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Abstract

Background and Objectives: Accurate flow measurement is essential in order to improve
water efficiency and productivity in any irrigation system. Precision irrigation is a technique
that optimizes water usage by utilizing technology to deliver the right amount of water
according to crop requirement. In smart farming, this approach relies on precise water
monitoring and control. However, traditional flow meters often pose significant challenges
due to their high installation costs, particularly for large-diameter pipes. Bypass flow meter
(BPF meter) offers a cost-effective alternative resolution for flow measurement. BPF meter
measures flow in large-diameter pipes by diverting a portion of the flow through a smaller
bypass pipe mounted with a flow meter. Although the BPF technique has been around for
some time, its application and performance in flow measurement are still underexplored.
Therefore, this study sought to fill the gap by presenting the concept, performance, and
practical implementation of BPF meter as a cost-effective and accessible alternative for
water flow measurement in smart farming applications.

Methodology: Experiments were conducted using BPF meters with different main pipe to
bypass pipe diameter ratios (D/d = 2:1, 2.5:1, 3:1, and 4:1). To ensure consistency across
experimental settings, the lengths of all pipes were fixed to focus on the examination of
the effect of the diameter ratio on BPF meter performance. The bypass flow rate (QBP) and
the total flow rate (Q) were quantified under regulated experimental settings. Each pipe

diameter configuration was tested at different flow rates, with each flow rate subjected

Donjadee et al. (2025). “Flow Measurement Using...,” Science and Engineering Connect 48 (1), pp.69-90



70

to a minimum of three tests to verify dependability and to reduce experimental errors.
The relationship between Q, and Q was then analyzed and is expressed by the equation
Q=KQ,_, where Kis the loss coefficient, which is dependent on pipe configuration. Statistical
parameters, including the coefficient of determination (R%), root mean square error (RMSE),
and mean percentage error (MPE) were employed to evaluate the accuracy and reliability

of the model for each configuration.

Main Results: The main findings reveal that the total flow rate (Q) is directly proportional
to the bypass flow rate (QBP), and this relationship is influenced by the pipe diameter ratio
(D/d). The findings indicate a robust linear relationship between Q and Q. (R* > 0.99), with
minor errors across all configurations. Larger D/d ratios demonstrate higher K values, indicating
increased sensitivity to bypass flow measurement. The consistency of the K values across
pipe configurations supports the robustness of the proposed calibrated model and illustrates
the adaptability of the BPF meter for varying pipe diameters. While the BPF meter maintains
accuracy across all pipe configurations, larger pipe diameters are correlated with minor
increase in the measurement variability. Therefore, the selection of a suitable pipe diameter
ratio (D/d) is essential for maintaining the accuracy of BPF meter. By considering these design
aspects, BPF meter could be accurately calibrated to meet the different demands.
Conclusions: The study validated the suitability of BPF meters for accurate water flow
measurement in smart farming applications. The variation of the K coefficient across different
D/d ratios illustrates the flexibility in adapting the BPF meter for different applications.
The results also show that the choice of pipe diameter (D/d ratio) significantly affects the
accuracy and applicability of BPF meter. Smaller D/d ratios are more suitable for systems
with lower flow rates, while larger ratios are more suitable for higher flow rate systems.
Nevertheless, the calibration equation ensures that BPF meter can be effectively used in
various irrigation applications.

Practical Application: This study provides a practical framework for the implementation
of BPF meter as a viable and cost-efficient alternative to conventional flow measurement
devices. BPF meter can be practically applied to enhance water management in smart farming
or any irrigation applications. Farmers would be able to monitor and regulate water usage
in real-time through the use of BPF meter. Integrating BPF meter with loT systems would
allow precision irrigation to be implemented, optimizing water allocation to crops according

to plant water requirements, hence improving productivity, conserving water resources, and
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providing significant benefits to agricultural systems with limited resources.

Keywords: Bypass System, Flow Meter, Flow Rate, Smart Farming, Flow Measurement

Introduction

Precision farming, also referred to as smart agriculture, is the application that emphasizes
the use of various information and communication technologies in the management of
physical farms to improve productivity [1-2]. In smart farming settings, water measurement
and quantification are essential for optimizing water usage and enhancing water efficiency
[3]. The efficacy of smart farm irrigation relies on accurate irrigation scheduling and the
assessment of the appropriate quantity of water applied depending on plants and soil
conditions [4-5]. Thus, the ability to measure water flow is essential for the efficacy and
sustainability of irrigation systems in precision farming.

