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Abstract This paper investigates the lateral outflow over a short-crested side weir inserted in a converging rectangular
channel with linearly decreasing width in the flow direction. This type of overflow device induces a spatially varied
free-surface flow with decreasing discharge and, due to the convergent geometry, it can potentially improve the
performance of the distribution channels commonly used in irrigation systems, sewer networks, waste-water plants, and
hydropower facilities for flow diversion and control, and for flood protection. A laboratory investigation is carried out
to analyze the main hydraulic characteristics of this kind of flow and assess the improvement in outflow efficiency
compared to the conventional rectangular side weir in a prismatic channel. Only subcritical steady flow conditions are
considered. Experimental data show that the Froude number in the main channel downstream of the weir and the
dimensionless weir height are significant variables to describe the outflow efficiency, and confirm that the non-
prismaticity of the main channel induces a noticeable increase in outflow performance. Furthermore, the experimental
results show that the assumption of constant specific energy usually adopted in one-dimensional side weir flow
modeling is reasonably valid, despite the considerable increase in the velocity-head and momentum correction
coefficients along the side weir. Finally, the comparison between experimental data and numerical results shows that
the classic one-dimensional modeling approach can adequately predict the main engineering aspects of side weir flows

in non-prismatic channels.

Subject headings: side weir, lateral outflow, non-prismatic channel, outflow efficiency, experiments, spatially varied
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Introduction

Side weirs are ubiquitous hydraulic devices used in irrigation systems, sewer networks, waste-water plants,
hydropower facilities, and flood mitigation works to divert flow laterally for distribution and control purposes, thereby
giving rise to a spatially varied flow with decreasing discharge in the flow direction. Accordingly, side weirs have been
extensively studied in literature from both theoretical and experimental perspectives. In particular, special attention has
been devoted in the past to the conventional rectangular sharp-crested side weir, parallel to the flow direction and
inserted in a prismatic rectangular channel.

The one-dimensional (1D) approach is widely used to model spatially varied flows with decreasing discharge (e.g.
Chow, 1959; Castro-Orgaz and Hager, 2012), and in general in river hydraulics (e.g. Cunge et al., 1980; Pilotti et al.,
2011). A theoretical 1D analysis based on the assumption of constant specific energy along the side weir was first
proposed by De Marchi (1934), who derived an analytical solution for the equation of the flow profile in the channel.
The 1D schematization has also been applied to spatially varied steady flows in non-prismatic rectangular open
channels with both decreasing (Yen and Wenzel, 1970; Hager and Volkart, 1986; Hager, 1999) or increasing discharge
(Kouchakzadeh and Vatankhah Mohammad-Abadi, 2002; Citrini, 1942). However, the adoption of the classic weir
formula to characterize the overflowing discharge per unit length introduces a discharge coefficient in the mathematical
model which must be empirically assessed. With this aim, the hydraulic characteristics of the outflow over sharp-
crested side weirs have been widely investigated in literature from an experimental point of view in the last decades,
typically in subcritical steady flow conditions (e.g., Hager, 1987; Novak et al., 2013) but also in supercritical flows
(e.g., Hager, 1987; Uyumaz, 1997). The basic model hypothesis of constant specific energy along the side weir has been
verified on the basis of the experimental data collected in extensive laboratory studies (e.g. EI-Khashab and Smith,
1976; Borghei et al. 1999), and suitable mathematical models of the functional dependence of the steady-state discharge
coefficient on some dimensionless flow and geometrical variables have been calibrated (e.g., Subramanya and Awasthy,
1972; Nandesamoorthy and Thomson, 1972; Ranga Raju et al., 1979; Ramamurthy and Carballada, 1980; Singh et al.,
1994; Jalili and Borghei, 1996; Borghei et al., 1999, Emiroglu et al., 2011). The three-dimensional (3D) flow structures
induced by the lateral diversion have also been investigated along with the direct implications on 1D modelling
(Michelazzo et al., 2015), and the spatial variation of the discharge coefficient along the side weir has been analyzed too
(e.g. Swamee et al., 1994; Aghayari et al., 2009). Most research has focused on sharp-edged weirs, but recently broad-
crested side weirs have also been considered in literature (e.g. Aghayari et al., 2009; Haddadi and Rahimpour, 2012;
Riha and Zachoval, 2014).

The arrangement of side weirs in a straight prismatic channel is common and easy to implement but may suffer from
low overall efficiency. A feasible way to overcome this problem is to increase the effective weir crest length. Therefore,

oblique (e.g. Ura et al., 2001; Borghei and Parvaneh, 2011; Parvaneh et al., 2012) and labyrinth side weirs (e.g.
2
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Emiroglu et al., 2010; Parvaneh et al., 2011) installed in prismatic channels have been recently investigated in literature
to assess the improvement in outflow efficiency in various situations.

Another effective and common modality to enhance the efficiency of conventional side weirs is based on the
introduction of either a low hump on the channel bottom, or a channel constriction (induced by a lateral cross-section
contraction and/or by an underflow gate) downstream of the weir, with the aim of creating a backwater effect and
increasing the head over the weir crest. However, these solutions are not devoid of contraindications: a hump may cause
sedimentation, and a sluice gate may interact negatively with floating debris. Moreover, if the flow diversion reduces
the channel discharge significantly, a constant channel width can be economically unjustified and may even turn into a
problem when low average velocities trigger sedimentation in the onward flow channel.

Accordingly, an alternative means to improve the outflow performance is to insert the side weir in a non-prismatic
converging channel exploiting the reduction of the channel width, as well as the oblique alignment of the side weir with
reference to the main flow direction. In this way, the effective length of the weir increases slightly for a given main
channel stretch and the incoming flow velocity acquires a component orthogonal to the weir. In any case, the decrease
in the channel conveyance along the flow diverting device is consistent with the progressively decreasing discharge in
the main channel. Despite the above mentioned advantages, to the authors' knowledge relatively little attention has been
devoted to the study of oblique weirs in converging channels. For instance, Gisonni and Hager (1997) analyzed short
sewer side weirs inserted in U-shaped converging channels. Honar and Javan (2007) provided an empirical relation
between the discharge coefficient and the angle of inclination of the side weir with reference to the main flow direction
and, more recently, Riha and Zachoval (2014) experimentally investigated the discharge coefficient of trapezoidal
broad-crested side weirs with different oblique angles.

This paper provides a contribution in this direction by presenting a laboratory and numerical analysis of the
performance of a one-side short-crested weir placed along the oblique side of a converging rectangular channel, in fixed
bed and subcritical steady flow conditions. The main objectives of this work are to: (1) describe the physical features of
a side weir flow in a converging main channel; (2) analyze the variation of the velocity-head and momentum correction
coefficients along the side weir; (3) check the validity of the assumption of constant specific energy in the case of a
non-prismatic channel; (4) verify the improvement in outflow efficiency, compared with the conventional rectangular
side weir in a prismatic channel; (5) provide a reliable assessment of the steady-flow discharge coefficient, which is an
essential requirement for applications; and finally, (6) assess the capability of the 1D approach to accurately predict the
main engineering aspects of the flow by comparing experimental data and numerical results.

The first section of the paper briefly recalls the basic concepts of the 1D theory of spatially varied steady flows with
decreasing discharge in gradually converging channels. The second section reports a dimensional analysis of this type

of flows. The third section describes the experimental set-up and details the test conditions of the laboratory
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investigation. The results of the experimental and numerical analysis are presented and discussed in the fourth section.

Finally, some conclusions are drawn in the last section.

