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Abstract:A series of nine experiments was performed in a physical model of an asymmetric compound channel to quantify
the boundary shear stress at the interface of the bed of a main channel and floodplain. Commonly used equations of
shear stress distributions across the bottoms of the main channel and floodplain interfaces were analyzed and tested for
various types of asymmetric compound channels and their flow conditions. The lateral momentum transfer between the
deep main channel and the adjoining shallow floodplains was found to greatly affect the shear stress distribution at the
bottoms of the main channel and the flood plain subsections. Different dimensionless ratios of shear stress distributions
were obtained and related to the relevant parameters. Some important results concerning the uniformity of the shear
stress distribution, which is significant in sediment-laden rivers to state the possible locations of erosion and deposition,
are presented.

Key words: Open channel, asymmetric compound channel, momentum transfer, boundary shear, floodplain, main
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1. Introduction

Water flowing in ducts and open channels exerts longitudinal shear stress on the wetted periphery that is not
distributed uniformly. Distribution of the boundary shear stress depends upon the shape of the cross section,
the structure of the secondary flow cells, and lack of uniformity in the boundary roughness. Boundary shear
stress distribution is important in predicting flow resistance, sediment transport, and cavitation. It is essential
for practicing river engineers to understand the shear stress distribution along the periphery of open channels
for the prediction of river morphology as well as for the protection of the river bed, river banks, and flood
control structures [1-5].

The determination of bed shear stress and side-wall shear stress is important in open channel flows
studies. For example, many authors have determined boundary shear stress to study the velocity profile [6-8].
Separation of bed shear stress from total shear stress is important for estimating the bed load transport in open
channel flows. Similarly, to study channel migration or to prevent bank erosion, one must know the side-wall
shear stress. Moreover, the shear stress measurement is often needed in laboratory flume studies of bed form
resistance and sediment transport [9-11]. Wall shear stress measurement techniques were recently reviewed by
Bocchiola et al. [12]. Bed load transport comprises a series of random events associated with the motion of bed
sediment particles. In describing the motion of the particles in the probabilistic approach, evaluations of the
probability density functions of the hydrodynamic forces exerted on the particles are essential for conducting

relevant analyses [13].
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Bed shear stress can serve in characterizing the flow effect on the motion of bed particles. It has often
been included in formulations of sediment transport, for example, those related to the critical condition for the
initiation of sediment motion and bed load transport rates [13]. Many authors have studied uniform channel
flows and boundary layers [14-18]. The measurements conducted in these studies show that the distribution
of bed shear stress is always skewed. Cheng et al. [13] reported that the probability density distribution
derived from experimental data could be represented well by the lognormal function, rather than the widely
used Gaussian function. However, the experimental data collected in previous studies were usually limited to
simple situations such as uniform open channel flows [19] and boundary layers [13,20]. Deformation of various
kinds of river cross sections are related to scour or deposition that are directly related to boundary shear stress
[21-24].

The boundary shear stress distribution and flow resistance in the cross section of compound channels
have been investigated by many authors [25-33].

The aim of the present study was to describe the effect of the interaction mechanism on the shear stress
distribution in an asymmetric channel of compound cross section. In particular, the effect of the main channel
width and step height on the variation in shear stress distribution in both the main channel and floodplain

channel was investigated.

2. Experimental apparatus and procedure

The experiments were carried out in a glass-walled horizontal laboratory flume 7.5 m long, 0.30 m wide, and 0.3
m deep with a bottom slope of 0.0025 at the fluid mechanics laboratory, Mechanical Engineering Department,
Birzeit University, Palestine. Discharge was measured volumetrically with a flow meter with 0.1 L accuracy. A
point gauge was used along the centerline of the flume for head measurements. All depth measurements were
done with respect to the bottom of the flume. A pitot tube of circular section with external diameter of 8 mm
was used to measure the static and total pressures, which were used for velocities and shear stresses at required
points in the experiments conducted throughout this study.

