration profiles. were written as functions of water discharge

and water temperature in the following manners:

q,=c, QT (Eq.5.6)

C,=c, 0" T (Eq.5.7)

in which ¢, and ¢, are constants. and ¢, and ¢, are the exponents of water discharge

and water temperature. respectively.

To estimate the exponents ¢, and ¢, . the logarithm of both Eq.5.6 and Eq.5.7
were taken to make linear transformations. and then Microsoft Excel was used to perform
the multiple linear regression analysis. The average values of the exponents ¢, and ¢,
for all sand fractions at each observed cross-section are given in Table 5.5 for both

suspended sand discharge and reference sand concentration.

According to Table 5.5. most of the values of ¢, have negative signs. which

indicates that. on average. suspended sand discharge and reference sand concentration are
inversely related to water temperature. That is. when the water temperature is raised both

the suspended sand discharge and reference sand concentration decrease.

119
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Table 5.5. The average values of the exponents ¢, and ¢, for different sand size

fractions at all locations for suspended sand discharge and reference

concentration.

Water Discharge Exponent. e Water Temperature Exponent. ey
Sand Size Fractions Sand Size Fractions

VES | FS | MS | CS VFS | FS | MS T CS
UP | 1.654 2364 1287 1.536 | -0.365 -0488 -0.166 -0.894

L13 | 0843 1694 1.770 -1.052 | -0.506 -0.718 0.191 -2.245

® L6 | 0976 2577 1427 -1.876 | -0.382 -0.195 -0.110 -1.496
T 0998 2529 1.299 2279 | 0.067 0.536 -0419 1.503

UP | 0456 0203 0.241 0448 | -0423 -0.854 -0.063 0.026

c. L13 | -0.079 0815 0.089 -1.426 | -0.118 -0.165 0316 -1.410

L6 | -0.851 1.123 1.053 -3929 | -0948 -0.175 0.630 -3.430
T 0.009 1447 0769 3406 | 0427 1.112 0.280  3.266

1

The following graphs based on Table 5.5 are plotted to understand or see the
effect of the water temperature on both the suspended sand discharges and reference sand
concentrations visually. As it can be seen from Figure 5.19 and Figure 5.20. both the
suspended sand discharge and the reference suspended sand concentration are inversely
proportional to water temperature. and the effect of water temperature on both the
suspended sand discharge and the reference suspended sand concentration is about the
same. Because the amount of coarse sand (CS) both near the riverbed and in suspension
in the flow is relatively low. it can be misleading to draw a conclusion about how the CS
is influenced by the change in water temperature. Therefore. the conclusion drawn based
on both Figure 5.19 and Figure 5.20 is valid only for very fine sand (VFS). fine sand

(FS). and medium sand (MS) fractions.
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Figure 5.19. Water discharge and temperature exponents versus the suspended sand

fractions by means of the calculated suspended sand discharge values.
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Figure 5.20. Water discharge and temperature exponents versus the suspended sand

fractions by means of measured reference sand concentration values.
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5.2.2. Indirect Analysis of Water Temperature Effect on Suspended

Sediment Distribution and Transport

The effect of water temperature on the vertical distribution and transport of
suspended sediment mostly depends on the parameters influencing the vertical
distributions of velocity profiles and suspended sediment concentration profiles. In
section 5.1. the effect of water temperature on the parameters influencing the vertical
velocity profiles (i.e.. kinematic viscosity of water. v. von Karman parameter. x ) was
analyzed in detail. In this section. the effect of the water temperature on the parameters
influencing the vertical distribution of suspended sediment concentration (i.e.. reference

suspended sediment concentration. C,. fall velocity of sediment particles. @. Rouse

number. R, ) is analyzed.

Although there may be a water temperature effect on the turbulent Schmidt
number and riverbed configuration. the effect of water temperature on these parameters is
not analyzed in this study because of the lack of data on these parameters. Whether or
not water temperature has an effect on the turbulent Schmidt number. S. can be
determined from a close study of sediment mixing. £ . and momentum exchange. ¢, .
coefficients. Because there are not enough data on both coefficients. and knowing that
both coefficients are approximately the same in the case of the existence of low sediment
concentration in streams. which is the case for the study reach. £ is assumed to be unity.
Finally. because of the lack of data. an analysis of the effect of water temperature on the

riverbed configuration and roughness is not possible at this time.
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This section is subdivided into three sections. In section 5.2.2.1. the effect of

water temperature on the reference suspended sediment concentration. (', . is analyzed

particles is determined. Finally. in section 5.2.2.3. an analysis of the effect of water

temperature on the Rouse number. R, . is accomplished.

5.2.2.1. Analysis of the Water Temperature Effect on Reference Suspended

Sediment Concentration, C,

Most ot the suspended sediment distribution equations (i.e.. Rouse’s equation and
Einstein’s equation) do not apply right at the bed where most of the sediment moves as
bedload. There exists a height from the riverbed. above which the full suspension of
sediment is possible and the suspended sediment distribution equation is applicable. This
height is called the reference height. which is located « distance apart from the riverbed.
The reference suspended sediment concentration C, is the sediment concentration at the
reference height. «. above the riverbed. The value of (', depends on the reference
height. «. and maybe some other unknown variables. Because the value of « is arbitrary
one could say that C, also has an arbitrary value.

It must also be pointed out that the sediment distribution equation gives only the
relative concentration and cannot be used to determine the suspended sediment load

unless the reference suspended sediment concentration. (', . is known. To get the real
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concentration. (. the reference concentration (', must either be known from

measurements or calculated from special relations. such as theoretical. empirical or
statistic relations.
It is clear. for example. from Eq.2.21. that a change in the reference suspended

v

sediment concentration. C',. and reference height. a. affect sediment concentration

distribution drastically: therefore. an accurate determination of C, and « is crucial.

There have been a variety of studies on determining the value of reference height. «. and
reference suspended sediment concentration. C',. To estimate ¢ and (, many
researchers have used simple models. the validity of which is very limited because of the
complex processes near the riverbed.

The location at which the specified bed boundary condition depends on the bed
characteristics. and the most logical assumption for the location of the boundary (or
reference level) for suspended sediment concentrations. is the upper edge of the bedload

layer. The reference suspended sediment concentration. C,. in this study is equal to the

concentration measured at the lowest elevation. «. for each vertical at the specified

cross-sections.

In this section. the effect of water temperature on the reference suspended
sediment concentration. C',. is determined by graphing the suspended sediment
concentration values measured at the lowest elevations of each vertical for each

individual cross-section as a function of the water temperature values. which were

measured in the study area for all flow events (see Figure 5.21 through Figure 5.24).
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Figure 5.21. Water temperature effect on the reference suspended very fine and fine sand

concentrations by size fraction at Union Point.
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Figure 5.23. Water temperature effect on the reference suspended very fine and fine sand

concentrations by size fraction at Line 6.
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concentrations by size fraction at Tarbert.
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These figures (Figure 5.21 through Figure 5.24) include only the fine sand (FS)
and very fine sand (VFS) fractions because of the fact that there is an insufficient amount
of coarse sand (CS) and medium sand (MS) fractions in the flow. and therefore. there
would be an inaccurate representation of the temperature effect on these sand fractions
(CS and MS).

Figure 5.21 through Figure 5.24 show clearly that both the suspended fine sand
(FS) and the very fine sand (VFS) concentrations near the riverbed decrease with the
increase of water temperature for Union Point. Line 13 and Line 6. and increase with the
increase of water temperature for Tarbert. The trend of the water temperature effect on
the reference suspended sediment concentration at Tarbert may be misleading because of
a high reference concentration measurement during the summer (high water temperature).
which is unusual (see Figure 5.24). While the decrease in the reference suspended fine
sand concentration with a temperature increase of 1 °C is approximately 1.53 to 2.96
percent. it is about 0.04 to 2.65 percent for the reference suspended very fine sand
concentration. These results explain that the reference concentration of fine sand is
affected the most from the water temperature changes.

When all of the reference suspended sediment concentrations are plotted against
the water temperature for all locations (see Figure 5.25). the trends are toward a decrease
when the water temperature is increased. In a general sense. this means there is an
inverse relationship between the reference suspended sand concentration and the water
temperature. [n other words. an increase in water temperature decreases the reference

suspended sand concentration. C,. decrease being higher for highly-concentrated sand
sizes (in this case fine sand (FS)). In Figure 5.25. an increase of 1 °C in the water
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temperature. on average. results in a 1.69 percent decrease in the reference fine sand
concentration and 0.90 percent reduction in the very fine sand reference concentration.
These results are also an indication of the effect of water temperature change being

higher for the reference suspended fine sand concentration.
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Figure 5.25. Water temperature effect on the reference suspended very fine and fine sand

concentrations at all locations.

5.2.2.2. Analysis of the Water Temperature Effect on Fall Velocity of Sediment

Particles, w
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The fall velocity of a sediment particle. w. is the terminal velocity attained when
the sediment particle is settling in an extended fluid under the action of gravity. The fall
velocity of sediment particles in sediment-laden flows is an important factor governing
the concentration distribution of suspended sediment. It is the primary variable defining
the interaction of sediment transport with the riverbed. banks or suspended in the fluid. It
is an important variable used to estimate resistance to flow and the rate of sediment
transport. Thus. it is important to understand the physical process that establishes the fall
velocity of sediment particles and the parameters affecting this variable.

The fall velocity of sediment particles depends on several parameters. the most

important of which are the density of water. p. density of the sediment particles. p. .
kinematic viscosity of water. v. particle diameter. d,. shape factor of particles. s .

suspended sediment concentration. C . and water temperature. 7 .

The particle diameter. d . and the shape factor of particles. s, are not affected by

the change in water temperature. The effect of water temperature on the density of water.

p . and the density of the sediment particles. o, is so small that it can be neglected. The

effect of suspended sediment concentration on the fall velocity of sediment particles is so
small that even if the suspended sediment concentration is changed by the change in
water temperature. there is not sufficient change in the fall velocity of sediment particles
because of the change in suspended sediment concentration with water temperature.
Therefore. the fall velocity of sediment particle is influenced drastically by only a change
in the kinematic viscosity of water. The analysis of the water temperature effect on the
kinematic viscosity of water was accomplished in section 5.1.1.

In this section. the effect of water temperature on fall velocity of sediment
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particles is examined based on the following equation. which was derived for sand and

gravel sediment sizes based on some intensive experiments (Julien. 1995):

2 =§di{[|+o.0139d.‘]"‘—l} (Eq.5.8)

Y

where v is the kinematic viscosity water. d, is the particle diameter. and d. is the

dimensionless particle diameter defined as follows:

ve

d. = d‘[ﬂ’;'—’-’i} | (Eq.5.9)

in which G is the specific gravity and defined as the ratio of the specific weight of

sediment. y_ . to that of water. y. ¢ = L —e‘—. and g is the gravitational acceleration.

v P
Eq.5.8 estimates the fail velocity of particles under a wide range of particle Reynolds

wd

[

numbers Re =
r v

Approximate values of the fall velocity of sediment particles for different water
temperatures based on Eq.5.8 are given on the following page (see Table 5.6).

Table 5.6 indicates that the water temperature effect on fall velocities of sediment
particles is different for different sizes. The fall velocities of the particles larger than
sand stay the same regardless of what the water temperature may be. The effect of water

temperature on the silt and clay size sediment is not considerable because of the fact that
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Table 5.6. Fall velocities of sediment particles at different water temperatures.

Particle Fall Velocity of Sediment Particles in Sediment-Water Mixture, » (mm/s)
Class Name | Diameter (mm) | Near0°C AtS5°C At9°C At16°C At20°C At26°C At31°C At35°C
Gravel
Very coarse |> 12 678 36 678 43 678 47 678 53 678 56 578 59 678 61 578 63
Coarse > 16 47910 47923 479 32 479 44 479 49 475 56 47960 479 63
Medium > 8 137 62 337 89 338 06 338 30 338 41 338 53 338 62 338 68
Fine > 4 236 a4 236 98 237 34 2377 238 00 238 26 238 43 238 55
Very fine > 2 162 69 163 73 164 39 165 32 165 75 166 25 166 59 166 83
Sand
Very coarse | > 1 106 53 108 45 109 68 111 45 11226 113 22 11388 114 35
Coarse > 05 60 91 6395 65 96 58 93 70 35 7263 7322 T4 05
Medium > 025 2567 28 60 073 34 20 36 00 8 2% 3993 4115
Fine > 0125 7 60 88s 985 1170 1279 14 28 15 52 16 49
Very fine > 0 0625 196 230 258 313 347 396 438 473
Silt
Coarse > 0031 049 0578 0650 9791 G 8ers 1 004 1116 1210
Medium > 0016 012 0145 0163 0158 0220 0252 0280 0 303
Fine > 0 008 003 0036 0041 0 049 0 055 2063 0070 0076
Very fine > 0004 00t 0 008 0010 Qa2 aga aQ16 017 ¢ o9
Clay
Coarse > 0002 000 00023 0 0025 0 0031 00034 00039 0 0044 0 0047
Meaium - 0 001 000 0 0006 0 0006 0 0008 0 0009 90010 0001 00012
Fine e 0 0005 000 0 0001 0 0002 3 0002 00002 0 0002 0 0003 00003
I veryfine (- 000024 00C 0 0000 0 0000 0 0000 3 0001 0 0001 € 0001 0 000!

the fall velocity of particles finer than sand is low no matter what the water temperature
may be. and a large percentage change in the low fall velocities may not affect the
carrying ability of the stream for these sizes to a significant degree. The greatest absolute
increase in fall velocity for the same temperature change is for quartz particles whose
median diameters are about 0.125 - 1 millimeters. The change in fall velocity of sand
particles is demonstrated in Figure 5.26 below.

Figure 5.26 shows that as the particle size increases the fall velocity also
increases. the increase being higher for higher water temperature. The main reason for a
change in the fall velocity of sand particles with water temperature can be attributed to
the change in the kinematic viscosity of water with water temperature. An increase in
water temperature causes a decrease in viscosity. and thus causes an increase in the fall

velocity of sand particles. The increase rate of the fall velocity decreases as the
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temperature increases (see Figure 5.26). From Table 5.6 and Figure 5.26. it is observed
that with a water temperature increase of 1 °C. there is approximately 0.50. 1.36. 2.62.
and 3.17 percent increase in the fall velocity of coarse. medium. fine. and very fine sand

particles. respectively.
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Figure 5.26. Effect of water temperature on the fall velocity of sand particles.

5.2.2.3. Analysis of the Water Temperature Effect on Rouse Number, R,

The Rouse number. R, . has an important role in describing the vertical profile of
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suspended sediment in stream flow. It reflects the ratio of sediment properties to the

hydraulic characteristics of the flow and is defined as:

(Eq.5.10)

R,
B Ku.

The parameters w. f.x.u. are particle fall velocity. turbulent Schmidt number. von

Karman parameter and particle shear velocity. respectively. and are uncertain.

It is clear from Eq.2.21 that the Rouse number. R, . definitely has a big effect on

the vertical distribution of suspended sediment. and thus on the suspended sediment

transport. Because R, is a function of w. f.x. and w. (see Eq.5.10). any changes to
these parameters cause a change in R,. As mentioned before. water temperature has an

effect on both @ and & . Therefore. a change in the water temperature also brings about

a change in R,. Because both the particle fall velocity. @w and the von Karman

parameter. x . and water temperature are directly proportional. the relationship between

the Rouse number. R,. and water temperature depends on the ratio of the particle fall

velocity to the von Karman parameter. Since. on average. the particle fall velocity
increases more than the von Karman parameter with water temperature. the Rouse

number is definitely directly proportional with water temperature. This means an

increase in water temperature causes an increase in R, .
Experimentally. in this study. R, values are obtained by first plotting suspended

sediment concentration. (. versus (h—=)/z in a logarithmic scale and fitting a power
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function to the data points. The R, value is the exponent value of the power function.

which is shown in Figure 5.27 below.

100 -

C (z) = 65.035 [(h-2y/z}™ "

Suspended Sediment Concentration, C (ppm)

R’ =038937
R.. = 0.6619
10 .©
{1 — — —_——— —— ——— ——e
01 1 10 100
(h-z)/z

Figure 5.27. Obtaining Rouse number from the slope of a suspended sediment

concentration profile.

To find out how a change in the water temperature affects Rouse number. R, . first the

average Rouse number values. _R_ . for the specified cross-sections are obtained (see
Table B.15 in Appendix B). To obtain the average R, values for all size fractions

at all verticals. graphs of suspended sediment concentrations for each size fraction. ('

versus (h—=z)/z. are plotted and a power function fit for the data set for each size

fraction is drawn (see Figure 5.27). Average R, values are the exponent values of the
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power functions. After obtaining the average R, values for all flow events at all
locations. a graph of the average R, values for all sand fractions versus the water

temperature in degrees Celsius is plotted (see Figure 5.28).
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Figure 5.28. Average measured Rouse number change with water temperature.

It is clear from Figure 5.28 that the average R, values increase as the water

temperature increases. This also proves that the form of the expression for the Rouse

number ( R,) is accurate and the main reason for R, to increase with an increase in water

temperature is the increase in fall velocity. @ and the von Karman parameter. & . with an

increase in water temperature. Based on Figure 5.28. it is found that the average value of

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the Rouse number goes up approximately 1.14 percent with a water temperature increase

of 1 °C.

Furthermore. it is proven that the form of the Rouse’s suspended sediment

concentration equation (Eq.2.21) is correct. but the value of the exponent parameter. R, .

in this equation should be determined by considering the water temperature effect on the

parameters affecting the Rouse’s parameter. R, . (see Eq.2.21). The difference between

the measured and calculated R, numbers is shown in the following sample figure (Figure

5.29).
25 -
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Figure 5.29. Comparison of the calculated and measured Rouse number for all flow

events at a vertical at Line 13.
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Figure 5.29 illustrates clearly that the calculated Rouse number values. R, .
increase parabolically with an increase in sand size from very fine sand to coarse sand.
The measured Rouse number values. R, . also increase with an increase in sand size. but
the percent increase in R, is less than that in R,. R, and R,_ values are
approximately equal to each other for very fine sand. but the difference between R, and

R, gets larger toward coarse sand. Examination of every vertical for all locations

o

indicated that the measured Rouse number values take the maximum value of
approximately unity for coarse sand (see Figure 5.29 in previous page and Table B.15 in
Appendix B). The most likely reason for the measured Rouse numbers for medium and
coarse sand fractions to be a lot less than the ones calculated using Eq.5.10 is the inability
of the suspended sediment samplers to measure sediment concentrations lower than a
certain value (i.e.. less than 1 mg/l or 1 ppm). When the sediment concentration in the
flow is less than 1 ppm. the suspended sediment samplers cannot measure the
concentration. which leads to a zero value for the low concentrations. This concept will

be clearer after the following sample applications are studied in section 5.3.