Theoretical Background

Spatially varied steady flows with non-uniform discharge are commonly described using the 1D approach, which
assumes that the pressure is hydrostatic and the bottom slope of the main channel is small (e.g., Chow, 1959; Hager and
Volkart, 1986).

The following dynamic equation can be derived by applying the momentum principle to a spatially varied steady

flow with decreasing discharge in a non-prismatic open-channel (Yen and Wenzel, 1970):

2 2
Sy —S; —iz ZB—AVCOSq) d—Q+EQ—36—A - Qzﬁ
dh gA Q dx g A® OX|_cone OA" dX
&: B Q2 ' 1
1-=—>b
g A

where h is the water depth, x is the distance along the main channel in the flow direction, Q is the flow discharge in the
main channel, A and b are the cross-sectional water area and the width at the free surface in the main channel,
respectively, B is the momentum correction coefficient accounting for the expected non-uniform cross-sectional velocity
distribution, V is the lateral outflow velocity norm, ¢ is the deflection angle of the overflow jet with reference to the
flow direction X, Sp and St are the bottom and friction slopes, respectively, and g is the acceleration due to gravity (see
Fig. 1). The term (BQ%/gA3)(6A/0X)|h=const in the numerator on the right-hand side of Eq. (1) is due to the non-prismatic
geometry of the channel, while the term (Q%gA?)(dp/dx) accounts for the longitudinal variation of B along the side weir.

If the main channel has a rectangular cross-section with linearly decreasing width along the side weir, the current
channel width b at the streamwise abscissa x (with origin at the downstream end of the weir) can be expressed as
(Hager, 1999):

b(x)=b, +Ox for —Lcos6<x<0, 2

with by being the width of the main channel downstream of the side weir and ® the convergence ratio, i.e. the rate of
change of b with x, which is negative for converging channels (® = —tgf, being 0 the inclination angle of the side weir
with reference to the flow direction x). Accordingly, by introducing the usual simplification that dp/dx =0 (e.g., Yen
and Wenzel, 1970), Eq. (1) reduces to
Sy =S¢ - giz (ZB—SV cos<pJ‘£+§i§®h

dh
—= : 3
dx 1-BFr? ®)

where Fr denotes the Froude number of the flow in the main channel (depending on x along the side weir). For ® = 0,

Eq. (3) becomes the well-known dynamic equation for gradually varied flow with lateral outflow in prismatic
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rectangular channels (Chow, 1959; Yen and Wenzel, 1970). On the other hand, by assuming that Vcose = Q/A and
B =1, and introducing the further hypothesis that flow diversion does not affect the energy head (De Marchi, 1934) and

thus the specific energy is constant along the side weir (St = Sp), the following equation can be obtained from Eq. (3):

2
_Qd Q oy
dh _ gA® dx  gA’ 4
dx 1-Fr?

Eqg. (4) can be alternatively derived by adopting the energy approach with the assumption that the specific energy of the
main channel flow is constant throughout the side weir and the Coriolis coefficient a is uniformly equal to one.

The differential equation of the flow profile must be coupled with a suitable equation for the computation of the
discharge per unit length overflowing through the weir. The conventional weir formula can be adopted for this purpose,

which, in the present application involving a converging side weir, reads:

dQ, __dQ _ 2 2\u2
o~ ax - Colzalh-w o) ©)

where Qu is the discharge overflowing through the side weir, Cq is the discharge coefficient, and w is the height of the
weir crest above the bottom of the main channel. Hager (1987) proposed a correction of the outflow equation to include
the effects of the local flow depth, the incoming flow velocity, and the lateral outflow angle.

De Marchi (1934) first provided a general analytical solution of the differential problem represented by Egs. (4) and
(5) in the case of ® = 0, by assuming a fixed value for C4. Conversely, for ® # 0, the system of Egs. (4) and (5) must be
solved numerically. By introducing the following dimensionless quantities:

1, ﬁzll W:ﬂ, (6)
B E, E,

)_( =
with B being the width of the approach channel and Eo the specific energy of the flow (assumed constant along the
lateral outflow), the equation of the flow profile in a rectangular converging channel can be written in dimensionless

form as follows:

dh _ 2C,(h-w)*"*(-h)"?(1+©%)"? + 2(1—h)©h
dx (1+0©x)(3h —2)

forw<h<1, (7
in which only the dimensionless parameters Cy, W, and ® appear (Hager, 1999).
Hager and Volkart (1986) observed that, for ® <0, Eq. (4) admits the theoretical possibility of a pseudo-uniform

flow characterized by invariable flow depth, lateral outflow intensity, and cross-sectional velocity along the converging

channel, despite the decreasing discharge. This special flow state is theoretically obtained when

—d—Q+9®h=0, (8)
dx A

or in dimensionless form:
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and can be usefully adopted as a reference design condition in practical applications.

Profiles of side weir flow in converging rectangular mild-slope channels can be classified according to the nature of
the flow (subcritical or supercritical) and the sign assumed by the flow parameter which appears in the numerator on the
right-hand side of Eq. (3) or Eqg. (4). Accordingly, if the flow is subcritical, the flow profile for ® <0 can be a
backwater curve (with increasing water depth in the direction of flow) or a drawdown curve (with decreasing water
depth in the direction of flow), unlike what happens for the case of ® =0, in which only increasing flow profiles are
possible. Moreover, the subcritical flow profiles tend upstream to the pseudo-uniform depth line (if this is higher than
the critical one), thereby confirming that converging side weirs can potentially improve the outflow efficiency
compared to conventional ones, where the subcritical profiles tend asymptotically upstream to the weir crest (when it
remains higher than the critical line). A detailed classification of flow profiles based on Eq. (7) is reported in Hager and

Volkart (1986) and Hager (1999) for both subcritical and supercritical flow conditions.

Dimensional Analysis

Side weir steady flows in converging rectangular channels can be analyzed effectively by using dimensionless

analysis.
Firstly, the following geometric quantities can be selected to describe the geometry of the system (see Fig. 1): the width
of the approach rectangular channel, B; the width of the main channel downstream of the side weir, bg; the height of the
side weir crest above the channel bottom, w; the length of the weir crest, L; the thickness of the weir crest, s; the bottom
slope of the channel, Sp; and the roughness coefficient of the channel, &.

Moreover, due to the subcritical state of the flow (which is simultaneously affected by both upstream and
downstream conditions), the physically significant flow variables involved in the problem are: the total overflowing
discharge Qu; the discharge of the incoming flow, Qo, which can be equivalently substituted by the discharge of the
onward flow Qq = Qo—Quw; the water depth at the downstream end of the side weir, hg.

Finally, the fluid properties affecting the flow are: the mass density, p; the specific weight, y; the dynamic viscosity,
w; and the surface tension, o.

Therefore, the overflowing discharge can be expressed as a suitable function of the other 13 independent variables

introduced above as follows:
Q, =f(B,by,w,L,s,S, €h;,Q4,p, v, 1, O) . (10)
By choosing p, hg, and Qq as scaling variables and neglecting the effect of viscosity and surface tension, the

following dimensionless functional relationship can be derived according to the IT-theorem:
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where n = Quw/(Qu*+Qq) = Quw/Qois the overflow efficiency, defined as the dimensionless ratio of the spilled discharge Quw
to the incoming flow discharge Qo. A straightforward physical interpretation can be given to the dimensionless
geometric ratios in Eqg. (11); in detail (see Fig. 1): (B—bg)/L = [@%/(1+@?)]*? is a function of the convergence ratio ©,
thus is an index of the main channel contraction rate along the side weir; ba/hg is a cross-sectional shape parameter; w/hg
represents a dimensionless crest elevation characteristic of the weir; L/hq is a dimensionless length of the crest weir; s/hq
denotes a crest thickness ratio; and e/hg is a dimensionless hydraulic factor representing the channel roughness.