The models of asymmetric rectangular compound cross sections were manufactured from Plexiglas and
placed at about mid length of the laboratory flume. Figures 1a and 1b show the plan view and cross section of
the models, respectively, with symbols designating important dimensions of the model elements. The dimensions
of the various models used in the experiments are given in the Table. The model types tested in this study are
denoted by BIZJ (I =1, 2, 3; J =1, 2, 3). Here B and Z are the width and step height of the main channel of

the asymmetric compound cross section, respectively.

Table. Geometrical properties of the asymmetric rectangular compound channel models.

Models | B Z B, |Bo |0 05 Bo/B; | Bo/Z | Bo/B | B;/Z | B;/B | B/Z

(e | (em) | (em) | (cm) | (degrees) | (degrees) [0 [ [0 10 1O [0
B171 10 2 20 30 26.57 153.43 1.50 15.00 | 3.00 10.00 | 2.00 5.00
B172 10 4 20 30 26.57 153.43 1.50 7.50 3.00 5.00 2.00 2.50
B17Z3 10 6 20 30 26.57 153.43 1.50 5.00 3.00 3.33 2.00 1.67
B271 15 2 15 30 26.57 153.43 2.00 15.00 | 2.00 7.50 1.00 7.5
B272 15 4 15 30 26.57 153.43 2.00 7.50 2.00 3.75 1.00 3.75
B273 15 6 15 30 26.57 153.43 2.00 5.00 2.00 2.50 1.00 2.5
B371 20 2 10 30 26.57 153.43 3.00 15.00 | 1.50 5.00 0.50 10.00
B37Z2 20 4 10 30 26.57 153.43 3.00 7.50 1.50 2.50 0.50 5.00
B37Z3 20 6 10 30 26.57 153.43 3.00 5.00 1.50 1.67 0.50 3.33
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Figure 1. Definition sketch of the flume used in the experiments.

The required experiments first were conducted in the models of smallest B (=10 cm) with varying Z
values (=2 cm, 4 c¢cm, and 6 cm) and then B was increased to 15 cm at the required amount of Z (=2 cm, 4
cm, and 6 cm), and finally for B = 20 cm with the same three values of Z. The entrance angles, 6; and 65,
were 26.565° and 153.35°, respectively. The transition length was twice the floodplain width, B¢, and the
length of the asymmetrical rectangular compound channel section in all tested models was 2 m. From velocity

measurements of the flows tested it was verified that the length of the channel was long enough to get fully
developed flow.

2.1. Measurement of wall shear stress

Preston [34] developed a simple technique for measuring the local shear stress on smooth boundaries in a
turbulent boundary layer using a pitot tube (or Preston tube) placed in contact with the surface. The method
is based on the assumption of an inner law (law of the wall), which relates the boundary shear stress to the
velocity distribution near the wall. Assessment of the near wall velocity distribution is empirically inferred from
the differential pressure between the pitot tube and static wall pressure tapping. Patel [35] undertook further
experiments to produce a reliable and definitive calibration curve to replace the one developed by Preston.

Patel’s calibration curve, which has been shown to be reliable, may be summarized as follows [36,37]:

APd> ]

X* - loglo |: 4p1/2

280



AL-KHATIB and GOGUS/Turkish J Eng Env Sci

and
(2)

where AP = is the Preston tube pressure difference; d = probe outside diameter; p = fluid density; v =
kinematic viscosity of the fluid; 7, = boundary shear stress; X* = the log of the dimensionless differential
pressure; Y* = the log of the dimensionless shear stress. Patel [35] produced three equations covering the range

0.0 <Y* <5.3:
Y* =0.5X"+0.0373

E AXk.Tk
TyorTy = kZTXk (3)
k
Y* =0.8287—0.1381 X*+0.1437 X*2—0.0060 X *3 4
TiorTy = ICZTX;C (4)
k

and
X*=Y"+2log,,[1.95Y" +4.0]5

STAX, Ty

Trorl, = kZTXk
k
where Eq. (3) is applicable for 0.0 < Y* < 1.5,

Eq. (4) is applicable for 1.5 < Y* < 3.5, and

Eq. (5) is applicable for 3.5 < Y* < 5.3.