Irrigation technology has evolved significantly and led to the development of various
methods such as sprinkler irrigation, drip irrigation, and micro-irrigation [6]. An efficient irrigation
system required that the operator have complete control of the water with the ability to
measure it at various points throughout the system [7]. Flow measurement is crucial for
effective water management; without it, managing water resources is not possible and can
cause waterlogging or wasting resources [7-8]. Flow measurement typically relies on the
principle of continuity [9]. There are various flow measuring devices available, and common
methods for measuring pipeline flow in agricultural irrigation include turbine, vortex,
differential pressure, ultrasonic measurements, and electromagnetic flow meters [8, 10-13].

Flow measurement systems operate based on two fundamental methods, namely
weighing and volumetric methods [14-16]. In the weighting method, water is passed through
the flow meter under test for a predetermined time. The flow rate is determined by
measuring the weight of water collected during this period and averaging it with the flow
rate indicated by the meter during the collection interval [16]. Whereas the volumetric
method determines the flow rate by measuring the volume of water that passes through the
meter over a specific time. This is achieved using calibrated containers or tanks with known
capacities [17]. The flow rate is then calculated by dividing the measured volume by the
elapsed time. Alternatively, flow rate can be obtained through flow sampling or bypassing

flow from main pipelines [18].
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Bypass flow meters have demonstrated high effectiveness in various water applications.
There is limited research available in this field, despite the flow meter appearing in literature
in the early 20" century [19]. Studies have investigated their design and implementation, such
as those conducted by Torigoe [20] proposed flowmeter measures total flow by dividing it
between a main conduit and a bypass conduit. The total flow rate is calculated using the
flow rate in the bypass conduit and the bypass rate, obtained from the pressure differential
in the main conduit using Bernoulli's equation. Samani [21] introduced a cost-effective and
energy-efficient bypass system for flow measurement, outlining two calibration methods
to ensure accuracy in relating the bypass flow rate to the total flow. Chu-wen, et al. [22]
examined bypass flow meters for measuring flow in large-scale pipes by analyzing parallel
pipe flow and conducting experiments with a modified centrifugal pump test system. Kumar,
et al. [23] investigated alternative bypass flow meters for sloped pipelines, demonstrating
their efficacy in minimizing head loss and enhancing operational cycles while addressing
site-specific limitations and operational difficulties.

Despite these contributions, research on bypass flow meters remains underexplored in
the field of flow measurement technology. It seems that in the pursuit of new technologies,
the focus on fundamental innovations, such as bypass flow meters, has been somewhat
overlooked. While advanced systems dominate current research, revisiting and refining
fundamental technologies could address practical challenges and enhance their applicability
in modern contexts. This highlights the significance of integrating foundational techniques
with modern advancements. Current flow measurement techniques are often expensive,
energy-intensive, and not always suited to the needs of small-scale farming systems. This
presents a significant opportunity to develop low-cost, efficient, and accurate water flow
measurement tools. To address these challenges, this study proposes a bypass flow meter as

a potential cost-effective alternative tool for monitoring water usage in a smart farm setting.

Principle of Bypass Flow Meters

Bypass flow meter, referred to as the BPF meter, is a device used to measure the
flow rate of water in large pipes. It involves installing a flow meter on a smaller bypass pipe
instead of installing a meter directly on the main pipe. It operates by diverting a small portion
of the main flow through the bypass pipe (Figure 1), where the flow rate is measured. This

design allows for the measurement of the bypass flow, which can then be used to estimate

Donjadee et al. (2025). “Flow Measurement Using...,” Science and Engineering Connect 48 (1), pp.69-90



73

the total flow rate in the main pipe.

The fundamental principles of fluid dynamics serve as the foundation for the BPF
meter’s design. First, the continuity equation, also known as the principle of mass conservation,
states that the total flow rate entering a system must equal the total flow rate leaving it
[24-25]. Second, the principle of energy conservation states that the total energy (pressure
and velocity) remains constant along a streamline as long as no additional force is added
and energy losses are taken into consideration [26].