5.2.2.4. Comparison of the Measured and Calculated Rouse Number

The measured Rouse number. R, . and the calculated Rouse number. R, . are
compared for all verticals at all locations (see Figure 5.30). While the R, values are

obtained from the slopes of the suspended sand concentration profiles (see Figure 5.27).
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the R, values are calculated from Eq.5.10. assuming S =1 and x =0.4. The solid line

in Figure 5.30 represents the line of equal measured and calculated Rouse number values.
That is. measured and calculated Rouse numbers are equal at point along this solid line.
According to Figure 5.30. the difference between the measured and calculated Rouse
number gets larger with increase in sand size because most of the points are located
above the solid line. For instance. the measured and calculated Rouse numbers are equal
to each other for very fine sand fraction. and the difference between these two numbers
grows exponentially with an increase in sand size. Therefore. one should not use Eq.5.10
to calculate the Rouse number unless the suspended sediment in the river is in the very

fine sand range.
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Figure 5.30. Comparson of the meausred and calculated Rouse numbers.
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The difference between the measured and calculated Rouse numbers can be also
observed by plotting both the measured and calculated suspended sand concentrations in
the same graph (see Figure 5.31 through Figure 5.34). As it is obvious from Figure 5.31
through Figure 5.34 that there is a difference between the measured Rouse number
obtained from the observation of field data and the calculated Rouse number obtained

from the expression w,/0.4u.. More specifically. the trendlines for calculated

suspended sand concentration values for all sand fractions are lower than those for
measured ones. This proves that the suspended sand concentration would be
underestimated when the calculated Rouse numbers are used instead of the real (or
measured) Rouse number values. However. when the sand size gets smaller. the
difference between the measured and calculated Rouse numbers disappears. For
example. both the measured and calculated Rouse numbers for very fine sand are
approximately the same (see Figure 5.34). The percent deviation of the calculated Rouse
number values from the measured ones for coarse. medium. fine and very fine sand

fractions are 75.56. 64.93. 37.13 and 0.05 percent. respectively.
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Figure 5.31. Measured and calculated Rouse numbers for coarse sand fraction.

1 0E+04 -

Coem = 2 0338 [(h-zyz] © ™

10E+02 -
1 0E+00 -
10€E-02

10€-04 :

x
£
4
X

Medium Sand Concentration, C (ppm)

1 0E-06 -

O Measured
x Calculated

1 0€-08 - : e e e L S
001 01 1 10 100

Water (h-2)/2
surface

Figure 5.32. Measured and calculated Rouse numbers for medium sand fraction.
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Figure 5.33. Measured and calculated Rouse numbers for fine sand fraction.
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Figure 5.34. Measured and calculated Rouse numbers for very fine sand fraction.
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5.3. SAMPLE APPLICATION

The analysis in the previous sections proved that there is a water temperature
effect on the vertical distribution of suspended sediment concentration and transport of
suspended sediment. and that the measured Rouse number is different than the one
calculated from the expression. @, /(0.4 u.).

In this section. the degree of the water temperature effect difference between the
measured and calculated suspended sand concentration and transport will be sought
numerically.

The effect of water temperature change on the von Karman parameter. x . was
analyzed in the previous sections. and it was found that x increases with an increase in
water temperature. A further analysis of the data used to obtain Figure 5.6 showed that
x almost always takes a vclue more than 0.4. and the value of & increases about 2.17
percent with a 1 °C increase in water temperature.

Moreover. as mentioned earlier. the fall velocity of sediment particles. . is
affected by a change in water temperature. On average. @ for coarse. medium. fine and
very fine sand decreases by approximately 0.5. 1.36. 2.62 and 3.17 percent. respectively.

Because the Rouse number. which is the exponent parameter. R, . in Rouse’s

suspended sediment concentration equation. is inversely proportional to x and directly
proportional to . an increase in the value of x and @ with an increase in water

temperature causes the value of R, to increase or decrease depending on the size fraction.

It decrcases by approximately 1.63 and 0.79 percent for coarse and medium sand.

respectively. and increases by about 0.44 and 0.98 percent for fine and very fine sand.
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respectively. with a water temperature increase of 1 °C. These results would lead to an
increase or decrease in the suspended sand concentration depending on weather the value

of ratio C'/C, is bigger or smaller than unity. In general. the change of suspended

sediment concentration can be shown with the following relation:

(1 (‘ ;.
— | =|| = Eq.5.11
) aui

where the subscripts 1 and 2 indicate the conditions before and after the temperature
change. respectively. and the exponent value. S. differs based on the size fraction of
concern. The value of & is 0.9837. 0.9921. 1.0044 and 1.0098 for coarse. medium. fine
and very fine sand fraction. respectively.

An analysis of the available data shows that at almost all verticals the value of the

ratio C'/C, is smaller than unity. which indicates that an increase in water temperature

would result in an increase in the suspended coarse and medium sand concentration. and
decrease in the suspended fine and very fine sand concentration. Since there is mainly
fine and very fine sand fractions suspended in the main flow region. and coarse and
medium sand fractions near the riverbed. the quantity of fine and very fine sand decreases
in the main flow region. and that of coarse and medium sand increases near the riverbed
because of an increase in water temperature. This condition creates a less uniform
suspended sediment concentration profile along a vertical in the river. The increase in

coarse and medium sand and decrease in fine and very fine sand reveals that there exists a
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sand fraction between the medium and fine sand that would be in equilibrium along a
vertical in the river.

From the analysis of the suspended sediment data in Appendix B. it was found
that the suspended sand discharge. on average. decreases about 3.09 percent with an
increase in water temperature by 1 °C. Based on a trendline fit to the suspended sand
discharge data in Figure 5.16. the rate of decrease in the suspended sand discharge is
about 9.51 ton/m/day for every 1 °C increase in water temperature. It was assumed that
the suspended sand is composed of four main sand fractions. namely. coarse (CS).
medium (MS). fine (FS). and very fine sand (VFS). A further analysis showed that fine
sand was particularly influenced by the water temperature change. The rates of decrease
in the suspended coarse. medium. fine. and very fine sand discharges are about 0.06.
0.36. 7.41. and 1.68 tons/m/day. respectively. for every | °C increase in water

temperature.

3.4. CORIOLIS EFFECT ON FLOW DIRECTION

The Coriolis effect is a result of the Coriolis force which is defined as the
deflecting force of the Earth’s rotation. It is an apparent force that appears when
coordinate axes are rotated. Coriolis effects occur widely in nature. and often play an
important role in the dynamics of fluid flows. Normally. it is far weaker than gravity. so
its vertical effect is rarely dealt with. whereas its horizontal effect is essential to the

dynamics of the atmosphere and the oceans. However. this effect is very weak for small-

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



scale fluid motions. such as bathtubs and small channels. The Coriolis force is directed
normal to the velocity and to the right in the Northern Hemisphere. and to the left in the
Southern Hemisphere.

The magnitude of the horizontal component of the force is given by the following

equation:

=
9

V. Qsin® (Eq.5.12)

where I” is the horizontal particle velocity. Q is the angular velocity of the earth’s

rotation and approximately equals to 7.3x.lO’ s”'.and @ is the latitude.

Eq.5.12 reveals that the Coriolis force exists only when there is velocity relative
to the Earth surface. There is no horizontal component at the equator because sin® =0.
Because the Coriolis force always acts perpendicular to the direction of motion of a
particle. it can only deflect the particle direction. not change its speed.

As for the analysis of the field data. the following equation is used to test whether
the Coriolis force has an effect on the direction of the Lower Mississippi River flows or

not:

¥ Coriolis acceleration QL

Gravitational acceleration g S,

(Eq.5.13)

where X is a dimensionless parameter and defined as the ratio of the Coriolis force to

the gravitational force. and S, is the riverbed slope. In fact. the Coriolis force term in
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Eq.5.13 is equal to 21", Qsin®. However. the latitude of the study reach is about 31°:

thus sin® is approximately equal to 0.5. That is why one would obtain the above
simplified form of the equation.

By using the flow data in Appendix A. the value of the parameter " at every
measured velocity point is calculated. Because the rotational speed of the Earth. Q. the

gravitational acceleration. g. and the riverbed slope. S,. are constant. only the relative

velocity of particles have an effect on the value of the parameter X' . Therefore. the
parameter .Y changes directly proportional with the changes in the intensity of the
velocity vectors. That is. the higher the flow velocity. the greater the parameter X’
would be. and thus the greater the effect of the Coriolis force.

Arcsin X versus the flow direction at all verticals for each cross-section is
graphed to compare the measured flow directions with the calculated flow deflections
because of the Coriolis effect. After the examination of all the graphs at all cross-
sections. it was noticed that the measured flow direction and the calculated flow
deflections are directly proportional at some verticals and inversely proportional at some
other verticals (see Table 5.7. Figure 5.35 and Figure 5.36).

In general. if there is an effect on the flow direction resulting from the Coriolis
force. the trendlines of the data in the above graphs should have tendencies to increase.
not decrease. from left to right on the plots. Also. in Table 5.7 the slope values of the
trendlines should be close to unity. As seen in Figure 5.36. the trendlines have a
tendency to decrease. and slopes in Table 5.7 have high negative values. Therefore. these
results lead to the conclusion that there exists a random relationship between the

measured flow direction and the flow direction deflections because of the Coriolis effect.
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Table 5.7. Slope values of the trendlines for ArcsinX versus Flow Direction data at all

verticals at Union Point.

Slope of the Trendline
Flow Ewents
Verticals | 27-Feb | 23-Mar 10-Apr 17-Apr 8-May 9-Jun 3-Aug
V1 -2.0997 | -1.1713 | -1.8743 | 0.5769 | -0.5338 | -0.4649 | -1.1445
v2 -0.3958 | 0.5422 | -0.2025 | 0.5367 | 0.2991 | -1.2807 | -1.4316
V3 0.0877 | 0.5418 | -0.1228 | 0.5550 | -0.0815 | -0.6264 | 0.2560
v4 0.1397 | 0.9566 | 0.5453 1.5998 | 0.4217 | -0.2094 | 0.6317
All -0.1582 | -0.1751 | -0.0831 | 0.1827 | 0.1181 0.2744 | 0.4237

300 -
O Union Point

X Line 13
Obline 6
A Tarbert

250

y = 10249 + 216 75
200

Flow Direction (in degrees)

150 - ° y=10104x + 98 278
o %o x
v=1sezzxM %
(o]
Py wxoo%

100 —- — — e e

] 5 10 15 20 25 30 35 40
Arcsin(X) (in degrees)

Figure 5.35. Direct proportionality of Arcsin(X) versus Flow Direction for sample

verticals at each location.
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Figure 5.36. Inverse proportionality of Arcsin(X) versus Flow Direction for sample

verticals at each location.

Moreover. because the velocity intensities are higher close to the water surface.
the arcsin X' versus the flow direction graphs for the upper 33 percent data of all verticals
at all locations were plotted. Figure 5.37 below shows one of these graphs for the
February 27. 1998 event at Union Point. As is obvious from Figure 5.37. the relationship
of the flow direction with the Coriolis force is vague because the trends in the figure have

both increasing and decreasing tendencies.
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Figure 5.37. Relationship of measured flow directions to the Coriolis force deflections at
the upper 33 percent of all verticals for the April 17. 1998 event at Union

Point.

In theory. because the study area is located at the North Pole. if there exists such
an effect as the Coriolis force. the flow direction in the river should be diverted towards
the West. which means the measured flow direction angles should increase when the
velocity intensity is increased. However. the analysis herein fails to validate the theory
because the measured flow direction angles don’t relate to the velocity intensity. Maybe
the river flow direction doesn’t respond to the Coriolis effect in the short period covered

in this study. but the flow direction is responsive to the Coriolis effect in the long period.
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Chapter 6. SUMMARY AND CONCLUSIONS

This study defines the effects of the water temperature on sediment transport by
size fraction. and the Coriolis effect on the flow direction in the Lower Mississippi River.
The data collected at a reach near the Old River Control Structures complex in the Lower
Mississippi River were used for the analysis.

First. the water temperature effect on the transport of sediment was examined by
observing the changes in both the vertical velocity profiles and the suspended sediment
concentration distributions. Changes in vertical velocity profiles were linked to the
changes in the viscosity of water and the von Karman parameter. Changes in the vertical
sediment concentration distributions. on the other hand. were correlated to the changes in
the Rouse number and the von Karman parameter. Moreover. the general trends of the
suspended sediment concentration and discharge values with water temperature change
were observed by means of graphs and statistical tools.

Next. the measured Rouse number and suspended sediment concentration values
by size fraction were compared with those calculated with Rouse’s equation for the
vertical distribution of the suspended sediment concentration.

Finally. the effect of the Coriolis force on flow directions in the Lower
Mississippi River was investigated by comparing the measured flow directions with those
calculated by utilizing the ratio of the Coriolis acceleration to the gravitational
acceleration. A direct one-to-one relationship between the measured and calculated flow

directions would indicate the existence of the Coriolis effect on the flow direction.
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The analysis of the field data led to the following major conclusions:

e Sediment transport is sensitive to the changes in water temperature. An increase in
water temperature definitely decreases the suspended sediment discharge (see Figure
5.16). The amount of sand transported by the river falls down by approximately 3.09
percent for every | °C increase in water temperature. As far as the individual sand
fractions are concerned. a water temperature increase of 1 °C results in approximately
2.79. 3.40. 1.42 and 1.49 percent decrease in the suspended very fine. fine. medium
and coarse sand transport. respectively. The biggest effect is on the transport of fine
sand size fraction (see Figure 5.17).

e On average. sediment concentration decreases with the increase of the water
temperature regardless of the sediment size. The decrease in sand concentration is
higher than that ror silt and clay concentration (see Figure 5.13). A water temperature
increase of 1 °C results in about 1.20 to 2.69 percent decrease in the suspended sand
concentration. Fine sand size is influenced the most from the water temperature
change. There is up to a 3.17 percent decrease in the suspended fine sand
concentration with every 1 °C rise in water temperature rise.

® Because of the negligible amount of medium and coarse sand sizes in the flow. the
effect of water temperature on the reference sand concentration is obtained by
considering only the fine and very fine sand sizes (see Figure 5.25). There is about a
1.69 percent decrease in the reference fine sand concentration and about a 0.90
percent decrease in the reference very fine sand concentration with a water

temperature increase of 1 °C when the data for all cross-sections are considered.

e Although the change in the measured Rouse number. R, . with size fraction doesn't
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have an obvious trend like the calculated Rouse number. R, . on average. R,

(L3

decreases with sediment size (see Figure 5.28 and Figure 5.29). For example. Rouse
number values for coarse sand fraction. on average. are higher than those for medium.
fine. and very fine sand sizes. Both the measured and calculated Rouse numbers are
higher in warmer water temperatures. For fine and very fine sand fractions both the
measured and calculated Rouse number values are similar. but for medium and coarse
sand sizes. the difference between the calculated and measured Rouse number values
increases. For coarse sand size. the calculated Rouse number exceeds the measured
Rouse number by approximately 76 percent.

® The average measured Rouse number. R, . value goes up slightly with a water

m

temperature increase (see Figure 5.28). The value of R, increases by approximately

1.12 percent with a water temperature increase of every 1 °C. Fine and very fine sand
fractions are influenced the most. The measured Rouse number for fine and very fine
sand fractions increases by approximately 0.76 and 1.61 percent due to a 1 °C
increase in water temperature.

e The average measured von Karman parameter. s . value for all cross-sections
increases slightly with an increase in the water temperature (see Figure 5.3. and
Figure C.1 through Figure C.3). When the water temperature increases from 9 °C to
16 °C. the von Karman parameter increases by about 15 percent. which corresponds
to a 2.17 percent increase for every 1 °C increase in water temperature. An increase
in the von Karman parameter along with a decrease in the kinematic viscosity of

water with water temperature brings about a little decrease in the turbulent flow
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velocity (see Figure 5.10). On average. there is about a 0.66 percent reduction in the
turbulent flow velocity with a water temperature rise of 1 °C.

e Although the theory shows that the Coriolis force influences the direction of any
object moving on the Earth surface. it is not obvious that the Coriolis force has an
apparent effect on the flow direction in the Lower Mississippi River. Figure 5.37
shows clearly the conflicting effect of the Coriolis force on the Lower Mississippi
River flow direction. Even though some verticals (see Figure 5.35) show a directly
proportional relationship between the Coriolis force and the flow direction. the
relationship is inversely proportional for other verticals (see Figure 5.36). Other
factors such as turbulence. thermal currents. and centrifugal. pressure gradient and

friction forces also affect the flow direction. thus masking the Coriolis effect.
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APPENDIX A - CORIOLIS FORCE
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The Coriolis force. which was first introduced in 1835 by the French
mathematical physicist G. G. Coriolis. is created by the rotation of the Earth about its axis
and has an effect on any object that is not firmly attached to the Earth’s surface. The air
in the atmosphere. the water in lakes. rivers. seas. and oceans is in a continuous motion.
and therefore. is subject to the deflecting Coriolis force (Stommel and Moore. 1989).

Some examples indicating the effect of the Coriolis force are as follows: A
projectile fired towards the South from the North Pole will miss its target unless the
carth’s rotation is taken into account when aiming: railroad tracks wear out faster on one
side than the other. and riverbeds are dug deeper on one side than the other depending on
which hemisphere the railroads or rivers are in.

To an observer in space the Coriolis force does not exist. It is an apparent force.
However. to an observer on the moving system. that is. to someone on the surface of the
Earth. the force exerted on a particle as it moves along the surface of the Earth is real.
There is a deviation from the original direction of motion due to this force. which can be
measured by the observer on the surface of the Earth. [t acts at right angles to the
direction of motion. and deflects toward the right in the Northern Hemisphere and toward
the left in the Southern Hemisphere (Williams. 1962).

The Coriolis effect is zero at the equator and maximum at the poles. A particle at
rest is not affected. nor is a particle moving exactly East-West along the equator. As
soon as the particle moves over the Earth. however. the poleward component of
gravitational force and the horizontal component of the centrifugal force accompanying
the Earth’s rotation are no longer in balance. If a particle moves eastward over the carth.

it will have a centrifugal reaction toward the equator. which is slightly greater than that of

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the earth beneath. and will tend to move toward the equator. If the particle moves
westward over the Earth. gravitation will tend to move it poleward. since its centrifugal
reaction is less than the reaction of the Earth (von Arx. 1962).

The Coriolis force is proportional to the relative velocity of the particle moving
on the Earth and the sine of the latitude. The Earth rotates in the east-west. anti-
clockwise direction around its tilted axis with the speed of the rotation zero at the poles

and increasing towards the equator. being maximum at the equator (see Figure A.1).

Figure A.1. Points at different latitudes on the earth's surface rotate at different velocities.

Normally. the Coriolis force is far weaker than gravity. so its vertical effects are

rarely dealt with. whereas its horizontal effect is essential to the dynamics of the air and
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water flows. The Coriolis force exists only when there is velocity relative to the earth’s
surface.

