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ABSTRACT

METHODOLOGY FOR CALCULATING SHEAR STRESS IN A MEANBRING
CHANNEL

Shear stress in meandering channels is the keympéea to predict bank
erosion and bend migration. A representative stedgh of the Rio Grande River in
central New Mexico has been modeled in the Hydecauliaboratory at CSU. To
determine the shear stress distribution in a mearglehannel, the large scale (1:12)
physical modeling study was conducted in the follgyv phases: 1) model
construction 2) data collection 3) data analysisd &) conclusion and technical
recommendations. Data of flow depth, flow velodythree velocity components
(Vx, Vy and \;) and bed shear stress using a Preston tube wéeeted in the
laboratory.

According to the laboratory data analysis, shaasstfrom a Preston tube is the
most appropriate shear stress calculation method¢ase of the Preston tube, data
collection was performed directly on the surfacethed channel. Other shear stress
calculation methods were based on ADV (Acoustic [depVelocity) data that were
not collected directly on the bed surface. Theeeftie shear stress determined from
ADV measurements was underestimated. Additiondly,(the ratio of maximum

shear stress to average shear stress) plots weerated. Finally, the envelope



equation for K from the Preston tube measurements was selectedtieasnost

appropriate equation to design meandering channels.

Sin, Kyung-Seop

Department of Civil and Environmental Enginagri
Colorado State University

Fort Collins, CO 80523

Fall, 2010
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1 Introduction

1.1 Background

Natural channels never stop changing their geomogtaracteristics. Natural
alluvial streams are similar to living creaturescdugse they generate water flow,
develop point bars, alter bed profile, scour thd, lm¥ode the bank, and cause other
phenomena in the stream system. The geomorphigyelan a natural system lead
to a wide array of research worldwide, because austlof predicting channel change
are limited. Bank erosion due to meandering of ¢hannel is a critical issue in
modern river engineering. In the United Stateg, $leverity of the problem was
recognized when Congress enacted the StreambasioErGontrol Evaluation and
Demonstration Act of 1974 and authorized researdhe field (Odgaard 1986). The
increased demand for bank erosion research resuftethany theoretical and
experimental studies to predict geomorphic changestural channels. Julien (2002)
describes the magnitude and orientation of appdieear stress as one of the main
factors of bank erosion. Julien (2002) also dessrithe damping of shear stress by

erosion control.

1.2 Project Background

The 29-mile-long study reach of Rio Grande Riveswaated in central New
Mexico. The study reach was a straight braidetesysith a shifting sand bed and
shallow banks (Heintz 2002). The high supply ofiset caused channelization of

the river. Cochiti dam was constructed by the BBy Corps of Engineers for the



purposes of flood and sediment transport controltfie Albuquerque area in 1973
(Schmidt, 2005). Subsequently, the channel chafrged an aggrading to degrading
system. As a result, the planform geometry ofrdaeh has changed from a straight
braided to active meandering system (Heintz 20C0Bannel meandering resulted in
bank erosion and lateral migration. Bank erosiond #ateral channel migration
occurred to satisfy quasi-equilibrium conditionstbé stream system. Fish habitat,
vegetation, and infrastructure around the streathfarming lands were threatened
due to the bank erosion.

Understanding shear stress distribution in thdysteach is necessary because
shear stress is the key parameter to predict baokiom and lateral channel
migration. Shear stress distribution was investidathrough physical modeling
conducted by Colorado State University (CSU). feésting purposes, a 1:12 Froude
scale model was constructed and tested in the kyalthinery Laboratory that is
located at the Engineering Research Center (ERCISW. The purpose of the
physical modeling was to simulate conditions in teach and to predict the shear
stress distribution at four target flow rates: &, 16 and 20 cubic feet per second
(cfs). Laboratory tests were performed in baselest conditions without installing

hydraulic structures in the main channel.



1.3 Research Objectives

The focus of this study was shear stress distobuéinalysis in meandering
channels via the following methods: 1) Preston j@)dinear regression of velocity
profile; 3) Rozovskii Method; and 4) Reynolds shsiaess extrapolation.

The objectives of the study were to:

a) Understand in detail the shear stress distributi@chanism for
meandering channels by performing a physical msulely;

b) Calculate shear stress by using four different wath

c) Compare the different shear stress values;

d) Recommend the most appropriate shear stress dadculaethod
for the establishment of a design guide for chanmethe field.

The scope of the research was defined to satisfplfectives:

a) A comprehensive literature review of previous stsdabout the
shear stress calculation methods in meanderingnefiian

b) Analysis of the collected data to calculate shé@ss distribution
in meandering channel,

c) Compare and discuss the different shear stressulaatm
methods;

d) Recommend the most appropriate shear stress anaigshod and

direction of future research.



2 Literature Review

2.1 Introduction

Flow in a meandering channel results in geomorphanges. A picture of a
typical meandering channel is presented in Figute Flow in meandering channels
results in geomorphic changes, such as bank erosimnplementation of bank
protection to prevent erosion is a significant ewoit expense. Therefore, a
development of a tool for bank implementation igartant. This tool would be used
to predict shear stress, which is the most impo@apect of back erosion. Since the
beginning of the 20 century, many researchers have developed mettardthé
analysis of flow in bends. The literature reviem\pdes an explanation of the basic
concepts of fluvial geomorphology, Preston tube ho@f Rozovskii's shear
calculation, linear regression of flow velocity pl®, and Reynolds shear stress about

flow in a bend.

{1 .':L o4 '
Figure 2.1 Typical Meanderin . (2005))



2.2 Open Channel Flow in Meandering Bends

To study flow characteristics in a meandering adlwchannel, a basic
understanding of a meandering channel is needechis $ection covers the
background of meandering channel geometry, flowepas in bends, erosion patterns

and channel stability.

2.2.1 Meandering Channel Geometry

Sinuosity is used to describe a meandering chanilen sinuosity is greater
than 1.5, the channel is classified as meanderkrgghton 1998). Equation 2.1

describes the method used for calculating channeobsity:

. L :
Snuosity = L—° Equation 2.1

\

Where, L = the channel length; and
L, = the straight line valley length.

There are two methods available to analyze meagdemetry (Knighton
1998). The first method focused on the individuand statistics: meander
wavelength (L) and radius of curvature),(rwhich are averaged over a series of
bends. The second method is a series approaclodnisiat spans sequences of bends
and treats the stream trace as a spatial seridwfdirection (arc angled) or
differential change of flow direction6) along the reach (Knighton 1998). For
meandering channels, Knighton (1998) states tlretsé#dtond method provides more
flexibility for flow characteristics analysis anldetoretical model development. Figure

2.2 presents the geometry of meandering channel.



L meander wavelength

M; meander arc length

w average width at bankfull discharge
M, meander amplitude

re radius of curvature

e arc angle

Figure 2.2 Geometry of Meandering Channel (from &¥atet al. (2005))

A sine-generated curve is used to develop a simpldel of meandering
channel, as described by equation 2.2. A pictoejptesentation of the sine-generated
curve is provided in Figure 2.3.

8 = asinkx Equation 2.2
Where,0 = channel direction;
x = flow distance along the reach;
« = the maximum angle between a channel segmenthananean
downvalley axis; and

k = the ratio of &to the meander wavelength.
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Figure 2.3 Description of Sine-Generated Curve Eandfrom Knighton (1998))

2.2.2 Flow Patterns in Meandering Channels

The description of flow patterns in a meanderingarctel has three
components; stream morphology, transverse velodisgribution in bends, and
superelevation of the water surface against theideitof the bank. This section

explains the three main components of flow pattermeeandering channels.

2.2.2.1 Stream Morphology

A geomorphic sketch of a straight and meanderirgnohbl is presented in
Figure 2.4. Pool-riffle sequences are the chariaties of cobble, gravel and mixed
load rivers of moderate gradient (smaller than §8®ar 1996). Topographic high
points are defined as riffles and low points aréingel as pools (Watson, et al.
(2005)). The grain sizes found in riffles are Erghan pools. Keller (1971)

explained that the reason for the difference inngsaze is caused by the sorting



process. In addition, Keller (1971) explains thae sediments are removed from
riffles during low flows due to flow velocity anchear stress. These sediments are
then deposited in pools. Normally, the outer sitlthe bank is deeper than the inside
bank, forming a point bar at the inside bank. diliaon, the following features are
also observed in natural streams: point bars, raitdrs, alternate bars and braiding.

Figure 2.5 shows a typical meandering stream waihtgoars.

Straight riffle
pool

thalweg

Sinuous line

riffle
or cross over

Figure 2.4 Schematic Description of Straight Cleiramd Meandering Channel
(from Federal Interagency Stream Restoration Warkimoup (FISHRWG) (1998)).

-

1 : -
Figure 2.5 A typical meandering stream with poiatd(from Watson et al. (2005))



Point bars form at the inside bank of a bend ags s#& Figure 2.5. The factors
which influence the formation of point bars arewflaharacteristics, degree of
sinuosity, and sediment transportation. Reductibsediment transport capacity at
the inside of the bank, transverse flow velocitstidibution and secondary currents in
bends result in the formation of point bars (Watsinal. (2005)). A pictorial
representation of a middle bar is shown in Figufe A middle bar is a depositional

feature located within the channel, but not cone@¢td the banks.

_1_*."--....-‘ ‘
«E;:
Figure 2.6 Typical Middle Bar (from Watson et &005)) B

Alternate bars are regularly-spaced depositiogaiures that are located in the
opposite sides of a straight or slightly sinuousan (Watson et al. (2005)). Figure
2.7 presents the typical shape of alternate bAiternate bars are good indicator of
the initiation of a meander or braided planform (8¢a et al. (2005)). Figure 2.8
shows a braided river, which is composed of agititathannel with multi-threads. In

the case of braid bars, the mobility is very high.



Figure 2.7 Typical Alternate Bars (from Watson le{2005))

=
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2.2.2.2 Transverse Velocity Distribution in Bends

Imbalance in radial pressure around the bend caiheetransverse velocity
distribution in a meandering channel (FHWA (Federagjhway Administration)
2001). Figure 2.9 represents a typical cross @eatiithin a bend and the velocity
distribution. The radial forces that act on the ddth control volume are the

centrifugal force that was presented in Equati@(BHWA 2001):

mv?

r

F =

C

Equation 2.3

Where, k= the centrifugal force (MLT);
r = the value of radius of curvature (L);
m = the mass of the moving object (M); and
v = the moving velocity of the object (C%.

In addition, superelevation of the water surfacg, rdsults in the differential
hydrostatic forceydz. Therefore, the centrifugal force is greatearnthe surface
where the flow velocity is greater and less atlibd where the flow velocity is small
(FHWA 2001). The differential hydrostatic forcedsnstant throughout the depth of
the control volume. In addition, Figure 2.9 (b) Exps that the combination of
centrifugal force and hydrostatic force causescarsgary flow in the bend (FHWA

2001).

r (=]
B e s e L e T T e PR e =

Figure 2.9 Schematic Descriptions of Flow in MeamdgChannel (from FHWA
(2001))
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2.2.2.3 Superelevation against the Outside of the Bank

Due to the centrifugal force of flow in the benberte is a superelevation of
the water surface in the bend (FHWA 2001). Theewatirface elevation at the outer
bank is higher than at the inside of the bank. difierential pressure in the radial

direction results from the radial acceleration aad be expressed by Equation 2.4. A

sketch of the flow around a bend is provided inuFég2.10.

2
%x? =Ve Equation 2.4
ror

Where, p = the mass density of water (M)t
dp = the differential pressure (M7);
or = the differential radius of curvature (L); and

v, = the flow velocity along the bend of a channelT(L/

'ﬁ::_I_E_f—D— L.'_‘Lr

z 'I""“-u..'

Channel Section in Bend

d
|
—4 Az

Figure 2.10 Sketch of the flow around bend (from\&&i (2001))
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For the calculation of the superelevation, two agstions should be made;

a) The magnitudes of radial and vertical velocities amaller than

tangential velocities.
b) Distribution of pressure in the bend is hydrostatic

If the two assumptions are satisfied, it is possiib calculate the

superelevation by using Equation 2.5.

V2 r Y ()

NZ =T 2—(—') —(ij Equation 2.5
Zg rce r.O

Where,AZ = height of superelevation (L);

VZ = maximum flow velocity (£/T?);

g = acceleration of the gravity (LT

r, = the inner radius of curvature in bend (L);

r. = center radius of curvature in bend (L); and

r, = outer radius of curvature in bend (L).

2.2.3 Erosion Patterns in Meandering Rivers

Figure 2.11 shows the geomorphic change of a $iradfpannel into a
meandering channel. There are four stages to ehangtraight channel into a

meandering channel (after Keller, 1972):
a) Alternating bars dominant. (Stage 1)
b) Development of incipient pools and riffles (Stage 2

c) Development of well-developed pools and riffleshnat mean spacing of 5

to 7 channel widths. (Stage 3)

13



d) Development of meandering channel with riffles reteiction points and

pools at bend apices where bank erosion is coratedtr(Stage 4)

B

STAGE Y 5=

STAGE 4

5 Riffl = Pool Le42 Erosion
Figure 2.11 Geomorphic Change of Straight ChamtelMeandering Channel (from
Knighton, (1998))

In addition, Knighton (1998) explained that th&atenship between flow and
geomorphic form has a link with the radius of thevature versus width relationship,
which can alter flow pattern in meandering chanrigagnold (1960) claimed that if
the ratio of radius of curvature and channel widtlsmaller than 2, water filaments
begin to separate from the inner bank. Hickin ameddn (1975) suggested that there
is a corresponding reduction in the rate of erosibthe concave bank. Hickin and
Nanson (1986) plotted the relationship of relativgration rate to bend curvature for

18 rivers (Figure 2.12)

14
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Figure 2.12 The relationship of relative migratiate to bend curvature for 18 rivers
(from Knighton (1998))

It is hard to predict the planform of the chanmeit the U.S Federal Highway
Administration (2001) suggested the modes of mealode development will aid in
planform prediction. Figure 2.13 presents the senades of the meander loop
development. These modes are: A) Extension B) Tatos C) Rotation D)
Conversion to a compound loop E) Neck cutoff bysale F) Diagonal cutoff by

chute G) Neck cutoff by chute (FHWA (2001)).

AFTERT ..
"BEFORE

Figure 2.13 Seven Modes of Meander Loop Developrtiearn FHWA (2001))

15



2.2.4 Channel Stability

It is possible to classify the stream system aslestar unstable. The criterion
of the classification depends on whether the streasnadjusted or is still adjusting to
the flow and sediment regimes (FHWA 2001). A gradgigdam is defined as a stream
that is not necessarily static or fixed and mayilekhemporary morphological
changes in response to the impacts of extreme £vEhe main attitude of a graded
stream is that fluvial processes operating undentive flows tend to restore stream
morphology to the graded condition (FHWA 2001). sTtyipe of stability is described
as dynamic equilibrium. To explain the concept phamic equilibrium, the concept
of Lane’s balance (1955) is commonly used. Thesuaitic sketch of Lane’s balance
is provided in Figure 2.14. Lane’s balance showes dhange of the following four
variables: Q, S, Qand Dy If one or more of these variables change, the nvidr

responded by causing a change in the other vasiableestore equilibrium.

stream slope

| flat

steep I

Codarse

Qg . D5|:| [ ) QW « 5

Figure 2.14 Lane’s Balance (from Rosgen (1996))
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The following equation describes Lane’s balance;
QS~Q.D,, Equation 2.6
Where, Q = water flow rate {(T);
S = slope (L/L);
Q.= sediment flow rate (M/T); and

D, = median size of bed material (L).