The last dimensionless term in Eq. (11) is the Froude number Frq of the onward flow.

The bottom slope parameter Sp can be disregarded in Eq. (11) in the first approximation (see Borghei et al., 1999),
due to the fact that side weirs are typically designed for subcritical flows and are commonly inserted in mild slope
channels. Moreover, theoretical and experimental studies (e.g. De Marchi, 1934; Gentilini, 1938) have proved that the
flow diversion does not significantly increase the intensity of the dissipative processes which occur in the main channel
flow in uniform conditions, especially for short side weirs. Accordingly, the difference between the bottom and friction
slopes can be neglected in the numerator of the right-hand side of Eq. (3), and the same applies for the assessment of the
outflow efficiency. The dependence on the roughness parameter €/hg may then be eliminated from Eq. (11), which

hence becomes:
n= {@,b—d w L i,FrdJ, (12)

where only 7 dimensionless groups are involved. The same functional relationship can be extended to the discharge

coefficient of Eq. (5):

b, w L s
c, =10 — — = Fr,|. 13
d ( s rd] (13)

d d d d

In this paper special attention is devoted to the effect of the non-prismaticity (described by the convergence ratio ©).
Some values of the dimensionless crest height and various flow conditions (corresponding to different values of Fry) are
considered too, whilst the influence of the other geometrical dimensionless parameter is not investigated. It should be
noted that most studies on side weir flows in prismatic channels use dimensionless terms defined on the basis of
upstream flow variables and assume Frp as the key similarity parameter (e.g. Subramanya and Awasthy 1972;
Nandesamoorthy and Thomson 1972; Ranga Raju et al. 1979; Hager 1987; Singh et al., 1994; Jalili and Borghei, 1996;
Borghei et al., 1999; Emiroglu et al., 2011). However, the use of downstream flow variables to define dimensionless
terms is preferred in this work, because the flow profile is controlled by downstream conditions in subcritical flows.

Finally, it is a well-known fact that a different choice of the scaling variables can lead to a different set of dimensionless

7
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terms without reducing the overall informative content of the final relationships. In particular, Honar and Javan (2007),
and Riha and Zachoval (2014) include suitable ratios between upstream and downstream flow variables in the set of

dimensionless groups influencing the discharge coefficient.

Laboratory experiments
The experimental investigation was carried out at the Hydraulic Laboratory of the University of Brescia (ltaly). The

laboratory apparatus and the main features of the experimental tests are described in this section.

Experimental set-up

Experiments were performed within an 11 m long, 0.7 m wide, and 0.4 m high tilting flume equipped with a
recirculating system (Fig. 2). The flume was hydraulically smooth, with acrylic walls and a stainless steel bottom.
Water entered the flume from a large head tank and flowed down freely into a downstream tank at the flume outlet.

A longitudinal wall was placed in the flume to obtain two parallel rectangular channels acting as main and lateral
spillway channel, respectively. This dividing wall had an intermediate segment arranged obliquely with reference to the
sides of the laboratory flume. Thus, an approximately 1.50 m long converging stretch with linearly decreasing width
(from 0.36 m to 0.18 m) was obtained in the main channel, at 5.45 m from the flume inlet (see Fig. 2a). A short-crested
weir with crest parallel to the channel bottom and adjustable height was inserted in the oblique wall. The crest of the
weir was 5.5 cm thick and characterized by rounded entrance. The picture in Fig. 3, taken during a typical experimental
test, shows a detail of the laboratory setup including the oblique side weir.

The inflow discharge was adjusted through a butterfly valve mounted on the supply pipe. A sluice gate was inserted
in the main channel, at 0.61 m from the downstream end of the side weir, in order to regulate the tailwater level. A
0.15 m high rectangular thin-plate weir calibrated in the discharge range [1, 15] I/s was also placed at 3.46 m from the
downstream end of the side weir to measure the discharge Qq of the flow proceeding downward in the main channel
(Fig. 2). The overflow discharge was then computed by difference once the inflow rate was known.

The inflow rate was measured using an electromagnetic ISOMAG flow meter with 0.07 I/s accuracy, flange-mounted
on the supply pipe. Water depth measurements were also accomplished by means of 0.5 mm accurate Banner S18U
ultrasonic transducers at the observation points indicated in Fig. 4, with the aim of describing the shape of the water
surface near the side weir and obtaining both longitudinal and transverse water surface profiles in the main channel.
Voltage output signals from the measuring devices were acquired for 2 min in each test condition and sampled at 1 Hz
using a DT 9804 data logger with 16 bit resolution. Finally, a Nixon Streamflow miniature velocity meter (equipped
with a 15 mm propeller diameter) was employed for a limited set of experimental tests to perform punctual velocity

measurements for 1 min at 10~ Hz frequency, with accuracy of 1.5% of the measured value. In this way, velocity

8
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distributions at selected cross-sections (Fig. 4) were reconstructed with suitable spatial resolution, and discharge
profiles as well as velocity-head and momentum coefficient profiles along the side weir were obtained. Lateral outflow
angles at selected locations over the crest weir were estimated by combining longitudinal and transverse velocity

measurements.

Experimental plan

All experimental tests concerning side weir flows in a non-prismatic channel were carried out by assuming the
dimensionless weir length L/B equal to 4.17 and the contraction ratio bs/B equal to 0.5 (L/by = 8.33). Hence, the
inclination 0 of the side weir with reference to the flow direction was approximately equal to 7° (® = - 0.12). This
value of the convergence ratio is quite significant (Honar and Javan, 2007) and realistic for practical applications and, at
the same time, ensures that gradually varied flow conditions occur. The bottom slope of the channel was set to zero.

Table 1 shows the experimental conditions of the 40 steady flows investigated, characterized by different weir
heights (w=0.203 m, 0.183 m, or 0.153 m), inflow rates (ranging approximately from 20 to 60 I/s), and tailwater
conditions (induced by different heights of the downstream sluice gate opening). The upstream Froude number Fry lies
in the range [0.15, 0.45], which is comparable to the one considered by Honar and Javan (2007) for a similar
convergence ratio. Accordingly, the flow was always significantly subcritical and a weir efficiency n ranging
approximately between 0.59 and 0.95 was achieved. All experiments were performed in free overflow conditions with
fully ventilated nappe. Moreover, a sufficiently high water head above the weir crest was ensured to minimize the effect
of surface tension. According to the theoretical analysis of Section 2, two different types of flow profiles (increasing or
decreasing in the flow direction) are possible in the range of W here considered (0.67-0.86), depending on the
downstream boundary condition. However, in the investigation presented here only rising flow profiles were observed,
mainly due to the strong backwater effect caused by the presence of control and measuring devices in the main channel
downstream of the side weir. For reasons of outflow efficiency, this is actually the most interesting situation in practical
applications.

Experimental water surface profiles were acquired in all tests by measuring the water depth along the channel
centerline at the point gauges located at x =-1.75, —1.55, —-1.35, —-1.15, —0.95, -0.75, —0.55, —0.35, —-0.15, 0.05, 0.25 m,
being x the streamwise coordinate originating from the side weir end (see Fig. 4). Based on this information, an average
value of the discharge coefficient Cq in Eq. (5) was computed for each experimental test according to the following
definition (Gentilini, 1938):

C_:d= LQW 3/2 = QW 3/2 !
J2g [y (h-w)?dl 29 3 (h, —w)*Al

(14)
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in which, by assuming the side weir as being discretized according to the stencil of Fig. 4 , Al; is the length of the i-th
stretch (Zj Al; = L), and h; — w is the corresponding water head above the weir crest (Tab. 1).