The atmosphere. the ocean. and the river are very thin layers in which the depth
scale of flow is smaller than the length scale in the order of hundreds or even thousands.
The trajectories of fluid elements are very shallow. and the vertical velocities are much
smaller than the horizontal velocities. Stratification and Coriolis effects usually constrain
the vertical velocity (Kundu. 1990). Large-scale geophysical flow problems should be
solved using spherical polar coordinates. If. however. the horizontal length scales are
smaller than the radius of the earth (= 6371 km). then the curvature of the earth can be
ignored. and the motion can be studied by adopting a local Cartesian system on a tangent

plane (see Figure A.2). On this plane we take a x.3.- coordinate system. with x

increasing eastward. i+ northward. and - upward.

Figure A.2. Local Cartesian coordinates. The x axis is into the plane of the paper.
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The time rate of change of any vector due solely to rotation of the coordinate
system. in which it is defined. is given by the vector product Q x V. in which Q is the
vector (in a right-handed system) the angular velocity of the moving coordinate frame
and V' is the vector of fluid velocity with respect to the moving coordinate frame
(Eagleson. 1970).

The earth rotates at a rate Q=27 rad /day =7.3x10° s™' around the polar axis.
in an anti-clockwise sense looking from above the North Pole. From Table B.1. the

components of angular velocity of Earth in the local Cartesian system are Q_=0.
Q =Qcos®. Q. =Qsin®. where O is the latitude. The Coriolis force. F. . per unit
mass. which is also called the Coriolis acceleration. «, . can be defined as the following

(Kundu. 1990):

i J k ,
a =2Qx1"=|0 2Qcos® 2QsinP
I I o

T 3

(Eq.A.1)
a, =2Q il . cos® -1 sin®)+ jV sin® -k}, cosd)]

Thin sheet approximation requires that I’ <<}’ .}" . The three components of

the Coriolis acceleration are. therefore.

a,  ==2Q1 sin®d=-f1" (Eq.A.2a)
a, , ==2Q1 sind=-f1} (Eq.A.2b)
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a, .==2QV cos®=-fV cot®d (Eq.A.2¢)

L -
where f =2 Qsin® is more commonly called the Coriolis parameter (less commonly.
the planetary vorticity or the Coriolis frequency). It is positive in the Northem
Hemisphere and negative in the Southern Hemisphere. varying from +1.45x107 5" at

the poles to zero at the equator. This makes sense. since a person standing at the North
Pole would spin around himself in an anti-clockwise sense at a rate Q. whereas a person
standing at the equator would not spin around himself. but simply translate.

Since the component of the flow velocity in the v direction is small compared to
that in the x direction (}°, <<}’ ). and the pole-ward component ( = component) of the

gravitational acceleration counterbalances that of the Coriolis acceleration accompanying

the earth’s rotation. only the component of the Coriolis acceleration in the ) direction is
of concemn in this study. The component of the Coriolis acceleration in the ) direction is

written as:

a, =21V Qsind (Eq.A.3)

where Q is the angular velocity of the earth’s rotation. @ is the latitude. and I, is the

component of the flow velocity in the x direction.
As it can be seen clearly from Eq.A.3. there is no horizontal component of the
Coriolis force at the equator because ® =0. thus sin® =0. This force is directed

normal to the flow velocity. and performs no work because it is always directed at right
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angles to the direction of the flow. Because the Coriolis force always acts perpendicular
to the direction of the flow. it can only deflect the particle’s direction. not change its
speed. Eq.A.3 also states that the faster the flow is. the stronger the Coriolis force acting
on it will be. Therefore. it can be concluded that the Coriolis force is only significant
(relative to other forces acting) on large scale flows such as flows in the atmosphere and
oceans. and it is not so effective on small scale flows such as flows in rivers and bathtubs.

Experiments have been done in both Northern and Southern hemispheres to verify
that under carefully controlled conditions. bathtubs drain in opposite directions due to the
Coriolis acceleration from the Earth’s rotation. This effect is so small that yvou would
have to get out and wait until the motion in the water is far less than one rotation per day
to detect it. This would require removing thermal currents. vibration. and any other
sources of noise (Feinstein. 1993).

Gravitational force. F,. which is assumed to be a constant due to the negligible

effects of other forces. such as friction force. influences the relative effect of the Coriolis

force. F, . on the air and water flows. Therefore. the effect of the Coriolis force on flows

should be examined with respect to the gravitational force.
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Table B.1. Suspended sediment data at Union Point.
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Table B.1 (continued)

AT BAVGE . T 7 TENER IINDIMON CHGERY TvOE SAMPLES £ 63
STREAM MISSISSIPOY REVER "WE BXOTD TOPE SAMPLES SUSF
LOCANON UNION POWNT TEMP Y C@IOFY NO VERTICALS ¢
"SAGE NSON PONT WEATHER TLIUCY NC PONTS §
ASCHARGE 571 934 CFS IADCE, GAGE READING ¥ 3 FT
CONVENTIONAL METHOD D10 NCT DO

Suspende Sedment Tean Size Arsiyers Sedment

Orstance from ! Station | Sampeng | Samp | Flow L ____Sand Sieve Anaivus [Cumuisine Wegt Setared) L — Cencentraton

Faew mﬂmdb«m" Ceeth  Vetocty Owecton | US &0 (048 mm ) | US KI (020 e, T OS "X I0 X mm | U (TEImm

JEBT
No Boent () i n(RI ik 3 Ry '/Llnu[ogbq ) Mu).\ﬂaftlew: (N e Frer M (g% Fet % Feer Wt (g )% Pet % Foerl Pan | Sana . Fre | Tota
| 145 fh< o] "47 0 47 ) 44C 1T 424 {00000 SO | ‘0CJ (00O0B YS‘,‘!‘G T\ T4 X6 ;’Sm"mﬂ, 22 CXIW| *T7T -85 H2

6| e e et e | ;e :m!aol"ma‘cam:ae‘ss: cm!s:ims;omlmm 13 100C79) 35 VA2 M
i vax | w1 ;s 3B ey oom! oo | cmojoms| 62 ) 36 qXW{ w5 28 (gX7 Q' 55 NI TS XIS @9
e DY | IS 'S5 ICAOO| GO | 'L |07 | €1 | %I 10 576 424 198170 @, I3 (3G70) T4 CEBE) 92
Rec ] | Q) 5 1M e |09 te | W6 |ou2e 37 ' 33 CSON3, 77 3 ' 0O0BST ) 'ORC! 30 GOBS2I 053 e MKI)
e ¢] | @ o & | 'X i o44d9 !CO0UT !ty [ 989 190K ! Y4 L 9ES I8 B4 ST (1509881 ¥ D1 00T '9IC 'e; WED
625 | S0 | S0 | 603 | 'X4d3. 00| 00 | 'TO [GO0Da 7R ST o0 | TCCta G, JC O 9C 336 X6
S % 60 | S48 XS JWBI 27 | 9D QX7 T 92 1M ToMe, e 37 ‘302" Te . EES, JEY
6265 & X5 ) 575 1127630000 20 WG SOOI 67 | 3I PICu4 00192} %C .t |CIM%e| X 1EI6 1IN
6% &0 WO | 611 | Take :m,:s.s\):‘amr[v:s‘,m: CXE) s lzomo, ®0, 33 0T @9, vE, MO
6% ' 450 | 46 1276|0000 :marcm:sr::i ;e co3r ! 999l v 0T W7 13 | 0CHB| 3D T4s i wr7
N> T ©20 X Aie;wa:m[as } 994 10009 38 @62 S8 933 67 3It3a WE T4 0242 B34 XIE'ST T
R I iev: ] 703007 CO ¢ ‘00G, Q009 18, 8. C3G 618! WD (073 X' IS LR MR TUE 84’
=2 % , 'sC | €38 ! J0000, 99 [ °00C 1300 M. TT XM SAE [ 414 13007 I T COER| (33 30 ;sd
29 L' x3 &y came! G 'm0 iR W67 0B, 670 ;O ICO095 75 v 000970 ed es4: XN
o ] 2 @ 468 | 9000 ' 63€ '3C62 S7t) 29 30206 %' '3 QDI KT XTI EY
pre. ) 0 55 G oam s c] L ™31 IEL 370 83 11386 M\E | 17 ,00888| ‘€9t BE LT
29 L &0 4590 2 & 32037 | X 12088 934’ 6565 . 01e | Pk 56 Q1B 765, S BAD
&, O T | 454 Qa0 | U6 T SOLe, 619 &' . -Xas ‘L. .3 CXI| 44 B4, 958
X a Il 4 TG - : 83 oD} "2 OMW) S CRAD, A9Y
xam . xs 7 zomo i g@¢ ' 220RC ®9 ' I CIWI, 9 93a@- 08
h- Iy LAY Ixe?, I 703 ¥ES . 4E CUAWE ¢ TR, E7 R
- © ®9 | €5 b+ %3 T4 . 64 2T TS @D ARG
UL L AP SR Y W B . I R M 1216 5 15 T8 al: 6 ESC

178

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Table B.2. Suspended sediment data at Line 13.
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Table B.3. Suspended sediment data at Line 6.
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Table B.4.

Suspended sediment data at Tarbert.
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Table B.4 (continued)
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Table B.4 (continued)
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Table B.5. ADCP flow velocity and direction data at Union Point.
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Table B.5 (continued)
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Table B.6. ADCP flow
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Table B.6 (continued)
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Table B.6 (continued)
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Table B.6 (continued)

August 3,1998
Distance from the Right Bank (#t )
1791 2076 2474 2081
Depth | Vel | Q Dir | Depth [ Vel | Q Dir [Depth] Vel | Q Dir |Depth] Vel | Q Dir
705 (273156205 705 | 558 (126277 705|817 [129034| 705 | 487|133 362
863 |1249(148338)| 863 | S569 |123617| BES |772(127683| B69 | 4 63 |133 D47
1034 284|154 767| 1034 | 557 (124 289{1034|7 682|126 466(1034 (530128 333
1198 (327 (1466771198 | 489 123 9668(1198|783[126356|1198 (506|129 611
1362 (285150984 1362 | 534 [124882(1362|7 16|126655(1362]5.15(1356826
1626 1253]148942{ 1526|529 |122201}1526|7 16|126371]1526|502)131 341
1690 12686(145580| 1690 | 534 {124 695(1690|7 38[125 14716905 41 |133 501
1854 |295)143551| 1854 [ 514 (1245221854 |7 291124605(1854 1489127 332
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2346 |256(143.379|1 2346|508 |126337|23 467 53|129.7686|23 46 ( 4 89 {131 081
25101240(136608| 2510|520 |125365(2510|7 21|129886|2510|4 93 (127 465
2674 |316(145206| 2674 (542|126 315|2674|7 40)|123188|2674{4 98132 279
2838 ({350(1444550| 2838{ 570 (124 413(2838|7 231125 356!2838(4 93131871
30021335(145905| 3002|502 1124593/3002)7 0612244313002 |4 48(129.768
3166 (323144740 3166 | 581 |125575|3166 (767|127 032|3166|4 25(134.374
3330 |3680{145652] 3330 | 569|124 340|3330{7 38|130366/3330|4 845|127 816
3494 [374(143633| 3494 (561|123 16868|3494 (7 2611268854|3494 (459 {126 124
3658 [354(14539% | ¥58| 561 (120282({3658|763[124380[{%568(452]131616
3822 1410|145458| 3822 (524 (13068738 22|752(129300|3822|5.08 133 404
3986 |363(149605| 3386|508 |131466|3986|7 21}125483|/3986(47* (133 194
4150 1393(147609| 4150|528 |127632|4150|7 398|134 118|4150(415(132 791
4315 (3181148570 4315|526 |130 373|4315|7 49127 126|4315{4 04 | 135033
4479 (3821142864 4473 (518 [130735(4479|7 32(126141(4479 (366 (134818
4643 [345(150654| 4643 | 465 |128 38246 437 06127 12046 43| 3.85|134 551
4807 | 415144626 4807 | 516 |128.073|4B07 |6 97 | 127 86894807 ( 3.95|142 768
4971 (3B81|143900| 4971 | 467 (128 445[4371168687(129515(4971|406 (137 782
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7596 13411146 295|759 | 403 1131 234
7760 |345{154776] 7760 | 356 |126 427
7924 |337(14839% | 7324 | 360 |126.603
8068 (316147 711, 6088 | 354 |127 082
8252 1276{1427221 82521 2 44 {135 273
8416 {277 (142220
8580 | 156140040
87 44 | 1 07 |350 B854
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Table B.7. ADCP flow velocity and direction data at Line 6.
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Table B.7 (continued)
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Table B.7 (continued)

sune 9 1998 August 3 1998
Tistance fram the Hutvt Cank 'R ) Orstance rom the Right Banw (%
3197 T 378 4093 4733 104 ! 3785 . 4:08 i 4665
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Table B.8. ADCP flow velocity and direction data at Tarbert.
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Table B.8 (continued)
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Table B.9. Bed material data at Union Point.

DATE: 27 FEB 98

STREAM MISSISSIPPI AVER
LOCATION 1NION POINT

RIVER CONDIMON 50CD
'TIME 0800 TO 0900
[TEMFE 9 C @10 FT

TYSE SAMPLER DRAG BUCKET
TYSE SAMPLES BED MATERWAL
NO VERTICALS 4

GAGE WNOX LANCING |WEATHER CLOLCY AND MILD NG PONTS !

DISCHARGE 1010854 CFS (DOPPLER) GAGE READING 4860 FT

CONVENTIONAL METHCD 1028013 CFS

SAMPLE)

FIELO NO 1

DISTANCE [

DEPTH (FT) 86

DA (MM 2540]1910]1270] 952 | 476 33 | 200] 141 ] 100] 050 ] 035 | 025 [0 17701350 088 0674]0 %62 | PAN

CUM WT Q0 {0000 '00 |00 |00 00|00 00] 0|08 [375]1236/1478]1457]1496]1499] 150

% HELD 000070000 00 CO 00|00 00 0|03 |210/6824]/986 (938 199(993]100C

% FINER Y00 0]'000}°000] 100 011000]1000]1000]1000{1000[ 989 [ K7 [ /90| 76| 14 | 0= . 01 | a1 [ J0

(SAMPLE)

FIELD NOQ 2

DIETANCE 1658

DEPTH (FN) 3

DIA_MM) 2540]/1310712701952 476 [ 3% [200] 141 [ 10005033 [ 025 [0°77]01260 90800730062 | PAN

CuM Wt 80 [ 30 [0 | o0 0} 00060 CO |00 GY |75 528 ]!1'c1]1240]1247 1247|147 (1248

% HELD 00 [ 00 100 102 {00 {06300 [G0[eq 07 |60 [423[9330]934,959 1999 99|00

% FINER *000[100C]10001 0001 '000[1006][1000]1000[1000] 983 | 34015771 79 | Co . 2 ; 01 ] a1 |30

(SAMPLE}

FIELD NO )

DISTANCE (FT ;1 225E

DEFT-(F™ | &5 |

DA MM) — 12540:°910[1370.962 [ 476133 | 200141100 050036 ] a5 [0177]0:2%.CaBB]0074]0 062 | PAN

CuM WT 710 00130 /65 65 65 €5 | €5 | 65 | 3t | X €| 977 | 144€|1493 ‘4581436143849 €

% HELD 30 1 30 |00 83 | 43 43 43 [ 43 ] 43 T 181|652 | %7 |97 19,1000 °00C G

% FINER "00C[*0001000 957 1957 1967 {957 | %7957 | 339 (849 ]| 346 | 33 1 03 36 . 6o | an | aa
M

DA _MM) 2540,°91C1'1270; 95> 476,33 | 200141100 (350 [ ¥ [022]C77[0'2% 0BG, 0C74]C Bz | PAN

CuM w1 J0 $ 59,396 | 582 ['O0C(137 €I 2% 7| B 7274513381380 5| 3. 1| 2934 | B35, 3925 13 5] 936|936

% HELD 20 43 '"Ct 497264 30 501 |6B31557 8655 |37 1336959 |1000,13C0, 1000]°00GC[-00C

% FINEF “O0C. %0 B399 H62 | /46 650 399 317|303 (141 ] 33 | Ca 10t [ Ga a0 . 0 ] 30 | 99

DATE: 73 MAR 98 RNER CONCITION <H.PPvY TVOE SAMPLER DRAG BUCKE® |

STREAM MISSISTIPRt RVER ,TIME 96O TO "1 30 TYSE SAMFLES BEC MATERIAL

LCCATON HNICN PONT TEMP 3 C @FT NO VERTICALS 4

GAGE INION BCINT 'WEATHER WINDY ANC MILD NC PONTS -

DISLHARGE 1 363,325 CFS_(ACCP) GAGE READING 5290 FT

CONVENTIONAL MET=CD 1127 29 vF S

SAMPLE i

FIELD NO . &

DISTANCE (FT ] 1020

DEPTH (FTY =

DIA_(MM) 2540(91C{*27C 9621476133 200 141 [ Y00 [050] 3235 [ 025 [C77[0'25/C BB 0C78]0 b2 ] PAN

CUM w1 100 00 ;00 .C0 100 |CQ 00 |COJ00 ]GO |C: [ 11019721438 '433 1437] 436] ‘50

% +ELD 30 ;20 (00 '00 (€O 103 6010300 GC o |73 |608 %0196 .9991999 000

% FINER "00G{'000[:000]'00G|'000/100G][100C|1000]1c00[1003] 989 ] 327 | ¥2 | 47 | 04 ' €1 ]| 3° |30

(SAMPLE

FIELD NO B

DISTANCE (FT, ! 755 |

DEPTHFT) &7

DIA_(MM) [54C1'31C[*2/0[ 96274761336 (200141100 a0 3% [325]G:77][0 2670388 0C72]N Xz PAN

CuM_WT 30 033 : )0 {20 /00 /0000 [CI 00|00 |C4 377][°233]1476,'397.1439[1496(143¢

% HELD T 00 17D |90 (0010060 060[00][Go[ GG |%-]B23]95 .93 .,1000]°060]/0C

% FNEF Tr00C 0001100 '00C) '000100011000]1000[1000]{100] 937 | 74€] 77} 6 ; 3 . 00 | 30 | 30

(SANPLE)

{FIELD NO 17

[D'STANCE (1, 2274 |

PEFM(FTJ k]

DA (M) 15540,°910/'270, 942,476 1336 200141 [100] 3033 [J25[C'77]0125,0389 )C74]C %Wz ] PAN

cum WIT 1130 :33 997173 00 | CO 00 |€J|Co{0 |0b |13']1835[1.79''250 149B] ‘438499

% ~E.D .30 33 100,203,023 €3 @03 ]|cJI|calar]ca £7]€53 %4 5] WA |'WC

% ¢ NER *00G("0C!'000('30C '00C0!100CI100C[1N00[100]| %9 | Ke | 31 = | 443 | 47 JE U1 | I° |0

(SAMPLE, | |

[FiELD N0 9

OISTANCE F1)1 305"

DEET~ F 1 Bl

DIA_ (M) 56910 "27C1 957 476 I 200 141 [1oC[050 ] 236 (026 [C 77]0 25, C W6 ICIL[C 02| PAN

CuM_ W1 00 101 33 ;37 GO GO 22|97 149|786 [13371483] 50 ' | 1505, ‘5061 15)6] Gk | &7

% ~ELD "1y ;30 I3 170 00 00 | ;1 | k4] G)|6.7]|BR7|9Ba] P69, Ba 996|993 "mC

% FHER '0CC,'000:'00C;'00C,'00C|100G; 9799 6 |47e]t 3] "€ | 2&a GV, 3° €1 ]3° |30
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Table B.9 (continued)

DATE: WAPRSS 'RIVER CONDITION GOOD TYPE SAMPLER ORAG BUCKET

STREAM MISSISSIPPI RIVER {T'ME 0900 TO 1100 TYPE SAMPLES BED MATERIAL

LOCATION UNION POINT TEMP ‘6 C@15FT NO VERTICALS 4

GAGE UNION POINT 'WEATHER CLEAR AND WARM NO POINTS *

DISCHARGE 1 107 752 CFS _(ADCP) 'GAGE READING 54 55 F1

CONVENTIONAL METHOD 1072507 CFS

[SAMPLE,

FIELD NO 3

DISTANCE 1075

DEPTH (FT) &8

DIA_(MM) 25401131C11270/952 [ 47633 [ 200141 [100] 050|036 [0 [0177]0125/0088]0074[0 062 [ PAN

CUM_WT 4001030100 00)00 ;00 ;00]00]00]0 |1 T490]1270]148149771498] 1498} '50

% HELD 100700 100}00][00,00 C3 |00 ]00J0Y |07 327|847 986]989,999] 339 [1000

% FINER [1a00[*000[7000]1000|1000]1000]1000]1000/'000] 9899 1983 |67 3| 163 ] 12 1 a1 | o1 |21 |00
LE) .

