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This work offers a set of empirical investigations to determine the flow's discharge
coefficient over rectangularity weirs via half of the crest of the circular edge extended over
the entire channel width (repressed) for evaluating the flow. Three weirs were built and
put through various discharge tests. They had a decent coefficient of discharge, a
consistent overflow pattern, and floating debris that was easy to pass. Knowledge of the
discharging head correlation for multi-models (3 models) varying weir heights (60 mm,
80 mm and 100 mm without circular edge), in addition the crest curvatures, is provided by
data gathered from tests conducted in laboratories. An experimental head-discharge
formula is included in every model. This study covers a crucial problem in hydraulic
instrumentation and flow measurement, aligning with scientific and technical
advancements in measurement and metrology. The emphasis on creative calibration
procedures for modified weirs is contemporary and relevant. The anticipated flow
coefficient values for the models suggested were determined using discharge-measured
data and the calculated flowing formula. The examination of the findings indicated that
the discharge coefficient is directly related to both the radius of curvature and the height
and the upstream head above the weir crest. Empirical equations were found by multi-
regression approaches with %Error (+2 to +4) and Validated by the Nash-Sutcliffe model

efficiency coefficient (NSE).

1. INTRODUCTION

Weirs are predominantly employed as overflow structures
and for discharge measurement. The circular crested weir, the
broad-crested weir, the sharp-crested weir, and the ogee crest
weir are the most prevalent types of weirs. The circular crested
weir is often constructed with a circle crest of a specific radius,
a weir facing upstream that is opposite to the path of the
incoming flow, and a weir face downstream that is about 45
degrees. In low-head dam operations, the downstream weirs'
facing angle is usually fewer. The upstream flow conditions
substantially impact the discharge measurements of circular
weirs. The rectangular design with a half round edge weir has
several advantages, featuring abilities to allow debris that
floated to move through with simplicity and a consistent
overflowing arrangement that contrasts sharp-crested weirs. A
primary distinction between a broadly crest weir and a sharply
crest weir is in the curvature of the streamlines and the more
significant discharge. The curvature produces centrifugal
forces or noticeable acceleration components that are normal
to the flow direction [1]. The current study examines the
properties of a rectangular weir with half-round edges to
establish the correlation between the water level and the flow
rate. The linked applications comprise three distinct designs of
varnished hardwood.

The first person to methodically study the discharge
coefficient (Cd) for embankment weirs was Bazin. The
discharge Cd coefficient was typically closer to more
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extensive than one insignificant study on circular weirs. It was
also found that Cd was primarily dependent on the ratio of
upstream head to crest radius Hw/R, with Cd increasing as
values of Hw/R (where Hy is the total head above crest and R
is the crest curvature radius) increased [2]. Johnson [3]
investigated curvilinear flow in the vertical plane and causes a
diversion of pressure distribution from hydrostatic.
Heidarpour et al. [4] investigated curvilinear flow, which
happens in the vertical plane and causes a diversion of pressure
distribution from hydrostatic. Matthew [5] in 1963 proposed a
formula for the discharge coefficient Cd that incorporates the
influences of curvature streamlining, surface tension and
viscosity. This equation allows to consider scaling effects in
the hydraulic modelling of structures of the overflow. In order
to study the water level, Chanson [6] inflated a rubber
membrane placed across a stream or at the crest of a weir.
Small overflows are typically permitted without dam deflation
and resemble circular weirs in specific ways. However, these
linked applications are unique fields of interest that require
further investigation. While the upstream ramp had no impact
on Cd, it significantly altered the upstream flow conditions due
to streamlined curvature, according to experiments conducted
by Chanson and Montes [7] on circular crested weir overflow
with different weir radii and weir heights.

A study by Ramamurthy et al. [8] investigated the impact of
weir face angles on the flow of circular-crested weirs. The
investigators also calculated the weir coefficient of discharge
in relation to the overall strategy flowing head. The non-


https://orcid.org/0000-0001-6924-3316
https://crossmark.crossref.org/dialog/?doi=10.18280/i2m.230502&domain=pdf