The main characteristics of the flows of Tests N15 and N40 (marked with a star superscript in Tab. 1) were analyzed
in further detail since they are characterized by fairly different values of Fro and w/hg in the ranges investigated. During
Tests N15 and N40, transverse water surface profiles (in the y-direction) were measured at selected cross-sections (I,
I, 1V, VI, VI, 1X, and Xl in Fig. 4) based on 6 water level gauge points located at different transverse distances from
the lateral side. Moreover, the water surface elevation above the weir crest was measured at 7 gauge points (along
profile g at sections from Il to IX in Fig. 4). Finally, velocity measurements were carried out to investigate the side
weir effect on the cross-sectional distribution of the longitudinal velocity along the main channel. For each selected
cross-section (I, 111, 1V, VI, VIII, IX, and XI in Fig. 4), 7 vertical velocity profiles were acquired, each of which
described by 6 measuring points (see Fig. 6 for an example of a stencil of velocity gauge points over a cross-section).

A set of 31 experimental tests of flow over conventional side weirs was carried out in the same laboratory facility
described above to assess the improvement in outflow efficiency induced by the converging side weir. To this purpose,
the approach channel width B was reduced at 0.18 m and a 1.5 m-long short-crested one-side weir with adjustable crest
height was inserted in the flume (L/B = 8.33). The test conditions are summarized in Table 2 and are characterized by
different weir crest heights (w ranges from 0.203 m to 0.120 m for five positions) and different values of the inflow
discharge. The downstream sluice gate was not operated in this series of experimental tests and did not interfere with
the flow. Hence, the tailwater flow depth was essentially controlled by the rectangular sharp-crested weir in the onward
flow channel. The tests marked with a star superscript in Tab. 2 (Tests P9, P13, and P18) were further investigated by
performing accurate measurements of longitudinal and transverse free surface profiles, as well as of cross-sectional
velocity distributions, as described above. In this set of experimental tests the discharge of the incoming flow varies
between 8 and 25 I/s, with weir efficiency ranging from 0.40 to 0.96. The upstream Froude number lies in the range
[0.18, 0.59] in the experimental tests characterized by w = 0.203 m, 0.183 m, and 0.153 m; higher values of Fro (up to

0.82) are obtained for lower values of w (w =0.133 m, and 0.120 m).

Analysis of results

In this section experimental results are presented and analyzed in order to describe the main features of the side weir

flow and find the dimensionless parameters which mainly influence diversion capacity.

Flow characteristics
Fig. 5 shows the shape of the measured water surface for a typical experimental test (Test N15) concerning a

subcritical side weir flow in a converging channel. The longitudinal profiles measured along both the channel centerline
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and the weir side of the main channel (Fig. 5a) have a characteristic rising curved shape, which is typical of backwater-
type profiles. Entrance effects triggered by the lateral outflow induce a slight drop in the water surface at the upstream
end of the side weir (see, for example, Emiroglu et al., 2011), which is more accentuated near the upstream corner of
the weir (Fig. 5d). For all the experimental tests of Tab. 1, the water depth measured at the downstream end of the side
weir is higher than the upstream one; experimental data show that the relative difference between the water depths at the
two ends of the side weir (computed with reference to the upstream water depth ho) increases with the Froude number
of the incoming flow (for 0.16 < Fro < 0.46). Moreover, overflow causes an expected transverse drawdown effect on the
water surface (e.g. Muslu et al., 2003), as clearly shown by the transverse water surface profiles reported in Figs. 5b and
c. The transverse drop in water surface elevation between the channel centerline and the weir side is in the order of 2%
for Test N15, and increases slightly moving downwards along the side weir. The transverse inclination of the water
surface is therefore small, except for the flow region immediately close to the weir.

Lateral outflow is expected to affect the cross-sectional velocity distribution in the main channel along the weir. Fig.
6 shows the general pattern of the longitudinal velocity u in Section V1 for Test N15 as a typical example: the contour
map of the measured longitudinal velocities (in the x-direction), adimensionalized with the corresponding cross-
sectional average velocity U, is represented together with some vertical and horizontal velocity profiles; the average

velocity U is estimated by the formula:

D UAA
U_—ZAA' (15)

where the longitudinal velocity u measured at the grid nodes shown in Fig. 6 is multiplied for the corresponding area of
influence AA defined using the Thiessen polygon method. Lateral overflow causes the zone of highest longitudinal
velocities to shift towards the weir side of the channel and the maximum value of the longitudinal velocity can be found
just below the weir crest. This asymmetrical pattern had already been observed by El-Khashab and Smith (1976) for
conventional side weirs. The combined effect of the inclined side of the flume and of the drawdown caused by the water
drop accelerates the flow on the weir side of the channel compared to the flow on the wall side (compare vertical
profiles 5, 6, and 7 with profiles 1, 2, and 3 in Fig. 6). Consequently, vertical and horizontal velocity profiles are
sensibly curved.

Figs. 7a and b illustrate contours of equal longitudinal velocity for Test N15 near the channel bottom and near the
water surface (levels A and F, respectively; see Fig. 6). The horizontal sections of the longitudinal velocity close to the
free surface show that because of the lateral outflow the maximum velocity moves progressively towards the weir crest.
This deflection of the flow velocity distribution is in agreement with the experimental observations of Michelazzo et al.
(2015) on side weirs with zero-height crest in a prismatic channel. Conversely, close to the bottom, due to the zero-

velocity condition at the lateral walls, the maximum velocity occurs approximately at the centerline of the channel. This
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induces an overall distortion of the cross-section velocity distribution. The profiles of flow discharge in the main
channel can be obtained by integrating the experimental velocity distributions at each measuring cross-section via the
classic velocity-area method (e.g. Corbett et al., 1943); the profiles of outflow discharge along the side weir can be then
derived by difference (see Fig. 8 for Test N15). It should be observed that the flow discharges obtained at cross-sections
I and XI agree with the measures provided by the electromagnetic flow meter and the normal rectangular thin-plate
weir, respectively, with an absolute deviation in the order of 10~ I/s (which corresponds to a relative error in the order
of 1%). Moreover, Fig. 8 compares the profile of the dimensionless channel discharge along the side weir with the
analogous profiles concerning six horizontal strips (corresponding to successive levels A, B, C, D, E, and F above the
channel bottom) in which the channel flow can be vertically divided. The channel discharge is adimensionalized by the
inflow discharge Qo, while the flow discharge through each horizontal strip is adimensionalized by the discharge
measured at section | for the same strip. The profiles of the strips located at deeper levels drop more rapidly, revealing
that lateral cross-sectional currents develop and progressively strengthen downward along the side weir. These lateral
currents can be expected to noticeably influence the overall flow dynamics.