FIELD NO 10

DISTANCE (FT}] 1643

DEFRTH FT} 70

OA_Mw) 2%540i13101'270{3€2 14761 33% | 200 141 (1001050 J03¥ [026]0177]0725iCMBI0C/A|0062] PAN

CUM WT 20 [ 00 |00 ;00 00 ca 00 ]a0J600 [0 [C2 J140]929[1304(1432{1499[1498]1500

% HELD 00 190 000000 00 C3djoojcoofoy [0 [93]613[883)985 99/[%99[000

% FINER *000/1000[°000f:000)'0001/100G[1000[1000]1000[ 952399 [307[W1[117 705 0t [ar [ 30

SAMP !

FIELD NO KL

DISTANCE (FT)[222¢

DEFTHET . 81

DiA_(MM) 1254011910/1770]952 7476 3% , 200 141 [ 100|050 03 [125]0177][0 25|08 00740 %62 | PAN

CUM WT 090 103 130 |00 00 ;CO 00100 ] CY ] Y3 [ A0 )1'24]'A74]1497]12973, 14991 500[1500

% HE.D 0 3J0 13013073000 (€d  CA]GCa |0t ] '2]9> |746]93]99€ 953,999 [1006}a0C

% FINER 1*000]°0001°000('300)'N001IN0N.1000[1000[ 383 |97 | M7 %] *7 (0620 ;01 | Ja | 00

DG _MM) ;254C{1910'2701 952 1 476 [ 33% : 200141 [100[ 05033 [025]0177]0 25:CIBE:3674]C Bz | PAN

CuM w1 100 ;0013093000 €0 0003 ]G4 - ]98 |622]|1306[1473 "427 1499 °0C['50C

% ~ELD ;30 {30100 700 €0 CJ CJ|0D}C3|CE)6E |336)672|06F ;383 965 |°CC 1000

% F.NER *aCC*000'J0C|*000;'00G|10N0/1000|1000] 997 [ 2] 3256 % -] 29[ '4 32 01 | 16 | 90

DATE: 17 APRSS RVER CONCITION 3000 TYPE SAMPLER DRAG BUCKET

STREAM MISSISSIFPI IIVER TME 0B X0 TOC9 X TYPE SAMFLES BEC MATERIAL

LOCATION HNION POINT TEMP ‘6 C@15FT NC VERTICALS 4

GAGE UNION POINT WEATHER CLOUCY AND RAIN NC POINTS

OISCHARGE 1 0E3.422 CFS (ADGCRY .GAGE REALING 5260 FT

CONVENTIONAL METHCD 1072377 CFS

(SAMPLE) |

FIELD NO 113

OISTANCE (FT }| "040

DEDTH-_E_(FT) &

DIA_(MM) (2540,1310112 7079621476 (3% (200141 (100 [05C[ 3% [a2x[0!77]0 120088 3C74]C %2 | PAN

CUM_WT 190190100 32 700 CA " 31§37 [127)617]1165[1405]1433]1495, 14973'1€00] '6CC] 50

% HELD "800 )00 /0030 0G0 00 -1 25181 4177733795999 939 '1000]'000|'00C

% FINER 100C|100C| 100G '008[*000/10001373 376 316|589 .31 63 | 456 | €1 ;: 01 1 ¢c0 ] 306 | a0

(SAMPLE} i .

FIELD NO | 4

DISTANCE (FT)| ‘648

DERPTH (D | 71 |

DA (MM) [2540[*310[°2707 952 747 (3% | 00141 [ 100 [d50] 1% [ 125]6177]0125,C I8 0C74]C 062 | PAN

CuM WT 100 1000000 /0000 (00|00 ]J0t ] 12 1271:20]1480[ 1498 43314931560 [1500

% HELD 4,00 (0090700 [001GAJ00]C0 |01 068 |ES 74797999 ,999,99¢9['000]1000

% FINER /1000710063061 1000(*00C 1000,1000]1000] 989 | 382|316 %3] 13 ] 61, 0 » 6y | d0 { 00
E i

FIELD NO 1§

D:STANCE (FT )| 2247

DECTR(FN | %8

DA (MM) ;254019 10]127C7 9567 [ 476, 3% | 200 141 | 100050 03 [0 ]0:77]0 '25;C 0881 0074]C 362 PAN

CUM WT 100 00027 C0 00 ,C0 000000 Ct | "7 [377]187]1489/1493;1439]"489[150¢C

% ~E.D 10090790 ;00,00 €3 Ga[06d]COJer | "t [X1]@p|093, 999 1395|0639 [‘00C

% FINER *00G)100C 00N " 0CI'000:100C 100C[1o00[1000[ B9 Wej7es| w2[Cr 3 ©1[3° [0
PLE) ; ;

FIELD NO [

[DSTANCE FT; 29665

DEFTHGFT | 57

DIA_(MM) 2540,"91C;"27C 952 476 3% 200[ 14 [100]350[JI¥[D25]0'77]0 12 CIBA 0C74]0 %[ PAN

CoM Wi 10070700 700 [CD .00 .60 |CO |00 ] "4 |132[1'40|148G]1497 °253.1499]15001500

% HELD 430 130,00 100 !00700 07 [03]Jr0jos €L [76C {983 [99E 383999 ['000(°0C

% F'NER [°300]°00C; 300000 g toac to00ftooo(o0af @ [Ts {40 37 {02 2 ¢t |30 30
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Table B.9 (continued)

DATE: 08-MAY 59 RIVER CONCIMON 3000 TYPE SAMPLER DRAG BUCKET
STREAM MISSISSIPPL RIVER TIME 08 5101015 TYPE SAMPLES BED MATERAL
LOCATION UNION POINT TEMP 19 C @I0FT NO VERTICALS 4

GAGE UNION POINT WEATHER CLEAR AND WARM NO PQINTS

DISCHARGE 12193937 CFS (ADCP) GAGE READING % 10 FT

METHOD 1224614 CFS

17
1034
73
254011910]1270] 952476 [33%] 200 | 141 [100]050]C¥H]C26]0177]0125]0080]0 0740 062] FAN
00 [00]00J00J0o0f00]00 00 |00f00[02][237][1056]1454[1495]1459/1500] 'S0
00Joc0Joojoo]joof0o0] 90 {0C 00 JOC|J ['58]704{39 997 (999 {1000}1000C
1o o]ta0o[vo0 o[1o0 o0 olrac ol a0 o [*a0 o' 0" 0| W9 (B2 BR| 31 (03 1 G1 ¢t 00 | 34
SAMPLE)
FIELD NO 18
DISTANCE (FT)| 1652
DEFTH (FT) 2
DA (MM)_ 2s40f191g1270]952]47673%[2a0 a1 [ a0[0os0][0*[0=][0177[0125T0 08800740 G62] PAN
Cum WT 00|00 JOCJO0JO0JJ0] 00 |00 |30 )00 03 |[254]1176][1479]1499][1499]/1500[1500
% HELD 00}00]00f00f00f00 ) JdC [0C |00 |30 [02['69]784][36 999999 10001000
% FINER 1000100 0]1000{100 01000100 0] Q00 [10CCjra00)!000f998[631 216 14 + 01 [ 01, €0 [J0
PLE)
FIELD NO 13
DISTANCE (FT } [ 2276
DEFTH (FT 72
DA (MM) 2401912 70]952 4/ (3] 20 [ 41 ' M[CO[CHK][025]077]0125]0088]0 7410 062] PAN
UM W7 00]00fac oo foofao] oo fo3[05 {39 farelvi13]1465711495(1433]14331500]7%0¢C
% ~ELD 00]00foojoo]o0onp |00 |02 [03[26 ['46[74.[977 (397 193934 iggal'mQC
% FINER 10 cjrocclran ofrooaf:a00[van 00| 998|937 [s7aes5] 268 23102 (g1 | 01 ) 00 | 10
PLE)
FIELD NO p.o]
DISTANCE (FT) | 2959 |
DESTM FT) 56
DIA 24c|19cr270f9s2 43 ¥ 20 [ 41| ' W]CW[0S[0S[077[C15.0088][C 7410 062] PAN
[ 0C oo }oc oD [025(15] 26 | 35 |52 |382|1148|148211496] 1458, 1499]1439] 1433[150C
% ~ELD ac [ac {ag T3C 3130 ] 1712313 165]765[@8[307 1963 939199% 999 'WC
% FNER ‘00 ['00C[r000[*000] 987903 977 (e 74835 12103 ] 01 01 ] d1 6 ]33
DATE: 09 JUN 98 RIVER CONCITION ZHOPPY TYPE SAMFLER DRAG BUCKET
STREAM MISSISSIFFI RVER TME 0950 TO 1045 TYPE SAMPLES BED MATERWAL
LOCATION UNION POINT TEMP 26 C GINFT NO VERTICALS 4
GAGE UNION POINT WEATER ZLOLDY AND ~CT NQ PONTE 1
DISCHARGE 735 773 CFS (ADCP) GAGE SEACING 42 B FT
CONVENTIONAL METHCD 0D NOT DO
(SAMPLE)
FIELD NO il
DISTANCE (FT } | 1047
DEFTH (FT) 57
DIA_(MM) 25400190107/ a52]azef2 o0 ar]ta0ca0] 0¥ [Cc2]077]012£Ta088]C 374] 00E2] PAN
CLM_WT 0G [Jd0j00J0GC[J0{00]0C |OG |00 |23 'BE|'037|1268] 45414927 '497.1439| '3
[% HELD oof{acloctoojaciaocloc [oo{aala32 [ 7ale3t1{8es|%®3]985(938 933 ['M0
% FINER socofrooc[too0lt0c 31300100 3] 'AC 0J1a00f* 0 [ 99€ee76 [ 0S8 31 1 05 | 22 | 61 | I3
MPLE)
FIELD NO 2
mrmcs (FT)1%6:3
CEPTH (FT) 80
DiA_(MM) 240]19:011270]952]476]3 k] 20 [rar |00 ]0S0]03[026]0177]0 125 0m8B]C 0740 0E2] PAN
CuUM WT g0 Jjg8cJoc 00|00 [20] 00 )00 ]0C |09 36 [296]1139]14668/14971499/1500]1500
% HELD 00 Jo0 oo [o0]N0[00] 00 [J0 |0C 06| 24 ['99] 7991979998 ]956 1000['000
% FNER 100 0§00 0710 01100 0]1000}Y3C 0} '00 0 ['000]'00 0] 98497680 X | 21 [ 02 | 01 ] ¢G | a0
PLE)
FIELD NOQ 3
DISTANCE (FT )| 2235
DEPTH (FT3 63
DA_(MM) S4aciv9r0[r27019521476{233% (200 [ 14 [:00ICS0[{0[0C]0 77]C 125 308RIC I74]0 06D ] PAN
CuM W1 00]00 jo0Jo0]0o0[00] 00 [02[07 |4 [249]1130[1398] 4561147 3['296/1493]°'50C
% ~ELD 9c [0 foc{o0f30[3c] 00 *]06130/16€E)753]932[372 9821386 ,993 [100C
% FHER 1a0cfro00frac 0{'000[1000[1000 "X [995[99519’0[e3a{47[ 66 | 28 ' a2 [3v 1 G' [ 2]
PLE)
FIELD NO u
DISTANCE (FT)12923
DEPTH (FT 45
DA Mv)  [S4gf19clr270]osia7e[3®[-00 [t [ [CSC]0B][0X]0'77]C125,0088]C 074 0062 PAN
M Wi 98 J0C JO0 o0 [O0C |0 ] 0C (3B ] 43 | 'h9[7B4]|1327)1478|1494]1493] 4981150 0[14DC
% “ELD 0C 00 j1acfa0]3c[y0}on Jas |29 [113/4523[BBG[ 3B (9391389 mwa['ano
[% FINER 10c0froc 2f+ac 91300001060 "M [¥95[97 (887 [477]"15] '5 | 34 ; C' | 0t | 00 |93
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Table B.9 (continued)

DATE: 03 AUG 98 RIVER CONDITION CHOPPY TYPE SAMPLFR DRAG BUCKET

STREAM MISSISSIPPI RIVER TIME 090TO 100 TYPE SAMPLES BED MATERIAL

LOCATION UNION POINT TEMP 31 C @10 FT NO VERTICALS 4

GAGE UNION POINT WEATHER CLOUDY NO POINTS 1

DISCHARGE 571934 CFS (ADCF) GAGE READING 35 3FT

CONVENTIONAL METHOD DID NOT DO

SAMPLE)

FIELD NO P

DISTANCE (FT) 1030

DEPTH (F) a7

DIA_(MM) 2540]1910]1270]952] 476 ] 3% | 200 ] 141 | 100]050]035]0251018]0125]0088]0074]0062] PAN

CUM WT 00 |00]00]00 |00 00|00 03]03 03| 19]657]|13%1/1487]1498]1439]1499] 150

% HELD CO |00 00]00 | 00J00] 00 02|02 02]13]438]/97[91 989993999 [ia00

% FINER 1000/ 1000]1000]7000/1000/7000] 1000|998 998 9981987 5%62] 93 | 08 | 01 | 01 | 01 | 00
PLE)

FIELD NO %

DISTANCE (FT) | 1625

DEFTH (FT) =0

DIA_(MM] 2540]1310]1270] 952 476 336 200 | 141 [100]050]035]025]018]0 126]0088]0074]0062] PAN

CuM WT 0D |00 |00 ] 00 00| 00| 00 ] 00| 0G| 24 ]310]1194[1476]1497]1498]1499]1499]1500

% HELD 00 |00]00 00|00 000D J00]|00]16|207]796|94| 999999939933 Laoa

% FINER 1000/1000/1000[1000/1000[1000{1000[7000[1000| 984 [793| 204 16 | G2 | 01 | 01 ] 01 [ 40
PLE)

FIELD NO 27

DISTANCE (FT) | 2229

DEPTH (FT) 50

DIA_(MM] 2540]1910]1270]962] 2476 | 336 | 200 [ 141 [ 100]050]035]025]018]0125]0086]0074]0062] PAN

CUM WT DO |00 ]| 00D ] 00 |00 |00 000 |01 |80 |736]1460]1476]1485] 1497|1439 1430[1500

% HELD 0000000000 00 00 01 ]01 |53 |491]979]|984]933 998399939 1000

% FINER 1000[1000[1000[1000(1000]1000[1000( 9991999347506 2t | 16 {07 1 0210611 01 |00

(SAMPLE)

FIELD NO Pz

DISTANCE (1) | 2901

DEPTH (FT) a1

DIA (MM)_ 2540[1910]1270] 952] 476 [ 336 200 141 |100]050]035]025]018]0125]0088]0074]0062] PAN

CUM WT 00 |00 00 ] 0000 0000 | C0]00] 77 |7843]1387(1478]1486]1497]1439[150001500

% HELD 00 |00 00|00 000000 G0 ]00]51 1439/925/985/992 998995 11000/000

% FINER 1000]1000]1000]/1000/1000/1000]1006]1000{1000]949]501] 75 ] 15| 08 | 02 | 01 | 00 | GO
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Table B.10. Bed material data at Line 13.