17



2.3 Shear Stress Calculation Methods

Calculation methods of shear stress in meanderingnmels have been
suggested by many researchers. In this sectiontetiaiques for calculating shear
stress using the concept of Reynolds shear siRezgvskii method, linear regression

of flow velocity profile method and Preston tubethoal will be introduced.

2.3.1Preston Tube

Preston tube method computes shear stress byrigatPreston tube directly
on the bed of the channel at the point of measunemeAfter data collection,
calibration was performed to convert data from ketteonic signal into bed shear

stress.

2.3.1.1 Preston (1954)

Preston (1954) performed a laboratory study tcerdeine turbulent skin
friction by using pitot tubes. The purpose of thkdratory study was to calculate skin
friction that applies on the surface. Before Pnes{b954), Stephens and Haslam
(1938) suggested the method to determine local fskition by reading local static
pressure. The relationship between local skinifnctand local static pressure is

presented in Equation 2.7.

18



_ 2 2
(P po)2><d = F(Todzj Equation 2.7
pv pv

Where,F = representative linear function;
P = dynamic pressure (sluf}/s®);
p, = Static pressure (slufy/s?);
d = pitot tube diameter taken as a representativgtie(ft);
0 = mass density of water (slug)ft
v = kinematic viscosity of water {fs); and
7, = boundary shear stress (skiigs?).

For circular pipe, Preston (1954) explained ststiagss,r, can be calculated

from Equation 2.8.

D .
I, = (IO1 - pz)I Equation 2.8

Where,r, = boundary shear stress (Skitds?);
p, = pressure at the beginning of length, L (slitg?);
p, = pressure at the end of length, L (stfits?);

D = internal diameter of pipe (ft); and
L = the length of test section (ft).
The instrument for data collection is presentedrigure 2.15. For the data

collection, four different pitot tubes were usedheTdimensions of the pitot tubes

are presented in Table 2.1.
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Figure 2.15 Sketch of Data Collection Facility aégton (from Preston (1954))

Table 2.1 Dimension of the Pitot Tubes (from Pregti®54))

Pitot Tube Number 1 2 3 4
External Diameter (in) 0.02915 0.0544  0.0907 0.1214
Ratio: 0.602 | 0603 | 0599 0.598
(Internal/External) Diameter| ' ' )

The result of experiments in the laboratory wassented in Figure 2.16.

Preston (1954) also presents two different equation expressing the relationship

2

_ 2
ang (P~ P)d

T
betweenlo 0
Gio 4 4pu

5 in the non-dimensional form. For the condition
U

(p. - p,)°

of lo
g 4p0°

> 5, the equation is expressed in Equation 2.9 anéxpeession of

the relationship under the condition of viscousvflwas presented in Equation 2.10.
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2 _ 2
log,, rod 7 = 2504+leoglom Equation 2.9
4pu 8 4pv

r,d* _1 (p-po) .
log,, 4007 =§(|09102+|0910W Equation 2.10

Where, P = dynamic pressure (slufi/s®);
p, = static pressure (slufi/s?);
d = pitot tube diameter taken as a representativgtthe(ft);
p = mass density of water (slug)ft
v = kinematic viscosity of water {fs); and

r,= boundary shear stress (skiigs?).

I / 7
NP1 Bikab de 002915 ina. ¢
NP2 Pipab s 00544 gna 2
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,fffff .
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R
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IfF'.‘F;:I :5‘11, Arsaral

Figure 2.16 Actual Observations of round pitot cadlef circular pipe (from Preston

(1954))
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Figure 2.17 The Plot of Non-Dimensional Result&wrperimentations of Preston
(1954)
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2.3.1.2 Ippen and Drinker (1962)

Ippen and Drinker (1962) performed laboratory ekpents to correlate the
impacts of shear stress on meandering channel é&raskon by using a Preston tube.
Two flumes were constructed for data collectione Geometry of each flume was
trapezoidal. Table 2.2 presents the geometrianmétion of the two flumes. Figure

2.18 provides a sketch of the flumes in the lalwoyat
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Figure 2.18 Sketches of Laboratory Flume (from tpped Drinker (1962))
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Table 2.2 Geometric Information of Flume (from Ippand Drinker (1962))

Shape of | Side Slope| Rotation Bottom Radius of
Cross Section (Horizontal Angle Width curvature
:Vertical) (inch)
(Degrees) (inch)
Larger Trapezoidal 2:1 60 24 60
Flume
Smaller Trapezoidal 2:1 60 12 70
Flume

For flow depth adjustment at the curve entrancguige gate was installed at

the exit section to control downstream flow deptkt the beginning of the

experiment, the Manning’s roughness coefficient \aasumed as 0.009. As the

experiment progressed, calculation of the roughwesfficient was conducted and

the result was 0.010. To measure boundary shesssstippen and Drinker (1962)

selected the Preston method (1954) presented imatiéqu2.11. This method

computes shear stress on a smooth boundary byréssyse differential between

static and dynamic pitot tubes resting on the hethse. Ippen and Drinker (1962)

calibrated the pressure head recorded in sheassineasurements in pounds per

square feet by using Equation 2.11.

r,d’
4p0?

2
- 1306+ 0875xlog P~ Pa)’

lo
g 4p0?

Equation 2.11

Wherey, = local boundary shear stress (psf);

d = the outer diameter of pitot tube;

p = the mass density of water (slugjft
v = the kinematic viscosity of water {fsec);

p, = the impact pressure (psf); and

p, = the static pressure (psf).
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After experimental investigation of flow in meamithg channels by using a

Preston tube, Ippen and Drinker (1962) drew thiefohg conclusions;

a)

b)

The maximum value of shear stress that resulted tiee curved flow is
not possible to predict by theoretically or usingpéical coefficient of
head loss in curved flow at present.

During the laboratory experiments, in the caseaafé curvatures, a high
value of shear was observed near the inside batileiourve and near the
outside bank below the curve exit.

The laboratory test proved that boundary sheasstdestribution is an
important parameter to understand erosion and depogrocesses in

meandering channel.
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2.3.1.3 Heintz (2002)

Heintz (2002) carried out Preston tube calibratmmeasure shear stress in a
curved channel constructed at the Engineering Refse@enter located at Colorado
State University. A pressure transducer was useth@&collection of pressure data in
a trapezoidal meandering channel. Figure 2.27 ptedke Preston tube and pressure
transducer that were used in the calibration. Equ&.12 was obtained after Preston
tube calibration.

71 =0.02788x yxAp Equation 2.12
Where,t = the shear stress (psf);

y = the specific gravity of water (Ibfjt and

Ap = the dynamic pressure ft otE.

- Fiure 2.19 Preston Tube for Shear Stress Measutgaideft) and Pressure
Transducer (at right) (from Heintz 2002)
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2.3.1.4 Sclafani (2008)

Sclafani (2008) carried out another Preston thmtion in the Engineering
Research Center in Colorado State University. 8ola2008) explained that the
purpose of the second Preston tube calibrationtvasercome the limitation of the
meandering channel geometry and to develop uniftomn completely in the flume.
The Preston tube was installed and calibrated@f-#oot long, 4-foot wide, 2.5-foot

tall flume (Sclafani (2008)).

(a) Plan
pan 24-inch Pipe 6-inch Pipe
i
) SN .
4 fveet R \\\ Discharge g
N\
pN= Headbox Instrument Cart
60 feet
. Sluice Gate
(b) Profile 3
Diffuser
‘ * - 100 HP-880 rpm
2.5 feet Discharge _ w_ ] Mixed Flow Pump
— /_;7

7,
FSump _

Figure 2.20 Schematic Sketch of the Flume (Sclaf2008))

After the second Preston tube calibration, Sciaf@f08) obtained a close
relationship between differential pressure and $teehr stress presented in Equation
2.13.

r =0.1644xdp Equation 2.13

Where,t = the shear stress (psf); and

dp = the differential pressure (in).
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2.3.2 Linear Regression of Flow Velocity Profile

Linear regression of flow velocity profile methoor fshear stress calculation
is based on the relationship between the logarithpnofile of flow depth and flow

velocity. In this section, relevant studies of thethod will be presented.

2.3.2.1Clauser (1956)

Shear velocity can be calculated using Equatidd.2If Equation 2.14 is

rearranged, it is possible to obtain shear stress.
u. = [— Equation 2.14

Where,u, = the shear velocity. (L)
7, = the bed shear stress. (ML

p = the mass density of water. (ML

According to Clauser (1956), shear velocity carob&ined by taking linear

. : : y+0.2d,
regression between mean point velocity, u and ablog o y+d— +B
50

+0. .
u=ax In{(y+%ﬂ +B Equation 2.15
d50
Where,a and B = the slope and intercept of the linear regressespectively
(Dimensionless);

y = the distance normal to the plane of the chabo&bom (L); and

d;, = the grain size for 50 % of the material weightimer. (L)
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Also, Afzalimehr and Anctil (2000) explained coimdtion of law of the wall
with Equation 2.15 generates Equation 2.16 to egénshear velocity. The result of

this combination is presented in Equation 2.16.

u_1, |nHL2xd5OH +B Equation 2.16
u K k

S

Where,u = the mean point velocity in the longitudinal diiea (L/T);

u, = the shear velocity. (L);

K = von Karman coefficient;

y = the distance normal to the plane of the chabatgbm (L);
k, = the grain roughness. (Dimensionless); and

B = the intercept of the Equation 2.16.
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2.3.2.2 Schlicting (1987)

Schlicting (1987) suggested a bed shear stresslattn method by applying
a linear regression between the logarithmic prafiidlow depth and flow velocity.

The shear stress calculation method is explaindggumation 2.17 through Equation

2.19.
\% =u—*ln(£j Equation 2.17
K \z,
Vv =u—*ln z+C Equation 2.18
K

Where, C is the constaﬁ{:u—*ln(zo) Equation 2.19
K

u. . . . .
— is the slope of linear regression equation.
K

As a result, the shear stress can be computedjbgtién 2.20;
r=px(kxS)? Equation 2.20
Where, S = the slope of the Equation 2.19;
K = von Karman coefficient. It was assumed thatvhlee of 0.4; and

z = the vertical distance the bottom of the cledugi).
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2.3.2.3 Smart (1999)

Smart (1999) published a theory of turbulent viéyoprofiles and boundary
shear by analyzing field data. Smart (1999) cafldctelocity data at six rivers in
New Zealand by using an ADV (Acoustic Doppler Vélgcmeter. Three rivers have
medium flow condition; Waiho, North Ashburton, aR@ngitata rivers. The other
three rivers have floods condition; Waitaki, Hurynand Rangitata rivers. Smart

(1999) obtained the flow resistance equation piteskein Equation 2.21

% = 2_5>{|n(M Ssz—l} Equation 2.21

To determine the M value in Equation 2.21, thatrehship between shear

velocity head and hydraulic roughness was plottdéigure 2.21.

1.0000
(1 [0 ] S
E
: 0000 e _
Fy A A L1
Al w . & ‘Wailaki
] s * ¥ O Horth fAshburion
o140 4—- :... | % PRangRaia GEI mdis
& 4+ Rang®aln 56 mls
' — L
]
{0, (1
CLO00 00 i ug ] 0. 1000 100K

=g [m]
Figure 2.21 Relationship between Log Profile Patanseand Shear Velocity Head
(from Smart 1999))
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Where,t] = the vertical averaged streamwise velocity t:T
U" = the velocity scaling parameter for log law, itieal with u. for

uniform 2D flow. (LT%); and
M = the coefficient that relates shear velocidatl to hydraulic
roughness. (Dimensionless)

Smart (1999) concluded that the collected fieltadadicate that the grain
roughness is proportional to the log profile pareméJ” under the condition of

mobile bed channels. In addition, Smart (1999)nctal that bed shear stress,is

linearly proportional to the grain roughness inecasuniform flow conditions.
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2.3.3 Rozovskii's Method (1961)

The method presented by Rozovskii is for the rashaar stress computation
by using equations that were derived from Cartestandinates. Rozovskii published
a paper titled ‘Flow of Water in Bends of Open Qmels’ in 1957 which was
translated into English in 1961 at Academy of Sceeaf the Ukrainian SSR Institute
of Hydrology and Hydraulic Engineering. Rozovskitroduced the equations for
analyzing the flow characteristics in a meandeighgnnel. In addition, RozovskKii
(1961) provided a comparison and discussion ofratkgearchers’ studies since the
introduction of the radial shear stress calculatmethod in meandering channel.
Rozovskii’'s radial shear stress equation in meangechannel is provided in
Equation 2.22;

h.,2
I, = [,ogSr h]{,ox'[\%dz} Equation 2.22

0
Where,, = the radial shear stress (ML?);
p = the mass density of the fluid (M);

g = the acceleration of gravity (I°J;
Sr = the water surface elevation (L/L);
h = the flow depth (L);

v, = the flow velocity along the bend of the chanttdl™); and

r = the radius of curvature of the channel bdr)d (
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Before Rozovskii (1961) suggested the method fadial shear stress

computation, several researchers conducted labgrégsts to figure out the flow

characteristics in meandering channels.

laboratory tests.

Table p2edents the summary of the

Table 2.3 Summary of Experiment Results of FloB&nd (from Rozovskii, 1961)

Author

Year
of
Experiments

Rotation
Angle
(Degrees)

Channel
Width
(cm)

Curvature

Radius of | Flow

(cm) (cm)

Depth

Mean
Flow
Velocity
(cm/sec)

h/b

h/r

Channel
Form

Subject
Of
Measurement|

Milovich

1914

180

24

28
13.8

0.45-

0.66-5

Rectangular|

Trajectories
of Bottom

Particles
with the aid
of coloring

Material

Daneliya

1936

180

40

60

12

18

0.3

0.2

Rectangy

lar istribution
of
longitudinal
and
transverse
velocity
components

Kozhevnikov

1940-1941

180

80

160

2-1D 22-5D

0.02$.0125-

0.125

0.067

Rectangular
Triangular
Parabolic

Trajectories
of Bottom
and surface
floats,
topography
of free
surface

Mockmore

1943

2X180

45

52.5

9-12

15-25

0.2-
0.27

0.17-
0.23

Rectangular

Longitudinal
Velocity

components

topography
of free
surface

Shuckry

1949-1950

45-180

30

15-90

18-

B6

90-18

0/6-0.4-1.2

1.2

Rectangular,

Distribution
of Velocities,
topography
of free
surface

A.l Fidman

1949

3X117

100

225

11.5-

8.7-3.6

0.12-
0.16

0.051-
0.071

Rectangular

Topography
of free
surface

M.1
Terasvatsatyary

1950

180

38.4

58

-15

30-40

0.39

0.2¢

Rectangy

lar stribution

of Velocities,
with aid of
ball nozzle

Same

1950

67

38.4

209

-11

0.2p

0.04

8

Rectang

Ulaistribution
of Velocities,
with aid of
ball nozzle

A.K Ananyan

1953

2X180

50

250

15-18

26-33

0.3-
0.36

0.06-
0.72

Rectangular

Distribution
of Velocities,
with aid of
ball nozzle

N.I
Makkareev

B.E
Romanenko

1940

180

25

50

3-12

20-72

0.1
0.5

Rectangular
of sinusoidal
configuration

in plane

Velocity
Distributions
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2.3.3.1Laboratory Study for Validation of Theory

For the validation of the theory of Rozovskii, aypttal model was
constructed by the Hydraulic Laboratory of the iln$¢ of Hydrology at the USSR
Academy of Sciences. The rotation angle was 90edsg radius of curvature was
16.4 ft, the maximum flow depth was 0.459 ft andl lsdope was 0.001 ft/ft. A
hydrometric tube was used for the velocity measerdm To obtain the velocity
profile, flow velocity measurements were carried.ourhe depth increment was
0.0656 ft. In the case of the bend section tretstt cross section 14, a nozzle ball
was used for the velocity measurement. Figure 2##vs the test results for flow

velocity distribution.