Due to the non-uniform distribution of longitudinal velocity over the cross-sections of a weir flow, the usual
velocity-distribution coefficients could reach values significantly higher than 1 (e.g. Michelazzo et al., 2015) and can be
expected to vary quite rapidly from section to section in the direction of flow, thus questioning the validity of the
common approximation of omitting both f and dp/dx in Eq. (1). The analysis of the experimental velocity data acquired
for Tests N15 and N40 highlights that both the velocity-head and momentum coefficients (o and B, respectively)
increase along the side weir (see Tab. 3). The coefficients o and B are slightly higher than unity in the incoming flow
and in the first stretch of the weir flow, growing almost up to 2 and 1.3, respectively, at the downstream end of the weir
in Test N40. Although the data set is limited, experimental data consistently suggest that, for fixed ®, o and 3 are well
correlated to the local outflow efficiency n, defined as the ratio between the cumulative discharge overflowed up to the
current cross-section and the discharge of the incoming flow (Fig. 9). Both o and B increase with n; and can be well
estimated through a polynomial function of fifth order for ® =—-0.12 and of second order for ® =0. The non-
prismaticity of the main channel produces the effect of reducing the values of the velocity-distribution coefficients for
fixed ni, in comparison with the conventional side weir flow in a prismatic channel. Actually, the gradual channel
contraction along the side weir can be expected to hinder the development of tree-dimensional flow structures (due to
the occurrence of spiral motion or flow separation, for example), thus promoting a more uniform cross-sectional
distribution of the longitudinal velocity compared to the one occurring in a prismatic channel with equal weir
efficiency. Furthermore, Tab. 3 compares the values of the computed quantities (1/A)(GA/OX)|h=const and (—1/B)(dp/dx)

along the side weir for Tests N15 and N40. Both these factors multiply the same quantity (8Q?)/(gA?) in the two last
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terms of the numerator of Eq. (1). Due to the simple geometry of the converging channel, (1/A)(0A/0X)|h=const i €qual to
®/b, hence is a purely geometric x-dependent factor, which is independent of the specific test condition. It should be
noted that the absolute values of both these factors increase along the weir and that the term (-1/B)(dp/dx), which is
negligible compared to (1/A)(8A/0X)|n=const in the upstream portion of the side weir flow, becomes comparable to it when
approaching the downstream end of the weir. Therefore, whenever the outflow efficiency of the weir is high, a priori
one could expect that the omission of the term (=1/B)(dp/dx) in Eq. (1) is questionable, especially near the downstream
end of the weir. However, the actual consequences of this approximation are practically negligible, as will be shown in
the following. Finally, Tab. 3 shows that even in the case of side weirs inserted in non-prismatic channels the lateral
outflow angle ¢ gradually increases along the side weir, as already observed in conventional lateral outflows in
prismatic channels (e.g. Hager, 1987).

A check of the validity of the usual basic assumption that the energy line is parallel to the bottom is performed in
Fig. 10, in which, for all tests reported in Tab. 1, the experimental ratio between the total head at the upstream and
downstream ends of the side weir (Sections | and XI, respectively) is plotted against the upstream Froude number. The
velocity heads at the two extremities of the weir are assessed by estimating the energy coefficient o according to the
fifth-order polynomial regression of the data of Tests N15 and N40 represented in Fig. 9a. The absolute average relative
difference between the specific energy upstream and downstream of the weir (with reference to the downstream one) is
0.48%. Negative differences occurring in some cases (Eo/Eq <1 in Fig. 10) are attributable to inaccuracies in water
depth and discharge measurements. In particular, in Test N15 the experimental total head profile computed from water
depth and velocity-distribution measurements shows an overall variation comparable with the accuracy of the water
depth measurement (approximately 1 mm), while for Test N40 a total head loss of 4 mm (corresponding to 1.80% of the
total energy at the upstream end of the side weir) can be assessed from the experimental data. The maximum relative
difference between upstream and downstream energy is observed for Test N39 (for which the upstream Froude number
assumes the maximum value in the range considered) and is equal to 1.89%. For the set of experimental tests performed
in a prismatic channel (Tab. 2), the average value of the specific energy difference between the two ends of the weir is
in the order of 2%, which is comparable with experimental results obtained by other authors (e.g. El-Khashab and
Smith, 1976; Borghei et al., 1999; Borghei and Parvaneh, 2011). Therefore, it can be concluded that the specific energy
of the main channel flow along the side weir is slightly affected by the spill flow process, even in the case of a non-

prismatic converging channel, especially for low Froude number conditions (Fro < 0.35).

Outflow efficiency
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Fig. 11a plots the experimental data concerning both the converging and conventional side weir in the plane Frq— 1,
providing a graphical representation of the empirical correlation of n versus Frq (in the range 0 < Frq < 0.2) for different
values of w/hg. For a fixed value of w/hy, overall outflow efficiency n decreases as Frq increases. Similarly, for an
assigned value of Frq, outflow efficiency decreases as w/hg grows; this last trend is less pronounced for lower values of
Fra.

The improvement in outflow efficiency induced by the non-prismaticity of the main channel can be assessed from
Fig. 11a. Indeed, for fixed values Frq and w/hg, outflow efficiency is systematically greater for the converging side weir
flow (® =-0.12) than for the conventional one (® = 0). This effect becomes more significant with growing values of
Fra.

Furthermore, the analysis of the experimental data suggests that outflow efficiency n can be effectively correlated to
the only dimensionless ratio y = (1/Frq)/(w/hg) according to the rational regression function:

n=l-— (16)

9%
where ¢ and o are two parameters of the regression model. Best fitting based on the least square method provides
¢ =0.6155 and o = 0.8180 for the converging side weir with ® = -0.12, L/B = 4.17, and L/bg = 8.33 (Fig. 11b). The root
mean square error is equal to 3.9%. Predicted and measured values of outflow efficiency are compared in Fig. 11c. The
difference between estimated and experimental data is less than 10% in 95% of the cases. The average percent error of
the regression model is equal to 3.5%.

As for side weir flow in a prismatic channel (® =0, L/B = 8.33), from the regression analysis of the experimental
data set based on the same regression function of Eq. (16) it can be obtained that ¢ = 0.1424 and o = 1.2319, with a
6.3% root mean square error (Fig. 11b). The average percent deviation between experimental and predicted data is
equal to 7.4%; 6 data points out of 31 show a percent deviation greater than 10% (Fig. 11c). Therefore, the converging
side weir appears more efficient than the conventional one for y < 30 approximately (Fig. 11b), and the improvement in
efficiency grows for lower values of y. Conversely, the performances of the two devices are practically equivalent for
%> 30. This is a consequence of the fact that growing values of x are related to progressively lower values of either Frq
or w/hg. Both these conditions act in the direction of reducing the dynamic effect induced by the converging wall of the

channel.

Discharge coefficient
Eq. (13) suggests the dependence of the average discharge coefficient C, on 6 dimensionless groups, but only the

dependence on @, w/hg, and Frq is explored here.
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Depending on the scaling variables, the upstream Froude number Fro can be introduced in Eq. (13) in place of Frg.
Several empirical formulas have been proposed in literature to estimate the discharge coefficient of a side weir flow in a
prismatic channel involving Fro only (e.g. Subramanya and Awasthy, 1972; Hager, 1987). Accordingly, Fig. 12 plots

the average discharge coefficient C, against Frq (Fig. 12a) and Fro (Fig. 12b) for both the experimental data sets

concerning the converging channel with ® = -0.12 and the prismatic channel (® = 0). The scatter of the data in Fig. 12a
and b proves that also other parameters influence the discharge coefficient sensibly in addition to either Fry or Fro
(Borghei et al., 1999; Emiroglu et al., 2011). In any case, with regard to side weir flows in a converging channel, the

measured values of C, lie in the range [0.36, 0.46] for Frq < 0.17 and Fro < 0.45, and show a slightly increasing trend

with both Frq and Fro.