DATE: 27 FE8 S8 RIVER ZONDITION GOOD TYPE SAMPLER DRAG BULCKEY
|STREAM MISSISSIPP! RIVER TME 093 TO 10 0 TYPE SAMPLES BEC MATERAL
LCCATION UNE #13 /S OF HYDRO INTAKE Ch TEMP 9C @10FT NO VERTICALS 4

IGAGE ¥NOX LANDING WEATHER ZLOUDY AND MILD NO PQINTS 1

IDISCHARGE 957 119 CFS (ADCR) GAGE READING 48 A0 FT

GAMPLE) ;
FIELD NO 1 '
DISTANCE F7)] 1793 |
DEPTH (FT) 107 !
DA MMy 2540]1910]1270{ 952 | 476 ] 3 %] 200 ' 47 100|050, 035]C 250177 015008800741 G 062 PAN |
'cum_wt 6000 00 ;00/00)J0C0[00/0C]00 /00 !00] 30 Jd. 6733042 486 999
% HELD 00 |00 0006770 [A0]j00 00 0000 90]00 |67 10| 47" 486 003!
% FINER 106 Cjt000[*000[100 01100 0[1000]+103 G{*006]7003]100 01100 0[1000] 996 [ 933 670 | 579 . 514 GJ |
(T —

IFIELD NO 2

DISTANCE (FT ] 2115 '
DEPTH (FT) 97 .
DIA_(MM) 540(1910[1270] 9521476 336|200, 1 41 ] 1] 050,16 H]0%]0177]0 15]C a8 ZO0741G 062 PAN
‘UM WT 00 ;00 ;0000 /30|00 00 00 00)58 |643[1278|1462|1497] 499] 1500115061509
% HELD 00 ' 00 {00 0000 }00 |00 )00 ;00 39 429851979 338|339 ]1000)/1000/1000
psmsn "0 0]100C]*000[100 6100 0[1000]10GG{'000/100G] 961157 1| 48] 21 | 02 | 01 | G0 ' GO 1 Go
Ty v Y S -] H
(SAMPLE) | ;
FIELD NO 3

DISTANCE [F 1| 2449 |

CEPTH (FT) ) :
IDIA_(MM) 2640{'S1G[12707352 476 [3H 200 141 10T GS0 | AKIOX[G177[C125[COBBI0074 Q062 FAN
cUM W1 00 :05 00 :00;°0]00[G0O_ 17G 03,03 '08|466]1086]'231]1243]1.€7,160.'%0
% HELD J0 . 000000 301300010000, 02 372[869 | %539 1000, 1900 '00C]
i FINES 000 '0R0{"007):00 01190 0]1C 01106 617000130 G| e2g[31[ s sy ] 30 20 _af
"(SANBLE) : ,
FELD %O 4 i
DISTANCE F11[ 26

CEPTH(FT) 70

CA_ (VM) 240119101'273,952 47p [ B [0 "4 101080 56| IX[CI177[I1E].08E] D74 COB2 | FAN|
M W1 20 :00 00! 00 0|30 10020 0J .00 32 [¥R|1 67| 476] 43&[1507,15C0 . 400!
~ HELD {1590 03 '0G i00:3C|J0]Q20 26 00,037 32 X3{645] %5359 (103,10 "003!
« FINES J"3 51083100 210G {126 0[19C 0[*00G['002['0035|:007. 9568 41] 55| "6 | -1 ] =@ _ -0 . CC :
DATE: 23 MAR 98 AVER CONDMON CHCPEY TYFE SAMFLER CRAG BUCVE™ |
STREAM MISIISSIFD RIVER TME 1230 TC 1415 TYPE SAMFLES BED MATERAL '
LCCATION _INE #12 O/S OF +YORC NTAKE Cr TEMP 9¢ @°0FT ND VERTCALS ¢

'GAGE <NOX LANDING (WEATHES MINDY ARD MILD NO PONTS *

CISCHARGE 865 124 CFS (ADCP) GAGE READING S0 60 FT

(SAMPLE) i

FIELC NO 5 .
DISTANCE FT)[ 785, '
CEPTH (FT.) a7

TDiA_MM) 2£40;1910[1270]352 476 3B 200 14’ | 100 050 0%][N2%[0177]C15][00B8]C 074,502 FAN|
CUM_WT S0, 00 00 00 .,2C 100 00100 .07 28 (93¢ |429] '0Be| 42-] 480] 1453, 145 2 163 °
% HELD 00 .00 00 .00 -0100]00 309 01 19 &1 | B7|[736]0k0] B9 ]| *5.997 000
i FINER 100C)|'0DC} 00CT 00 Gj 00 0}10001*00C,'00C 98¢ [ € 1( 93971 3{ 75 0 | "1 ] 45 . 23 ' G&
(SAMPLE) i '
FIELD NO 5 ! :
'CISTANCE (F7 )| 2068 i
CEPTH (FT) % X
CiA (MM 25401910112 01962 {476 536|200 1411 100]GA0 0B ]6X][3177[= 16]C 10745062 FAN
Tum Wi 10 (00 1 0C {00 30[30100,05 O 34 125(&81('.45]'47 1] '437({V60011500,'500
N HELD 00 |00 00 (00 (C0JO00 0000 01 23 '83|%4jes0(9P' [958 /1000,1000'000
[N FINER *00C;1000['00C "0 0i1000[1000]*000]1003, 999977 31 "[s06]170] 19 ] 22 ] 20 ' 20 , CG ¢
GAMPE) || '
JEDND | 7 )

(DISTANCE (FT )] 49§

CERTR (F T} 87 :
DA _(MM) 26401910 72707362 T4 /B[ 3 X200 14 120 CH I [S17]C1XTCoBR]C a4 2062 FAN
'CUM_WT S0 Q% ;02,03 3C[30 ][00 CC:0°  NE 43| WE|'FTE|'4-5] 453|160 16.0,°50C,
"% HELD £0, 0070000 9030001 CC, 0" ,0& 23 |X%3l3k1]%3[39/10C7, 1000.°00C
w FINER ‘NG anoncitonci1ooo1acefto0Ci'AN1: 9861 W¥& v vfrav{vweal 7 | st | .0 .0 'C5
(SAMPLE)

FIELD %0 [:]

DISTANCE (F* 3| 890 |

CEPTH (FT) 75

DIA (MM} 2540191017270, 952 "4’ [ 2% 200 "4 10 001 5H][52% [CI77]CIX[COBB]S 074, C 052 FAN
M WT 20 [ CC 0200 CC[J30]C0 (C2, 05 03112 [0E['4e[1456] 4371459 1439 5023,
" HELD SA [ GC ;08C ' 0G:5C| a3 20/ C3  AC .03 '3' | X3¥[7E6 [ ' |:<p |99 . W3 'O"!
NFINES TN OO0 00NN e 001N 0ft 00305, '000{°000, W89 7221236 291 24 v ot )
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Table B.10 (continued)

DATE: . APR S8 ‘RIVER CONDITION GOQOD TYPE SAMPLER DRAG BUCKET
STREAM MISSISSIPO! IIVER TIME 12°6 70215 [TYPE SAMPLES SED MATERWML
LOCATION LINE #13 0/S OF HYCRO NTAKE CH TEMP 16 C @IS FT NO VERTICALS &
GAGE KNCX LANDING WEATHER CLEAR ANG WARM NO POINTS 1
DISCHARGE 910 249 CF3 (ADCF) IGAGE PEADING 52 35 FT |
REFORTED 1056 000 CF3
e
DIA_(MM) 2540/1910[1270]950 1476 [33% 200 141 100, 05003 05101:7]0125]C 0881074 C 62 | PAN
CUM_WIT 1CO {09160 0660 GO {00 0 0|76 X9 1135/1462[1436][1458/1493]"5C0] 150
% HELD . 0000 00700]00 0C;00 G 101, 61 %66, ,757,975]97|3331939]0CC]|'00C
% FINER 10007100 0[100 31100 G{1000{100J311000] 999 : 999 1 349 | /34| 43 75 1 03 [ d°'  G1 ] 90 | a3

LEF) |
FIELD NO 10 |
DISTANCE (FT) | 2072
DEPTH F T ) 130 )
DIA_(MM) 1264011910112 707952 (476336 ] 200 141 (100,050,035 CX510177]012%][6I88 J674]C b2 | PAN
CUM_WT 103 /G0 00 001 CC ;0C .00 GO ' 0C | 7E 40 1144 '462]1434) 1456 1498] 499]°50C
% ~ELD ;00 00100 GO 00 /0C GO 'CO 00 ;6 273:763/975|996]999:999 939 ['00C
% FINER 1000110001100 31100 3110001100 9110001100 0{1000( 9k Q727 237 35 | 04 | 3 | C1 | 01 | 33
DEFTH T | 92 |
DA (MM) ‘X 40[191311270] 952476 [3% 2 M 14 1 35,3332 C177[0°%][0088,7C74|C X2 | PAN
CUM_WT .03 /03 10GC;00[COICC 0C '0C OC ) 38 3E 873 331483 49E 1498} 435 ]'50C
% MELD .00 1G5 07  CC ;00 ;CGC 06 GC '0C_ 25 :204 %B,19:2]993][3%93 99993 |'1C
% FNER 10C2{1000/1000,10C J110C A10C 0I10C 0,106 01 D| 37 &' 796 418 78 | 67 | J° Gt | 3° |23
ISAMPLE Y
FIELD NO IR
DISTANCE (FT . 969
DEETH(FT' . 78 '
DA (MM) 54018 10{1270. 352 1476 (3% . 2L . 147 1001350 03K 52 2177|2066, 3C74]C b | PAN
CUMWT — 703 .00 05 _CC 00 ;COCC_ CC 00 O 35 .7°G1°381(1479| 486 1433 '&CC|'S0C
% ~ELD €0 , GO  €CC OF CO CC 00, CC . 0C 0 J: 48€.984]9B€ |39 939 °30C| 10C
% FINER 1007{1003:1003770C 7,100 0,100 310G I 1003 10C31 338 977 €146 | "4 1 31 - Ct | 20 | 39
DATE: 17 APR 98 RVER CONDTION GOAC TYPE SAMPLER CORAG BUCRET
STREAM MISTISSIFRI SVER TME 1*00TC 25 TYPE SAMPLES BED MATERAL
LOCATION LINE #13 0/S OF HYLR(O NTAKE CH TEME W6 C@ISFT NO VERTICALS ¢
GAGE #NCX ANDING WEATHES CLOUDY ANC RAN NO SOINTS 1
D!ISCHARGE 338 782 CF S ADCF SAGE READIMG S0 50 7~ .

PLE :
FIELD NO =

D!STANCE (F7 ;. 1796 .
DEFTH (FT) [

DA _(MM) 2£4011910112 707352 1476 3F 23114 10005003 J17[I1XICIE J074]CIB2[ PAN
CUM WT 083 02 03 !CT ;00 :CC ;47 47 136 12091161389/ 1420/ 1438147 3/1496]'5CC] 'S0
% ~ELD €3 :€3 02 €0 0C:0C 3% 7131 90 806 . 9t 233|947 19%%)3%2 997 |10CC|'WC
% FINER 1001100371003 10CJ{10CI10C T %S %63 31C 194,85 57 ' 63 | 41 1€ €3 7207133

DEFTH (FT 165 !

DA (MM) 2540{1910,1070:352 '47€  IXE 2001141 100,050,035 226 CU7[3 2[CBEIIC4]006: | PAN
ClUM WT ;02 1 G360 03 :0C,CCCO €0 O ' 31 176 10C111443]1434]1493 1439]°423]°50¢C
% ~ELD . 63 iC3 00 :uUC ;00 .C0_.C0C 06 0 1 2% 117667 W2]96)]399.9%99]|931'NC
% FINER 100010007100 0100 01100 3000, 10030001 PG 1978 /A3 333 38 | Ca4 | 2 €1 [ 37 ]33]

(SAMPLE)
FIELD NG ‘5 1
DISTANCE (T, 3458,

DEST=(FT+_ : 91 |
DA (MM) ;2540119101070 352 476 J¥ 20 14" 12,50 123 326 C177]0'E[CI\E, 3C74[C W[ PAN
CUM wT €3 . C32'Ct 0L CO.CGC _cCC_ cC _ 0< ;46 97 1024, 2451148 G] "4SE . 1439] 299 [°S0C
% ~ELD CJ [ G- . C- CJ'€CC_ CG.CG CG @Y 3+ 2B 6821931 1993(37 839633 | XMC
% ¢ INER 1003,1000'102106 2100 0:10C3!10CJ)10C 3 WS, S 8723V 7 w3 [ C7 ENEEE ]
(SAMPL_E)

FIELD NO) . '8

DISTANCE (FT)) 2634 ;

DEPTm (FTY 1 77

DA (MM) ;XX40:1910/1070- 952 476 3¥ 2 14 1 TS0 XK T2X C1Ir[tEICIE JCTA[C B[ PAN
Cuv wt ;€3 ,CC C3 CZ CC:CC CC _CC 03 . & J1€ 1123, '¥Fn(1475]°454 1493[°5CC|'S0C
% ~E.D LC LY 07 ) CCGC L CC 02 34 1144 753, 924 |9BE | %6 (N9 ["Tu[" D
% FINER 1009{1000,1003,10C 310C J/10C ;1003 110CJ, IB€ ;366 ' B5€ 247 7€ ‘4 jJa  Cr 30332
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Table B.10 (continued)

'DATE: 00-MAY 9
ISTREAM MISSISSIPP RIVER

AVER CONDITICN OO0
|TIME 045 T 12 30

TYPE SAMPLER DRAG BLTAET
TYPE SAMPLES BEC MATERAL

LOCATION NE #13 0/S CF YDRC INTAKE Tk ITEMP "9 C @10FT NO VERTICALS 4

IGAGE wNOX LANDING IWEATHER ZLEAR AND WARM NO POINTS 1

'DISCHARGE 1 *20 828 CFS ADCP {GAGE REALING 54 35 FT

1

i PLE

FIELD NC 7

DISTANCE 7~ (787

IDEPTH (FT) , 1°4

(O MM) — 254019 10]1770[ 95246336 200 ] 4" 1001060 03[0 ]0°77/0°% 008 0C74 0062 PAN

oM wi oCloojcofcolee (82T 138 7, 274 128141 2(1490[1437, 14981 1499459 '499* '

% HELD 700 00000032 55] 92 |'171183.752]341]353]/996 999 B85 ' W3 B3 ' _"L_

% FINER 100G['000]1000{100C] 96 £ | 945, 90B | A3 1817 24858 |07 | d7 01 0 0 | 0° B)

BAMPLE)

FELD NO 18

(DISTANCE (FT; | XI32

DEPTH (T ) [lee]

DA (MM 2540['9°0[1270]352J476 (33| D[ ‘4 10 0D CH[-25]0:77,0125,0388 . 0.74 D06 PAN

CUM WT .00 ' 00[00[C0]C0O ;00 GO |32 03 _ 60 IC2]372]145611431 ‘495, 438 '399: "SCC

% HELD ,0C '60to0fcofcc0C! 00 [Sv 02 4C '35(648]571 @2 997 B\ B3 ‘XC

% FINER 1000100 01a0 0[10C 5[0 C{'000[1000[ 993 . BA|HO  KES5) %K. | 29 ' 06 ' 03 0 . 0" 20

(SAMPLE !

FIELD NC g

DISTANCE F~ ;2455 |

CE W (F~ ) 8

Cua MM 254013017 70] 96246 3B 200 [ 4" T X D LHJ-25][0'77 0 5 09 0.7 0 ¥.__PAN

CUM WT "0C _00]cU]350]C0_ 0313050, 00 14 ‘*3|o54B|1382,1432 1438, "499.'469 ‘&0C

S HELD Q0 :00[230]Z0[3C,0CC0 ]300 09 . 75 [a32[3l1 995 93 WG MY ‘LT

~ ENER ‘005 'aCQ[1c of1eC 3 M a0 C 16003 M B . %25 %k€E| 73 05 0 0 0 ]

[SAMPLE)

FIELC %C 2 !

CISTANCE (77 . 965

TEE W) a1

DA MMy 5401'90[1270] 32 476 336 20| 4. 10C 260 C¥H[cXk][0'77 U'2%5 00688 004 DEZ_OAN

TN WT 0C 02130 [c01:0:00 CO {23 01 _0° C |vXB|1318 1473 496 253 335, & -

~ €LD 0S5 _02]c0z0 "05 -0 ]23.,01 .0 -7]e7v]879 9. R, 983 W3 .

% FNES 002 '0CO{10C0J10CZ{*0=/°005 1C0[" D, 3. 29 /I | L2]'z1 18 02 0° 0O )

DATE: 09 JUN 98 RIVER ZONCIT CN -=OFS+ TVFE CAMPER DAAG SLInET

STREAM MISSISSFOI RVER TIME 22X TC '35 TVFE SAMPLES BFL MATTRIAL

LCCATION INE #17 2/S CF =¥DR7 INAKE TH TEMF X C@0FT N0 VERTHIALS 4

GAGE «NO» _AND™NG WEA™-HER CLOUTY ANC =QT NG POINTS

[CISCHARGE S560Cc SFS (ADCP) GASE REACING L X ¢~

(SAMPL|

FEDNG il

DISTANCE F* 771

DEPTHE ) -

TA_ VM 2540°°3 012 0] 563 ]4h I3 200 ] "4 1L o800 5K|I5][0'77.0°05 0508 0L°4 0Kz PAN

COM_WT 05 03]0o ]z Tk .67 . 09 ] A& X7 "ME137 3147 6]148 7, 1838 229 50 S 0. ‘&0

% JELD 02 - 0GC |30 [CO]2€ 458 73 |37 17173 . 3 5] %3] %8 93 23 "0CO. '0CC. X

~ F'INER ‘o0Ciocofto0o(ocC(97€ 9651327 903 B23. %69 651 7 [ 3z OG° Q° OG- B 10
PLE,

FELD NC b7

CISTANCE (-~ 088

CEFTH(FT) 9

CA (MM %540 '9°0[1cO]352[47E13IF 004 1030 SH[-x[0'77.0°35 0088 0C78 DT AN

CIM_ WY 0C ,0CJCOJCO G5 i0C ) 30 JCY 03I 59 70]|%F&|140271259 ‘496 "&57/°496 " 50T

% HELD 0C ' 00|C0]-0]C3 100,00 ct Q. 33 ‘47]6d3]936 983 @7 . 996 83| LC

% FINER 00 '0C0f10C0[1C 2[*003;'00G]10C0] 999 93¢ %' 3| %71 65 07 03 0  0° Z0

(SAMPL| .

F.ELD Ni_ a)

C.STANCE #7; 247€

CEPTHRFT) at

Ca_aM) 254C.'9°0[12 0] 367T47E 3% 200 47 10 60 CB[CX 077 0°25 088,07k QXKD PAN

CuM WT "0- . 0515030120702 1350 =9 01 %z “B|&4j13-3 1466 467 '339 ‘&1 5=

% HELD 0-,00]C01°0]°3:03 €0 /=) 01 03 34)&L3[3W> 9° P¥e 393 0CC__"X

~ F.NER *@0C "OCO0CO|TC 1| ' -, ‘000G 10CN| M. ¥y R G h|&J B 09 0. 0 0% BD)

(GAMPLE) .