".‘ 13 13 I‘I [} ) » ?

-3
_z—\}\
o

§

282, 8¢m/sec
w /U 2.8, gecm

2 rc’-Wcrn

4

Figure 2.22 Velocity Distribution from the Test uéisby the Experiment of
Polygonal Section (from Rozovskii, 1961)
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2.3.3.2 Field Observation for Validation of Theory

Field observations were also performed by the Hwiir Laboratory of the
Institute of Hydrology USSR Academy of Scienced®51~1952. The locations of
the field observation were the Snov River and Dd®inar. The rotation angle of the
study reach of Desna River is 180 ° and radiusuofature is 400 m. Figure 2.23
shows the study reach of the river. During thedfiebservation, field surveying was
performed to determine the water surface elevadiwh flow depth. According to the
surveying results, the general cross section isamgalar. The flow depth was
especially deep at cross section 4 the locatiocoafraction of the channel width to
110 m. For measuring the flow velocity, a rotamgwfl meter with an elongated vane

was used.

_Section 1

Figure 2.23 Description of Study Reach, Desna Rifirem Rozovskii, 1961)
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Another field observation was performed at the SRiver by Hydraulic
Laboratory of the Institute of Hydrology USSR Acadeof Sciences. The geometry
of the Snov River explained below. Figure 2.18 alsows the plan view and velocity
distribution of the Snov River.

1) The averaged channel width was 82.02 ft.

2) The radius of curvature was 279 ft.

3) Maximum flow velocity was 2.624 ft/sec.

4) Discharge of Snov River was about 21 ¢stc.

5) Bed Slope was 0.000382 ft/ft.

H-—-.Section 18

Section 17

Section 19

Figure 2.24 Plan View of Snov River (from Rozovski®61)
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Figure 2.25 Distribution of Flow Velocity of Snovver (from Rozovskii, 1961)

According to the results of the laboratory studyd direld observations,

Rozovskii (1961) concluded that there was goodeagent between field observation
and the desired theoretical equation. Following d¥skii's research, several people

such as Odgaard (1986) conducted mathematical mgdeéb determine flow

characteristics for a meandering channel.

38



2.3.4 Reynolds Shear Stress

Julien (1998) explained the Cartesian element wfl fcomposed with two
different forces; internal and external forceseintl forces apply at the center of the
mass (Julien 1998). In case of external forcegsstcan be classified as two other
components; normal and tangential stress. The $aalges on the calculation of the
tangential stress that corresponds with Reynoldsarsistress comprised of six

different components; =7,,,7,,=7,andr,=r,. A schematic sketch of surface

‘tu+§-}%1dz
/ az+-a§.{~dl
9t
,Zﬁv*-ﬁ“’
2 B’ /

(]
(]
(]
T x
L) z
L) s g Ty f} —Hﬁ;‘f‘dy
yX 24 <*+-h
o, ] Oy + dy
y v Ny y Tﬂx
My sl :u t

stresses is presented in Figure 2.26.

= 91T
sz""?x_dx dz Tyz' 9y —Tyx+—£!‘dy
6,4-2%‘6"( ~ (et bl ele e
a1t v ~
Ty + - dx j T ?z;__:a Tox dx/\
Y 1
[

<y

X

Figure 2.26 Schematic Sketch of Surface Stress®s Qulien 1998)

2.3.4.1 Wahl (2000)

To calculate six components of Reynolds shear stras ADV (Acoustic
Doppler Velocity) meter was used in this study. Thpresentative flow data from

ADV are COV (Covariance) because they are diraatlyd to obtain Reynolds shear
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stress. As shown in Figure 2.27, flow velocity net always identical with the
averaged flow velocity due to the turbulence in fleav. The basic concept of

covariance in this study is the correlation of teamponents of flow velocity out of

three flow velocity components;x\Wy and \.

§

~
an

I.||..._

Time
. +v;
A - ATt |
v w7
|
X F

Figure 2.27 The Description of Turbulence in Fldwih Julien 1998)

Equation 2.23 through Equation 2.28 that was ditech Wahl (1996) show
the calculation method of Reynolds shear stresggusDV data.
Ty =T, =—pPX% (cov - xv) Equation 2.23
Wherer,y, = the turbulent shear stress that applies aloagy thxis and caused
by flow velocity fluctuation in the direction of axis (ML-1T-2).

p = the mass density of water (M)

COV-XY is the covariance of two variables,(8nd \{). It can be computed

by using Equation 2.24.
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COV-XY = ZVXVV - ZVXZVV Equation 2.24
n-1  n(n-1)

Where, \, = the flow velocity along x-axis (L);
Vy = the flow velocity along y-axis (%)}
n = the number of samples that collected velocita dRimensionless).
T,x IS the turbulent shear stress that applies albegxtaxis and caused by
flow velocity fluctuation in the direction of z-ax(ML™*T).
r, =1, =-px(COV - XZ) Equation 2.25
Where,p = the mass density of water (M)

COV-XZ is the covariance of two variablesy(®nd \4). Covariance of two

variables (\, and %) is computed by Equation 2.26.

COV-ZX = PRAZ - 2V 2V, Equation 2.26
n-1  n(n-1)

Where, \, = the flow velocity along x-axis (L).

V/, = the flow velocity along z-axis (L).

n=the number of samples that collected velocitaBimensionless).
T,y IS the turbulent shear stress that applies albegytaxis and caused by

flow velocity fluctuation in the direction of z-ax(ML™*T).
T, =T, = -px(Ccov -Yz) Equation 2.27

Where,p = the mass density of water (M)
COV-YZ is the covariance of two variables,(8nd \{). It can be obtained

using Equation 2.28.
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vz T TV
n-1 n(n-1)

Equation 2.28

Where, \} = the flow velocity along y-axis (9.
V/, = the flow velocity along z-axis (L).

n = the number of samples that collected velocitya dRimensionless).

2.3.4.2Baird (2004)

Baird (2004) suggested linear extrapolation of iRdgs shear stress profile to
obtain bed shear stress using ADV data. An examipReynolds shear stress profile
is presented in Figure 2.17. Due to the existerfceowghness sublayer, Reynolds
shear stress decreases to the near bed areatprsa ahaximum value of Reynolds
shear stress (Raupach (1991); Nikora and Gohri@®Q0R. As a result, Montes
(1998) suggested linear extrapolation of the lingantion of Reynolds shear stress
profile as a method of bed shear stress calculatatually, Baird (2004) stated
“Reynolds shear stress can be calculated by eXatipg the slope of the linear
portion of the shear stress profile to the bed”adiuition, Montes (1998) explained
that finding the point of interception with x axis zero in Figure 2.28 is a good

method of estimation of bed shear stress.
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Figure 2.28 Reynolds Shear stress Profile (frommd3g&004))

Baird (2004) rearranged Equation 2.29 (cited frblaste and Patel, 1997;
Montes,1998) into Equation 2.30 to obtain the Imesgression equation from the

linear portion of the Reynolds Shear stress profite was presented in Figure 2.28.

=—uvVv = uf(l—%j Equation 2.29

Where T = the shear stress (MI?);

p = the mass density of water (Nﬁ};

u = the instantaneous velocity fluctuations abowt thean in the

longitudinal direction (LT); and

v = the instantaneous velocity fluctuations abowt thean in the

vertical direction (LT).
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% =mx(7) +b Equation 2.30

Where,% = relative depth (Dimensionless);

T = the shear stress that equals-tov at depth% (ML™T);

m = the regression slope of linear regression equasnd

b = the intercept of the regression line.

2.4 Summary

Numerous researchers have performed studies to tifyjuashear stress
distribution in meandering channels. Mathematicabdeling and laboratory
experiments have been implemented for the validaifaheories. To understand the
mechanism of shear stress distribution in meangeairannels, the understanding of
background of flow in a bend is necessary. At tbgitining of this chapter, the basic
mechanism of flow in meandering channels was iniced; the parameters to
determine meandering channel geometry, stream rolmgyy concept of secondary
flow in bend, the effect of superelevation, and é’arbalance to explain the dynamic
equilibrium in a stream system. In Section 2.3rbulgh Section 2.3.4, the methods of
shear stress calculation were introduced for daddyais of the study. The calculation
methods are; Preston tube, linear regression afcitglprofile, Rozovskii’'s method

and extrapolation of Reynolds shear stress by usibg data.
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3 Data Analysis

3.1 Introduction

Data analysis was conducted to determine the loligion of shear stress.
Measurements of flow velocity, flow depth, and bdary shear stress were
performed during the data collection procedure.adoordance with the procedure
presented in Section 2.3, four methods were usedhf data analysis: a) Preston
tube, b) Logarithmic Velocity Profile, c) Rozovsknethod, and d) Reynolds shear
stress. In this chapter, the shear stress caloulegsults and the value of differences

between each shear stress calculation method eseried.

3.2 Shear Stress Calculation Results

Four calculation methods were used for data aral¥sitering and exiting flow
in the model will result in overestimation of shearess. As result, shear stress data
of cross sections 1 through 3 and cross sectionvd@® excluded from analysis.
Preston tube method is the shear stress calculasomg a pitot tube. Logarithmic
Velocity Profile is the technique of shear stresfculation by obtaining a linear
regression after plotting the relationship betwdlew depth and logarithmic flow
velocity profile. Rozovskii's method was derivedrn the equation of motion in
Cartesian coordinates. Reynolds shear stressgalasdd from ADV data based on
the covariance of two variables of flow velocitfhe two variables originated from
two of three flow velocity components; W, and \,. In this section, the results and
discussion of the data analysis for the four défgérshear stress calculation methods

are presented.
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3.2.1Preston Tube

Preston tube calibration was conducted by SclatafD8) in a flume.
Boundary shear stress in the x directiop,was computed by converting Preston
differential pressure data (inch of head) into shsti@ss (psf) using the Preston tube
calibration that was exhibited as Equation 2.13e W®hear stress distribution
calculations from the Preston tube method are ptedein Figure 3.1 through
Figure 3.4. The range ak values by Preston tube were between 0.0075 psf and
0.072 psf. Clearly, the area with a higher valuesafias located at the inner side of
the downstream bend of the channel. Also, propoality of thety value with
increasing flow rate was observed except for trse @d 16 cfs. With the increases
of constant rate, the measured data consistentiyechato a higher level oty

values.
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Figure 3.1 Shear Stress Distributiog,from Preston Tube for 8 cfs (psf)
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Figure 3.2 Shear Stress Distributiog,from Preston Tube for 12 cfs (psf)
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Figure 3.3 Shear Stress Distributiog,from Preston Tube for 16 cfs (psf)
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Figure 3.4 Shear Stress Distributiog,from Preston Tube for 20 cfs (psf)
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3.2.2Linear Regression of Flow Velocity Profile

Equation 2.17 through Equation 2.20 describes tetad of linear regression
of flow velocity profile. Ideally, thery value that was obtained from this method is
identical with the value ofy by Preston tube. Figure 3.5 presents the distabudf
turbulent shear stress, for 20 cfs. The value aofx ranged between 0 psf and 0.076
psf. Just as in the casewfby Preston tube, a higher valuetgpfvas observed at the
inside of the downstream bend of the channel. éttmmality of flow rate and shear
stress also was observed. In addition, lateral rskgass,ty, was calculated using
same method to obtaim. The result is presented in Figure 3.6. The sistrass

distribution for 8, 12 and 16 cfs is presented ppéndix C.
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Figure 3.5 Shear Stress Distributiag, by Linear Regression for 20 cfs (psf)
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Figure 3.6 Shear Stress Distributiaf, by Linear Regression for 20 cfs (psf)
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3.2.3Rozovskii Method

The shear stress calculation method presented bgvRkii (1961) computes
the radial shear stress in a meandering channgy, using Equation 2.22. A detailed
calculation procedure for the water surface sldpeand the second bracket in the

right hand side of Equation 2.22 is presented is ¢bction. The water surface slope

can be expressed by Equation 3.1:

S :% Equation 3.1

Where, Sr = water surface slope (L/L);
h = difference of water surface elevation betweazpia and g (L);
D = horizontal distance of piezo between piezand piezo g (L).
Equation 4.2 shows the detailed calculation mettoodhe distance between
piezometer a and piezometer g. The multiplying dacif 3 comes from the 3:1

(Horizontal: Vertical) side slope of the trapezdidaannel. Equation 3.2 is presented

below;
D=d, +d, +d, Equation 3.2
Where, D =Horizontal distance between Piezo a aezbR) (L);
d, = 3 times of the difference of height®iezo a and d (L);
d, = Channel bottom width (L); and, is 3 times of the difference of

height ofPiezo g and d (L).
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Figure 3.7 Schematic Sketch of Distance betweeroRieand Piezo g

3x(Difference of Height of
Piezo a and Piezo d)

For the calculation of the second bracket in igatfhand-side of Equation
2.22, a manual integration method was used. Fig@allustrates the idealized flow

H,,2
velocity profile. The termjv—gdz can be described by Equation 3.3;
r
0

2 2
1{(v1 ;voj (2, - ZBed)+"-+(Vn +2vn+1J % (2, = 2,)+ V2 % (Zye — Zn)} Equation 3.3

Where,v; = flow velocity value that locates in the lowestal collection point

(L),

v, = flow velocity value that locates just above o focation ofv, (L/T);
v, = flow velocity value that locates in the highpsint (L/T);

Z,4 = bed elevation of the Channel; and is differential flow depth (L).
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The Value of V.1 can not be calculated technically.
H (ft) A So, it was assumed that V.1 is same as the value of V,

0\ P V/(ft/sec)
\ Vo= 0 ft/sec

AZ .= The Bed Elevation

Figure 3.8 Idealized Flow Velocity Profile

The shear stress distribution from the Rozovskiihoe is presented in Figure
3.9 for 20 cfs. The range of the valuestpfvere between -0.048 psf and 0.13 psf.
Differently from the method of Preston tube ancedin regression of flow velocity
profile, shear stress by Rozovskii method did v proportionality with increase
of the flow rate. Also, negative shear stress \aluere observed: the point of
negative shear stress has a less steep wateresgitge. That means the \&lue is
the dominant parameter of shear stress from theWw&# method. To validate the
observation, the water surface slope distributiondach flow rate is presented in
Figure 3.10 for 20 cfs. The plots show good agredrbetween the change of water

surface slope and shear stress distribution froroikii.
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3.2.4Reynolds Shear Stress

Reynolds shear stress is based on the ADV (AcoDstpler Velocity meter)
data of each piezometer and each cross sectidreahbdel. As suggested by Montes
(1998), Reynolds shear stress profile was plottetake a linear regression of the
linear portion of the Reynolds shear stress profilee x axis of the linear regression
equation is Reynolds shear stress and y axis igdala¢ive depth. The non-linear
portion of the Reynolds shear stress profile thas whown as pink dots in Figure
3.11 and Figure 3.12 was taken out for the linegrassion. In addition, Wahl (2002)
explained that when a data point of correlatiometow 70 and the signal to noise
ratio is below 15 has a high possibility of low a@xcy. As a result, ADV data point
covariance below 70 and signal to noise ratio beldwvwere excluded from the
plotting of the Reynolds shear stress profile. MantL998) explained the point where
the linear regression equation intercepts the g mxthe bed shear stresgg shear
stress in the longitudinal direction that applies tbe bed of the channel can be
computed from Equation 3.4. Summaries of the catoul result from Reynolds

shear stress extrapolation are presented in Appéndi
Equation 3.4

Where,1,eq = the turbulent shear stress in longitudinal dicecthat applies
on the bed of the channel (MT?);

1, = the turbulent shear stress that applies in & eaxused by V(M/L*T?); and

r,, = the turbulent shear stress that applies in y ard caused by, (M/L'T?).
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Figure 3.13 through Figure 3.16 present the sh&asss distribution for
overall flow rate of 8, 12, 16 and 20 cfs. The éstvwalue of Reynolds shear stress is
indicated by a violet color and the highest valfieudoulent shear stress is indicated

by a red color. The value a@feq ranged from 0.002 psf to 0.058 psf. The locatibn o

the maximum value af,eqWas observed at the near apex of the downstreaoh be
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3.3 Summary

During this study, data analysis was conductedhtoutate shear stress by using
the following methods; a) Preston tube b) Linegression of flow velocity profile c)
Rozovskii method d) Reynolds shear stress extréipolaGenerally, shear stress from
Preston tube showed higher values than any otlear sittress from different methods.
According to the results of the data analysis, slséi@ss calculation from Preston
tube and Reynolds shear stress extrapolation shtiveedest agreement because both
methods showed proportionality @f with the increase of flow rate and showed
similar distribution of the value ofy. Especially, both methods showed that the
similar trend ofty value that indicates reinforced bank protectiomeiguired at the
inside of the downstream bend in the channel. dutiteon, the agreements indicated
that the flow velocity from the ADV meter is a gopdrameter for predicting the

shear stress distribution.
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4 Comparisons of Shear Stress Calculation Methods

In Chapter 3, there were differences of shear stakulation results due to the
choice of different shear stress calculation meshddthis chapter, the differences in

the shear stress calculations will be described.mbthod of comparison is presented

in Figure 4.1.