uniform velocity distribution, as demonstrated by Jalil et al.
[9], is highest on the inside of the circular crested weir and
lowest on the outside. In convex flow, centrifugal force acts
against gravity, resulting in lower pressure than hydrostatic
pressure [10, 11]. According to study of Chanson and Montes
[7] and Castro-Orgaz [12], which looked at a cylindrical weir,
the discharge coefficient rises with the comparative potential
head and takes streamlined curvature into account. This study
aims to evaluate the hydraulic characteristics of circular
crested weirs with different angles on the upstream and
downstream weir faces. Kumar et al. [13] proposed several
different weirs with changed plan forms to increase their
capacity for discharging water while maintaining a minimum
head above the weirs and limiting the amount of afflux. An
experimental investigation is carried out to explore the
discharging capacity of sharp-crested curved plan-form weirs
under free-flow circumstances in a rectangular channel. The
weir height is 0.18 meters, and the vertex angles range from
45° to 120° degrees. The discharge coefficient of curved weirs
has been computed using the equations that have been
proposed. Based on the findings, it can be observed that a
curved weir with a vertex angle of 90° exhibits an increase in
discharge of approximately 40% when compared to a
conventional weir.

The paper addresses an important topic in hydraulic
instrumentation and flow measurement, which aligns well
with the scope of scientific and technical developments in
instrumentation, measurement and metrology. The focus on
innovative calibration strategies for modified weirs is
particularly relevant and timely. The hydraulic characteristics
of the round crest weir are only dictated by the indeterminate
overall upward heading H/R and are not affected by the
elevation of the weir [14]. This approach will strengthen the
rationale for the work and highlight its importance in
advancing knowledge on discharge coefficients for weirs with
half-round edge modifications. Such an expanded literature
review will clarify the significance of the findings and
establish a compelling basis for the need for innovation in weir
design and calibration methodologies. The frequency of
divergence from the pattern of hydrostatic pressure defines the
local acceleration of centrifugal (V?%r), Figure 1; hence
determining the alteration of piezometric in the n-direction, as
demonstrated by Hamad Mohammed [15] and Bazin [16] for

two-dimensional flow patterns over cylindrical weirs as follow:
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Figure 1. Convex flow
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Figure la shows the n-direction integration of the first
equation from position (1) to the location (2):

(1)
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(s +Z ): The piezometric head at a specific point;

where,

1 202 . .
p f 1T dn: Piezometric head losses as a result of surface

line curvature.

Centrifugal acceleration causes a drop in the piezometric
head, increasing the velocity head, such as:
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2. CRITICAL DEPTH

When there is critical flow in a rectangular horizontally
conduit with a pressure distribution, the flow's depth is equal
to:

“

where, Yc is the critical depth of flow above the crest weir, L.

Despite the presence of critical flow, the pressure
distribution does not follow hydrostatics. According to
Salmasi et al. [17] and Alfatlawi and Hussein [18], the
curvature of the streamline indicates that the pressure gradient
is lower than the hydrostatic pressure gradient and that the
velocity distribution is rapidly variable.

The determination of the depth of the critical and its location
on a weir is primarily influenced by the effecting of friction
and the curvature of streamlines. Therefore, if the flow is

curvilinear (Y, > %yl), while the flow is parallel (Y, = g}ﬁ)

[19, 20]. y; is the upstream water depth above the weir. The
rectangular weir with a half-round edge is projected to have a
depth different from the equation [21, 22].

3. THE PRESSURE DISTRIBUTION CALCULATION

Construction of hydraulic structures that extend beyond and
where the flow has a curving nature is a crucial instance in
which knowledge of the fluctuation in pressure is particularly
relevant. There is a possibility that the induced pressure forces
will cause damage or erosion to the face of the structure. In the
vertical plane, the effect of streamlined curvature is to either
enhance or decrease the distribution of pressure. The pressure
decreases below hydrostatic levels when flowing over a
convex surface [23, 24]. One can find the whole pressure
distribution either theoretically or by empirical approaches.
Experimentally information shows the pressure of average
variation per unit width acting on a weir, as shown in Figure 2,
v2=0.65 Hy, the equations can be used to calculate the force
that is identical to and opposed to the force imposed by the
weir on a block of water:

2
Py, = Wiy (0.65H,,)? (5)
2 2
14
Py =5 (v} — 0.42Hy ") ©)



where,

Py is a pressure per unit width (FL2L");

v1, y2 1s the upstream and downstream weir depth,
respectively (L);

Hyy is the water head above the weir.