In order to estimate the total flow correctly, it is necessary to know the bypass rate,
the exact ratio between the total flow and the bypass flow. Since the conditions generally
differ between the main conduit and the bypass conduit, the bypass rate usually changes

with the variations in the total flow.
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D=Main pipe diameter Main pipe

Figure 1 Top view of a conceptual diagram of the proposed bypass flow meter

(BPF meter) system

In the BPF system, the experiment is conducted to establish a relationship between
the flow rate through the bypass pipe (Q, ) and the total flow rate (Q). The main pipe, which
has a diameter of D, is connected to a bypass pipe with a diameter of d. The total length
of the bypass pipe is L, + 2L meters, where L is the length of the main pipe and L, is the

length of the bypass pipe.
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Mass Conservation (Continuity Equation)

As water with a flow rate of Q reached the bypass section, it is separated into two
streams;

1.Q_: the portion of water that continues through the main pipe

2. Q_: the portion of water that flows through the bypass pipe and is monitored by
the BPF meter.

After passing through the bypass pipe, the flow then returns to the main downstream,
as shown in Figure 1. From fluid dynamics principles, the total flow rate through the system

is the sum of the flow rate in the main and bypass pipes. As determined by the continuity

equation:
Q=Q +Q_ (1)
Where
Q = total flow rate in the system (m?/ s).
Q = Flow rate through the main pipe (m”/ s).
Q = flow rate through the bypass pipe (m?/ s).

BP

This equation assumes that no water is lost or added during the flow split, ensuring

the conservation of mass.

Head Loss in Main and Bypass Pipes
Head loss in the main pipe uses the Darcy-Weisbach formula to calculate head loss
due to friction in the main pipe [27].

. Ly, Vi?
Head loss (main) = f, *—*—
D 2

(2)
For the bypass pipe, the head loss is extending the Darcy-Weisbach equation to include
additional minor losses in the bypass pipe. When water flows through the bypass route,

the pressure head is then:

T4 +2*1, Vap2
Head loss (Bypass) = (fBP* — 2+Zk)* . )
g
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Vim = mean flow velocity in the main pipe (m/ s)
Vegr = mean flow velocity in the bypass pipe (m/s).
D = diameter of the main pipe (m).

d = diameter of the bypass pipe (m).

fn = Darcy’s friction factor of the main pipe.

fep = Darcy’s friction factor of the bypass pipe.

L; = length of the main pipe (m).

L, = length of the bypass pipe (m).

Yk

the sum of minor loss coefficients in bypass pipes.

Energy (Head) Conservation
From equations (1) - (3), we assumed the water that flows into the main and bypass
pipes experience the same amount of energy loss (head loss), therefore, the relationship

between velocity in the main pipe (V) and velocity in the bypass pipe (V_ ) is expressed as:

v (23 )

L1
Vgp fn* D

From equations (1) - (4), the total flow rate (Q) can be obtained using the fluid
dynamics principle [28].

Q=V.*A (5

Where
A = cross-sectional area of flow (m?), calculated as:

A= (%2) ©)

By substituting the expression for A into the equation, the total flow rate (Q) is the sum of the

flow rate through the main pipe based on its velocity, cross-sectional area, and the bypass flow rate (QBP).
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D2

Q= Vim (T) +Qpp )

This expression combines the flow rates from the main and bypass pipes to find the total

flowrate of the system. Then we substitute expressions forV_and vV, intoQ (total flow rate). Therefore,

fpt 212 |y 5
Q= (£ fd*ﬁ )VBP . (DT ) +Qpp (8)
mD
fp 212 |y 5
Q: ( BP d — ) (%) QBP+QBP 9)

'

Further simplification leads to,

Q= {1+ (for 2 +3k) (DZ

< ?) Qup (10)
m p

1.1. Coefficient K
Finally, defining the proportionality constant K, Q can be expressed as:

Q = K*Qgp (11)

Where

K'= a coefficient factor for converting Q (bypass flow rate) to Q (total flow rate).