As can be seen, the Preston-tube method of obtaining the wall shear stress is much simpler than the
Clauser plot. In the Clauser chart method [38], the friction velocity is extrapolated from direct measurements
of the free stream velocity and the mean velocity profile U(y), where y is the normal distance from the wall.
The method is based on the assumption that the velocity profile follows a universal logarithmic form in the
overlap region of the boundary layer [39].

The technique has been widely used for the measurement of the boundary shear stresses in both smooth
and rough open channels. Many authors [31,37,40—44] have utilized this technique.

To determine the wall shear stress at the bottom of the main channel and along the floodplain bottom,
the measurements were taken by the Preston tube at successive points. Following the analysis of the measured
data and then using Egs. (3)—(5), the shear stress distributions at the main channel bottom and floodplain

bottom were calculated for each experiment.

3. Presentation and discussion of the results

Shear stress patterns were obtained for different depths of flow (h), each corresponding to a certain discharge
value. All of these depths were within the full compound cross section depth. The following notations are used
to define 6 different types of shear stresses that are obtained from the measurements at the corresponding point
locations:
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T1 = average shear stress at the bottom of the main channel obtained by averaging the calculated shear
stress values as measured at specified points along the main channel cross section.

Ty, = average shear stress at the bed of the floodplain obtained by averaging the calculated shear stress
values as measured at specified points along the floodplain cross section.

T35 = maximum shear stress at the bottom of the main channel obtained by selecting the maximum
calculated shear stress as measured at specified points along the main channel cross section.

T, = maximum shear stress at the bed of the floodplains obtained by selecting the maximum calculated
shear stress as measured at specified points along the floodplain cross section.

Ts5 = mean shear stress at the bottom of the main channel and equal to YR ,,cS0; Rime = Ame/ Pne;
A, = Bh, P, =h + B + Z; ~ is the specific weight of the fluid; R,,. is the hydraulic radius of the main
channel; A,,. is the area of the main channel; P,,. is the wetted perimeter of the main channel; S, is the
energy slope.

Ts = mean shear stress at the bed of the floodplain and equal to yR;So,Ry = A;/Ps; Ay = By(h —
Z); Py = (h— Z) + By; Ry is the hydraulic radius of the floodplain; A ; is the area of the floodplain; Py is the
wetted perimeter of the floodplain.

The average shear stresses (77 and T5) are calculated as weighted averages by assuming a step function
with step width (AX}). For interior points along the main channel and floodplains, the shear stress measured
at the kth point (7)) is assumed to be constant along a step width that is equal to half the distance between
points (k—1) and (k + 1). For points located at the 2 ends of the main channel and floodplains, the measured
shear stress is assumed to be constant along a step width that is equal to half the distance between the end
point and the adjacent one located in the same channel (i.e. main channel or floodplain channel). The step
width is obtained from the point spacings along the wetted perimeter of the channel bottom. Eq. (6) is used

to calculate the average shear stress.
S AX. Ty

TiorTy=*e
SSAX,
k

(6)

The following subsections give details of the effect of the interaction mechanism on shear stress distribution in

models of different geometry.

3.1. Variation in 77 with discharge, Q

The relationship between 77 and Q for some of the models tested is shown in Figures 2-5. The wall shear stress
was integrated numerically over the bottom of the main channel and an average value, 77, was obtained for
each set of the experiments and plotted against the discharge. It can be seen from all the related figures that,
in general, the average shear stress at the bottom of the main channel increases as discharge increases. In order
to see the effect of the main channel width, B, on the values of 77 for constant step height, Z, Figures 2 and 3
were plotted. From these two figures it is clearly seen that for a given discharge as B increases 77 increases also.
Figures 4 and 5 are another form of the data representation for 77 and Q to investigate the effect of step height,
Z, on Ty as a function of Q for models of constant main channel width. From these two figures, in general one
can conclude that as the Z values increase in channels of constant main channel for a given discharge, 17 values

increase, but sometimes decrease.
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Figure 2. Average shear stress at the bottom of the main ~ Figure 3. Average shear stress at the bottom of the main

channel versus discharge for the models of constant step  channel versus discharge for the models of constant step

height (Z = 2 cm). height (Z = 4 cm).
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Figure 4. Average shear stress at the bottom of the main  Figure 5. Average shear stress at the bottom of the main
channel versus discharge for the models of constant step  channel versus discharge for the models of constant step

channel width (B = 15 cm). channel width (B = 20 cm).