FELL NC 2%

CISTANCE F7 ° 2965

chc'hl'r'l (>3

DA _WIM, 54C9°0J1270T28 Tere 3% 200 4" T 40 -H][IX[0'77 0°5 0088 0 4 0%z PAN

CIM_WT .02 0-[-0 30,00 ;2073 0% A 1 [XE|1X96 1456, 438 1439 'S C, 5 -

% HELD "0 _0-13 2203 A JT3.0° O CT|AE|¥4 77 A¥3 WG OCL XL

% FINER ‘M. COPX0 3 W™E|ip 23 0°_ 0° 0C i)
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Table B.10 (continued)

DATE: 03.AUG 98
STREAM MISSISSIPPI RIVER

RIVER CONDITION CHORPRY
TME 123070 1340

TYPE SAMPLER DRAG BUCKET
TYPE SAMPLES BED MATERIAL

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LOCATION LINE #13 D/S OF HYDRQ INTAVE CH TEMP 31 C@10FT NO VERTICALS 4
GAGE KNOX LANDING WEATHER CLOUDY AND HOT NO PQOINTS 1
DISCHARGE 453 967 CFS (ADCP) GAGE READING 330FT
PLE)
FIELD NO p]
DISTANCE (FT) [ 1791
DEPTH (FT) 88
DA (MM) 2540]1910]1270[ 952476336 [200] 141 [ 100]050]03F[025]018]0125]0088]0074]0062] FAN
CUM W1 0o Joo]Joo|oojoo[oofoo {0478 [246 1090137 2[143571463(1496]143211500] 150
% HELD 0o JooJooJoo oo |00 | 00 03|52 |164[727/915]957/979937 999 [1000}1000
% FINER 1000[t00 010001000100 0f1000}1a00| 997948836273/ B85 43 [ 21 | 03] 01 | 00 { GO
PLE)
FIELD NQ %
DISTANCE (FT) | 2076
DEPTH (FT) 83
DIA (MM} 25 40[1910]1270] 952476 [33 [ 200 141 [100]/050]/035]025]018]0125]0088]0074]0062] PAN
CUM WT 00 ][00 |C0 |00 ]00]|00|00 |03 [0& ] 71 |226]994]|1442]1492(1497|1439]14959|1500
% HELD 00 )00 |00 |00 |00 |00 )00 020347 [151)663|31]925/998]233 939 [1000
% FINER 100 0[100G[1006]1000f1000[10C0}1000} 996 /987 [953/643, 337 38 | 05 FRIFEN RN KT
SAMPLE)
FIELD NO 77
DISTANCE (FT) | 2474
DEPTH (FT ) 73
D& (MM} 2540019 10{1270] 9527476 33 [ 200|141 [100]050]035]025]0'8|C 5]00B6|0074]6062] PAN
CUM WT 00 ]00J0O0 |00 ]00[00 |00 |03 01 ]16]126]|6891403/14%5]1439([14851150G]1500
% HELD 00 [CO |00 00|00 ]|00 |00 00|01 11 |651459,925(397 (293233 (100G]1000
% FINER 1000/1000[1000[1000[1000[1000}100G}1000[999/983 8155465103 1Q1 | 0 | 30 | 00
SAMPLE)
FIELD NO Pz}
DISTANCE (FT | 2881
DEPTH (FT) 57
DA (MM) 2540[1910[1270] 95227633 [ 200 [ 141100/ 050/ 035/025] 0181012500861 007410 062] FAN
CUM_WT 00 |00 ] 00 [00 00|00 00 00|03 |04& ] 1t |917/1298]1473]1436]136711259]1500
% HELD 0o |ccjoojoo oo 00100 |00 020307 6116865/ 96997938933 1000
% FINER 100 0{100 {100 C]100G[100C{1000[1000['000{ 928937 /953136891135 14 |03} 02 | 0' ] 00
205




Table B.11. Bed material data at Line 6.

'DATE: 27 FER S8
(STREAM MISSISSIPO! RIVER
LOCATION UINE 85 J/S OF ALX

RVER . INDMON  50C0
TME 14X TC1E X0
TEMP 9 @10FT

TTYPE SAMPLER DRAG BLCWE”
TYPE SAMPLES BED MATERAL
ND VERTCALS 4

'GAGE »NOX LANDING IWEATHES ZLOUDY AND MILD NO PONTS

GISCHARGE 7RIS ©F S ADME) GAGE READING 48 oD FT

iS&MPLEi

FEICWO [ 1

CISTANCE F7: 3011

DEPTH (FT) [

DA (MM) S BI012701952 476 2H [ 147 1 _J50 w2 [c177[c1x[Ime[1074. 5060 _PaN
CUM WT 501060080 ,CC][¢2 C 30 _0° B2 37 1[9ar[r7s]r24[ 249f1£0 125 18
% HELD 20 .00 '0C ;08 C 30{C0 23 -0 ST 271768 (54213931389 [1903'10C0 00l
% FINES *00C{"000100 9" 0CG 100 0[1000]* A0 C.TNC. 996 9501 70341 658 | 57 ] 21 20 20 Cc?
(SAMPLE)

{FIELD NO 2

CISTANCE F7: 13911

DEFTH (FY 6 .

LA _(MM) S40)191C[17C1340 476 2B 12K ‘4 1L . G0 CHJCE[1Z7][12]508E[ 074 C OB FAN
Cum w1 S0 .00 00,02 CCJSOD|20 50,08 127 XS[E2E["BEJ"4B7 497 (1437 1437 ‘498
% HELD 20 ,CO;0C OC ' 301000 c2 D5 (8% X&}1551}13121253195919%8 P37 ‘002,
% FINER ‘OC 000000 C "OCCI I 010G 0]10C {00 IeE 516 T36 443 | B | ST | T 1 3 €o
(SAMPLE |

F'ELL NO 3

DISTANCE [~ 4090

CEPTH (FT g

Cla_(MM] EX-HERSEEEI K I FE NS 3R A FES FEH RPN O VLY
cum wi CO G2 '0G 02 -C[CO0{CO . 3G 0G ('3 & '[3E(4cla€R['SC2[1507.15C0. "0
% 4ELD 30 C3 B3 03 Zcjcte]co SC .02 12 “457(€° 18431377 1-X2[1000C0 ‘02
% FINES "X CO0C CO0CIOCC 'YX O160|°0cs ', BT £5] €3] £7 <3l i0fj%o <Ig C°:
(SAMPLE) ;

FELL %0 &

CISTANCE ¥~ 14778

CEDTH (FT) 0

L (MM 2AC"SICTT2C657 43X 4 VXL T H[CRTC7T[CIX[C 08B T 074 T OB2 FAN
[N TD.CC 00 00 cel:0fcp . o: NC 02 31°]13 1633781 27]13%9, 1433 493
~ <ELD S0 _CZ 05 [0C . cC|-01cO@ 32 _0C 02 3 [-9[w9[=zalrxs|9c2 37 ‘002
% TINET "X "002:'003;°0CC 100X "0s.to0s HEEHER BB E NN R -
DATE: 23 MAR %8 SVER CONOIMON ThIPEY TYFE SAMFLER [RAC 3LC#E™
STREAM MISSISSFS RAES TME 1€OC T2 17 0 TYET SAMF BEZ MATERAL
LCCATION JNE 8 /S OF ALX TEMP 9 @°0FT ND VERTICALS 4

GAGE <NOY LANDING WEATHES AMNDY AND MILD ND 2OINTS *

CISTHARGE 844 513 ZFS ‘AJCF) SAGE QEAQMNG SOECFT _
1SAMBLE)

F.ELC NQ 5

CiSTANCE #7308

CESTH (FT) 2

DA VM) 264518101270 950 4 7% SEJCITICIS|COBB| 074 S062 FAN
UM wT 065 '00 "0 <G FE|W07[14S4[SC2{15CI 1500, 'S
% =ELD 0 - C3 _0C.0C  SC E37[338 (266 ["XLC|1000.1C0 A0 :
N FRNES "X C."00C1°003!°0CC 10C0 ¥3[ 8.2 0] °0 0 C:2
ESAMDLEI

FELL NO 5

DISTANCE F~ | 324 .

CEDTH(FT) 2]

CA (WM X4 "91C12MI 552 4B ZE[CX 41X S -R[CxE[CT[T1 e[ 08E[C 074 C

CIM WT S0 ,0C 0 0Z cojco [i] 0C "0 3 |51/ B7['aB1]'457]1458:

 ~ELD 00200703 CcO|20 B FRIREE PR D E TR

% FINER *JC2i'003;'00C/"0CGo00{1000 W00, 30 39 fer e 2] 2 ot

(SAMPLE

FIELD NO ;

CISTANCE % [40°0

CEPTR (FT 9%

DA (VM) RYSEINEFSEREAEE I PSS EE 36 NEEI EF AR BF3 I ERINE S
Cum w1 ca_ct 0 pli) BEEREF I NI E RN
% HELD Z0_C? 0l 13 [ 3(%6237313%B 989 1L0 IS
~ FMER X s, - EREEED PR R R
(SAMPLE

FELL NG 3

DISTANCE F~° 3

CESTH (71

CA M) 70 452 4763 B[S 41X S0 LB X1 ]Cix[C0Be]c 074 2062 FaN
Cnv Wl S N7 TC{20 (%0 <7 i0T D2 1301°97]30 [ 474341439 1459 50 °,
% HELD C nc Tel=zo]cm 33 0Z O 331 31]eEl & I¥61@9 :/3 00"
N ENES 0C 0NC 101X 0j" X2 *30° ‘00C X9 :r[ee3fzigf a3 { T4 [ Ty T
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Table B.11 (continued)

DATE: W APRSS SVER CONDTION SMo0 = “YPE SAMP_ER DRAG OLL<ET
ISTREANM MISSISSIES SNER TME 1E45 70 T8 TYPE SAMPLES BED MATERAL
LICATON LNE 6 /< CF ASa TEME B I @GIEFT N0 VERTICALS 4
IGAGE «NCX LANCING AEATHES C_EAR ANC MiD 3 SONTS
IDISCARGE FESICET ADCE SAGE READMG &0 %5 °°
RESCRTED 400K FS
P E
FE D ~G g |

D:STANZE FT' 3203
DEAT= (¥~ - 49

Dia_(Mwn 20913127 35 ¢ J¥ 22X 14 1 X K ¥ € T XICHE SN
UM WT €l €7 CZ €7 CC CC CC CC Gf _'E 223 1235 "4E 41437455 1493 "
% ~E.D ) €z CZ €CZ CC CC CC CEC 0C °v° &1 24 F351936 ;%3 99
% FHER WOIWIMINCIWINMICIICI L] VS B 7 T4 ) C2 v 3 Ty b

(SAMP_E
FIE D NO :
DISTANCE N

(51

j

DEST= ¢~ &0 :

DA_mwn XL015101:70 36, 4F 3% SX 14 VX L ¥ - I3 ETCIE ICAIC B BAn

IV WT C2 C. C. C- _CC_CC _cC C- 0= 5 '2E 58 ‘2231437 "&Z 16J5] 5 C, 50C)

% <€D CJ _C- C: €. _CC _CC _cC _C° 07 35 3& 55€ 35 7ME X2 100J'XCI"XL

r'MM-:-': 00 003 1003 1L I0CJ 10CJ 0] 338 HWE L 316 43& 45 L C2 1 3C  C3I 123 +33

1HSAMP B

FIEL ~e I

IGSTAN_E FT 0%

OEET= - ‘<

DA (MWD X515 ' 3 352 & IE X 14 X RIS

TV AT CC_cC_C- 0 ETNEE

N-ED cT c¢ Ccr 9o 3 ¥5 FE X

N FNEE Lo %CS 23S WG %4 3K, 4&: ‘e -k 5*

;

OEST~ = - ‘o

DA 35; 476 3% _JX ‘& X T I XX

G RT C- cc t- CTC C- a3 ENE-DRCE

«-£L S I tC_-c <Lt 3 EEREES

(N TNER *0C2 T, 0] '0Cd '0Ce " J L] @™E M|e 32, -1 1 2.

[DATE: 17 APRSS SNVER TONDTON G0 T TYRE SAWP E

STREAM WSS STER SNER TME 1300 TC 56 “YPZ ZAWP.E

LICATON _NE o /S CF A TEMS 6 S @raFT e}

‘GAZE »\Cy ANC WEATHES N) SONTS ¢

DSE-ARGE *F WL CTI ALME 3ASE BZAD

'

(SAVP.E,

FIEL NG 3

CSTANEFT. 7%

DEST= =~ 5]

{CA (MM X 161011 CX SIS eTopR D070 BB SAN

UV WT cx <2 ¢ t2X23 443143 EEIAEE

% =~E_D cs _r: t. K EXRE A

% T NER ‘- 30 & 38 T ORI

!

/ 23

\DESTw (7~ - [N

DA MV X 43 ‘131272 T~

v wt 23 - _¢c- 1T

% ~ED T . C- R

-[\=~s= ‘0C3J ‘007 '3 e

HSAMP _E -

FIE L NG ‘s

DSTANZE #1_ & 31

DET=(F " " R

DA MY XL 19D o5 362 &4 ¥ _JX 4 X -5 ¥ DX SO SAN

v W TS oL Lo ZoocCrnocrctf¢ 5. &3 L& - 3 RS

% -E.D TI _Co T €L TCT Tttt Lo 3T )7 kg i+n 38 133L o ¥3 \E T AG3 X

NTNES W03 X 'AMJ L3 L5 LSS W\E |3 WL qe A T 1 TE PR

SAWPE
36 ¢7E 33X 22X 12 +X ZAC 3070 B SaN .
T. (. _(C (L (E_-a& &E RO
T LT REY) X E DI
‘X3 0Co XD Ls ¥WE B/ RN
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Table B.11 (continued)

DATE: $3.IUNSS RVER CTONDIMON 2 =OF0y TYFE CAMPLER JRAD BUCRE”
STREAM MISSISSIPAY RIVER JTIME “§26TC 60 TYPE SAMP ES SEC MATERAL
[LOCATION UNE o€ O/'S OF AUX TEMF M C@0FT NO VERTIALS ¢

GAGE #NOX LANDING WEATHER ZLOUCY ANC ~QT NO POINTS *

'DISCHARGE _5C4817 SFS_(ADCAN SACE READING 4C X0 F~

—_—
(SAMPLE !
FIELD NQ 17

OISTANCE 771 13197

DEPTH (FT ) r

CA_ (MM ., 540,79 '0[12°0[ 32476 IH | 2 t4 130,050 IBICH|(07T 0°65.0088, 0074 02 AN
CuM Wt 030030 J30[cd 0C 20 ]JC0 Q0 OF 22[7&[1289114c7 4891496 495" '5C0
‘% HELD "00 00 (70 [cS6)33 OC &0 [CD 05 N& @ | G|mE9:92 9@ . ¥7 W5 X
% FINER °00Q/°000[1C 0[1362[*20C3,°00CI0C 0[S 0C X6 :319[49C} 4y 22107 03 0 0
(SAMPLE) :

FIELD NO 18

Uit~ SR, - )
DISTANCE (F™: 7%
OEPTH (F7 } T .

ClA W 2640°910[1270[S52 476 . 3% Z00 [ 4 100 ZAD GS[TXJQ77 02X 08 074 006, . SAN

Cum wt 02 . QC {20 120 J328 02 T0 JCT3 01 4E 444|108 1{1449 1495 *299,°500 ' *&CC. °SCT

% HELD 080 920 ]C0 130123 .0C100 122 01 '3 X6|8k4]%6 997 PS8 000 '0CC: ‘LT

% FINER ‘00 S '0CO[ICC6]100 2] a0C 00911060 )* N3 993 69 7C4| 45| 3403 _O° _oC__0- J0

(SAMPLE

FELDNC E]

CISTANCE F~; 12083}

DES™-(F™) g3

DA ‘MM, 24901201304/ i3%B 2@ [ 4 T C4 CHIIX(0'7T 0°)5 03B 03740k SAN

CUM WT Q7 Q0 JC0}1308713C 03 €O {31 0t 37 €y C11ED 1469 229500 . "&CC ST

 4ELD G2 .03jz2013%0)32 0 20 .t Q.2 °T1]867]33 9@ M¥3 ‘@O 'CC__"X:

% FNER ‘0ot X O *!IIO0Z 10] WS <3379 WVI|L3[ 37T AT 0 0 02 M

{SAMPLE )

FELC NC x

C.STANCE F7 4723

CEF™(T)

CiA M ‘3% 20" 1L T S| TEI0CT 05 0088 027 0D SAr,

M N 02 0|2t 34 : T RAIIXSINED 1455 2G93 ‘239 SCLC_ 'o5L

% =ELD D3 -0 |ZY 04 &; 2°2 2l%¥7T ®7 VI PW®3I LC: "X

N FNES Si'00C1X0[9PWI 9L ¥6 T=6197]1 3 02 0 g gz -0

OATE: 03 AUG 58 RVES TONCTCN Z~0FD TYFE TAMP _ER OFAS ELCRET

‘STREANM MISSISSFORNER TE ST 68X TYFE SAMALES B5C MATTRAL

LCCATION UNE o 3/S OF AJX TEVMF ' C@OFT N0 VERT IALS 2

GAGE wNOx ANDING WEATHES T _OLLY ANC =0T 0 POwNTS ¢

C!'SCHARGE 3B4.X4 (F5 (ADCP; GAGE FEADNS 33777

(SAM

FELDNC 1

CISTANCE 7 X4

CEETREFT) Fil

Ca_wm 54C:'9°0[1270[ 562({276 3FH :00 ¢ 1L TS 2T 077 0% 0288 QT4 0XS PAn

[ 6Z 03 B D2 6° 422]1°74]1830 1488 *357 ‘498 ‘496 5 °

% HELD 9C 02 0 _t* =2 ERNEREENE Y E N N

* FINER ‘goC.'aco N MEX] 4% 9= Qz Q- [ -0
PLE)

FELLC NC 2z

C'STANCE (F~ ¢ 3738

CERPTR(F™) | &

[ SO NIZTO[3E]T4TE 3B SO0 )4 100 CA0 CH|TXIQTT 0% N8B 0C74 QXD SAN

UM WT 0c _0ci-0]C0 02 20 |23 0% 05 75 [%E|1I37 1456 _"456 1298 °355 &7

% —ELD C_0ZjsolcZo 07 -0 J]Z>3 07 0&  €3[c@3]3c1 G/ 397 999 da3

% FINER ‘000 'OCO1OCOfrX2{"I0C;*00CiXC0['0'"007 X4 347479 23 [ [INCE

| SAMP!

CISTANCE F~: $1F

CECTHIFT; e

CA (VMW 2549 'D|1. 6] 35 X 50 -H|-X]0°77.0°25 0088.0.74 0%, OAN

CUv wT [T e I k) 3 B8 1P21e If1eEd 1257 "450,°439 ‘50C  CETC

% ~ELD g5 0zl:o]:n 2 86 7rtisa’l3ey We 393 @S OO0 XD

% & NER ‘00 C '0E0{toCc a1 T i 34° J79[c@ )7 U Q- 0 al t0

TEAMELE)

FELL NC 24

CSTANCE F™° #hr3

CESTh (F™1 3

LA WM, X4 9011, /0[2C (478 3B JW |4 TX TSP .- X[0T 00N

[ G- _02[-olzo |z 02 20 [ 23 07 9% W21 Tl1agg 1430

N~ SELD A2 051D jlO@ 17T . 02 6170 0> K XI|FE[F3F @

~ FNEG M. O oI I/ W YN0 0T 324 139 A, ) 37 0°f
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Table B.12. Bed material data at Tarbert.