In order to better represent data correlations, Fig. 12¢ plots the dimensionless group C, /(w/hg)? as a function of Fro
for given ®. The two sets of experimental data (for ® =—0.12 and © =0, respectively) seem to converge for Fro
approaching zero, when @ is reasonably expected not to be influential on Ed . Moreover, each can be interpolated by a
linear regression function with rate of change depending on the convergence rate ®. Experimental data show that

converging side weirs provide higher values of C, compared with the conventional ones for fixed values of Fro and

w/hg, and confirm that Ed tends to increase with increasing values of Fry for fixed w/hg and ® (Fig. 12c). The latter

trend agrees with the observations of Emiroglu et al. (2011), which highlighted that in conventional side weirs the
discharge coefficient increases together with the upstream Froude number when L/bg > 1 (such as in the present study,
in which L/bg = 8.33), whereas the opposite occurs for lower values of L/bg (see, for example, Subramanya and
Awasthy, 1972; Ranga Raju et al., 1979; Singh et al., 1994; Borghei et al., 1999). This may be explained by the fact that
the strength of the secondary flows caused by the lateral diversion actually grows as the upstream Froude number
increases. Finally, the effect of ® on the discharge coefficient may be ascribed to the fact that, due to the oblique
arrangement of the side weir, the incoming flow acquires a velocity component normal to the weir crest which

facilitates the diversion process.

Effectiveness of one-dimensional modeling

As the 1D modeling approach is typically adopted in literature to predict the main engineering aspects of spatially
varied flows due to lateral outflow (e.g. Chow, 1959; Hager, 1999), the effectiveness of this approach in the case of a
converging channel is checked in this subsection based on the data obtained from the experimental tests.

With this aim, Egs. (1) and (5) are numerically solved through the classic fourth-order Runge-Kutta method by

adopting the hypotheses that Vcose is equal to the local cross-sectional velocity U and that Cq is uniform along the weir
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and equal to the average value C, calculated from the experimental data according to Eq. (14). To assess the effect of

the term (=1/B)(dp/dx) on the numerical solution of Eq. (1), the computations are performed both assuming = 1 along
the side weir and B dependent on x according to a suitable regression model based on the experimental data reported in
Tab. 3. Water depth and flow rate values measured at the downstream end of the side weir are imposed as downstream
boundary conditions for the computation of water depth and flow discharge profiles in subcritical flow regime.

Fig. 13 shows the comparison between experimental data and numerical results (obtained with a uniform spatial

discretization of size Ax =10-3m) for Tests N15 (C, =0.410) and N40 (C, =0.388). Moreover, Fig. 13 compares

numerical profiles computed by setting p = 1 with the ones obtained by considering the longitudinal variability of
along the weir. The numerical profiles of both water surface and flow discharge agree fairly well with the experimental
ones, especially for Test N15. In Test N40 both profiles are slightly underestimated, as well as the overall discharge
diverted laterally; however, the total water depth variation along the side weir is well predicted. The discrepancies
observed in Test N40 are probably due to two main reasons, i.e. presumably high variability of the discharge coefficient
along the weir, and the effect of strong secondary cross currents (and the accompanying turbulence) induced by the
considerable intensity of the lateral outflow. The latter effect cannot be thoroughly included in the numerical model by a
simple variation of B along the side weir flow. Fig. 13 shows that the inclusion in the model of the variability of  along
the side weir does not substantially improve the accuracy of the numerical prediction. To confirm this observation, the
global error between experimental and numerical profiles is computed using the standard discrete 1-norm of relative

deviations, defined as:

m (h —h

Eh:Z

i=1

Qi num Qi,exp
Qi,exp

i,num

h

i,exp

e}
 Bo=2 (17)

iexp
for water depth and flow discharge profiles, respectively. In Eq. (17) the index i refers to a current measuring point
where experimental data are available, while n, and nq indicate the total humber of measuring points of h and Q,
respectively, along the side weir. The results are reported in Table 4.

The pseudo-uniform flow is a theoretical side weir flow condition potentially induced by the converging geometry of
the main channel, and is characterized by uniform lateral outflow intensity and channel velocity, as explained in a
previous section. An additional ad hoc experimental test was devised with ® =-0.12 and W = 0.872 to verify the
occurrence of this theoretical flow condition. The test is characterized by: w =0.203 m, Qo = 19.54 I/s, Fro = 0.158,
Q4=7.901/s, Fra=0.126, Qw=11.64 I/s, n = 0.596; the dimensionless ratio y is approximately equal to 9, thus a
considerable improvement in outflow efficiency is expected in comparison with the conventional side weir (Fig. 11b),

which confirms the practical interest of this special flow condition. The experimental average discharge coefficient
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computed according to Eq. (14) is equal to 0.391. Consequently, a theoretical value of 0.229 m derives for the pseudo-
uniform water depth by inserting this value for Cq in Eq. (9).

Fig. 14 compares theoretical, numerical, and experimental free surface profiles. The numerical profile is computed
assuming B =1 in order to perform a consistent comparison with the theoretical solution deriving from Eq. (9).
Measured profiles a (along the side wall), ¢ (along the main channel centerline), and f (along the weir side) show that
the experimental water surface is almost parallel to the bottom, thus the observed flow actually resembles a pseudo-
uniform flow. The 1D numerical model predicts the difference in water depth elevation along the side weir to be
approximately 1 mm and provides a water surface profile in good agreement with both the theoretical and experimental
ones. However, it slightly overestimates both the measured (11.64 I/s) and the theoretical (10.91 I/s) total outflow

discharge with a relative error of approximately 4% and 11%, respectively.

Conclusions

Lateral side weirs are fundamental hydraulic structures in many civil and agricultural applications, and their
importance is demonstrated by the huge scientific and technical literature devoted to the topic. Although side weirs in
converging channels exhibit several interesting features and represent effective lateral overflow devices for practical use
in diverting flow systems, their analysis has been relatively overlooked in literature. This paper provides a contribution
in this direction, based on a wide set of experiments accomplished under subcritical flow conditions in a laboratory
flume where a side weir was inserted in a converging channel on its oblique side. The experimental data achieved in a
convergent channel with convergence ratio ® equal to —0.12 are critically compared with the ones obtained from a set
of tests performed in a prismatic channel (® =0). Different test conditions are considered, characterized by the
upstream Froude number Frp and the dimensionless weir height w/hg lying in the intervals [0.15, 0.45] and [0.67, 0.86],
respectively, while the dimensionless weir length parameter L/bg is maintained equal to 8.33. The measured weir
efficiency m ranges approximately between 0.59 and 0.95.

The following main conclusions can be drawn from the analysis carried out in this paper.

(1) Due to the lateral outflow, the cross-sectional velocity distribution becomes strongly asymmetrical and the region
of highest longitudinal velocities moves towards the weir side of the channel.

(2) The two velocity-distribution coefficients o and B are considerably affected by the lateral outflow. Their values
typically increase along the side weir in the direction of flow and can be positively correlated to the local outflow
efficiency. Values of the coefficients for energy and momentum up to 2 and 1.3, respectively, have been observed. Both
velocity-distribution coefficients increase with the local outflow efficiency, with a rate of change which is higher for

side weir flows in prismatic channels compared to side weir flows in converging channels. The experimental data show
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that, in the test conditions explored, the usual approximation of omitting the term accounting for the rate of change of 3
in the equation of the flow profile leads to a negligible error.

(3) The basic constant energy assumption usually adopted in side weir flow modeling is acceptable even for side weir
flows in converging channels, especially for low values of the approach Froude number (Fro < 0.35). The average value
of the absolute relative difference observed between the specific energy upstream and downstream of the side weir is
0.48%.