3.2. Variation in T /T with h/Z ratio

Some of the experimental results are shown in Figures 6-8 in the form of T} /T5 versus h/Z ratio. In order to
see the effect of B and Z values on the T /T5 ratio the figures were divided into two groups. In the first one
the main channel width, B, was fixed and the step height, Z, was changed (Figures 6 and 7). Even though it

is not possible to give a general conclusion about the variation of T /T5 for the whole range of h/Z tested, in
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general one can say that T; /T5 ratio increases as Z values increase for a given h/Z. In addition, as the h/Z ratio

increases, the Ty /T5 ratio increases. The second group (Figure 8) presents the data of the models of constant

step heights. As a general trend, it can be noted that as the main channel width value increases, the T3 /T5

ratio decreases.

0.17
—e—BIZ1
0.16 ——BI1Z2
—0-B1Z3
0.15
£ 0.14 A
£
0.13
0.12
0.11 A
0.10 . : : .
1.0 20 3.0 40 5.0

h/Z

Figure 6. Comparison of 71 /T5 ratios with h/Z ratio for

the models of constant main channel width (B = 10 cm).

3.3. Variation in T3 /75 with h/Z ratio

6.0

0.14
——B3Z1
0.13 A —A—B372
—+—B3Z3
w 0.12 4
=
=
0.11 A
0.10
0.09 T T r r
1.0 2.0 3.0 4.0 5.0 6.0
h/Z

Figure 7. Comparison of 71 /T5 ratios with h/Z ratio for

the models of constant main channel width (B = 20 cm).

The experimental results are shown in Figures 9-11 as T3 /T5 versus h/Z. For some of the models tested T3 /T5

ratio is directly affected by the geometry of the compound cross section. In order to see the effect of the channel

0.14
—o-B1Z2
0134 —*B2Z22
—0-B3Z2
Em 0.12 1
o
0.11 1
0.10 1
0.09 T T T T
1.0 L5 2.0 2.5 3.0

h/Z

Figure 8. Comparison of 71 /T5 ratios with h/Z ratio for

the models of constant step height (Z = 4 cm).
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geometry on the T3 /Ts versus h/Z, the figures were divided into two categories. The first one covers Figures
9 and 10, where B values were fixed while changing Z values. The figures show that the T3 /T5 ratio increases
as the h/Z ratio increases and reaches its maximum value of about 0.20 for model B1Z3. In addition, T5/T5
ratio increases as the Z value increases for a given h/Z ratio. On the other hand, Figure 11 is plotted to see
the effect of varying B values on the T5/Ts ratio versus h/Z for constant Z values. This figure indicates that
there is no clear effect of B values on T3 /75 ratio for a given h/Z value. The distribution of T3 /75 data on
the figure for the whole range of h/Z tested is random; with increasing h/Z values, the ratio of T5/T5 might
increase or decrease. Since flow in alluvial channels is influenced significantly by shear, it is obvious that the
previous conclusion will be relevant in the analysis and design of such channels. The increases and decreases in

shear stress will indicate the regions of possible erosion or deposition.

0.17 0.17
—e—B172
0-161 0167 4 poz>
—0—B372
0.15 0.15
£ £
£ 0.14 4 = 0.14
0.13 1 0.13 4
—e—B271
——B272
0.12 124
—O-B3Z3 0
0.11 T T T T 0.11 ; ; . .
1.0 2.0 3.0 4.0 5.0 6.0 1.0 15 2.0 2.5 3.0 3.5
h/Z h/Z

Figure 10. Variation in 75 /75 with h/Z ratio for the Figure 11. Variation in 75 /75 with h/Z ratio for the

models of constant main channel width (B = 15 cm). models of constant step height (Z = 4 cm).