The effects of streamline curvature and non-hydrostatic
pressure distribution would benefit from enhanced theoretical
support. Specifically, a clearer explanation of how streamline
curvature affects flow patterns around the weir is essential, as
it influences energy dissipation and discharge coefficients.
Incorporating fundamental principles, such as Bernoulli’s
equation and momentum conservation.
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Figure 2. The relationship between the water head (Hw) and
the pressure (Pw) for the three models

4. THE DISCHARGE CALCULATION

The momentum concept can be used to determine the flow
per unit wide (q) of a broad crest weir over a rectangle-shaped
channel. Since it solely addresses external forces operating on
the weir surface, such as pressure and hydrostatic forces
occurring upstream and downstream. The assumptions are that
the forces caused by frictions Ffl and Ffz can be considered
negligible; the first symbol represents the friction force on the
bed of the channel, while the second symbol represents the
friction force on the surface of a weir. Figure 3 shows the
cross-section of the narrow horizontal channel, where a
rectangular weir with half-round edges sits on the channel
bottom and blocks the flow.

Figure 3. Outline for considering momentum in engineering

The force the weir applies to the flow is denoted by the
symbol (Pw) derived from Eq. (6). If the equation for
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momentum is utilized to the volume of water between the
upstream approaching portion (1) and the downstream portion
(2), as shown in Figure 3, the equation that follows can be
derived:

ﬂ(i_i)zﬁ_ﬁ_,; o
g\y, w2 2 V"
g( 0.65Hy, Y, ) Yyi 2
= [2(—=2 )WL 0.197yHZ, — P 8
Qe \/y v, — 0.65H,) " 2 vHy =Py )

where,
g s the discharge theoretically per unit width (L3T-'L");
g is the acceleration due to gravity (LT?).

The measured discharge is different from Formula (8) due
to the presence of real-world phenomena, such as a
distribution of the hydrostatic pressure and a distribution of
uniform velocity, which must be considered by introducing the
discharge coefficient (Cd).

5. METHODOLOGY
ARRANGEMENT

AND EXPERIMENTAL

The investigations were carried out at the horizontal channel
with a rectangular shape (Flume) in the Fluid lab of the
Babylon University, Engineering College, Civil Engineering
Department, in order to estimate the discharge coefficients (Cd)
for the weirs with a half-round edge. The Flume is 10 m in
length (S6-Flume Tilting of zero Sloping) with a width of 30
cm and 45 cm deep. The channel's floor was stainless steel,
and its acrylic walls were protected. The water depth in the
Flume was measured using an Ultrasonic Water Level (UWL),
as shown in Figure 4. An ultrasonic water level sensor works
by emitting ultrasonic pulses toward the water surface and then
measuring the time it takes for the reflected signal (echo) to
return. Based on the speed of sound in the air, the sensor
calculates the distance between the sensor and the water
surface. The sensor emits short bursts of ultrasonic sound
waves (usually above the range of human hearing, around 20
kHz to several MHz). The actual water depth can be derived
by knowing the distance from the sensor to the bottom of the
channel. The speed of sound in air is influenced by
temperature, humidity, and pressure. Typically, the sensor
compensates for temperature changes with an integrated
temperature sensor.

Three models of weirs were crafted using varnished
hardwood to achieve a flawless surface. The Flume is
equipped with a reservoir that maintains a consistent water
level. The water discharge was quantified using a Flow meter
device at the start of the Flume. The flow depth was measured
using a UWL sensor. Additionally, the lab examined the weir
flowing using three different models with varying heights and
curvature diameters, as depicted in Figure 5. These models
were positioned 3.2 m upstream of the tank and were fixed
directly onto the walls side (suppressed type). The flow-
controlling valve was calibrated to achieve the highest
achievable discharge while maintaining the equivalent
upstream depth at the weir. The discharge was incrementally
increased in Ten stages, with a series of measurements
obtained for both (q) and (Hw) for each type of weir.