Shear Stress Calculation

Methods

Y

/

Reynolds Shear
Extrapolation = 1y

Rozovskii Method = T,

Linear Regression
= T, and 1y

Preston Tube =2 1,

Y

A 4

Comparisons

\J

Comparison of Shear Stress
from Preston Tube and
Linear Regression of
Velocity Profile for
Longitudinal Direction

Comparison of Shear Stress

from Linear Regression of

Velocity Profile for Lateral

Direction (t,) and Rozovskii
Method

|

|

Comparison of Shear Stress
from Preston Tube and
Reynolds Shear Stress

Extrapolation

Comparison of Shear Stress
from Linear Regression of
Velocity Profile for
Longitudinal Direction (t,)
and Reynolds Shear Stress

Extrapolation

Figure 4.1 Chart of Shear Stress Calculation Meti@dmparison
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4.1 Comparison of Shear Stress from Preston Tube and hear Regression of

Velocity Profile for Longitudinal Direction

Plots to observe the difference of the two methardspresented in Figure 4.2
through Figure 4.5. The x-axis is shear stress fiiogar regression of flow velocity
profile and y-axis is shear streBesm Preston tube, respectively. If the points
perfectly fit the y=x line, then the two methodsvégerfect agreement. Figure 4.2
through Figure 4.5 indicate that most of the poares concentrated in the vicinity of
the y-axis, which means shear stress calculated fPoeston tube is much greater.
The green line in the plots indicates the bestifié from different shear stress
calculation methods. The most persuasive reasonthferdifference of the two
methods is the difference of measurement methast@&r tube was directly installed
on the bed but the ADV can not be located on the lecause the ADV can not
recognize the flow velocity on the bed. Therefosbear stress from a linear
regression of the flow velocity profile underesttembed shear stress. Additionally,
the averaged percentage difference of the two ndsthath change of discharge was

presented in Figure 4.6.
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The percentage difference value of shear stress Roeston tube and linear

regression of flow velocity profile was computedusing Equation 4.1.

5:[a_’8jx100 Equation 4.1
a

Where,d = the shear stress percentage difference betwesstoR tube and
linear regression of flow velocity profile;
a = the value of shear stress by Preston tube; and
B = the hear stress from linear regression of fl@oeity profile.
A summary table of the maximum and minimum of pleecentage difference

of the two methods is presented in Table 4.1.
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Table 4.1 Calculation Results of Percentage Diffeeebetween Preston Tube and
Linear Regression of Linear Flow Velocity Profile

Flow Rate (cfs) Maximum | Minimum Averaged
Value (%) Value (%) Difference
(%)
8 99.8 52.0 83.45
12 99.8 43.0 82.69
16 100 40.4 81.75
20 100 -6.7 67.42

4.2 Comparison of Shear Stress from Linear Regressionf & elocity Profile for

Lateral Direction (1,) and Rozovskii Method

For a detailed analysis of the differences betwibentwo methods, plots are
presented in Appendix F to show the differenceheftivo methods. The x-axis is the
shear stress from Rozovskii method and the y-agishear stress from linear
regression for lateral flow velocity, v The plots indicate the points are mostly
distributed horizontally because of the negativeaststress from Rozovskii method.
The negative shear stress from Rozovskii methadtezgsfrom a lower water surface
slope. As presented in Equation 2.22, the low wateface slope caused the right
hand side bracket of Equation 2.22 to be greatem £esult, negative shear stress was
observed from Rozovskii Method. The percentagesckfice between the shear stress
from linear regression of the velocity profile fire lateral direction and Rozovskii
method was calculated by using Equation 4.2. Thensary of the comparison of two

methods is shown in Table 4.2.

3= (Lﬁl} x100 Equation 4.2

a,
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Where, d; = the percentage difference between Preston todeRazovskii
Method (%);
o = the value of shear stress by linear regresditateral flow velocity (\{); and
1 = the value of shear stress from the Rozovskihobt

Table 4.2 Calculation Results of Percentage Diffeeebetween Linear Regression

and Rozovskii Method

Flow Rate (cfs) Maximum | Minimum Averaged
Value (%) Value (%) Difference
(%0)
8 -123.17 -84.64 -99.20
12 434.76 -19.95 -92.10
16 -757.42 -45.01 -104.78
20 -205.69 -2.83 -99.65

4.3 Comparison of Shear Stress from Preston Tube and Reolds Shear Stress

Extrapolation

Plots to compare the difference of shear stresm fiereston tube and
Reynolds shear stress are presented in Figurehtbdgh Figure 4.10. In addition,
the averaged percentage difference of the two ndstiath change of discharge was
presented in Figure 4.11. The x-axis is shear stfeem Reynolds shear stress
extrapolation obtained from Equation 4.3 and thexig is shear stress from Preston
tube. The green line in the plots indicates thd beine from different shear stress
calculation methods. The plots indicates that thiets are generally located between
the y axis and the y=x curve. That means the séteess from Preston tube is higher
than shear stress from Reynolds shear stress ekdtimm because the Preston tube

directly touches on the bed surface of the flumeReynolds shear from ADV does

not touch the bed surface during data collection.
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The percentage difference of shear stress frorstéirdube and the Reynolds
shear extrapolation method was obtained by usimg BEquation 4.3. Table 4.3

presents the difference of the calculation results.

0, = (Lﬁzj x100 Equation 4.3

aZ
Where,d, = the shear stress percentage difference betwesstoR tube and

Reynolds shear stress extrapolation (%);

0, = the value of shear stress calculated from tlestBn tube; and

32 = the shear stress from Reynolds shear stresspekation.
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Table 4.3 Calculation Results of Percentage Diffeecbetween Preston Tube and
Reynolds Shear Extrapolation

Flow Rate (cfs) Maximum | Minimum Averaged
Value (%) Value (%) Difference
(%)
8 79.37 17.64 61.28
12 83.74 5.20 59.79
16 86.24 6.89 53.04
20 80.50 0.66 38.49

4.4 Comparison of Shear Stress from Linear Regressionf & elocity Profile for

Longitudinal Direction (1) and Reynolds Shear Stress Extrapolation

Plots comparing differences of shear stress uaitigear regression of the
flow velocity profile along the x axis and Reynoldbear stress are presented in
Figure 4.12 through Figure 4.15. The x-axis isasistress from linear regression of
longitudinal flow direction and y-axis is shearess from Reynolds shear stress
extrapolation. The plots indicate shear stress fR@ynolds shear stress extrapolation
is greater than shear stress from linear regresfienause Reynolds shear
extrapolation was calculated by obtaining the Xxsaixtercept point of the linear
portion of relative depth and shear stress, budrssieess from linear regression of the
longitudinal flow velocity was obtained from theopke of the linear regression
equation. The green line in the plots indicateslst fit line from different shear
stress calculation methods. Additionally, the agethpercentage difference of the

two methods with change of discharge is presemiédgure 4.16.

1



0.06

Reynolds Shear Stress Extrapolation toed (psf)

0.05

0.04

0.03

y = 1.2303x + 0.0054

R? = 0.4798
.
0.02 »
. »
*8 .. . ¢ Shear Stress (psf)

0.01 e 4 y=x Line (Agreement) _

/: 3 Linear (Shear Stress (psf))

*

O T T T T T 1
0 0.01 0.02 0.03 0.04 0.05

Shear Stress from Linear Regression of Flow Velocity Profile (psf)

0.06

Figure 4.12 Comparison of Shear Stress from LiREggression and Reynolds Shear
Stress Extrapolation for 8 cfs

0.07
2 0.06 -
£ 0.05 |
<
o
[oN
s
£ 0.04
L
2]
o 003 | Y =06637x+00082 ¢
n R? = 0.4019
§ o o
% 0.02 . ,' * ¢ Shear Stress (psf) -
é % ‘: : ——Yy=x Line (Agreement)
;? 0.01 {l:» Linear (Shear Stress (psf)) _
O T T T T T T T T T T T T 1

Shear Stress from Linear Regression of How Velocity Profile (psf)

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065

Figure 4.13 Comparison of Shear Stress from LiReggression and Reynolds Shear
Stress Extrapolation for 12 cfs

78



Reynolds Shear Stress Extrapolationgpeq (psf)

0.09

0.08 /
0.07 /
0.06 /
0.05
y = 0.8897x + 0.0105 /
0.04 R? = 0.6431
* * * ,(”

0.03 o L4 o Shear Stress (psf)

.o 24 / ——y=x Line (Agreement)

* *
0.02 32 Linear (Shear Stress (psf))

0.02 0.03 0.

0.01

04 0.05 0.06 0.07 0.08

Shear Stress from Linear Regression of How Velocity Profile (psf)

0.09

Figure 4.14 Comparison of Shear Stress from LiReggression and Reynolds Shear

Reynolds Shear Stress Extrapolationtped (psf)

Stress Extra

polation for 16 cfs

0.16 -
¢ Shear Stress (psf)
0.14 +—
y=x Line (Agreement)
0.12 +— Linear (Shear Stress (psf))
0.1
0.08
0.06
y = 0.5499x + 0.0135 ¢
¢ R? = 0.3812 .
0.04 - * R
3
.
0 T T T T T T T 1
0 0.01 0.02 0.03 0.04 0.05 0.06

Shear Stress from Linear Regression of How Velocity Profile (psf)

0.07

Figure 4.15 Comparison of Shear Stress from LiReggression and Reynolds Shear

Stress Extra

polation for 20 cfs

79



60

59

58 +| —A— Averaged % Difference between Reynolds and Linear Regression

Z A
. /N
NN / AN

NN / AN
. NS AN

51 T T 1

% Difference

Discharge (cfs)

Figure 4.16 Averaged Percentage Difference betwsymolds Shear Extrapolation
and Linear Regression with Change of Discharge

Another way to compare with shear stress calarnamethod is comparing
shear stress from linear regression of x-direcflow velocity and shear stress by
extrapolating Reynolds shear stress that applietheénbed 9. The percentage
difference of shear stress calculated from linesgression of longitudinal flow
velocity and Reynolds shear stress extrapolatioa a@ained using Equation 4.4.

Table 4.4 presents the difference of the calcutatesults.

g, = (Lﬂsj x100  Equation 4.4

a3
Where,d; = the shear stress percentage difference betvireear Iregression
of the longitudinal flow velocity and Reynolds shetiess extrapolation (%);

a3 = the value of shear stress by Reynolds sheasstvdrapolation; and
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B3 = the shear stress from linear regression.

Table 4.4 Calculation Results of Percentage Diffeeebetween Linear Regression of
longitudinal velocity and Reynolds Shear Extrapolat

Flow Rate (cfs) Maximum | Minimum Averaged
Value (%) Value (%) Difference
(%)
8 99.25 9.24 55.99
12 99.23 0.14 51.59
16 99.93 -10.07 56.53
20 -125.32 -1.1 51.77

4.5 Comprehensive Comparisons

Section 4.1 through Section 4.4 described theewdiffces of shear stress
calculation methods from Preston tube, linear regiom of longitudinal flow
velocity, Rozovskii method and Reynolds shear stsgrapolation. This chapter
shows the shear stress calculated from Preston itultiee most accurate method
because the Preston tube directly touched on tkheobeéhe channel during data
collection. In the case of Reynolds shear stressajgalation and linear regression
method, these methods are based on the ADV daththen ADV that does not
directly touch the bed of the channel during mearm@nts.