The coefficient K is a crucial factor in bypass flow meter (BPF) design, used to relate
the bypass flow (Q, ) to the total flow (Q) in the system. Its value depends on various factors
related to the configuration and hydraulic properties of the BPF system, such as diameter
ratio (D/d), length of pipe (L1’ L1+2*L2), and loss coefficients, which the geometric structure
determined. Therefore, equation 11 shows that the total flow rate (Q) is directly proportional

to the bypass flow rate (QBP), with K capturing the system resistance characteristics.
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Methodology
Experimental Setup

The experimental system was designed and set up as illustrated and the conceptual
diagram of the proposed bypass flow meter (BPF meter) are shown in Figure 2 and Figure
3. The step-by-step process for its operation to determine the K-factor of the bypass flow
meter (BPF meter) is explained below.

Jalve 1

Yalve 2
F
Digital Bypass Meter 1 inch l “\'l:”’
e P = = P == O M O
O{_ Timer
<— Violumetric Tank

Figure 2 A conceptual drawing of the proposed bypass flow meter showing the main
pipe, the bypass pipe, the control valves, the water meter, the volumetric tank, and the

timer, which are integrated into the flow measurement process

In our experiments, we tested four main pipe diameters (D) of 2, 2.5, 3, and 4 inches,
while the diameter of the bypass pipe was kept at 1 inch. The experiment aimed to evaluate
the relationship between total flow rate (Q) and the bypass flow rate (QBP), which may differ
due to the diameter ratios (D/d). The BPF meters were tested in four configurations based
on the diameter ratio D/d, including 2:1, 2.5:1, 3:1, and 4:1, where

D: Diameter of the main pipe (in inches).

d: Diameter of the bypass pipe (in inches).

Additionally, for all configurations, the pipe lengths were fixed as follows:

L, = 1.0 m (length of the main pipe segment).

L, =0.155 m (length of the bypass pipe segment).

These fixed lengths allowed for consistency in the experimental setup of the impact

of the diameter ratio (D/d) on the bypass flow meter’s performance.
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Valye 2. ‘

Pump

Figure 3 A flow measurement system setup using a bypass flow meter in a controlled
water environment. The system consists of PVC pipes connected in a closed-loop setup,

with an inline flow meter installed in the bypass line

Experimental Procedures

To determine the flow rates of the main and bypass pipes under different pipe
configurations, the experiment proceeds with the detailed procedure as follows:
First, valve 1 was adjusted to regulate the total flow rate (Q), extending from Q
toQ which aligns with the operational range of the pipeline system. Valve 2 was
then opened, and the timer was started to monitor the flow duration. Valve 2 was
also used to control the start and stop of water flow for measurement purposes.

The initial bypass flow meter (BPF meter) reading in the bypass line was recorded, and as
the water meter reading changed, the starting volume was recorded. Upon the specified water
level in the volumetric tank being reached, the water meter reading was re-evaluated, and any
variation in volume was noted prior to stopping the timer. The second valve is subsequently closed.

The volumetric tank’s water capacity was measured and divided by the elapsed time
to determine the flow rate of the main pipe (Q). Similarly, the flow rate through the bypass

pipe (QBP) was determined by dividing the water volume reported from BPF meter by the
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corresponding elapsed time. In order to ensure thorough data collection under various flow
conditions, valve 1 was recalibrated to obtain a range of main pipe flow rates (Q) during
the repetitions. This procedure is conducted for various flow rates with a minimum of three

repetitions for each configuration to verify dependability and reduce experimental error.

Data Analysis

The data analysis aimed to explore how total flow rate (Q) and the bypass flow
rate (QBP) were related for various bypass flow meter configurations, which were defined
by the ration of the main pipe diameter (D) to the bypass pipe diameter (d). Additionally,
the calibration coefficient (K) was determined for each configuration.

The relationship between Q and Q,, was analyzed using a linear regression model
with zero intercept to derive a correlation equation for each D/d ratio (as described
by Equation 9). The slope of the regression line determined the calibration coefficient
(K) for every D/d ratio. The sensitivity of the BPF meter performance to the pipe configuration
was evaluated by analyzing the variations of K with different D/d ratios.