3.4. Variation in 75 /T; with h/Z ratio and Y

The experimental results are shown in Figures 1214 as T3 /77 versus h/Z ratio for some of the models tested.
The h/Z ratio is directly affected by the geometry of the compound cross section. From these figures it can
easily be seen that shear ratios are significantly affected at different depths with irregularities in the pattern and
the occurrence of low and high ratios. Since the flow in alluvial channels is influenced significantly by shear, it is
obvious that the previous conclusion will be relevant in the analysis and design of such channels. The decreases
and increases in shear stress will indicate the regions of possible deposition and erosion [45].

In order to see the effect of channel geometry on the T3 /T; versus h/Z ratio the figures were divided
into two categories. The first one covers Figure 12, in which B values were fixed while changing Z values. The
figure shows that the T3 /Ty ratio is mostly irregular for high Z values and reaches its maximum value of 1.33
in the model of B2Z3. On the other, hand Figures 13 and 14 are plotted to see the effect of varying B values
on the T3 /T ratio versus h/Z for constant Z values. For small Z value (Z = 2 c¢m), the figures indicate that

as B values increase, the T5 /T ratio increases for some of the given h/Z values and has no effect in the others
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as the T3 /Ty ratio values are randomly distributed. The values of T3 /T varies between about 1.17 and 1.35
for the whole range of h/Z tested when the step height is equal to Z = 2 cm. For larger Z values (Z > 2 cm),

it can be stated that as B value increases for a fixed Z value, T5 /7T increases for a given h/Z ratio.

1.40
1.35
o —e—B1Z1
—A—B271
1.35 -
1.30 —{+—B3Z1
~ 1.30
~ 125 A E
E =k
o
1.25 -
1.20 A
1.20 -
1.15
1.15 . . .
1.10 - - - - 2.0 3.0 4.0 5.0 6.0
1.0 2.0 3.0 4.0 5.0 6.0
h/Z h/Z

Figure 12. Variation in 73 /71 with h/Z ratio for the Figure 13. Variation in 73/7) with h/Z ratio for the

models of constant main channel width (B = 15 cm). models of constant step height (Z = 2 cm).
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1.351
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—e—B172 1.301
—A—B272
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)
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e ES
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h/Z Flood plainDepth Y (cm)

Figure 14. Variation in 75 /71 with h/Z ratio for the Figure 15. Comparison of T5/Ti versus Y s of present
models of constant step height (Z = 4 cm). results with those of Myers and Elsawy [25].
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Variation in T3 /T with floodplain depth, Y ¢, is shown in Figure 15. It will be of importance, however,
to compare the experimental results with those of Myers and Elsawy [25]. Their work was carried out in an
asymmetric compound channel consisting of a deep section 25.4 ¢cm wide by 10.16 cm deep and one floodplain
of 35.56 cm wide by 7.62 cm deep giving a total depth of 17.78 cm. Of particular interest is a comparison of
shear ratios of this compound channel and those of the models B1ZI (I = 1, 2, 3). The data of model B17Z2
and those of Myers and Elsawy follow almost the same path; since these models are geometrically very similar
to each other, considering B/Z ratio, one can talk about the consistency between the experimentally obtained
data.

3.5. Variation in T, /T with h/Z ratio

Some of the experimental results are shown in Figures 16-18 in the form of T5 /T versus h/Z. In order to see
the effect of channel geometry on the 75 /Ts ratio with h/Z, the figures are divided into two groups. The first
group consists of Figure 16 in which the effect of step height, Z, on the values of T5 /T for models of constant
main channel width is searched for. The Ty /Ty ratio increases with increasing Z for a given h/Z value. For
three different main channel widths, the step height of Z3 gives the maximum value of Ty /Ts. The second
group of figures, including Figures 17 and 18, shows the effect of varying B values on the Ty /T ratio with h/Z
for constant Z values. It is clearly seen from Figure 16 with the smallest Z value (Z = 2 cm) that for a given
h/Z, the Ty / Ts ratio is the largest for the B value (B = 20 c¢m), but for large Z values (Z = 6 cm), the T /Tg
ratio increases as the B value increases for a given h/Z as shown in Figure 18. Eventually we can conclude that
B3ZI models (I = 1, 2, 3) give the maximum T5 /T ratio for a wide range of h/Z values investigated. We can
also conclude from the related figures that 75 /Tg is always less than 1.0. The reduction in the main channel
shear stress is due to the presence of the interaction mechanism between the main channel and floodplains. This
has the effect of reducing shear values due to the momentum transfer from the main channel to the floodplains.
This effect is seen in all the figures related to the compound cross sections, where the Ty /Ty ratio is always

less than unity.