Bar charts are presented in Figure 4.17 througfurEi 4.20 that shows the
percentage difference between maximum shear sfress Preston tube and other
maximum shear stress values by using Reynolds diezss extrapolation, linear
regression and HEC-RAS. Due to the low accuracgasistress from Rozovskii
method was excluded in the bar charts. The platicate that Reynolds shear stress
extrapolation has relatively better agreement sitbar stress from Preston tube than

a linear regression of flow velocity profile.
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4.6 Averaged Shear Stress from HEC-RAS and KValue

Heintz (2002) explained that an adjustment fackgyr,should be developed
due to the different geometry condition betweenupstream and downstream bend.
The definition of kK is the ratio of maximum shear stress to averapedrsstress. In
this study, averaged shear stress was calculatethdiyg average the HEC-RAS
shear stress output of cross section 1 and 2 frugistream bend and taking the
average output of cross section 10 and 11 for tdvendtream bend to calculate cross
section averaged shear stress. HEC-RAS modelinubtdr shear stress is presented
in Table 4.5 and Table 4.6. Two maximum shear sé®svere selected for analysis;
from extrapolation of Reynolds shear stress pradibel from Preston tube method.
The K, value, computed by dividing maximum shear strgssrbss section averaged

shear stress from HEC-RAS, is presented and surnedkin Table 4.7 and Table 4.8.
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Table 4.5 HEC-RAS Output for Shear Stress for Wastr Bend (psf)

XS 8 cfs 12 cfs 16 cfs 20 cfs
1 0.014551 0.016432 0.018744 0.02055
2 0.012438 0.014542 0.016896 0.018763
3 0.014991 0.016844 0.019166 0.020974
4 0.014289 0.016125 0.018418 0.020209
5 0.013597 0.01551 0.01782 0.019631
6 0.014445 0.016236 0.018536 0.020332
7 0.012989 0.015048 0.017457 0.019347
8 0.013057 0.015025 0.017375 0.019229
Table 4.6 HEC-RAS Output for Shear Stress for Ddveiasn Bend (psf)

XS 8 cfs 12 cfs 16 cfs 20 cfs
10 0.025227 0.029593 0.034569 0.038344
11 0.028996 0.032956 0.038042 0.041828
12 0.034162 0.036949 0.041766 0.045203
13 0.025574 0.029527 0.034338 0.037916
14 0.025627 0.029753 0.034675 0.038318
15 0.02509 0.029061 0.033865 0.037415
16 0.025559 0.029464 0.034246 0.037739
17 0.028973 0.032477 0.037302 0.040723
18 0.028534 0.031707 0.036329 0.039591

Table 4.7 K Value from Maximum Shear Stress of Reynolds SB¢ass

Averaged Shear Maximum .
Flow Rate Stregss (psf) Shear Stress (psf) R/Ty Ky Value Location

Upstream 8 cfs 0.0134945 0.007502549 2.788572251 | 0.55597 | XS 4 Piezo e
Downstream 8 cfs 0.0271115 0.022733373 6.913463558 | 0.83851 | XS 16 Piezod

Upstream 12 cfs 0.015487 0.022623014 2.617889474 | 1.46077 | XS4 Piezob
Downstream 12 cfs 0.0312745 0.032936826 6.202185792 | 1.05315 | XS 16 Piezo d

Upstream 16 cfs 0.01782 0.024180063 2.476354806 | 1.35691 | XS 4 Piezo a
Downstream 16 cfs 0.0363055 0.03574071 5.720368439 | 0.98444 | XS 17 Piezo d

Upstream 20 cfs 0.0196565 0.048435716 2.41252646 | 2.46411 | XS 6 Piezob
Downstream 20 cfs 0.040086 0.058249589 5.442294974 | 1.45312 | XS 15 Piezo d

Table 4.8 K Value from Maximum Shear Stress of Preston Tube
Averaged Shear Maximum .
Flow Rate Stregss (psf) Shear Stress (psf) R./Ty Ky Value Location

Upstream 8 cfs 0.0134945 0.024213 2.819001891 | 1.794286 | XS 8 Piezo ¢
Downstream 8 cfs 0.0271115 0.048366069 6.814699793 | 1.78397 | XS 15 Piezo d

Upstream 12 cfs 0.015487 0.027531493 2.620013523 | 1.77772 | XS5 Piezo a
Downstream 12 cfs 0.0312745 0.05886005 6.122581845 | 1.88205 | XS 10 Piezo a

Upstream 16 cfs 0.01782 0.034551784 2.485886579 | 1.93893 | XS 6 Piezob
Downstream 16 cfs 0.0363055 0.072179902 5.720368439 | 1.98813 | XS 17 Piezo e

Upstream 20 cfs 0.0196565 0.039212852 2.354478065 | 1.99491 | XS 8 Piezoc
Downstream 20 cfs 0.040086 0.067410083 5.444995864 | 1.68164 | XS 10 Piezoc
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Kp Value

Before this study, Ippen and Drinker (1962), USBR64) and Yen (1965)

performed research to figure out the empirical équoa of K,.

After K, values are

obtained by using Reynolds shear stress and Pragienthe empirical equations and

upper envelope curves of,Kvere obtained by taking the r

function, including the data from previous studi®s Ippen

egression of the powe

and Drinker (1962),

USBR (1964) and Yen (1965). The plots are presemtedigure 4.21 and Figure

4.22.
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5 Conclusions and Recommendations

5.1 Overview

The physical model study provided the distributioh shear stress in a
meandering channel. The previous research anddtirgrexperiments presented a
guideline of shear stress analysis in a meandafiagnel. However, the previous
studies about flow in bends have limitations beeabgy focused on the distribution
of shear stress in a single bend. This study ptededata analysis results to
determine shear stress in a meandering channeétbgrming laboratory tests. The
flume is constructed as the combination of two $ypebends; type 1 and type 3. The
ratio of radius of curvature and top width of typand type 3 bend in the flume was

2.02 and 4.39, respectively.

5.2 Conclusions

To determine the shear stress distribution in antkeang channel, the physical
modeling study was conducted in the following plsase

a) Model construction and calibration;

b) Data collection of flow depth, flow velocity dfoundary shear stress;

c) Data analysis.

After the study procedures presented above, tHewwlg conclusions were

drawn from this experimental study.
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The shear stress from the method of Rozovskii (L84t was presented
in Equation 2.2 only shows the shear stress thptiespin the lateral
direction. On the other hand, the shear stress thenPreston tube and the
Reynolds shear extrapolation show total shearsstiHserefore, the shear
stress from Rozovskii (1961) was significantly sieralhan the shear stress
from the Preston tube and the Reynolds shear sixtisgpolation.

The shear stress from the Preston tube is the awostrate value among
those obtained by four different methods becausePtieston tube collects
directly on the surface of the channel but the othethods used ADV
data. In other words, ADV has instrumentation latidns because it can
not touch the bed of the channel.

The shear stress from the Reynolds shear stresgpeldtion showed the
best agreement with the shear stress from the dPrestbe because
Reynolds shear stress extrapolation considers timeitation of
instrumentation using ADV by extrapolating sheaess.

This study obtained equations to estimatev&lue (the ratio of maximum
shear stress to averaged shear stress) in meagpdéannels by using the
Preston tube and the Reynolds shear stress extapol The equations
derived are: 1) the best fit equation by takingesgion of i points from
previous studies (Ippen and Drinker (1962), USB86d) and Yen (1965))
and this study; and 2) an upper envelope equatianwas obtained from
the maximum values of K The K, values from the upper envelope curve

using the Preston tube were 27% higher in avetzge the K values from
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the best fit curve. Also, thepralues from the upper envelope curve using
the Reynolds shear stress extrapolation was 28%ehig average than the
Ky values from the best fit curve. Therefore, it wascluded that the
effect of enveloping in both methods were similar.

In design situations, the upper envelope equatiom the Preston tube is
recommended for design because the upper envelgpatien from
Preston tube considers the worst case scenario.b&be fit and upper
envelope equation for Kvalue from the Preston tube is presented in
Equation 5.1 and Equation 5.2 respectively.

-0321
K, = 2.4992x (%J Equation 5.1

w

- 02657
K, = 3.2135{_'_&] Equation 5.2

w

Where, K, = ratio of maximum shear stress and averaged siszss from

HEC-RAS modeling (dimensionless);

R. = radius of curvature of meandering channel (LH an
T, = top width of channel (L).

The upper envelope curve for thg ¥alue from the Preston tube showed
that previous studies (Ippen and Drinker (1962)BBS1964) and Yen
(1965)) were underestimated by 46% when the rdtradius of curvature
and top width of channel was greater than 4. Theeef cautious
observation of the Kvalue from the Preston tube is necessary for

application of the upper envelope curve @irkreal world situation.

90



* Due to the limitation of range of data points,strecommended that use
Ky chart presented in Figure 4.21 when the ratiadfus of curvature and

top width of channel ranged between 1 and 7.

5.3 Recommendations for Future Research

During the physical modeling study, model condiam; data collection and
experimental data analysis were conducted. The rsh#ass distribution was
calculated and plotted by selecting four differaratys. For future research, several
recommendations are provided;

* It is recommended to investigate shear stressilglision in case of native
topography geometry by using the same methods isf study that are
applicable to hydraulic design in the real world.

* The number of data points (seven or eight) thatveetlected by the ADV in
the velocity profile was not good enough to obtamaccurate result from a
linear regression of the flow velocity profile. Tiicrease the accuracy of the
linear regression, the number of data points ctdtbshould be at least fifteen
for a reasonable linear regression (about twicewfent number of data

points).

5.4 Limitations of this Study

This experimental study introduced four differeméthods to calculate shear
stress in a bend. Also, the study obtained equatoestimate how much shear stress
in a bend is higher than in a straight channel thiststudy is limited in the following

points;
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e This study was based on the laboratory data owiy ffour discharges; 8,
12, 16 and 20 cfs.

* In the low flow rate case (8 and 12 cfs), dataemibn was limited because
the ADV could not be submerged in the water dudoto water surface

elevation.
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Appendix A. Model Description
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A.1 Introduction

In order to facilitate analysis of shear stresdrithigtion in a meandering
channel, physical modeling was conducted at theor@db State University
Engineering Research Center. In this chapter, doengtry of the model, construction

procedure and methods of measurements will bedated.

A.2 Model Description

The physical model is an undistorted21Froude scale model. The boundary
of the channel is prismatic. That means the gegmafrthe channel is constant.
The composition of the physical model is; two kirafsbends and one transitional
area between two bends. A data collection cart masinted on the top of the
physical model with a point gage for the measurdgnaérihree dimensional flow
velocity (Vy, Vy and \), flow depth (h) and boundary shear stra3gKleintz 2002).

Figure A.1 presents the schematic view of the gaysnodel.
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Figure A.1 Schematic View of the Physical Model

A.2.1 Model Geometry

It is impossible to construct a physical model thescribes the whole of the
study reach because study reach length of the tgpstas 29 miles. Therefore, a
representative section of the reach was selecteddoribe the flow in a meandering
channel (Heintz 2002). The data of the reach gegnwetre obtained by using 1992
aerial photographs (Heintz 2002). The measuredpetexs of the study reach were;
top width, radius of curvature, the length of thend, relative curvature and the
rotation angle of the bend. Table A.1 shows thengsoy of the prototype. In
addition, Table A.2 provides the information of thi@ysical model geometry. Figure
A.2 describes the geometry measurement resuliseo$tudy reach. To maintain the

1:12 Froude scale, type 1 and type 3 bend werectedldor the physical model

(Heintz 2002).
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Table A.1 The Geometry of the Prototype of Studgdke(from Heintz 2002)

Type Top Width | Radius of CurvatureBend Angle | Relative Curvature ?_Zig?ﬁ I
ft (m) ft (m) degrees r/b ft (m)
1 230.4 (70.2) 465 (141.73) 125 2.02 1014 (309)
3 180 (54.86) 789.96 (240.77 73 4.39 1002 (305)

Table A.2 The Geometry Information of the Physidaldel (from Heintz 2002)

Type Top Width | Radius of CurvatureBend Angle | Relative Curvature igig?ﬁl
ft (m) ft (m) (degrees) r/b ft (m)
1 19.2 (5.9) 38.75 (11.81) 125 2.02 84.5 (25|8)
3 15 (4.6) 65.83 (20.06) 73 4.39 83.5 (25/5)
Cochiti to Bernallilo
Radius of Curvature vs. Width
with Corresponding Arc Angle, After Hey (1976)
5.00
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Channel Width

Figure A.2 The Type of the Bend of the Study Reffcdm Heintz 2002)

The shape of the model is trapezoidal and the " of the channel is 1:3

(Vertical: Horizontal). The channel depth of 1.@#t46m) was selected to satisfy the

flow rate of the data collection (Heintz 2002). eTibed slope of the model, 0.000863,

was close enough as measured in the prototype.r@astnaight transition area 10:1
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for the smooth connection between upper bend andrlbend was installed (Heintz

2002). Figure A.3 provides the sketch of the ptglsmodel.

Typel t i ¢
Bend kY . ) .
¢ ‘ 4 10:1 Transition
Y |
%‘ \\3 %0 i $
Ny :
)..
" Foi
H

. T ‘ :
\ Piezomete ‘\

Figure A.3 Sketch of the Main Channel
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A.2.2 Model Construction

Model construction began in early August 2000. At months were spent on
the construction. During the construction projebe headbox, main channel and
tailbox were constructed. Figure A.4 Iillustratese thrschematic sketch of
Hydromachinery Laboratory. In the end of the phgkimodel, the tailbox was
constructed for energy dissipation and consistemt €onditions. The components of
the headbox are; pipe manifold, a rock baffle add and bed transitional boundaries

(Heintz 2002).

Hydromachinery Lak

Magmeter

Flow—=55

Control Valve]

Figure A.4 Schematic Sketch of Hydromachinery Labany

The source of water used for the experiment issetooth Reservoir (Heintz
2002). A 12 inch pipe line is directly connectedhe headbox of the model from the
reservoir (Heintz 2002). For energy dissipation #lodv condition maintenance, a
rock baffle was installed in the headbox. The ayedasize of the rock is 2 inches. In
addition, 4 ft high walls are located in the fladrthe laboratory for reinforcement of
the model security (Heintz 2002). Figure A.5 shalws walls of the model. To

construct rigid channel geometry, a plywood skelet@as used in each cross section.
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The plywood skeleton of the model placed eightgsein the upstream bend
and the other eight pieces located in the downstieend. For the construction of the
main channel, sand was filled, saturated, compaatedieveled for the construction
of the main channel (Heintz 2002). Figure A.6 anguFe A.7 show the sand filling

and leveling for main channel construction.

Figure A.5 4 ft High Walls of the Model
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Figure A.7 Leveling of Fill Sand of the Main Chahne
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To maintain a rigid geometry in the bend, thess section skeletons were
connected to each other with 4 inch by"™ich steel flashing (Heintz 2002). The
flash was installed at each top bank point and mblatoe in each cross section
(Heintz 2002). Figure A.8 shows the installation tbé steel flashing. After the
completion of steel flashing and welding, a 2 ititcick concrete cap was placed over
the top of the finished sand to reinforce the gitierof the channel geometry. The
next procedure of model construction was concritegment. About 40 cubic yards
of concrete and 600 tons of sand were used fomibeel construction. To obtain the
roughness of the channel, a broom finish of coecvweds applied. In addition, water
sealant was sprayed on the main channel to prdeaking. Figure A.9 and Figure

A.10 present concrete placement and broom finiskdsired channel roughness.

Figure A.8 Installation of Steel Flashing
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Figure A.10 Concrete Broom Finish for Desired CleliRoughness
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In the downstream end of the model, a stop log watalled to develop
backwater to generate the proper relationship betvwdescharge and stage. Also, a 10
inch pipe and two 12 inch culverts were installedailbox to convey water flow to

College Lake (Heintz 2002).

A.3 Instrumentation

The physical model was constructed for the measemésnof flow velocity,
flow depth, flow rate and shear stress. Data cttlacfacilities were placed on the
cart that was installed above the main channethis section, the procedure and

method of data collection will be introduced.

A.3.1 Flow Rate Measurement

For the measurement of the flow rate, a Georg EiScISIGNET 2550
Insertion Magmeter with an accuracy oP% was used. The water source is
Horsetooth Reservoir. The pipeline that connectssétooth Reservoir and the model

is 12 inches and the material of the pipe is PVGly\#nyl Chloride). Figure A.11

shows the photographs of the flow meter.

Figure A.11 SIGNET Meters and Electronic DisplayxBs (from Kinzli, 2005)
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A.3.2 Flow Depth Measurement
Two methods of flow depth measurement were usdtarprocedure of data
collection. The first method is point gauge measumet that was presented in Figure

A.12. For this method, a point gauge was instatledhe data collection cart.

Y 5
T

ment

Figure A.12 Point Gaug nstallation for Flow thasuré
In addition to the point gage, piezometer tapsewastalled throughout the
model. During the main channel construction proceda piezometer was placed at
the skeleton of main channel. In each cross sectipiezo meters were installed. In
total, 122 piezometers installed for data collectid he label in each piezometer was
assigned a through g from left to right. Figurel?.shows the sketch of the

piezometer used. In addition, Figure A.14 showvesitistallation of the piezometers.
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Figure A.13 The Location of Piezometer Type 1 agder3 Bend (from Heintz,
2002)

Figure A.14 Installation of Piezometer for Flow [ﬂep/leasurément
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The piezometers installed in the main channelcareected with a stilling
well to allow data collection of water surface eBuon (Heintz 2002). 2 inch
diameter PVC pipe was placed in the stilling wellAll piezometer taps were
equipped with a back-flushing system to ensure that stilling wells and the
connecting tubing and taps would not clog (Hein@02). Figure A.15 shows the
stilling wells used for water surface elevation sweament. The bed elevation of the

channel also was measured using a point gauge. Hepth was calculated by

subtracting the bed elevation from water surfaegatlon.