Figure 4. The Laboratory Flume: a) Pattern of flow for the
Model 1; b) UWL sensor
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Figure 5. The weirs sketch

6. RESULTS OF APPLICATION

The difference of (q) via (Hw) for each of the three models
was depicted in Figures 6, 7, 8 with the assistance of the Excel
Program with a total of Ten measurements for every model. A
straight-line linear relationship was found by plotting q
towards Hw, which yielded its association equation:

q=Kx*H" )

The correlation experimentally for Model 1 between (Hw)
via (q) with R? = 99.3%:

q = 18.512 * Hy, 30143 (10)

The correlation experimentally for Model 2 between (Hw)
via (q) with R? = 98.6%:

q = 8471 x Hy,**® (1D

The correlation experimentally for Model 3 between (Hw)
via (q) with R? = 98.9%:

q = 0.2504 * H,,,*8%! (12)
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Figure 6. The relationships between the head above the crest
weir and the discharge unit (Model 1)
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Figure 7. The relationships between the head above the crest
weir and the discharge unit (Model 2)
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Figure 8. The relationships between the head above the crest
weir and the discharge unit (Model 3)

7. THE COEFFICIENT OF THE DISCHARGE

The coefficient of discharge values is shown as an
expression of the proportion the head above the crest weir to
the height of the weir (Hw/Z). The illustration shows that the
coefficient of the discharge correlates to that combination of
(Hw/Z), as seen in Figures 9, 10 and 11. It indicates that if the
curvature angle is substantial, the streamlining lines are linear.
However, if it curves, there is a substantial flow velocity,
which decreases the discharge coefficient.

Furthermore studied were the effects of height and bending
employing several trials. Plotting the mean of the coefficient
of discharge (Cd) for every model against elevation (Z) of the
weir shows, in Figure 12, that the discharge coefficient
climbed as the elevation and curving of the weir rose.
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Figure 9. The relationship between discharge coefficient
(Cd) and the proportion Hw/Z (Model 1)
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Figure 10. The relationship between discharge coefficient
(Cd) and the proportion Hw/Z (Model 2)
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Figure 11. The relationship between discharge coefficient
(Cd) and the proportion Hw/Z (Model 3)
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Figure 12. The correlation between the height and discharge
coefficient for the three weir models

Discrepancies between theoretical and measured discharges
can arise from various factors affecting flow rate predictions'
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accuracy. One possible reason is the assumption of ideal flow
conditions in theoretical models, which often do not account
for real-world complexities such as turbulence, boundary layer
effects, and variations in water surface tension. These factors
can lead to differences in the actual flow patterns observed in
the Flume compared to theoretical predictions.

8. THE FLOW DIMENSIONAL ANALYSIS

There were a lot of different factors that changed the
discharge (g) throughout the flow modelling for the
rectangular weir. For the flow through a weir, a general
expression that does not depend on dimensions is:

Z Hy Hy

a=fly ¢ 13)

In order to make predictions regarding the values of (g) to
both geometrical and hydraulic parameters, a "multiple
nonlinear regression" analysis was utilized, and the Excel
program was utilized to complete the analysis. An outstanding
counting of the parameter of determinations (R?) and the error
percentage of estimating were generated by the following
equation, which was able to match the data:

q =A(H7W) +B(HTW)+C(Cd)+D(%) (14)

where, b is the width of the weir; 4, B, C, D are parameters.

The Nash-Sutcliffe model efficiency coefficient (NSE) was
used to generate data that fit the findings (experimentally and
theoretically). The anticipated accuracy of hydrological
simulations is assessed using the Nash-Sutcliffe model
efficacy index (NSE), which McCuen et al. [25] proposed. As
explicitly stated, it is:

=1(Q5 — Qm)?

NSE=1- <
1=1(Q5 — Qo)*

(15)

where, Q, the observed mean discharges, Q%, the modelled
discharges and Q is the discharge observed for any time z. The
Nash Sutcliffe Efficiency (NSE) resultant is to be equal (1)
when the variance error predicting is zero and assumed as a
perfected modelling. Conversely, according to Nash and
Sutcliffe [26], the Nash-Sutcliffe Efficiency (NSE) value is set
to 0 when modelling produces a calculated error variance
equal to the observed time series variances. A negative result
for the (NSE), shown as NSE less than 0, proposed that the
mean observed outperforms the tested model as a predictor.
There is a significant agreement between the two sets of
findings when the experimental and theoretical findings are
compared. A Goodness of Fit (NSE) is displayed in Figures
13(a)-(c). Table 1 displays the coefficients of (A, B, C, and D)
to formula 14 for the three models of the weirs together with
their corresponding values of R? and NSE.