(4) Experimental data indicate that Frq and w/hg are relevant dimensionless variables for the description of the overall
outflow efficiency parameter n, and that n decreases with the increase of both Frq and w/hg. The non-prismaticity of the
main channel improves the outflow efficiency for fixed values of Frq and w/hg. Furthermore, the analysis of the
experimental data suggests that 1 can be suitably correlated to the only dimensionless ratio y = (1/Frq)/(w/hg) according

to a rational regression function.

(5) Measured values of the average discharge coefficient 5d for the converging side weir flows considered lie in the
range [0.36, 0.46] for Fro <0.45 and Frq <0.17, and show a slightly increasing trend together with both Fro and Frq.
Moreover 5d is significantly influenced by the convergence ratio ® for fixed values of Fro and w/hg.

(6) The comparison between experimental data and numerical results shows that the 1D modeling approach can
predict the main hydraulic characteristics of side weir flows in converging channels.

The results confirm that a side weir in a converging channel can improve outflow efficiency compared to a

conventional side weir in a prismatic channel for similar flow conditions.
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List of figure captions

Figure 1 — Definition sketch of the lateral outflow over a one-side weir in a non-prismatic rectangular channel: a)
longitudinal section along the weir; b) plane view; c¢) cross-section at the weir.

Figure 2 — Sketch of the experimental facility: a) plan view; b) longitudinal section (measures in m).

Figure 3 — Detail of the laboratory setup: upstream view of the converging short-crested side weir.

Figure 4 — Location of the gauge points (black spots) for the measurement of longitudinal and transverse water surface
profiles: a) prismatic channel; b) converging channel (measures in m).

Figure 5 — Typical measured water surface profiles (Test N15): a) along the channel centerline and the weir side of the
main channel (longitudinal section lines ¢ and f, respectively); b) along cross-section line VI; c¢) along cross-section line
IX (z denotes the elevation above the channel bottom). d) Plane contour map of experimental water depth in the
converging channel (contour labels in cm).

Figure 6 — Typical distribution of dimensionless longitudinal velocity in a cross-section along the converging channel
(Section VI, Test N15) for subcritical flow conditions; U is the computed cross-sectional average velocity. Velocity
contour levels are derived by interpolation from measurements performed at bold crosses.

Figure 7 — Typical contour maps of experimental longitudinal velocities along the side weir (Test N15): a) bottom
flow; b) surface flow (contour labels in m/s).

Figure 8 — Typical experimental profiles of dimensionless channel discharge and cumulative outflow discharge along
the side weir (Test N15). The profile of the dimensionless overall discharge in the channel is compared with the ones
concerning horizontal strips at different levels (A, B, C, D, E, and F in Fig. 6) above the channel bottom.

Figure 9 — The two velocity-distribution coefficients as a function of the local outflow efficiency: a) energy coefficient
a; b) momentum coefficient . The solid lines represent polynomial fitting curves of the experimental data.

Figure 10 — Check of the constant energy assumption: ratio of the specific energy at the two ends of the side weir as a
function of the Froude number of the incoming flow.

Figure 11 — Comparison of converging side weir flows (® =-0.12, L/bg = 8.33) with conventional side weir flows
(® =0, L/B =8.33): a) variation of the outflow efficiency n with the Froude number of the onward flow Frq for various
values of w/hg; b) regression analysis of the outflow efficiency on the dimensionless ratio y; ¢) comparison between

observed and predicted outflow efficiency.

Figure 12 — Average discharge coefficient C, against Frq (a) and Fro (b) for side weir flows in a converging channel
(© =-0.12, L/bg = 8.33) and in a prismatic channel (® =0, L/B = 8.33). c) Cross-plot of C, /(w/ha)? versus Fro; the

solid lines represent linear fitting curves of the experimental data.
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Figure 13 — Comparison between numerical and experimental water depth and discharge profiles in the main channel
for Test N15 [panels a) and b)] and for Test N40 [panels c) and d)].

Figure 14 — Comparison between theoretical, numerical, and experimental free surface profiles in the main channel for

a pseudo-uniform flow test case (® = —0.12, W = 0.872, C, = 0.391).
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647
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Table 1. Test conditions for flow over side weir in a non-prismatic converging channel (® = -0.12, L/bq = 8.33).

Testno. | w(m) | Qo(ls) | ho(m) | Fro(®) | Qa(fs) | ha(m) | Fre(@ |wha(®) | Qullis) | Cy &) | n(
N1 0203 |1991 |0231 |0159 |8.14 0233 |0129 |0873 |1177 |0365 | 0.501
N2 0203 | 2000 |0230 |0160 |5.12 0234 | 0080 |0866 |1488 |0447 | 0744
N3 0203 | 2001 |0233 |0157 |297 0237 | 0046 |0855 |17.04 | 0440 | 0.852
N4 0203 | 1999 |0235 |0.155 | 1.46 0239 | 0022 |0848 |1853 |0437 | 0.927
N5 0203 | 2589 |0237 0199 |9.27 0240 | 0140 |0845 |1662 | 0377 | 0.642
NG 0203 | 2578 |0237 |0198 |556 0242 | 0083 |0839 |2023 |0441 |0.784
N7 0203 | 2570 |0240 |0.194 |3.02 0245 | 0044 |0829 |2268 |0437 | 0.882
N8 0203 | 2567 |0241 0192 |157 0247 | 0023 |0823 |2410 |0437 |0.939
N9 0203 |328 |0243 |0242 |1053 |0248 |0151 |0819 |2229 | 0387 | 0.679
N10 0203 | 3273 |0243 |0242 |6.08 0250 | 008 |0811 |2665 |0441 |0.814
N11 0203 | 3271 |0246 |0238 |3.39 0253 | 0047 |0802 |2932 |0439 |0.896
N12 0203 | 3273 |0248 |0235 |170 0255 | 0023 |0797 |3103 |0438 |0.948
N13 0203 | 4265 | 0249 |0305 |1175 |0255 | 0162 |0796 |3090 | 0445 | 0.724
N14 0203 | 4516 |0250 |0320 |1224 |0258 |0.166 |0.787 |3292 | 0442 | 0.729
N15* | 0183 |21.71 | 0214 | 0195 |594 0217 | 0104 |0845 |1577 |0410 | 0.727
N16 0183 | 2207 |0216 |0.195 |455 0219 | 0079 |0835 |1752 |0.409 | 0.794
N17 0183 | 2199 |0219 |0191 | 264 0222 | 0045 |0826 |1935 |0.409 | 0.880
N18 0183 [2203 | 0220 |0190 |1.73 0223 | 0029 |082 |2030 |0413 |0.922
N19 0183 | 2812 |0220 |0241 |713 0225 | 0118 |0812 |2099 | 0406 |0.746
N20 0183 | 2789 |0221 |0237 |477 0226 | 0079 |0809 |2312 |0425 |0.829
N21 0183 | 2770 | 0223 |0233 |284 0228 | 0046 |0802 |2486 |0424 | 0.897
N22 0183 | 2811 |0226 |0233 | 186 0230 |0030 |0795 |2625 |0414 |0.934
N23 0183 | 3390 |0225 |0282 |807 0232 |0128 |0789 |2583 |0411 | 0.762
N24 0183 [3392 |0227 |0279 |530 0233 | 0083 0784 |2862 |0430 |0.844
N25 0183 [3394 | 0229 |0275 | 3.06 0236 | 0047 |0777 |3088 |0427 |0.910
N26 0183 [3389 | 0230 |0273 | 180 0237 | 0028 |0774 |3200 |0429 | 0.947
N27 0183 | 4128 |0229 |0335 |870 0236 |0134 |0775 |3258 |0460 | 0.789
N28 0183 | 4781 0233 |0377 |98l 0243 | 0145 |0753 |38.00 |0463 |0.795
N29 0183 | 5859 |0240 |0443 |1167 |0254 |0162 |0721 |4692 | 0464 | 0.801
N30 0153 | 1806 |0.185 |0201 | 2.64 0189 | 0057 |0809 |1542 |0373 |0.854
N31 0153 [17.98 | 0184 |0203 | 2.03 0187 | 0044 |0817 |1595 |0412 | 0.887
N32 0153 [1791 | 0185 |0200 | 1.33 0188 | 0029 |0813 |1658 | 0408 | 0.926
N33 0153 | 17.89 |0.185 |0.199 | 0.80 0189 | 0017 |0809 |17.09 |0.404 | 0.955
N34 0153 | 2196 |0.189 |0237 |3.17 0194 | 0066 |0789 |1879 |0.379 | 0.856
N35 0153 | 2184 |018 |0241 | 233 0192 | 0049 |0797 |1951 |0425 | 0.893
N36 0153 [2176 | 0187 |0239 | 1.66 0103 | 0035 0793 |2010 |0424 |0.924
N37 0153 [2173 | 0188 |0237 | 0.6 0194 | 0018 |0790 |2087 | 0423 |0.960
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N38
N39
N40*