DATE: 27 FEB S8
'STREAM MISSISSIFPI RIVER

RIVER CONCIT'CN SMGUTH

‘TIME '60CTO 7 XC

TvPE SAMPLER DRAG BUCVE™
TYPE SAMPLES BED VMATERAL

ILCCATION TARBERT ‘TEMP 9C @) F? MO VESTICALS 4

IGAGE REC AVER .OG WEATHER CLOUDY ANG MRC NO BOINTS *

'DISCHARGE 782 44G CF 3 _(ADCP) GAGE REACWNG 4650 F 7

|

(SAMPLE y

FIELL NC 1 :

[DISTANCE FY 1 1417 )

‘CEPTH(FT, 1 64 . |

DA MMy 12640('90[1270]950[476 | 3% [ 200 [ 141|100 0500 05[017701250088]C074.0062] PAN

CuM Wt ;00 00 ]00]00 (00 ;CC 00|00 |C00,;30 )01 84659 ]199]12¢3[ 246, 241 248

% HELD '0C]00[00J00N0 00000090 700 (6- |68B| %t 6]|998, 999000

% FINER 1100 0110007100 01000][1000 00 G 100 0[O0 0[1000]°00C[ 9891933 312 ] 39 1 04 | 32 0° | 00 '

_ ‘

[(SAMPLE) | ;

[FIELD NO 2 :

DISTANCE FT )i 2204 i

DEPTH (F T & .

DLa_vng ;X469 10/1270]3452[476 '3 ¥ {200 [ 14" [ 100 050[ 0305017710125 00800740062 PAN |

(CuM WT 100 ]00;00}c00]00[CO00])0C]GO 2103 8 vaaggasrj{gss 49311439] 1438

"% HELD ,C0ro0Jo0Jo0foo GO 00 00 [00;CT |02 72]@87|3@S ' '000)°06C '000['000]

% FINER 10001100 3[1000][1000]100 G0 3]100 0] 00010001993 996 768|113 ] 65 | G0 | 50O ' 00 | 00 |

I

(SAMPLE) ;

'FIELD NC )

TDISTANCE FT)1 w77

DESTH (FT3 53

{CA_ (MM} (2540119 C]1270[3521476, 33 200 [ 141 [ O[OS [7% 0250177326 0088|0074 0062 AN

‘CUM_WT "0J,00[00[90]00 ;00 [30 00 <0 cCh [*3' 1'216|"471.14%8 ‘5051605, '500[ 50

% “ELD 2.0C,03]C00 C0)C3 00|00 305487 81091293 000]['0CJd,. 000 0C0]

% FINEF ‘00 3/'M 0110c 0f10C 6] 0° C 1A 31100 G 00G{1000 ! 9BE (513, 120 *5 ; 5' 02 [ 20 QG0 | a2

(SAMPLE

FIELD NG 1

'DISTANCE %7, 3408 '

‘CEPTH(FT [

CIA MM 2540/°9°C 12/0[I6° 476 3% 20141 [ '@ _ 053 [02% 0¥ [C1:0 1225 00BE[.N74 0B2] PAN .

cum w1 !C7? -AC:3CJ200[70 3G 30 ] 2] " B'['078 4B%) 49, 1500 0L 5 0. 1500[°50;

% HELD "C2 00100 070 -2 3010314, '8 1713.96"]9€ 10C0 '00C] XJ '0C0]'0C0

% FINER ‘00 ‘0051000f10C0[*aC2v00C o039 [eE gr:(M . a9 | 03 . 30 - @2 | 2@ 0c | 0%

DATE: 2 MAR S8 FNVER ZONDITCN CHOFFY TVFE SAMPLER ORAG BUCHET

|STREAM MISSISSIFD! RVER TME 73X 108X TvEE SAMPLES 8EC MATERAL

LCATION TARBERT TEMFP 3C G105 N1 VESTICALS ¢

GASE TARBERT JNEATHER WINDY ANC MLl NO BOINTS ¢

C.SCHARGE 961 783 TFS (ADCP) .GAGE SEADING 430CFT

(SAMPLE) |

FELE NO 5

DISTANCE F™) 38

CERTHIFT, | &7 !

TA_ MM i2540/19"G|1770[ 350 [47€ 336 20G] 141 [ 100 O&C[3% 106 (3177 51365 QBA[CAT4 0062 | OAN

ICUM_ WT GO 00 ]00[n0ofd0 .20 000030 5C[0' K 29°]|'23 114504323436 ‘489{ 500!

% HELD C> 00 00]30fc0O_C37 €000 |20 3500 . 194]6: ' B7;955] 93 %9 000,

% FNER *003:"a00(toco]aco( 03,10 10cdf00ctoCa S [ @It ae | 7S . 13 0€ | 2t O {02

(SAMPL

FELDNC €

[D'STANCE F712°68

CEPTH(FT) 7

DiA M) X9 c1270[95°[a76 3® (20 [t [0 05 JC%H 06101770 2510086 074,0%2] PAN,

ICUM WT 03,00  00]530[80 3¢ CO|0C [CO -0 v &7° (1335 1480 498 ‘439 '939['56N

{W HELD ;07 00 (0CJ]J0J00 26G:20]00 |00 ,720]07 8 ']@31. .97 269]93 B\alog

™ FINER 'gac *ongtacgftoaaf+ac 21t 00C; 100G 00 0{tC0{"BC{ @3 . 61302 '3 . 0 <1 0 ] 03

|

{(SAMPLF) | ;

FELC NO 7

DISTANCE (1) 3003 |

CERTH(FT) . &1

1DIA MM ;2540079012135 1478 320014 [ OC O [I% 02X [ulJ7 5 0T 074 DB2] PAN

Cum WY GC : 0310000 c0, 5C 128 [00]20 13 77 "336] 478 1497 43811438 '550] ‘& 0"

% HELD 0c _0c;nafcofCo 10!30[09]70 <3]['8¢,@60] %5 . M¥p:PY[¥3 00|00

~ FINER *00C "M e 0108 0[ e TI"303; 1000 '00C}1000; W7 |6, L} & _C2 - 0° | -1 03] 0%

ASAMPLE ) B

FELD NC 2

CISTANCE F 7. 337%

‘CEPTH (FT [

[T XL 30270950 j47e 33X 22X ] 00X 050177025 0 IC0/4 02 PAN

Cum WT €2 02 ,0CJ30 -0 37,2003 [ "4 % [13° ‘453|431 1438 ‘43E[ 433 '459]439'

% ~ELD € NC/00]30 ][50 <o 32007 | -3 ‘64765 G74]9%E . @G5, VA |"X2 'O 'HO

W FINER MDD ONNC O] LT "D YCN A | X7 HIe).4s 2k | QE 2 O | o0 Q- a6
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Table B.12 (continued)

DATE: 10 APRSS
STREAM MISSISSIPP! RIVER
LOCATNION TARBERT

RVES TONDITICN SMCCTH
NVE 17 G TO 18 0
TEMP 16 C@15FT

TYPE SAMPLER DRAG BUCKET
TYPE SAMPLES BED MATERAL
NO VERTICALS ¢

GAGE TARBEART WEATHER CLEAR AND MILD NG SINTS t
DISCHARGE 847 658 CFS (ADCP) GAGE READING S0 90 F T
REPORTED 964 0OC CFS
EL’
9
|DISTANCE (FT 3] 1371
DEFTH (FT ) 62
DIA_(MM) 254001910/1270; 982 ]¢76)33% (200141100 C50 ' 035]025]0177[0125]0088 03740 062 | FAN
CUM WT g0} 0a 0:00(03]00)}90 |00 |00 90 |06 J1268)981 |1485] 498]1495]750C {1500
% HELD 00100 0io0ojcofco[oo}jo0]ao o0 T04[es5 |e54f3%6]999][983][00C{1009
% FINER 1000{1000[100 0/ 1000100 C]+000{*0G 0] '000['000[M00: M6 [915] 346 ] 34 | 11 [ 31 [ DA | GO
SAMPLE} :
FIELD NO w0 |
DISTANCE (FT
DEPTH (FT) 63 :
DA _(MM) 1254011910]1270[/ 952147 3% ] zo0['arJ 00 050 0% Joas]c177]o125]ooeeJoo7aJooea [ =an
CUM WT 00 Q00]CO ;00 |CI[00[00 |30 |0C  J: . 3G 6826 ['386|'483 1496 '500]1500]15c3
% HELD 60, 00]00]00{CO0}00]N0|30]0C_ 3% 20[5%1]924]993][98 ]| '0c[ a0Cc[co
% FINER 1000/100C[100G{1000[100C[100C[1000] 00 0[1000; %99 38 449 76 | 27 {21 { 00 | 23 | GG
L
(SAMPLE)
FIELD NO I
{OISTANCE (FT)| 2730 |
DEFTH(FT) 57 |
DA (MW 1264019101270, 952 (47633 | 20041 [ 120 0S5 1335 [22516177[Cc125[008R|C 374G B[ AN
CUM WT !00.00 ;60 {00 (GCJ]02}00]00[03C 23 39120 4£4]1437]'493]| SLC[80C[15C
% ~ELD i00 Co.00;cofca{co[a01aclaoc 14 2031A01[976 | BE|{9®3 (‘A" MCIG0T
« FINER (100 Ci1000100C (1030100 Cto0C[*a03]°000[a0d/9\< (781|199 ] 24 | 32 [ J' 130 | 33 | c¢
SAMPLE} |
FIELD NQ F
DISTANCE (FT) 1369
CEFTHFT; 43 -
DA (MM (X4C11910,1.70. 9521476336200 141 [*00,C5 ;235[35|C177]C12£|CIBE{CI4]CBZ] AN
CLM_WT 03 ;GO €0 .08[C3]G3 ]3I0 f3C |03 [0S ICS[1BE| 473 "sBB| 49E | 2499 BI[15 D
% ~ED €0 _C3.037'c2]caJca30]ic|oe 03 737[332]|9BE[PB-]|0937 9951933 10C3
% FINER (1000 100C1000;}100 C[100C{1000]100a[*a0J[ 994, 797 . X 3| €3 ; 14 [ J€ [ 13 [ 31 [ oy [ cC
DATE: 17 APR 98 ANVER ZCNDITCN GI2CD TYPE SAMPLER JWAG BLCRET
STREAM MISSISSIFP! RIVER IME 1530 TC 1€ 0 TYPE SAMFLES SED WATERIAL
LOCATICN TARBEPY TEMP 16 C & 5FT NO VERTICALS 4
GAGE TARBERT DISCRARGE NG WEATHER “LCUCY AND RAIN NO SQINTS i
DISCHARGE 798 103 CF S (ADCP) GAGE REACING 4SO FT |
i
SAMPLE] I
FIELD NC 3
DISTANCE (FT)| 1365 |
DEFTH(FT) | 58
DA _(MM) (254001910112 707352[¢76[33% ]2 ‘a6 oso an[axfcizz]cs]caE]cora]c B[ FAN
CUM WT ;€3 'C0 03 ]00]Jca[cafoo [3C [0C i3C  Of 131 ['1173[1444('495]['2931'500]15C3
% ~ELD 160 . G0 00,00 ]|C3]03[AaC | 3G |AC 3G 1 aY |87 ] 46 %3 99719893 ;mC|1cI
% FINER 100C1100GI 100011000100 C]100 Cf*aC O]:A00]1300: 209, 3 [913 [ 64| 37 [ 33 | 3 [ad | cC
(SAMPLE) :
FIELD NO T e
C'STANCE (FT) 2'30 :
DEST(FT; . &5¢
DiA_(MM) (2241901009824 [3B[2A [ [ K 135[225]0177]0125[CIE[CTT4]0 B CAN
M wWT ;C0/C2,00][COJ03][C3]96 a0 ]ac .22 1610971433 483] 436 423] 239[1507
% HELD €9 :07:00]00]JG2]Ca]0C 90 [0C 93 847317959993 [97]933]1939[1xa
% FINER nomciwocroaojioacioacno{tagaltoce]jtand. B\ IS5 XHa! & 1 37 133 19" 131 [vOD
(SAMPLE? ;
[FIELD NO .5 !
O'STANCE (FT) 7780
DEPTH(FT) &4 -
DA (MM) [2C40;191G127C/ 952476 [33% 200 ) ‘41 [0 050 1B [I25[0177]C125|CME]CIT4[CIEZ] ~an
CuM W ‘00 08 iCOTCOJCIJC3]aC a1 0" 29 && [1'07['427] 433]°499[ 439['50GC (153
» ~ED 2 €0, €3 €3 03 03JCI|I3C O J3° 6 3° 73| 5% | 995199993 ':0C10C3
% FNER O0C N0 CI00 0 YN0 G100 CJ100C['OC 2| 996 [9Y 9948 %I | »o| 49 | 34 | 1 | J* |33 lcc
|(SAMPLE) .
[FIEELD ND 6
IDISTANCE (FT) ' 3382
[CEST T 5] ]
DA (MM IO RERGSINCGERPI RS EE IR REGE N M2 E ARG A CRE R BT
CoM W1 (€0, 60 63,60 [6OJCITIC JIC[IC H3 STV 13N [ 4B2]aG5]4S%["495] " 0C |15 J)
% ~E.0 103!cricnicalcajcafacjac [IC &7 1647875 9WE [ 997 {9\3 | M¥3 | ML ]0Ca
% FNER {100C;100C[100C 100 C[*00Cf100C] " I[":LI["0C) 958 ‘453 [126] Y2 | 32 | J° | 2* |33 ]¢CC
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Table B.12 (continued)

DATE: 00 NAY S8
'STREAM MISSISSIPP RVER
ILCCATION TARBERT

IGAGE TARBERT DISCHARGE ANG

RIVER CONCITION GC.CD
TWE 60CTO 7 C
TEMP "5 @ICFT
WEATHER CLOULCY
GAGE REACING 5250 FT

TYRE SAMPLER ORAG BULRE
TYFPE SAMPLES BEC MATERA(
NO VERTICALS ¢

NO POINTS *

[DISCHAPGE 326 12 CF S (AEE]

f——M E) T
FIELD NC ;17

DISTANCE 1) 1967

DEFTH(FT) | 61

DA (MM (25 4017910[1270[952[476 3%, 200 [ 147 1001050, 03] 06]0177 0 °25;0088 0040067 PAN,
CuM w1 1007089 1CO0}30{00 1QC! 3C 1030 (20 0010 |261'028{'485"43C{ 43¢, 37 ‘R
‘s HELD ,0C 03'90 (3000 03 00 A0 .3C GG 0 [151]585.9 31383 ,3%6 . ¥3 /g
% FINER *a0 00 0]1000{1000{700C;'000i 100013001 '00G/'000] 996849 N5 37 1 07 104 02  =-C
(SAMPLE. .

FELD NG "8 )

(CISTANCE F7 ) 2160 |

DEPTHEFY) 1 53

DA MM ‘65 46[°9:011°270] 382 (a7 IFB/ TS (141 70 OS] 03H[CX[0177I01XTOMEINCTSI0T62 FAN
[CuM w1 100 10C 350 ]S6]30 05 30 ][50 3G _0' 093 1CT9] 348 1493 1497 493 500 1500,
% HELD 0C . 0C ! C0}30[C0 0373000 (cJ . 0' 066736899195 388 33 ‘005 "W
% FINER 1"00G,'a 0,100 0[10 0] 03 *002 1000 100" @9 4 21|01 06 1 02 . 0 03 3o
(SAMPLE) T

FIELCNQ 19

‘DIETANCE (FY, 2788 |

DEETH T, &

DIA_(MM) 25 40{°9°01270[3€2[476 3%, 00| '4' 00 _050  33H[02%]0°77.0°26 0088, 03740 %z FAN
cum w1 "0G . 0C [CO 2010000, 50 |30 0V 49 (B;9|1%9]|'27 6| 434 43¢ 498 299 ‘405
% HELD 0C 02,30 [50}60 00 '5C]30 C1 ' 33 €k3{Xe|W41996 /987 293 33 N2
"% FINER ‘0NCI'0606: 106 0{190 0] 0% "00CI 1060|1005, 995 %7 447 34 ] 16 , 04 L Q20" 0 35
SAMPLE '

FELL NC x

DISTANCE (F7 1 TE!

CEF - (FT) &

DA (M) %540.°9°01270[952]4€ 3% z00] 4 "2 050 C3B[IX][0°77:0°25 00 0C 4 00E. Fan,
C M W1 00 0C -0, 50]C3 0C CZ 201 C2 5% BE6[1B1]| 364 483 '49€ 493 ‘505 '50C
~ HELD 02 02  c0 -0 1237 02 060002 37 €81|9.71376 @3 @7 2= 000 ‘M.
~ FNER "0 -, "0C 0, VX 0|10 0]"0C 003 10CH|°0CC, 998 I 4091 73] 28 07 - 03 : 0 0z -3
DATE: 09 JUN S8 RMER CONDITCN - 9CFEY TYPE SAMPLER CRAG 3UCWE
STREAM MISIISSIFRI RNVER TVE 650 TO "7 5] TYFE SAMPLES BEC YATERAL
LCCATION TARSERT TEMP XX @0 FT NOOVERTICALS 4

GAGE "ARBERT 3STHG RNG WEATHER CLDLDY AND =0T ND PONTS °

DISCHARGE 473973 ZFS (ADCP) GAGE REACING B 90 ¢

(SAMPLE) )

FELD NC Bl

DISTANCE FT, 2377

BEETHFT) 18

DA (VM) 254C/19'D(1270]952[476. 3% . z00]| "4 "X 050 ]335][C5[0°77 0'26. 0088 0C74 0 P Fan
CuM W1 02 03 -o]|:0jc3_ 02 2320 T 1G10]'46 6. '49 3: 1435, 495 '50C ‘&OC.
% "ELD 0C __0C 10050100 6C  cc -0 £ §73( 377,986 1997 33 OC WC
M FNER '00C "0G0110CG[*000[*a0Z['00C 106 04'a0C "0 95 B£4)307] 23 ' 65 . 0 0° 0OC 3o
(SAMPLE

F ELL NG %

CiSTANCE ¥ Jlag .

CERTR(FT) 41 !

CA MM 2540'9'01270] 3652 (4% 3IE . ;00] 24 ' 0 CH[02X][0 77025 0W 074 0 %- FaN,
CUM W1 02 05 C0JZ0]C0'0C ©O0 00 'Ct_ 02 0B 89|24 466 492 496 503 '50L,
% HELD 03, 0C ' 0 JcO0]c0 07 °C 00,5V 0O DB&|&ha|a6 277 39&: 999 ‘000 'MS.
1% FINER 00 3"0C010001'0C0['003;"00C 11900} 002989 ' 989 W54 4184 23 05 O' 0o oC
|

'(SAMPLE)

FIELD NO . a3

CISTANCE (F-, 7%k |

DEFTH(FT) (=]

1A ™mM; %40 '9°01-70]35. 47 I¥ 004 X 050 077 025 099 0374 0 X Fan
UM W 'B-.0° cD]c0]c5 05 -0 j2@ .30 3% B)°457 "436 °493 ‘455 &0- "S0-
% HELD ,0C 6. 70 ]|c0]23 0- oslcaco. s REDEENEENEEN P
% FNES "00. '0C0 TCO["XG[*0 "N 1X0{"0CGi'M-; 34 42| -6] 02 0° 0- 0 0 T
SAMPLE .

FELL %C i

CS ANCE P71, 173!