Figure A.15 Stilling wells for water surface eleeat measurement

A.3.3 Velocity Measurement

Since 1993, the ADV has been a popular instrumertdotlect flow data in
field and laboratory studies (Wahl 2000). The iligten of the ADV allowed for the

measurement of flow velocity in each cross sectbthe model. The data of an
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ADV is three- dimensional velocity measurementd thare composed with Y Vy
and V,. The ADV measured velocity from a sampling volulmeated 0.164 ft (5 cm)
below the probe head. The sampling rate of the A®Y0 Hz. The time period of
data collection in each point is approximately 3rands. In each point, 300
measurements of flow velocity data were collectddhe three-dimensional velocity
measurements were collected with the probe of ID¥ Airected perpendicular to the
cart, which was always oriented perpendicular teation of the flow (Heintz 2002).
Figure A.16 presents the photograph of ADV. AlsoguFe A.17 shows ADV
installation in the data collection cart. After @aiollection by ADV, data processing
IS necessary because it is impossible to perforta aaalysis with the original ADV
file. As a result, computer software, WinADV wasvd®ped by Wahl (2000). The
initial purpose of the software development wagravide the method of displaying

the velocity time series (Wahl 2000).

Figure A.16 Photograph of ADV (from Heintz 2002)
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Figure A.17 Installation of ADV in Data CollectidDart

A.3.4 Shear Stress Measurement
Sclafani (2008) performed shear stress data ctibioran a 60-foot long, 4-
foot wide, 2.5-foot tall flume. To collect data ftbre calculation of shear stress on the
bed and bank of the channel, a Preston tube wak Tke Preston tube presented in
Figure A.18 allows for measuring boundary sheagsstrof the model. The Preston
tube technique utilizes a modified pitot tube tisaplaced directly on the bed of the

channel at the point of measurement. A pressunesdiecer was used for the

collection of pressure data.
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R

Figure A.18 Preston Tube for Shear Stress Measumefftem Sclafani (2008))

A.4 Model Calibration

There are two kinds of calibration of the modele thrst one is channel
roughness calibration. Heintz (2002) conducted rttuelel calibration by using the
HEC-RAS program. As a result of the roughness catiitn, the value of Manning’s
n, the roughness value was determined to be 0.D®.second calibration of the
model is backwater calibration by installing st@gd in the tailbox of the model.
Using the computed roughness value of 0.018, th€-RAS model was then used to
calculate a water surface profile for normal degthditions at all flow rates (Heintz
2002). For the confirmation of the model calibratiddeintz (2002) compared the
measured value of water surface profile and caledlaalue of water surface profile
by using HEC-RAS. Figure A.19 and Figure A.20 sliberinstalled stop logs of the

model.
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A.5 Test Program (Test Matrix)

There are four different discharge cases (8, 1520 cfs), 18 cross sections
and 7 piezometers (a through g) in each crossosechigure A.21 shows a test
matrix for the case of baseline test conditioncdse of the discharge of 8 cfs and 12
cfs, several piezometers are not submerged diure tiow flow depth. Therefore, data
of piezometer a, b, f and g for 8 cfs, are excluiledh test matrix. Also, piezometer a

and g for 12 cfs could not collected data due ¢osidime situation of 8 cfs.

Data Collection
|

Flow Rate : 8 cfs Flow Rate : 12 cfs Flow Rate : 16 cfs

(Upstream Bend)

(Upstream Bend)

. Piezo a
Piezo b .

: Piezo b
. Piezo c .

Piezo c . Piezo c
; Piezo d .

Piezo d . Piezo d
. Piezo e .

Piezo e . Piezo e
Piezo f .

Piezo f

Piezo g

XS #1 ~#8 XS #1 ~ #8 XS #1 ~#8

(Upstream Bend)

XS #10 ~ #18
(Downstream Bend)

XS #10 ~ #18
(Downstream Bend)

XS #10 ~#18
(Downstream Bend)

Figure A.21 Test Program of Baseline Condition
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Appendix B. Preston Tube Calibration
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Table B.1 Shear Stress from Preston Tube Calilirddio8 cfs

XSEC | Piezo | Shear Stress (psf)
4 c 0.0178
4 d 0.0166
4 e 0.0164
5 c 0.0183
5 d 0.0177
5 e 0.0000
6 c 0.0178
6 d 0.0189
6 e 0.0147
7 c 0.0172
7 d 0.0148
7 e 0.0125
8 c 0.0203
8 d 0.0160
8 e 0.0130

10 c 0.0438
10 d 0.0363
10 e 0.0322
11 c 0.0240
11 d 0.0384
11 e 0.0193
12 c 0.0342
12 d 0.0400
12 e 0.0289
13 c 0.0393
13 d 0.0361
13 e 0.0313
14 c 0.0263
14 d 0.0390
14 e 0.0346
15 c 0.0287
15 d 0.0484
15 e 0.0411
16 c 0.0286
16 d 0.0350
16 e 0.0376
17 c 0.0328
17 d 0.0388
17 e 0.0460
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Table B.2 Shear Stress from Preston Tube Caldorditir 12 cfs

XSEC | Piezo | Shear Stress (psf) | XSEC | Piezo | Shear Stress (psf)
4 b 0.0239 14 b 0.0230
4 c 0.0211 14 c 0.0361
4 d 0.0223 14 d 0.0490
4 e 0.0248 14 e 0.0395
4 f 0.0175 14 f 0.0303
5 b 0.0273 15 b 0.0266
5 c 0.0267 15 c 0.0367
5 d 0.0244 15 d 0.0498
5 e 0.0246 15 e 0.0454
5 f 0.0175 15 f 0.0390
6 b 0.0227 16 b 0.0287
6 c 0.0238 16 c 0.0385
6 d 0.0209 16 d 0.0471
6 e 0.0210 16 e 0.0481
6 f 0.0172 16 f 0.0498
7 b 0.0250 17 b 0.0224
7 c 0.0205 17 c 0.0321
7 d 0.0185 17 d 0.0457
7 e 0.0152 17 e 0.0539
7 f 0.0148 17 f 0.0453
8 b 0.0274
8 c 0.0241
8 d 0.0170
8 e 0.0186
8 f 0.0143
10 b 0.0556
10 c 0.0555
10 d 0.0396
10 e 0.0320
10 f 0.0323
11 b 0.0352
11 c 0.0343
11 d 0.0452
11 e 0.0264
11 f 0.0192
12 b 0.0337
12 c 0.0496
12 d 0.0389
12 e 0.0334
12 f 0.0287
13 b 0.0307
13 c 0.0457
13 d 0.0430
13 e 0.0338
13 f 0.0313
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Table B.3 Shear Stress from Preston Tube Caldsrditir 16 cfs

XSEC | Piezo | Shear Stress (psf) | XSEC | Piezo | Shear Stress (psf)
4 a 0.0299 11 d 0.0617
4 b 0.0266 11 e 0.0331
4 c 0.0258 11 f 0.0297
4 d 0.0260 11 g 0.0271
4 e 0.0285 12 a 0.0429
4 f 0.0234 12 b 0.0483
4 g 0.0165 12 c 0.0568
5 a 0.0335 12 d 0.0579
5 b 0.0343 12 e 0.0444
5 c 0.0261 12 f 0.0455
5 d 0.0271 12 g 0.0380
5 e 0.0289 13 a 0.0075
5 f 0.0251 13 b 0.0494
5 g 0.0185 13 c 0.0555
6 a 0.0311 13 d 0.0487
6 b 0.0346 13 e 0.0429
6 c 0.0270 13 f 0.0415
6 d 0.0283 13 g 0.0397
6 e 0.0280 14 a 0.0129
6 f 0.0238 14 b 0.0232
6 g 0.0198 14 c 0.0417
7 a 0.0321 14 d 0.0469
7 b 0.0290 14 e 0.0317
7 c 0.0259 14 f 0.0249
7 d 0.0285 14 g 0.0256
7 e 0.0251 15 a 0.0174
7 f 0.0219 15 b 0.0248
7 g 0.0162 15 c 0.0397
8 a 0.0243 15 d 0.0488
8 b 0.0278 15 e 0.0476
8 c 0.0293 15 f 0.0377
8 d 0.0280 15 g 0.0361
8 e 0.0259 16 a 0.0142
8 f 0.0188 16 b 0.0263
8 g 0.0158 16 c 0.0375
10 a 0.0678 16 d 0.0488
10 b 0.0630 16 e 0.0551
10 c 0.0700 16 f 0.0472
10 d 0.0445 16 g 0.0351
10 e 0.0428 17 a 0.0160
10 f 0.0408 17 b 0.0264
10 g 0.0395 17 c 0.0283
11 a 0.0454 17 d 0.0455
11 b 0.0543 17 e 0.0722
11 c 0.0691 17 f 0.0599

17 g 0.0490
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Table B.4 Shear Stress from Preston Tube Caldsrditir 20 cfs

XSEC | Piezo | Shear Stress (psf) | XSEC | Piezo | Shear Stress (psf)
4 a 0.0240 11 d 0.0505
4 b 0.0213 11 e 0.0213
4 c 0.0170 11 f 0.0209
4 d 0.0210 11 g 0.0249
4 e 0.0268 12 a 0.0262
4 f 0.0198 12 b 0.0397
4 g 0.0151 12 c 0.0455
5 a 0.0299 12 d 0.0461
5 b 0.0265 12 e 0.0366
5 c 0.0194 12 f 0.0333
5 d 0.0192 12 g 0.0336
5 e 0.0252 13 a 0.0230
5 f 0.0197 13 b 0.0337
5 g 0.0150 13 c 0.0515
6 a 0.0265 13 d 0.0426
6 b 0.0273 13 e 0.0294
6 c 0.0196 13 f 0.0317
6 d 0.0195 13 g 0.0327
6 e 0.0219 14 a 0.0198
6 f 0.0199 14 b 0.0327
6 g 0.0123 14 c 0.0445
7 a 0.0193 14 d 0.0410
7 b 0.0242 14 e 0.0322
7 c 0.0212 14 f 0.0257
7 d 0.0219 14 g 0.0289
7 e 0.0186 15 a 0.0252
7 f 0.0210 15 b 0.0314
7 g 0.0119 15 c 0.0395
8 a 0.0194 15 d 0.0426
8 b 0.0260 15 e 0.0397
8 c 0.0392 15 f 0.0472
8 d 0.0186 15 g 0.0419
8 e 0.0177 16 a 0.0200
8 f 0.0099 16 b 0.0296
8 g 0.0080 16 c 0.0490
10 a 0.0630 16 d 0.0420
10 b 0.0514 16 e 0.0397
10 c 0.0674 16 f 0.0499
10 d 0.0493 16 g 0.0420
10 e 0.0381 17 a 0.0188
10 f 0.0349 17 b 0.0287
10 g 0.0339 17 c 0.0360
11 a 0.0399 17 d 0.0441
11 b 0.0459 17 e 0.0549
11 c 0.0562 17 f 0.0420

17 g 0.0421
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Appendix C. Linear Regression of Flow Velocity Prafe
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Table C.1 Shear Stress) from Linear Regression of Flow Velocity Profilerf8 cfs
XSEC | Piezo | Shear Stress (psf)
0.0030
0.0018
0.0011
0.0027
0.0038
0.0009
0.0034
0.0028
0.0006
0.0036
0.0045
0.0010
0.0037
0.0059
0.0000
0.0063
0.0077
0.0041
0.0115
0.0081
0.0067
0.0055
0.0097
0.0041
0.0044
0.0094
0.0070
0.0030
0.0043
0.0064
0.0006
0.0027
0.0049
0.0007
0.0074
0.0094
0.0007
0.0057
0.0061

o

4

10

11

12

13
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15

16

17
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Table C.2 Shear Stress)(from Linear Regression of Flow Velocity Profilerf12

cfs
XSEC | Piezo | Shear Stress (psf) | XSEC | Piezo | Shear Stress (psf)
4 b 0.0033 14 b 0.0034
4 c 0.0036 14 c 0.0046
4 d 0.0035 14 d 0.0163
4 e 0.0008 14 e 0.0089
4 f 0.0008 14 f 0.0071
5 b 0.0007 15 b 0.0014
5 c 0.0036 15 c 0.0022
5 d 0.0037 15 d 0.0137
5 e 0.0013 15 e 0.0140
5 f 0.0002 15 f 0.0051
6 b 0.0025 16 b 0.0003
6 c 0.0036 16 c 0.0005
6 d 0.0056 16 d 0.0223
6 e 0.0018 16 e 0.0111
6 f 0.0014 16 f 0.0047
7 b 0.0028 17 b 0.0003
7 c 0.0043 17 c 0.0021
7 d 0.0055 17 d 0.0121
7 e 0.0001 17 e 0.0101
7 f 0.0014 17 f 0.0118
8 b 0.0015
8 c 0.0024
8 d 0.0042
8 e 0.0000
8 f 0.0005
10 b 0.0081
10 c 0.0079
10 d 0.0077
10 e 0.0017
10 f 0.0028
11 b 0.0149
11 c 0.0195
11 d 0.0118
11 e 0.0122
11 f 0.0013
12 b 0.0027
12 c 0.0030
12 d 0.0132
12 e 0.0129
12 f 0.0056
13 b 0.0043
13 c 0.0073
13 d 0.0188
13 e 0.0168
13 f 0.0052
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Table C.3 Shear Stress)(from Linear Regression of Flow Velocity Profilerf16

cfs
XSEC | Piezo | Shear Stress (psf) | XSEC | Piezo | Shear Stress (psf)

4 a 0.0016 11 d 0.0115
4 b 0.0109 11 e 0.0116
4 c 0.0060 11 f 0.0131
4 d 0.0026 11 g 0.0059
4 e 0.0006 12 a 0.0036
4 f 0.0018 12 b 0.0086
4 g 0.0012 12 c 0.0241
5 a 0.0032 12 d 0.0193
5 b 0.0044 12 e 0.0119
5 c 0.0018 12 f 0.0107
5 d 0.0053 12 g 0.0070
5 e 0.0002 13 a 0.0019
5 f 0.0009 13 b 0.0045
5 g 0.0000 13 c 0.0119
6 a 0.0022 13 d 0.0267
6 b 0.0042 13 e 0.0093
6 c 0.0042 13 f 0.0107
6 d 0.0069 13 g 0.0079
6 e 0.0001 14 a 0.0021
6 f 0.0009 14 b 0.0044
6 g 0.0007 14 c 0.0093
7 a 0.0042 14 d 0.0278
7 b 0.0044 14 e 0.0171
7 c 0.0050 14 f 0.0086
7 d 0.0065 14 g 0.0054
7 e 0.0013 15 a 0.0000
7 f 0.0009 15 b 0.0022
7 g 0.0008 15 c 0.0033
8 a 0.0055 15 d 0.0163
8 b 0.0053 15 e 0.0173
8 c 0.0024 15 f 0.0087
8 d 0.0052 15 g 0.0072
8 e 0.0000 16 a 0.0012
8 f 0.0006 16 b 0.0011
8 g 0.0003 16 c 0.0060
10 a 0.0090 16 d 0.0290
10 b 0.0120 16 e 0.0156
10 c 0.0123 16 f 0.0086
10 d 0.0077 16 g 0.0055
10 e 0.0015 17 a 0.0004
10 f 0.0004 17 b 0.0016
10 g 0.0054 17 c 0.0048
11 a 0.0076 17 d 0.0177
11 b 0.0247 17 e 0.0174
11 c 0.0155 17 f 0.0054