Conducting an error propagation analysis would better
assess how uncertainties from various sources—such as
instrument precision, environmental factors like temperature,
and surface turbulence—impact the results. By quantifying
how each factor contributes to the overall uncertainty in flow
rate and water level measurements, the analysis would provide
a clearer picture of the accuracy and reliability of the
experimental outcomes.
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Figure 13. NSE experimental and theoretical models
comparisons of the three models

Table 1. The summary findings of the predictive dimensional

analysis
Weir A B C D NSE R’ % Error
Modell -2.65 035 045 -0.16 097 0.97 +4
Model 2 -66.23 -25.6 1401 9.54 098 0.98 +2
Model3 245 0.53 -0.21 0.34 0.97 0.99 +4

9. CONCLUSION AND DISCUSSION

The region of accelerating being examined is being
confined by centrifugal momentum in both downstream and
upstream cross sections, increasing the discharge coefficient
and pressure.

In addition to the focus on weir design, this study also
explores the instrumentation and measurement techniques
critical to the accurate determination of flow rates and water
levels. An ultrasonic water level sensor was employed to
measure water depth with high precision, addressing
challenges such as environmental fluctuations in temperature
and humidity, which can affect the speed of sound and thus the
sensor's accuracy. To mitigate this, the sensor's built-in
temperature compensation feature was utilized, ensuring more
reliable readings. Furthermore, turbulent water surfaces posed
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a challenge in terms of signal scatter, requiring innovative data
smoothing and filtering techniques to achieve consistent
measurements. The study also incorporated a real-time data
acquisition and logging system, enabling continuous
monitoring of water levels and flow rates, which minimized
human error and provided a higher resolution of experimental
data. The integration of these advanced measurement methods,
coupled with robust calibration techniques, enhances the
accuracy of the experimental results, contributing valuable
insights to the field of instrumentation in hydraulic
experiments. The coefficient of discharge (Cd) is significantly
influenced by the upward head above the crest (Hw), and the
coefficients of discharge decrease as the (Hw) amounts
increase over the calibrated range. This is demonstrated by the
discharge coefficient (Cd) variance concerning the head
normalized to heights and the bend radius (Hw/Z). It should be
noted that the downward water level did not affect the flow
over the weir, and the results are illustrated in Figure 9. Each
of the three systems' heading-discharge equations includes the
weir parameter corresponding to the combined value of the
approaching head velocity at the measurement point. As a
result, the contributions of every value are accounted for in the
weir factors (M and K). The permissible intervals for the
values of (M) and (K) were provided in Egs. (10)-(12).

The primary aim of this work is to calculate the coefficient
for discharge for a rectangular weir. The laboratory findings,
along with the mathematical discharge formula, indicate that
the discharge coefficients decrease as the peak of water
flowing upstream of the weir crest rises. The level and degree
of bend of the overflowing also substantially affect the
discharge coefficients (Cd), with parameters increasing as the
streamlining bending increases. Therefore, the coefficient of
the discharge is contingent upon the dimension and kind of
measurement structure.

From real examinations, there were three possible outcomes
for (M) and (K), which determined by the geometry of the
approach stream segment and the strength of the head that lies
over the crested level. The empirically stage-discharge Egs.
(10)-(12) are specific to this structure.

The pattern of pressure changes across the weir surface, and
measurements demonstrate that the pressure rises as the head
upstream increases.

The multiple determination quadratic regression approach
was derived from the observed hydraulic and geometrical
parameters, yielding high values for the variance of multiple
determinations (R?) and the standard error of estimate (NSE).

The core focus of this paper is the calibration strategies
developed for modified weirs with half-round crest edges.
Expanding on this, a detailed comparison with traditional weir
calibration methods is essential to highlight the advantages of
the proposed approach. Traditional weir calibration often
assumes ideal flow conditions, while the modified crest design
introduces unique flow patterns that require more precise
calibration  techniques. By incorporating advanced
measurement tools like ultrasonic sensors and real-time data
processing, the new calibration strategies offer improved
accuracy in flow rate determination, particularly in non-
standard flow conditions. This comparison underscores the
enhanced performance of the modified weirs and validates the
proposed method's superiority over conventional techniques.

In addition to summarizing the main findings, future
research should focus on advancing instrumentation and
metrology for hydraulic systems. Potential directions include
developing more robust sensors for extreme environmental



conditions and integrating machine learning algorithms for
real-time flow rate prediction. Expanding the study to
encompass various weir geometries and flow conditions could
enhance the calibration framework. Improving automation in
data acquisition and sensor accuracy in complex flow
scenarios will further contribute to the reliability and precision
of hydraulic measurements, driving advancements in the field.
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