0.20
0.35
——B271 0.18 A
0.30 1 —A—B272
——-B2Z3
° 0.16 A
£ 025 1 ol
= o
0.14 1
0.20 1
\.‘(A\[ 0.12 1 —e—B1Z1
0.15 —4—B2Z1
—O—B3Z1
0.10 T T T
0.10 . . : T 2.0 3.0 4.0 5.0 6.0
1.0 2.0 3.0 4.0 5.0 6.0
h/Z h/Z

Figure 16. Variation in T>/Ts with h/Z ratio for the Figure 17. Variation in T>/Ts with h/Z ratio for the

models of constant main channel width (B = 15 cm). models of constant step height (Z = 2 cm).
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3.6. Variation in T, /Ts with h/Z ratio

It is known from studies related to channels with loose boundaries that a ratio of significant importance is that
of the maximum shear stress for any element of a cross section to the average cross sectional shear stress. This
ratio is an indication of the uniformity of shear distribution and it is significant in alluvial channels to state the
possible locations of erosion and deposition. Figures 19 and 20 show the variation in the ratios of the maximum
floodplain bottom shear stress to the average floodplain cross sectional shear stress with h/Z ratio for constant

main channel widths (B = 10 cm) and constant step heights (Z = 4 cm), respectively.

0.35 0.26
——B1Z3 0.24 1
0.30 1 ——B273
——B3Z3 0.22 1
EN 025 1 £ 020 A
=
0.18 A
0.20 A
0.16 A
0.15 1
0.14 1
0.10 T T 0.12 T T T .
1.0 15 2.0 25 1.0 2.0 3.0 4.0 5.0 6.0
h/z h/zZ

Figure 18. Variation in T>/7s with h/Z ratio for the Figure 19. Variation in T4 /Ts with h/Z ratio for the

models of constant step height (Z = 6 cm). models of constant main channel width (B = 10 cm).

From the related figures it can be pointed out that T, /Tg ratio is almost regular for small step heights
(Z =2 and 4 cm) and large h/Z values and it becomes irregular for larger step heights and smaller h/Z values.
Figure 20 reveals that as the main channel width increases, Ty /T ratio increases for a given h/Z value. From
the above-mentioned figures it can be concluded that the interaction between the main channel and floodplains

has the effect of decreasing the shear ratios at high depths while increasing them randomly at lower depths.

3.7. Variation in 7, /T, with h/Z ratio and Y ;

Information regarding the nature of the floodplain boundary shear stress distribution in a compound channel flow
is important to solve a variety of engineering and river hydraulics problems such as to give a basic understanding
of the resistance relationship, to understand the mechanism of sediment transport, and to design stable channels
and revetments. The variation in Ty /T with h/Z ratio is shown in Figures 21 and 22 for models with constant
main channel width and step height, respectively. The wall shear stress was integrated numerically over the bed
of the floodplain, and an average value of the shear stress at the floodplain for each set of data and the ratio of
Ty /T> was calculated and plotted against h/Z ratio. As can be seen from Figures 21 and 22, the presence of
an interaction introduces irregularities in the distribution of the related data. As can be seen from Figure 21,
there is no clear effect of step height on the Ty /T3 ratio, but, from Figure 22, it is clear that the main channel

width has an effect on this ratio and as the width of the main channel increases Ty /T» ratio increases.
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Figure 20. Variation in T4 /Ts with h/Z ratio for the

models of constant step height (Z = 4 cm).
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Figure 21. Comparison of T, /7> ratios with h/Z ratio
for the models of constant main channel width (B = 15

cm).