17 g 0.0006
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Table C.4 Shear Stress)(from Linear Regression of Flow Velocity Profilerf20

cfs
XSEC | Piezo | Shear Stress (psf) | XSEC | Piezo | Shear Stress (psf)

4 a 0.0116 11 d 0.0121
4 b 0.0030 11 e 0.0177
4 c 0.0038 11 f 0.0280
4 d 0.0030 11 g 0.0282
4 e 0.0000 12 a 0.0154
4 f 0.0001 12 b 0.0280
4 g 0.0027 12 c 0.0375
5 a 0.0054 12 d 0.0133
5 b 0.0036 12 e 0.0212
5 c 0.0024 12 f 0.0143
5 d 0.0118 12 g 0.0091
5 e 0.0005 13 a 0.0093
5 f 0.0003 13 b 0.0015
5 g 0.0004 13 c 0.0554
6 a 0.0042 13 d 0.0301
6 b 0.0083 13 e 0.0168
6 c 0.0024 13 f 0.0149
6 d 0.0094 13 g 0.0164
6 e 0.0016 14 a 0.0089
6 f 0.0019 14 b 0.0047
6 g 0.0031 14 c 0.0070
7 a 0.0099 14 d 0.0355
7 b 0.0064 14 e 0.0265
7 c 0.0013 14 f 0.0187
7 d 0.0066 14 g 0.0145
7 e 0.0001 15 a 0.0024
7 f 0.0017 15 b 0.0050
7 g 0.0004 15 c 0.0045
8 a 0.0040 15 d 0.0455
8 b 0.0060 15 e 0.0226
8 c 0.0026 15 f 0.0233
8 d 0.0019 15 g 0.0148
8 e 0.0005 16 a 0.0003
8 f 0.0002 16 b 0.0003
8 g 0.0002 16 c 0.0002
10 a 0.0461 16 d 0.0467
10 b 0.0044 16 e 0.0157
10 c 0.0075 16 f 0.0151
10 d 0.0077 16 g 0.0141
10 e 0.0004 17 a 0.0011
10 f 0.0010 17 b 0.0011
10 g 0.0027 17 c 0.0000
11 a 0.0756 17 d 0.0377
11 b 0.0079 17 e 0.0313
11 c 0.0313 17 f 0.0262

17 g 0.0073
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Figure C.1 Shear Stress Distributmn by Linear Regression for 8 cfs (psf)
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Figure C.2 Shear Stress Distributiopn by Linear Regression for 12 cfs (psf)

126



160 -

140 — 0.092

0.088
0.084
0.08
0.076
0.072
0.068
0.064
0.06
- 0.056
0.052
0.048
0.044
0.04
0.036
0.032
0.028
0.024
- 0.02
0.016
0.012
0.008
0.004

120

100

80—

60—

40—

20— -

\ \ \
20 40 60
Figure C.3 Shear Stress Distributiag, by Linear Regression for 16 cfs (psf)
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Figure C.5 Shear Stress Distributiap, by Linear Regression for 12 cfs (psf)
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130



Appendix D. Shear Stress from Rozovskii (1961) Metd
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Table D.1 Shear stress,( from Rozovskii (1961) Method for 8 cfs

XSEC | Piezo | Shear Stress (psf)
4 c 0.0607
4 d 0.0683
4 e 0.0559
5 c 0.0090
5 d 0.0100
5 e 0.0104
6 c 0.0250
6 d 0.0247
6 e 0.0269
7 c -0.0218
7 d -0.0239
7 e -0.0135
8 c -0.0290
8 d -0.0314
8 e -0.0134

10 c -0.0478
10 d -0.0426
10 e -0.0344
11 c 0.0140
11 d 0.0145
11 e 0.0284
12 c 0.0347
12 d 0.0288
12 e 0.0367
13 c 0.0246
13 d 0.0200
13 e 0.0175
14 c 0.0054
14 d -0.0145
14 e -0.0093
15 c 0.0649
15 d 0.0547
15 e 0.0501
16 c 0.0383
16 d 0.0228
16 e 0.0188
17 c 0.0463
17 d 0.0280
17 e 0.0202
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Table D.2 Shear stresg) from Rozovskii (1961) Method for 12 cfs

XSEC | Piezo | Shear Stress (psf) | XSEC | Piezo | Shear Stress (psf)
4 b 0.0518 14 b 0.0223
4 c 0.0765 14 c 0.0047
4 d 0.0803 14 d -0.0240
4 e 0.0589 14 e -0.0133
4 f 0.0564 14 f 0.0045
5 b -0.0096 15 b 0.0379
5 c -0.0222 15 c 0.0335
5 d -0.0256 15 d 0.0006
5 e -0.0339 15 e 0.0022
5 f -0.0049 15 f 0.0166
6 b 0.0264 16 b 0.0684
6 c 0.0337 16 c 0.0815
6 d 0.0363 16 d 0.0497
6 e 0.0307 16 e 0.0443
6 f 0.0307 16 f 0.0391
7 b -0.0021 17 b 0.1012
7 c -0.0112 17 c 0.1328
7 d -0.0153 17 d 0.1157
7 e -0.0027 17 e 0.0941
7 f 0.0089 17 f 0.0727
8 b 0.0346
8 c 0.0397
8 d 0.0438
8 e 0.0639
8 f 0.0505
10 b -0.0074
10 c -0.0266
10 d -0.0068
10 e -0.0038
10 f 0.0043
11 b 0.0264
11 c 0.0176
11 d 0.0323
11 e 0.0460
11 f 0.0443
12 b 0.0240
12 c 0.0100
12 d 0.0050
12 e 0.0173
12 f 0.0239
13 b 0.0641
13 c 0.0659
13 d 0.0664
13 e 0.0694
13 f 0.0561
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Table D.3 Shear stresg) from Rozovskii (1961) Method for 16 cfs

XSEC | Piezo | Shear Stress (psf) | XSEC | Piezo | Shear Stress (psf)
4 a 0.0273 11 d 0.0004
4 b 0.0324 11 e 0.0199
4 c 0.0453 11 f 0.0269
4 d 0.0504 11 g 0.0238
4 e 0.0163 12 a 0.0106
4 f 0.0372 12 b 0.0162
4 g 0.0368 12 c 0.0231
5 a 0.0181 12 d 0.0247
5 b 0.0186 12 e 0.0234
5 c 0.0266 12 f 0.0167
5 d 0.0289 12 g 0.0112
5 e 0.0085 13 a 0.0526
5 f 0.0239 13 b 0.0626
5 g 0.0261 13 c 0.0384
6 a 0.0386 13 d 0.0417
6 b 0.0478 13 e 0.0516
6 c 0.0651 13 f 0.0495
6 d 0.0598 13 g 0.0409
6 e 0.0546 14 a 0.0316
6 f 0.0535 14 b 0.0316
6 g 0.0438 14 c 0.0070
7 a -0.0084 14 d -0.0208
7 b -0.0203 14 e 0.0265
7 c -0.0317 14 f 0.0070
7 d -0.0396 14 g 0.0154
7 e -0.0310 15 a 0.0261
7 f -0.0049 15 b 0.0206
7 g 0.0061 15 c 0.0000
8 a 0.0208 15 d -0.0425
8 b 0.0208 15 e -0.0368
8 c 0.0229 15 f -0.0144
8 d 0.0203 15 g 0.0039
8 e 0.0518 16 a 0.0709
8 f 0.0467 16 b 0.0972
8 g 0.0380 16 c 0.1124
10 a -0.0258 16 d 0.0768
10 b -0.0639 16 e 0.0652
10 c -0.0958 16 f 0.0575
10 d -0.0722 16 g 0.0485
10 e -0.0590 17 a 0.0259
10 f -0.0234 17 b 0.0246
10 g -0.0067 17 c 0.0101
11 a 0.0587 17 d -0.0374
11 b -0.0001 17 e -0.0476
11 c -0.0197 17 f -0.0152

17 g -0.0060
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Table D.4 Shear stresg) from Rozovskii (1961) Method for 20 cfs

XSEC | Piezo | Shear Stress (psf) | XSEC | Piezo | Shear Stress (psf)
4 a 0.0305 11 d -0.0551
4 b 0.0386 11 e -0.0259
4 c 0.0578 11 f -0.0070
4 d 0.0668 11 g 0.0050
4 e 0.0262 12 a -0.0012
4 f 0.0434 12 b -0.0406
4 g 0.0431 12 c -0.1019
5 a 0.0326 12 d -0.0745
5 b 0.0431 12 e -0.0432
5 c 0.0956 12 f -0.0247
5 d 0.0560 12 g -0.0036
5 e 0.0344 13 a 0.0439
5 f 0.0373 13 b 0.0308
5 g 0.0450 13 c -0.0192
6 a 0.0474 13 d -0.0096
6 b 0.0383 13 e 0.0128
6 c 0.0522 13 f 0.0188
6 d 0.0302 13 g 0.0251
6 e 0.0369 14 a 0.0264
6 f 0.0420 14 b 0.0140
6 g 0.0435 14 c -0.0321
7 a 0.0182 14 d -0.0576
7 b 0.0193 14 e -0.0334
7 c 0.0256 14 f -0.0128
7 d 0.0094 14 g -0.0019
7 e 0.0618 15 a 0.0464
7 f 0.0332 15 b 0.0470
7 g 0.0392 15 c 0.0271
8 a -0.0388 15 d -0.0134
8 b -0.0593 15 e -0.0051
8 c -0.0866 15 f 0.0053
8 d -0.0996 15 g 0.0156
8 e -0.0622 16 a 0.0487
8 f -0.0327 16 b 0.0466
8 g -0.0119 16 c 0.0364
10 a -0.0100 16 d -0.0190
10 b -0.0271 16 e -0.0147
10 c -0.0378 16 f 0.0034
10 d -0.0127 16 g 0.0160
10 e 0.0049 17 a 0.0185
10 f 0.0082 17 b 0.0118
10 g 0.0157 17 c -0.0177
11 a -0.0169 17 d -0.0774
11 b -0.0096 17 e -0.0859
11 c -0.0736 17 f -0.0522

17 g -0.0231
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Figure D.1 Radial Shear Stress Distributionfrom Rozovskii (1961) for 8 cfs (psf)
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Appendix E. Reynolds Shear Stress Extrapolation

142



E.1 Reynolds Shear Extrapolation

Appendix D shows the summary of the calculatigulefrom Reynolds shear
stress extrapolation. There are seven differenincot in Table D.1 through Table
D.9; Column 1 is the slope of linear regressionagign of Reynolds shear stress
profile, ©xz; Column 2 is the intercept with y axis of thedar regression equation;
Column 3 is the Reynolds shear stress, obtained fireear regression; and Column 4
through 6 is the same parameter of Reynolds sliesssand Column 7 is bed shear
stress computed from Equation 4.4. If Reynolds isk&ass profile ofy, or 1., does
not show similar trend with Figure 2.28, that dats presented as ‘out’ in Table E.1

through Table E.9.

143



Table E.1 Reynolds Shear Stress Calculation Sumfoag/cfs (psf)

Column 1 2 3 4 5 6 7

XSEC Piezo Slope b Tyz Slope b Ty, Thed

4 c -85.499 0.630 0.007 198.740 0.184 -0.001 0.007

4 d out

4 e -74.965 0.508 0.007 -210.300 0.679 0.003 0.008

5 o -159.730 | 0.668 0.004 980.910 0.295 0.000 0.004

5 d out

5 e out

6 c -159.730 | 0.668 0.004 980.910 0.295 0.000 0.004

6 d out

6 e out

7 c out

7 d out

7 e out

8 C out

8 d out

8 e -137.020 | 0.466 0.003 | -1720.500 | 0.595 0.000 0.003

10 c out

10 d -76.433 0.644 0.008 1017.000 | -0.052 0.000 0.008

10 e out

11 o -34.966 0.675 0.019 121.510 0.544 -0.004 0.020

11 d out

11 e -56.983 0.607 0.011 -349.550 0.570 0.002 0.011

12 o -62.656 0.723 0.012 835.890 2.459 -0.003 0.012

12 d -60.051 0.756 0.013 -225.230 0.168 0.001 0.013

12 e -59.604 0.717 0.012 -73.600 0.317 0.004 0.013

13 c -45.212 0.588 0.013 113.030 0.669 -0.006 0.014

13 d -51.017 0.872 0.017 -57.130 0.126 0.002 0.017

13 e -67.681 0.779 0.012 -174.290 0.532 0.003 0.012

14 C -203.800 | 1.299 0.006 -98.199 0.076 0.001 0.006

14 d out

14 e -54.947 0.727 0.013 31.162 0.125 -0.004 0.014

15 c -102.610 | 0.557 0.005 257.730 0.615 -0.002 0.006

15 d -137.450 | 1.853 0.013 -150.880 0.060 0.000 0.013

15 e -39.600 0.701 0.018 -97.857 0.285 0.003 0.018

16 c out

16 d -32.438 0.732 0.023 237.930 0.655 -0.003 0.023

16 e out

17 C out

17 d -43.757 0.693 0.016 -107.350 0.134 0.001 0.016

17 e -47.680 0.741 0.016 -86.199 0.325 0.004 0.016
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Table E.2 Reynolds Shear Stress Calculation Sumofdgpstream Bend for 12 cfs

(psf)
Column 1 2 3 4 5 6 7

XSEC Piezo Slope b Tys Slope b Tyz Thed

4 b -19.205 0.432 0.022 158.380 0.382 -0.002 0.023

4 c -39.107 0.517 0.013 | -478.450 | 0.633 0.001 0.013

4 d out

4 e -50.955 0.516 0.010 -98.052 0.584 0.006 0.012

4 f out

5 b out

5 c -85.313 0.586 0.007 146.660 0.324 -0.002 0.007

5 d -120.490 | 0.684 0.006 128.660 | -0.016 0.000 0.006

5 e -34.916 0.477 0.014 | -144.470| 0.672 0.005 0.014

5 f -129.830 | 0.501 0.004 | -188.650 | 0.607 0.003 0.005

6 b -79.636 0.786 0.010 90.680 0.234 -0.003 0.010

6 c out

6 d -137.420 | 0.942 0.007 95.307 0.125 -0.001 0.007

6 e -76.112 0.631 0.008 | -143.370 | 0.707 0.005 0.010

6 f -111.540 | 0.448 0.004 241.340 0.089 0.000 0.004

7 b -102.310 | 0.677 0.007 96.070 0.284 -0.003 0.007

7 c out

7 d -66.081 0.695 0.011 -62.375 0.747 0.012 0.016

7 e -61.544 0.597 0.010 | -145.940 | 0.575 0.004 0.010

7 f out

8 b -65.609 0.501 0.008 73.638 0.306 -0.004 0.009

8 c -118.150 | 0.598 0.005 318.300 0.370 -0.001 0.005

8 d -127.520 | 0.785 0.006 173.020 | -0.142 0.001 0.006

8 e -122.680 | 0.550 0.004 | -247.340 | 0.631 0.003 0.005

8 f -180.860 | 0.420 0.002 337.130 0.045 0.000 0.002
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Table E.3 Reynolds Shear Stress Calculation Sumofddpwnstream Bend for 12

cfs (psf)
Column 1 2 3 4 5 6 7

XSEC | Piezo Slope b Te Slope b Ty, Thed

10 b -53.036 | 0.636 0.012 160.080 0.477 -0.003 0.012

10 C -43.527 | 0.422 0.010 179.770 0.405 -0.002 0.010

10 d -90.334 | 0.663 0.007 230.060 0.036 0.000 0.007

10 e out

10 f -69.233 | 0.514 0.007 139.520 0.029 0.000 0.007

11 b out

11 C -36.108 | 0.612 0.017 170.530 0.563 -0.003 0.017

11 d -60.498 | 0.652 0.011 69.190 0.332 -0.005 0.012

11 e -86.993 | 0.718 0.008 | -621.370 | 0.867 0.001 0.008

11 f out

12 b out

12 C out

12 d -46.024 | 0.760 0.017 396.510 0.309 -0.001 0.017

12 e -52.546 | 0.696 0.013 -59.134 0.345 0.006 0.014

12 f out

13 b -46.268 | 0.459 0.010 -90.676 0.120 0.001 0.010

13 c -30.808 | 0.640 0.021 72.360 0.658 -0.009 0.023

13 d -60.780 | 1.010 0.017 192.070 0.667 -0.003 0.017

13 e -46.912 | 0.731 0.016 | -114.080 | 0.461 0.004 0.016

13 f -32.038 | 0.489 0.015 -57.870 0.429 0.007 0.017

14 b out

14 C -35.097 | 0.556 0.016 86.888 0.707 -0.008 0.018

14 d -48.936 | 1.025 0.021 230.900 1.032 -0.004 0.021

14 e -65.275 | 0.891 0.014 -74.848 0.373 0.005 0.015

14 f out

15 b out

15 c out

15 d out

15 e -63.118 | 0.719 0.011 -93.491 0.488 0.005 0.013

15 f out

16 b -37.227 | 0.414 0.011 | -179.480 | 0.009 0.000 0.011

16 C -32.074 | 0.477 0.015 179.940 0.795 -0.004 0.016

16 d -27.345 | 0.862 0.032 92.003 0.884 -0.010 0.033

16 e -42.445 | 0.846 0.020 -68.900 0.533 0.008 0.021

16 f out

17 b -59.835 | 0.456 0.008 355.190 0.734 -0.002 0.008

17 c out

17 d out

17 e -33.915 | 0.605 0.018 -98.617 0.680 0.007 0.019

17 f out
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Table E.4 Reynolds Shear Stress Calculation Sumofdgpstream Bend for 16 cfs