CEFTh(FT) *

Ca VM, A4 "9°01270[9%2]476 3% Z00] "4 "X 04 -3K][CX[0°77 02X 088 0278 0 Bl PAN
Cowv Wi 02103 20]c0]ca A3 S5 (7%0 32 03 739|1339|°45& 48 '23. 435 '43% 'A°C
% <ELD 0. .02 %0 0 3 : I ERES 370 M. 995 W3 3:\3 M_
N FNE® ‘W L0 L0 o T 3. 03 0nE 0 g To
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Table B.12 (continued)

[DATE: 83.AUG S8 RIVER CONDITION CHOPPY TYPE SAMPLER DRAG BUCKET
STREAM MISSISSIPPI RIVER TIME 16 40 TQ 17 50 TYPE SAMPLES BED MATERIAL
LOCATION TARBERT TEMP 31 C @O0 FT NO VERTICALS 4

GAGE TARBERT WEATHER CLOUDY AND HOT NO POINTS 1
DISCHARGE_374.327 CFS (ADCP) GAGE READING 31 40FT

(SAMPLE)

FIELD NO 25

DISTANCE (FT) {1380
DEPTH (FT) 4

DIA (MM) 2540]1910[12701952]4761336 | 200|141/ 100{050[035{025{018{0125{008a[a074{0052] PAN
CuM wt 0000 ]00J00Ojo00]00 |00 00|00 ]00 |00 99 [1117]1479]1437]1498[1498][1500
% HELD 00 /0000|000 |00 |00 )00 00|00 00|00 66 [745[/986)9908]939 9991000
% FINER 1000]1000{1000}1000/1000{1000(10001000{1000/1000[1000{934{25( 14 {02 [ 01 | g1
(SAMPLE)

FIELD NO p. 2

DISTANCE (FT) 12186
DEPTH (FT) ¥

DIA (MM) 2540]1910}1270{952 1476|336 [ 200|141 [(100[/050[035/025[018[0125{0088[0074{0062] PAN
CUM_WT 00 |00 j00f00}/o00 0000 |00 00 |00] 15/608][1399/1432[1439711499]/1500[1500
% HELD 00]00 )00 j00]00 00|00 }00 /00 |00] 10 [405]933[995 59933 [1000]1000
% FINER 1000{1000]1000}1000[1000{1000]1000{1000]1000[1000[{990{585[ 67 | 05 ] 01 { 01 | 00
SAMPLE)

FIELD NO P4

DISTANCE (F1) | 2763
DEPTH (FT) 3

DIA (VM) 2640[1910][1270]952] 476336 [ 200] 141 [100]050]035]025]0'8]0125]0086]0074]0062] PAN
cum Wi 00 |00 )00 00| 000000 | 03]05)251]753]1317/1483]1496]1498]1498]1498]1500
% HELD 00 00 0000 00|00 00 ]02]|03|167]502]678]93]997 999993999 ]1000
% FINER 1000]1000]1000/3000/1000]1000|1000] 996|997 | 833|438 122 11 ] 03 | 01 | 01 ] 01
(SAMPLE)

FIELD NO P

DISTANCE (F7 ) | 3390

DEPTH (FT) %

DIA_(MM) 2540]1910[1270] 952476336 [ 200]141]100] 050 035|025 ] 016]0125/0086]0074]0062] PAN
cuM WY D0 | 00 |00 {00 |00 ] 12 ] 30 | 87 | 79 | 72311275]1474]1434] 14851437 1455] 1500|150 0
% HELD 00 |00 |00 |00 00|08 203153 ]482]850]/9%3]%6]/997 938999 1000]1000
% FINER 1000]1000]1000]1000/1000] 992|980 | %9947 | 516,150 17 |04 | 03 | 02 | 01 ] 00

85
(39
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Table B.13. Unit conversion table.

Amount| Unit JAmount|ib. ft. s| Amount | kg, m.s [Amount[N, Pa, W
1|day (d) 86400|second (s)
1]|degree Celsius (C = 5 (F - 32)/ 9) 1K
1]degree Fahrenheit (F = 32 + 1.8 C) 0.5556|K
1|foot (ft) 0.3048|meter (m)
11t/ s 0.3048{m /s
1|m? 0.0929|{m?
1 /s 0.0929[m? /s
13 /s 0.0283[m3/s
1]inch (in) 0.0254|m
1{ib/ A3 157.08(kg/ m? * 52| 157 08|N/m?
1]liter () 0.001|m?
1jmetnc ton 1000]|kg
1|{mile (mi) 5280(ft 1609.34|m
1|mitligram/liter (mg/1) 1.0E-06[ton / m*
1|newton (N) 1lkg Xm / s? 1|N
1{pound - force (Ib) 4 448/kg Xm / s? 4.448|N
1[slug 14 59[kg
1]slug / ft° 515.40[kg / m?
1|lyear 31536000}s

Table B.14. AC/AT and percent sand values by size fraction at all locations.

Reproduced with permissior; of the copyright owner. Further reproduction prohibited without permission.

AC,, /AT
Cross (Slope) Average % Sand
Section|Vertical| VFS FS MS CS [VFS | FS MS Cs
upP V-1 [-0.769|-3.694 |-0.161]-0.032]27.68|68.17 | 2.88 1.28
L13 V-1 |-0.481]|-1.4531-0.101(-0.108]131.78|54.85| 11.41 | 1.98
L6 V-1 1-1.076}-4.997 |-0.790(-0.102]30.32| 60.01 | 8.48 1.22
T V-1 1-0.062{-1.679{-0.777]-0.028}27.33162.04} 990 | 0.76
upP V-2 }-0.309}-0.862 |-0.327(-0.110]17.13|77.43 | 457 | 0.87
L13 V-2 1-0.331]|-2.483|0.446 |-0.101118.06{63.53] 16.48 | 1.93
L6 V-2 |-0.636(-5.90110.539[0.111115.86175.36| 7.39 | 1.40
T V-2 10.621| 2.056 {-1.642(-0.002]115.77(63.61] 19.21 | 1.41
UP V-3 [-0.5411-3.994(1.730]0.059] 9.42 | 61.14 ] 27.36 | 2.08
L13 V-3 |[-0.141|-2.080|0.141 [-0.031]18.60[{74.49| 593 | 0.99
L6 V-3 [0.562| 0577 {1.120]0.222]17.02|70.33| 10.89 | 1.76
T V-3 [-0.077(-1.613[0.457 [ 0.009]119.99|162.52 | 14.79 | 2.71
upP V-4 [-0.758]-3.726 [ 0.119[-0.071]124.45[ 36.37 | 33.58 | 5.60
L13 V-4 [-0.647|-3.085 [-0.094|-0.065]131.34163.39| 403 | 1.24
L6 V-4 |0.063[-0.547 (0.167 | 1.245]125.20(52.31| 13.44 | 9.07
T V-4 1-0.337|-1.934 | 0.080 |-0.014]27.52|56.38| 14.10 | 2.02
213




Table B.15. Average measured Rouse number values at all locations.

Union Point
Distance FEB 27 Event Oistance MAR 73 Event Distarce | APR 10 Evert
fromthe | M d Rouse number vaives 319 °C | from the [ Measured Rouse number vaiues at 9°C | from the | Measured Rouse number vaiues at 16 °C
nght bane Sand size ractians ngnt Sank Sand s1z¢ fractions nght dank Sand size fractions
(%) cs MS FS VFS (f) CS_1 MS T FS VFS L) Cs | ™S FS VFS ]
1086 Qo400 | 00227 | 03B6B | 0266 1020 10267 | 0286 | 0745 | 03087 1075 | :}1910]07552 aso8 | Q087
1658 04483 ( C4461 | 37644 | OB 1755 Q1772 | 0345 ; 07163 | 02903 1643 . 10514 | 07638 | 06036 | 03BN
225 00%43 | 07600 | GS208 | 02419 274 04461 0 07243 | G5NS | 081 2224 10773 | OB107 | 05513 | 0082 '
2341 04542 | 0583 | 01955 | 00967 3091 05004 | 06283 | 03014 | 01564 2943 11186 | 04833 | 01983 | 01271
Ave Rem| 02320 | 04418 | 04679 | 02271 |Ave Rem | 05376 | 05039 | 05744 | 02490 |Ave Rem | 0BS% | 06583 | 04632 | 02313 )
Distance APR 17 Event Drstance MAY 8 Event Crstance | JUN 9 Event
from the | Maasured Rouse number values at 16 °C | from the | Measured Rouse number vaiues at 19 °C | from the | Measured Rouse number vaives at 6 T
nght Bank Sand size factions ngM bank Sand size frachons ngnt bank Sand size fractions
{t) cS MS FS VFS (t) ¢S T wms FS VFS ] (t CS MS FS VFS
1040 Q5748 | 02327 | C3378 | OOBOS 1084 03880 | 77535 | 02482 | 01482 1047 10760 | 05237 | 063 | 01622
1648 11108 | 03454 as3st Q1148 1662 11889 | GS020 | 07742 | O X227 1613 Q7897 a3NXx | 013 | 01206 !
24 11638 | 12640 | 0SB42 | 0T 2778 12126 | 0483 | 02639 | DO7B2 2% 11643 | 16647 | 08958 | 01895 |
2966 11444 | 06396 | 03155 | 01653 2058 08238 | 088 02835 | 00808 27 | 01273 | coe0? | 00385 | 66N !
Ave Rem | 09984 | 06703 | 04457 | 01317 [Ave Rem | 10476 | 05890 | 03925 | 01590 [Ave Rem | 07893 | 06455 | 03849 | 01584 |
Distance AUG 3 Event
from the | Measured Rouse number values at 31 °C
nght bani Sand size fractions
1) cS FS | VFS
4 < §] 10626 | 02640 | 0613 | 0348
. 1628 04860 | 07552 | 05477 | 01870
| 2o |17 | 07ea | om0 | ovsx
1201 03206 | 03318 ; 0356 | Q2446
iAve Pom | 09370 | 05327 | 24790 | 0225
Line 13
Drstance FES 27 Evemt __J Cistance MAR 23 Evert Cistance APR 10 Event
from the | Measured Rouse number vatues # 9°C | from the | Measured Rouse number values 2t 9°C | from the | Measured Rause tumber vaives at '6 *C
nght bank Sand size ‘ract.ons ngnt Bank Sand §:2e fracticns nght Dank Sand size fractions
4 CcS MS FS | VFS L CS MS F3 VFS (f CS MS =S VFS
(Y4 Q0 3307 04387 . C2233 | 08X ‘785 01706 ; 0334 , 01859 Qo932 1|01 ¢ 20000 ¢ 02077 | 006z G 0606
2115 | 04039 | 05608 ' 03273 | Q2475 | 2068 | 009%A | JOW! | 00758 | BOBXE | 272 | 11156 | 11467 | g7t | 01966
| 2043 0552 | 04793 | CeE'9 | N DIE 2453 01865 * 0292 |, DSB® | 03N 433 | 069 103X | 0’804 | 02536
| N1E 01001 | 40015 | 3319 | 0BX 2890 01657 | 53¥S | 0546 | 02%7 269 . 025 1_!!_553 06772 | Q2577
[Ave R | 02288 [ 03679 | 04260 | Q7SE [Ave Pun ! 01549 ' 02433 | Q32 [ G777 [Aw Romi *0826 | 03214 | 05615 | 02192
APR 17 Event Oistance MAY § Evert Distance ! JUN 9 Event
Msasured Rouse number velues at 16 °C | trom the | Measured Rause number vaiuns at 19 °C | from the - Mmeasured Rouse tumber vaiues at 26 ‘C
Sand size fractions ngnt pank Sand size fractions fght barhk | Sard size fractions
o] MS FS__ i _VFS ihy ] €S + M5 ' FS VFS A + £S 1 MS FS VFS
00082 | 03215 . 02399 ' Q1345 1787 0&53 | 05868 - 02907 | 0752 17797 Q9042 | Q0312 | 02973 | QJ70C |
07584 | 0605 | :quJ 0514 3 | 04274 0 1%% 01795 | 00348 089 [ *203% ) 07053 | Q4496 | O 24%
05622 | 04433 | 06524 | 02772 245 10658 | 04%9 | 05608 | 01789 2476 | 06728 | 07867 | 0773 | 04140
8213t | 08656 | 03864 | 060! 2855 0 431 fLB:I | 05171 | 03352 255 | 09504 | 0OB/E | 06093 [ 05095 |
0s% 05223 | 24354 | 07960 |Ave Rem | 06375 | TRO4 | 03870 | 096! | Ave Rem: 7738 | 044%C | 04822 0365
AUG 3 Event
Measured Rouse rumber values at 31 °C
Sand size fractans
cS MS FS | VFS
09 06719 | 0157 | N23%¥
03642 | 0805 | C4tg i 01249
anu 05177 | 05472 | 02568
03645 | 02224 | 3333 | 04ARQ
05881 | 0&0s¢ | 03702 | 0209
214
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Table B.15 (continued)

Line 8§
Distance FER 27 Event Orstance MAR 23 Event Distance ! AFR 10 Event
from the | Measured Rouse number values at 9 °C | from the | Measured Rouse number vaiues at S °C ] from the | Measurec Rouse numbe’ vaiues at 6 °C
nght bank Sand siZe fractions nght oenk Sand size fractions ngnt bank Sand si1ze fracliors
[ MS FS | VFS (R) CS | MS £S VFS (f) CS | MS FS V¥ S
01765 | 0W|SY ) 04873 | 0772 3218 08934 ; 37635 | 0608 | 02238 fRic] 08992 | 043 | 04208 | 01780
03721 | 05222 | 0568 | 03109 | 3826 | 06666 | J443% | 05296 | 02480 | 7@ | 10589 : 0SS | 0655 | 0062 |
03936 | 06220 | J5743 ; DO6B2 4010 0567 31933 | 02817 | 02185 4095 T0457 | 11693 | g4E1s | 01237
00900 | 05256 , 03898S | O00H%8 4743 04267 ; 02488 | 01306 | 00B4C 4578 00454 10765 | D552 | D 1345
01574 | 05137 | 05046 | 01865 [Ave R, | 05884 | 02685 | 0074 | 01678 Ave Ry | 07623 | 07822 | 05200 | Q1858 !
APR 17 Evert Distance JUN 3 Event Distance | AUG 3 Event
Measured Rouse number values at 16 °C | kram the | Measused Rouse number vaiues at 26 °C | from the | Measured Rouse number vaiues at 31 °C
Sand s1ze fractions ngmt bank Sand si12e Sactons ngnt hank Sand size frachons
[&] MS FS VFS {f) cS | ™S FS VFS (h CS | MS FS VFS
12140 | 11386 | 03722 | 008% 3197 Q171 ) 092'9 | @90 | oam2 204 QXN Cc7me | 013t | 0230
09582 | 05415 | 0436 | Q1173 788 06042 | 08013 | 0540 | 0087 ves T 2534 | 0B4sE | 06063 | 01810
Qomo { ' 2157 ) 03K7% | 0l 4083 05474 1 08674 | 08087 | 04822 a8 07601 | DSB9& | 0% | 02564
| 4895 06424 | 00457 | 31892 | 02183 4703 07726 | 03402 | 04320 | 08502 4669 2083 | 09003 | 09 | 01280
jAve Rem | 03825 | 07126 | 33308 | 0'426 |Ave Rem| 04767 | 07327 | 04623 | 03125 Ave Rem | 01265 | Q3235 | 03131 | G001 |
Tarbert
Distance FEB 27 Event Cistance MAR 23 Event Cistance | AFR 10 Evert
frarn the | Measured Rause nurmber values at 9°C { ramthe | Measured Rouse number values st 3 °C | from the . Measured Rouse numbe’ vaiues at '6°C
nght bank Sand si2e Yactions ngnt Bank Sand size fractians ngnt bark I Sard size ractions
(%) (5] Ms_ L FS 1 VS 1 (R) CS ;| MS | FS VFS () 1 CS MS FS vFE
BGH 00437 | 06702 | 06424 i 035 1368 00000  '4648 Q&7 | Q322X 171 ? 12462 1 0437 } 0297 | Q1148
i 22C4 00870 | 05402 (' J1801 | 0'6e7 2'63 08647 | 07122 | 05185 | 02063 '8 | 293¢ CeIC2 | 0362 | 01325
;A 0282 | 012% + 02093 | Duee 3 000 | 005 | 02282 | 01900 0 107151 L DaBAZ | 04BYC | D196
| 3409 D543 | 03567 ! 32429 : 0'62° 3378 0 0000 I 31760 | 05219 | 01392 333 . 070'6 | C6963 | 0613 | 03216
iAve Ren | 01281 | 03682 | 02150 - 0024 [Ave Rem| 0262 | 35764 | 04855 | 02196 [Ave Pom | J9961 05555 | Q437 | 01907
APR 17 Event Distance VAY B Event Cistance | JUN 9 Evert
Meagured Rouse numter values at 16 °C | rom the | Meacured Rouse number vaiues at 13 °C | from the | Measured Rouse number vawes at 6 °C
Sand sice factians ngm bank Sand s:ize fractens ngnt Sark | 3ard size facticns
CcS MS FS VS 4] cS T MS T Fs vFS (#} . CsS MS ) VFE
00000 | 09284 | 03372 , Q03¢ 1387 0Esee | ' 0E13 | Q274 | 02917 1377 1 07C79 - C7462 | 0S80 | Q0
10717 { 03406 | QS360 | Q2040 LY 0%47 3377 | 0485 | 0682 288 J89K0 . DASES | D/K2 | DY
03412 | 07290 | 54870 ' D958 765 12542 | ce3s iaun 01626 2768 l 10645 | G4B4E | QUG | 01260
12020 | 0€266 : C4207 & 0064 3367 03377 | 54943 | 03632 | 02491 3373 | 1465 ! 04457 | 0332 | 012
e ——
08037 | 06561 | QW2 | 018X [Ave Rpn| 09030 | 06737 | 03086 | 02178 Ave m| 59536 | DSM0 | 0471 | 01862 -
Distance AUG 3 Event
from the | Measured Rouse numter vaiues at 37 °C
nght tank Sand size fractigns
1 [ MS | FS VF S
R - o] 10'4k | 0627 | 05394 : 03833
E 188 01479 | 08210 | 37958 | 02480
783 Y2973 | 05134 | 02867 © DSO!
| 3380 03313 | 02681 i 2457 . 0231E
FAve Ren| 06979 | 03599 | 04658 ' 02558
215
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Figure C.1. The effect of water temperature on the von Karman parameter for
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Figure C.2.

Line 6
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approximately same discharge events at Line 13.

KN O DUINRT -0 1R3g
Maumum
\verage
\f [ S—
—_—
3 8 o [ '4 'n 8

Water Temperature. T (°C)

The effect of water temperature on the von Karman parameter for

approximately same discharge events at Line 6.
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Figure C.3. The effect of water temperature on the von Karman parameter for

approximately same discharge events at Tarbert.
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