0.153
0.153
0.153

34.61
48.72
43.63

0.200
0.210
0.207

0.342
0.449
0.411

4.93
7.01
6.26

0.209
0.224
0.218

0.092
0.117
0.109

0.733
0.683
0.701

29.68
41.71
37.37

0.382
0.399
0.388

0.858
0.856
0.856
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Table 2. Test conditions for flow over side weir in a prismatic channel (® =0, L/B = 8.33).

Test no. w (m) Qo (I/s) ho (m) Fro (-) Qa (I/s) ha (m) Fra (<) | wha (=) | Qw(l/s) 50' -) nE)
P1 0.203 10.22 0.214 0.183 6.10 0.216 0.108 0.926 4.12 0.336 0.403
P2 0.203 12.01 0.217 0.211 6.41 0.220 0.110 0.921 5.60 0.425 0.466
P3 0.203 14.85 0.220 0.256 7.22 0.224 0.121 0.893 7.63 0.351 0.514
P4 0.203 14.94 0.218 0.260 7.64 0.224 0.127 0.891 7.30 0.351 0.489
P5 0.203 18.12 0.223 0.305 7.91 0.231 0.127 0.880 10.20 0.406 0.563
P6 0.203 19.98 0.227 0.327 8.59 0.235 0.134 0.865 11.39 0.362 0.570
P7 0.183 10.03 0.197 0.204 3.89 0.201 0.077 0.912 6.14 0.457 0.612
P8 0.183 12.75 0.200 0.253 4.47 0.205 0.085 0.891 8.28 0.441 0.650
PO* 0.183 15.04 0.205 0.287 5.23 0.211 0.096 0.869 9.81 0.362 0.653
P10 0.183 17.83 0.204 0.343 5.53 0.213 0.100 0.858 12.30 0.431 0.690
P11 0.183 20.04 0.205 0.382 6.00 0.217 0.106 0.845 14.04 0.426 0.701
P12 0.183 24.83 0.207 0.466 7.01 0.224 0.117 0.818 17.82 0.430 0.718
P13* 0.183 24.67 0.208 0.461 7.45 0.224 0.124 0.816 17.22 0.407 0.698
P14 0.153 8.18 0.171 0.205 1.23 0.173 0.030 0.883 6.95 0.392 0.850
P15 0.153 10.08 0.173 0.248 1.51 0.177 0.036 0.865 8.57 0.388 0.850
P16 0.153 14.86 0.177 0.354 2.33 0.184 0.052 0.834 12.53 0.397 0.844
P17 0.153 14.90 0.177 0.356 2.31 0.184 0.052 0.831 12.59 0.401 0.845
P18* 0.153 16.66 0.176 0.401 2.48 0.186 0.055 0.823 14.18 0.435 0.851
P19 0.153 17.13 0.177 0.409 2.58 0.187 0.057 0.818 14.55 0.424 0.849
P20 0.153 19.66 0.179 0.460 3.14 0.191 0.067 0.802 16.52 0.404 0.840
P21 0.153 19.99 0.179 0.470 3.19 0.192 0.067 0.796 16.80 0.408 0.838
p22 0.153 2291 0.179 0.535 3.80 0.197 0.077 0.779 19.11 0.407 0.834
P23 0.153 25.21 0.179 0.590 4.35 0.200 0.086 0.765 20.86 0.407 0.828
P24 0.133 15.13 0.159 0.424 0.90 0.169 0.023 0.785 14.23 0.369 0.941
P25 0.133 17.73 0.159 0.497 1.25 0.174 0.031 0.766 16.48 0.377 0.929
P26 0.133 20.27 0.160 0.562 1.63 0.178 0.039 0.749 18.64 0.385 0.919
p27 0.133 2221 0.159 0.623 1.95 0.181 0.045 0.733 20.26 0.383 0.912
P28 0.133 25.02 0.158 0.704 2.54 0.186 0.056 0.714 22.48 0.385 0.899
P29 0.120 20.67 0.146 0.658 0.86 0.166 0.023 0.723 19.81 0.381 0.958
P30 0.120 22.55 0.144 0.730 114 0.172 0.029 0.699 21.41 0.387 0.949
P31 0.120 25.05 0.143 0.825 1.65 0.177 0.039 0.679 23.40 0.386 0.934
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Table 3. Longitudinal variation of significant velocity-distribution variables for Tests N15 and N40.

LA Test N15 Test N40
Section | x(m) Aok _1dp _1ldp
h=const B dX o B dX o
my | O | BO) °C) | «O | PO 90
(m™) (m™)
| -1.75 —-0.3358 1.019 1.007 - - 1.017 1.006 - -
11 -1.35 -0.3522 1.026 1.009 -0.0058 | 56.7 1.026 1.011 -0.0134 | 429
v -1.15 -0.3789 1.032 1.011 -0.0105 | 56.4 1.032 1.011 +0.0024 | 42.9
VI -0.75 —-0.4466 1.065 1.023 —-0.0284 | 59.8 1.063 1.021 —-0.0256 | 47.8
VIl -0.35 -0.5437 1.167 1.058 —-0.0831 | 61.2 1.252 1.088 -0.1528 | 60.9
IX -0.15 -0.6101 1.338 1.116 —-0.2598 | 66.2 1.669 1.234 -0.5940 | 72.9
Xl 0.25 -0.6715 1.279 1.094 - - 1.953 1.288 - -
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664  Table 4. Global deviation of water depth and discharge numerical profiles from the experimental profiles for Tests N15

665  and N40 assuming that B is either variable along the side weir or uniformly equal to 1.

Test N15 Test N40

En () Ee () En () Ee ()

B=P(x) | 1.79-102 | 1.610-10! | 0.694-10! | 2.813-10*

=1 1.19-102 1.758-10! | 0.802-10! | 3.014-107!
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List of table captions

Table 1- Test conditions for flow over side weir in a non-prismatic converging channel (® = -0.12, L/bq = 8.33).

Table 2 — Test conditions for flow over side weir in a prismatic channel (® = 0, L/B = 8.33).

Table 3 — Longitudinal variation of significant velocity-distribution variables for Tests N15 and N40.

Table 4 - Global deviation of water depth and discharge numerical profiles from the experimental profiles for Tests

N15 and N40 assuming that f3 is either variable along the side weir or uniformly equal to 1.
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