(psf)
Column 1 2 3 4 5 6 7
XSEC Piezo Slope b Tys Slope b T,z Thed
4 a -41.251 0.597 0.014 15.382 0.298 -0.019 0.024
4 b -23.399 0.376 0.016 135.440 0.323 -0.002 0.016
4 c -13.906 0.263 0.019 28.790 0.201 -0.007 0.020
4 d -39.013 0.409 0.010 | -201.050 | 0.865 0.004 0.011
4 e -33.259 0.419 0.013 -74.613 0.452 0.006 0.014
4 f out
4 g out
5 a -110.960 | 1.055 0.010 43.892 0.342 -0.008 0.012
5 b -41.011 0.480 0.012 96.719 0.312 -0.003 0.012
5 c out
5 d out
5 e -64.555 0.566 0.009 -86.411 0.509 0.006 0.011
5 f out
5 g out
6 a out
6 b -80.810 0.628 0.008 180.710 0.577 -0.003 0.008
6 c -74.016 0.485 0.007 125.430 0.272 -0.002 0.007
6 d out
6 e -43.589 0.539 0.012 -71.690 0.491 0.007 0.014
6 f -99.020 0.574 0.006 |-113.330| 0.611 0.005 0.008
6 g -171.370 | 0.475 0.003 407.430 | -0.153 0.000 0.003
7 a out
7 b out
7 c -47.538 0.398 0.008 78.854 0.170 -0.002 0.009
7 d out
7 e -67.955 0.522 0.008 | -189.170 | 0.679 0.004 0.008
7 f out
7 g out
8 a -27.059 0.440 0.016 227.180 0.603 -0.003 0.016
8 b -89.206 0.679 0.008 172.470 0.312 -0.002 0.008
8 c out
8 d -66.188 0.546 0.008 80.191 0.055 -0.001 0.008
8 e -66.734 0.470 0.007 | -198.710 | 0.585 0.003 0.008
8 f out
8 g out
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Table E.5 Reynolds Shear Stress Calculation Sumaofaxg 10 ~ XS 15 for 16 cfs

(psf)
Column 1 2 3 4 5 6 7
XSEC Piezo Slope b Tys Slope b T,z Thed
10 a -49.208 0.695 0.014 | -145.130 | 0.058 0.000 0.014
10 b -21.206 0.404 0.019 202.930 0.522 -0.003 0.019
10 c -15.326 0.323 0.021 212.810 0.433 -0.002 0.021
10 d -56.462 0.696 0.012 | -207.880 | 0.890 0.004 0.013
10 e -70.256 0.529 0.008 | -298.600 | 0.701 0.002 0.008
10 f -42.268 0.399 0.009 151.360 0.093 -0.001 0.009
10 g out
11 a -27.333 0.462 0.017 | -100.770 | -0.034 0.000 0.017
11 b -19.721 0.669 0.034 93.748 0.621 -0.007 0.035
11 c -19.130 0.468 0.024 87.194 0.414 -0.005 0.025
11 d -563.413 0.694 0.013 175.230 0.350 -0.002 0.013
11 e out
11 f -41.670 0.681 0.016 | -155.000 | 0.514 0.003 0.017
11 g out
12 a -347.220 | 2.035 0.006 | -110.420| 0.078 0.001 0.006
12 b -25.429 0.542 0.021 -56.215 | -0.068 -0.001 0.021
12 c -31.288 0.658 0.021 98.299 0.610 -0.006 0.022
12 d out
12 e -44.729 0.626 0.014 -60.891 0.271 0.004 0.015
12 f -20.463 0.458 0.022 -78.113 0.378 0.005 0.023
12 g out
13 a -94.605 0.631 0.007 260.210 0.570 -0.002 0.007
13 b out
13 c -17.961 0.611 0.034 78.781 0.799 -0.010 0.035
13 d -21.909 0.745 0.034 133.100 0.640 -0.005 0.034
13 e -30.917 0.700 0.023 | -103.550 | 0.350 0.003 0.023
13 f out
13 g out
14 a -61.407 0.601 0.010 216.920 0.581 -0.003 0.010
14 b -49.525 0.582 0.012 -98.922 | -0.051 -0.001 0.012
14 c -19.658 0.549 0.028 146.640 0.817 -0.006 0.028
14 d -24.346 0.824 0.034 -65.408 0.159 0.002 0.034
14 e -31.980 0.788 0.025 -86.134 0.370 0.004 0.025
14 f out
14 g out
15 a out
15 b -47.069 0.432 0.009 60.839 0.368 -0.006 0.011
15 c -39.447 0.548 0.014 145.200 0.712 -0.005 0.015
15 d -27.061 0.833 0.031 -67.040 0.211 0.003 0.031
15 e -26.746 0.666 0.025 -76.329 0.436 0.006 0.026
15 f out
15 g out
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Table E.6 Reynolds Shear Stress Calculation Sumofaxy 16 ~ XS 17 for 16 cfs

(psf)
Column 1 2 3 4 5 6 7
XSEC Piezo Slope b Tys Slope b T,z Thed
16 a -47.288 | 0.458 0.010 | -199.770 | 0.175 0.001 0.010
16 b -46.247 | 0.504 0.011 179.810 0.834 -0.005 0.012
16 c -29.265 | 0.577 0.020 176.080 0.710 -0.004 0.020
16 d -35.927 1.099 0.031 48.576 0.864 -0.018 0.035
16 e -36.451 | 0.896 0.025 -30.185 0.325 0.011 0.027
16 f out
16 g out
17 a out
17 b -563.205 | 0.434 0.008 128.620 0.600 -0.005 0.009
17 c -24.473 | 0.407 0.017 113.890 0.580 -0.005 0.017
17 d -28.354 | 0.889 0.031 57.236 0.981 -0.017 0.036
17 e out
17 f out
17 g out
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Table E.7 Reynolds Shear Stress Calculation Sumofdgpstream Bend for 20 cfs

(psf)
Column 1 2 3 4 5 6 7
XSEC Piezo Slope b Tys Slope b T,z Thed
4 a -37.102 0.449 0.012 15.536 0.253 -0.016 0.020
4 b -85.760 0.415 0.005 -32.778 0.297 0.009 0.010
4 c -61.512 0.478 0.008 118.180 0.217 -0.002 0.008
4 d -68.330 0.666 0.010 | -105.620 | 0.648 0.006 0.012
4 e -29.445 0.534 0.018 -57.002 0.702 0.012 0.022
4 f out
4 g out
5 a -72.948 0.603 0.008 7.410 0.306 -0.041 0.042
5 b out
5 c -64.419 0.483 0.008 | -193.940 | 0.401 0.002 0.008
5 d -95.145 0.838 0.009 | -103.370 | 1.020 0.010 0.013
5 e -27.537 0.394 0.014 -59.209 0.578 0.010 0.017
5 f out
5 g out
6 a -71.402 0.747 0.010 20.729 0.252 -0.012 0.016
6 b -6.582 0.317 0.048 -60.666 0.314 0.005 0.048
6 c -48.443 0.410 0.008 | -395.840 | 0.541 0.001 0.009
6 d out
6 e -49.203 0.551 0.011 -78.175 0.668 0.009 0.014
6 f -60.304 0.536 0.009 | -103.610 | 0.698 0.007 0.011
6 g -95.615 0.404 0.004 107.930 0.018 0.000 0.004
7 a -28.184 0.502 0.018 182.830 0.487 -0.003 0.018
7 b -14.635 0.351 0.024 | -268.680 | 0.398 0.001 0.024
7 c -37.299 0.415 0.011 | -696.570 | 0.714 0.001 0.011
7 d -64.736 0.654 0.010 -54.499 0.918 0.017 0.020
7 e -63.306 0.528 0.008 -91.264 0.687 0.008 0.011
7 f -76.751 0.589 0.008 |-120.930 | 0.714 0.006 0.010
7 g out
8 a out
8 b -63.233 0.583 0.009 77.498 0.215 -0.003 0.010
8 c -53.066 0.387 0.007 | -366.460 | 0.839 0.002 0.008
8 d -80.959 0.686 0.008 -53.388 0.827 0.015 0.018
8 e -58.357 0.443 0.008 | -133.030 | 0.700 0.005 0.009
8 f -121.830 | 0.526 0.004 | -152.670 | 0.659 0.004 0.006
8 g out
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Table E.8 Reynolds Shear Stress Calculation Sumaofaxg 10 ~ XS 15 for 20 cfs

(psf)
Column 1 2 3 4 5 6 7
XSEC Piezo Slope b Tys Slope b T,z Thed
10 a -34.832 | 0.713 0.020 | -269.780 | -0.042 0.000 0.020
10 b -45.341 | 0.636 0.014 924.420 0.720 -0.001 0.014
10 c -8.296 0.338 0.041 198.940 0.386 -0.002 0.041
10 d -23.410 | 0.555 0.024 | -264.620 | 1.107 0.004 0.024
10 e -73.351 | 0.596 0.008 | -181.650 | 0.681 0.004 0.009
10 f -84.321 | 0.531 0.006 | -316.250 | 0.904 0.003 0.007
10 g -73.644 | 0.576 0.008 | -388.540 | 1.040 0.003 0.008
11 a out
11 b out
11 c -21.767 | 0.505 0.023 139.750 0.379 -0.003 0.023
11 d out
11 e -49.223 | 0.692 0.014 -92.230 0.514 0.006 0.015
11 f out
11 g out
12 a -15.267 | 0.522 0.034 -64.990 0.120 0.002 0.034
12 b out
12 c -22.967 | 0.661 0.029 127.750 0.627 -0.005 0.029
12 d -33.407 | 0.757 0.023 230.370 0.414 -0.002 0.023
12 e out
12 f out
12 g -46.766 | 0.729 0.016 -41.799 0.353 0.008 0.018
13 a -568.472 | 0.526 0.009 -90.486 0.049 0.001 0.009
13 b out
13 c -15.042 | 0.671 0.045 70.757 0.694 -0.010 0.046
13 d -22.680 | 0.684 0.030 99.242 0.598 -0.006 0.031
13 e -47.751 | 0.780 0.016 289.290 0.465 -0.002 0.016
13 f -37.787 | 0.769 0.020 | -349.480 | 0.734 0.002 0.020
13 g out
14 a -59.165 | 0.562 0.010 | -105.600 | 0.014 0.000 0.010
14 b -35.737 | 0.576 0.016 76.763 0.694 -0.009 0.018
14 c -17.143 | 0.610 0.036 67.368 0.684 -0.010 0.037
14 d -23.166 | 0.768 0.033 91.865 0.719 -0.008 0.034
14 e -36.839 | 0.813 0.022 209.000 0.615 -0.003 0.022
14 f out
14 g out
15 a -90.056 | 0.619 0.007 194.090 0.704 -0.004 0.008
15 b -46.539 | 0.653 0.014 107.430 0.858 -0.008 0.016
15 c -23.598 | 0.572 0.024 102.620 0.745 -0.007 0.025
15 d -13.616 | 0.767 0.056 48.387 0.722 -0.015 0.058
15 e -37.585 | 0.828 0.022 223.340 0.841 -0.004 0.022
15 f -24.744 | 0.765 0.031 | -104.440 | 0.505 0.005 0.031
15 g out
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Table E.9 Reynolds Shear Stress Calculation Sumofaxy 16 ~ XS 17 for 20 cfs

(psf)
Column 1 2 3 4 5 6 7
XSEC Piezo Slope b Tyz Slope b Ty, Thed
16 a -76.102 0.555 0.007 | 336.330 | 1.135 -0.003 0.008
16 b -48.828 0.522 0.011 | 223.790 | 0.893 -0.004 0.011
16 c -25.677 0.594 0.023 78.620 0.760 -0.010 0.025
16 d out
16 e out
16 f -35.273 0.840 0.024 | -34.175 0.443 0.013 0.027
16 g out
17 a out
17 b -53.979 0.571 0.011 60.137 0.612 -0.010 0.015
17 c -45.774 | 0.534 0.012 | 128.750 | 0.709 -0.006 0.013
17 d out
17 e -23.885 0.678 0.028 -34.993 0.272 0.008 0.029
17 f out
17 g out

152




Appendix F. Comparison of Shear Stress from Linear
Regression of Velocity Profile for Lateral Directian (t,) and

Rozovskii Method
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Figure F.2 Comparison of Shear Stress from PreBuatye and Rozovskii Method for
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Figure F.4 Comparison of Shear Stress from PreBitre and Rozovskii Method for
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Appendix G. Comparison of Shear Stress Maximum Vales
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Shear Stress (psf)

0.025

G.1 Comparison of Shear Stress Maximum Values

To compare shear stress calculation methods féerdiit angles, maximum
shear stress values from different methods arégplan Appendix G. The blue lines
in the plots show the averaged shear stress vedue HEC-RAS. In upstream bend,
shear stress from HEC-RAS in cross section 1 aate2averaged. For downstream
bend, shear stresses from HEC-RAS in cross sediibrand 11 are averaged.
Theoretically, the order of maximum value of sheaess should be; Shear stress
from Preston tube > Shear stress from Reynoldsr shdeapolation > Shear stress
from linear regression because of the measuremetitan. The plots and prediction
of the order of maximum shear stress was agreeldewetpt for the case of 20 cfs in

the upstream bend.
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Figure G.3 Comparison of Shear Stress Maximum &&(d2 cfs Upstream)
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Figure G.8 Comparison of Shear Stress Maximum &&(20 cfs Downstream)
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