Variation in Ty /T with floodplain depth, Y, is shown in Figure 23. Again, a comparison is made

between the data of the present study and those of Myers and Elsawy [25] mentioned in the previous subsection

as shown in Figure 23. The data of model B1Z2 and those of Myers and Elsawy follow almost the same path;

since these models are geometrically very similar to each other, considering B/Z ratio (which equals 2.5 for

both), one can talk about the consistency between experimentally obtained data.
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Figure 22. Comparison of Ty /T> ratios with h/Z ratio

for the models of constant step height (Z = 4 cm).
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Figure 23. Comparison of T, /T» versus Y of the
present results with those of Myers and Elsawy [25].

289



AL-KHATIB and GOGUS/Turkish J Eng Env Sci

4. Conclusions

The distribution of boundary shear stress along the bed of the main channel and floodplain perimeter of nine

asymmetrical straight rectangular compound channel models has been presented. The geometry effect on the

shear stress distribution in the main channel and floodplains due to the momentum transfer between the main

channel section and floodplains has been investigated. From the analysis of the experimental results the following

conclusions are drawn:

. With the increase in floodplain width in the models of constant step height, as B¢ increases, 17 values

decreases, and in the channels of constant floodplain width, if Z values increase, T} values increase.

For a fixed B value, T7 /T5 ratio increases as Z values increase for a given h/Z. In addition, as the main

channel width value increases T /T5 ratio decreases for a given h/Z and a fixed Z value.

T5/T5 ratio increases as Z value increases for a given h/Z ratio and there is no clear effect of B values on

the T5/Ts ratio for a given h/Z value and fixed Z value.

T5 /Ty ratio is mostly irregular for high Z values and reaches its maximum value of 1.33 in the model of
B2Z3. For larger Z values (Z > 2 cm), as B value increases for a fixed Z value, T5 /T increases for a

given h/Z ratio.

The Tb/Tg ratio increases with increasing Z for a given h/Z value. The Ty /Tg ratio increases as the B
value increases for a given h/Z. B3ZI models (I = 1, 2, 3) give the maximum 75 /Ty ratio for most of the

h/7Z values investigated and T» /T is always less than 1.0.

As the main channel width increases, the Ty /T ratio increases for fixed Z and a given h/Z value for most
of the h/Z values tested.

There is no clear effect of step height on the Ty /T5 ratio for constant B, but main channel width has an
effect on this ratio, and as the width of the main channel increases the Ty /T» ratio increases for a given
h/Z ratio.

The findings of this study can be used in equations of bed loads in which the relationships for shear
stresses at the channel bottoms are required in addition to critical shear stresses as a function of soil type,
through these kinds of channels.

Nomenclature P,,. wetted perimeter of the main channel.

The following symbols are used in this paper:

Ay
A'I’TLC

Q volume rate of flow.

Ry hydraulic radius of the floodplain.
R, hydraulic radius of the main channel.
7

f the floodplain.
area o1 The Teecprain depth of the main channel (step height).

th f th in ch L.
boe‘}c tirrfla\x?i d theorfnta}llz ;;Irlln(?hannel AP  Preston tube pressure difference.
floodplain width. y fluid specific weight.

p fluid density.

bottom width of the upstream channel.
probe outside diameter.

gravitational acceleration.

total water depth of compound cross section.
floodplain water depth.

wetted perimeter of the floodplain.

v the kinematic viscosity of the fluid.

To boundary shear stress.

So energy slope.

X*  the log of dimensionless differential pressure.
Y+ the log of dimensionless shear stress.



T,
Ty

T
13

Ty

[14]

[15]

[16]

[17]

[18]
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floodplain water depth. Ts mean shear stress at the bottom of the main
measured shear stress at the kth point. channel and equals YR, Sg.

average shear stress at the bottom of main Ts mean shear stress at the bed of the floodplain
channel. and equals YR ¢Sg.

average shear stress at the bed of floodplains. U,  free stream velocity.

maximum shear stress at the bottom of main ~ U(y) mean velocity profile.

channel. y normal distance from the wall.

maximum shear stress at the bed of floodplains.
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