The coefficient of determination (R°) was performed to measure the proportion of total variance
explained by the model, value ranging from 0 to 1, with values closer to 1 indicating a perfect
fit. The root mean squared error (RMSE) measures the differences between predicted and
observed values, with smaller values suggest better model accuracy. Similarly, mean percentage
error (MPE) was calculated to evaluate the accuracy and reliability of the derived equations
by representing the forecast error as aa percentage of the observed values. Nevertheless,

data visualization was performed using correlation graphs to illustrate key trends.

Results and Discussion

The relationship between the total flow rate (Q) and the bypass flow rate (Q, ) varied
depending on the pipe ratios (D/d) as detailed in Table 1. The linear equation Q = K*Q,,
represents the linear relationship with zero intercept for each configuration, where K
is the calibrated coefficient obtained from experimental data for each configuration.

The results show a high coefficient of determination (R?) value across all configurations,
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indicating a very strong linear relationship. Additionally, the Root Mean Square Error (RMSE)

and Mean Percentage Error (MPE) values provide insights into the precision of each equation.

Table 1 Statistical evaluation of the linear model with zero intercept for different D/d

ratios, includ

ing R*, RMSE, and MPE

D/d ratio Equation: Q=K*Qgp R? RMSE MPE
2 Q = 56.1387*Qgp 0.9959 0.399 3.7
2.5 Q = 108.9310*Qgp 0.9933 0.607 4.8
3 Q= 139.3483*Qgp 0.9941 0.707 5.4
4 Q= 319.3949*Qgp 0.9938 0.999 6.5

For each D/d ratio, the relationship between Q (total flow) and Q.. (bypass flow)

assumes that there is no intercept, meaning the total flow rate is directly proportional to

the bypass flow (Figure 3). These relationships allow us to predict the total flow (Q) based

on the bypass flow rate (Q_) for each specific configuration.

The relationship between total flow rate (Q) and bypass flow rate (Qgp) for different D/d ratios

(Q=K*Qgp)

eD/d=2 eD/d=25 *D/d=3 -D/d=4
20 -
19 1 v = 319.3949x
18 - , | R2=0.9411
17 4
16 A ,’ °
v
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Figure 4 Test results for determining the K factor of the BPF meter at four D/d ratios

The high R-squared value indicates strong linear correlation for each configuration.
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Variation in the Calibration Factor (K)

The calibrated coefficient (K) is essential in determining the precision of flow mea-
surement for a specific D/d configuration. From table 1, the slope (K), which serves as the
calibration coefficient, varies significantly across the different D/d ratios. For larger D/d
ratios (e.g., 3:1 and 4:1), they tended to have a higher value of K (139.3483 and 319.3949,
respectively). This suggests that in these configurations, the bypass flow captures a larger
proportion of the total flow related to the total flow in these configurations. Whereas a
smaller D/d ratio (e.g., 2:1) has a lower value of K (56.1387), indicating that the bypass flow
represents a smaller proportion of the total flow.

When the relationship between K and D/d is analyzed, as shown in Figure 4, a strong
linear relation is observed. The relationship between K and D/d can be expressed in the

following equation:

D
K= 131.09*3 -220.94 R%=0.9599 (12)
Where
K = a calibration constant
D = diameter of the main pipe (m).
d = diameter of the bypass pipe (m).

According to the coefficient of determination (R? values, which exceed 0.99 in all
configurations, Figure 4 illustrates a strong linear relationship between Q and Q, for each
configuration. The consistency in trends supports the robustness of the proposed calibration

model and highlights the versatility of the BPF meter across varying pipe diameters.
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Bypass Flow Meter Coeflicients (K)

y = 131.09x - 220.94 ®
300 Rz =0.9599

0 0.5 1 1.5 2 2.5 3 35 4 4.5
D/d ratio

Figure 5 The relationship between BPF meter coefficient (K) and D/d ratio.

Figure 5 shows that the calibration coefficient (K) increases as the ratio of D/d increases.
The relationship between Kand D/d ratio was modeled using a linear model to fit for practical
implementation in smart farm irrigation systems. Although a non-linear trend may be covering
a broader range. The high R? value of 0.9599 indicates a strong and reliable linear relationship
between K and the D/d ratio. The results suggest that the calibration coefficient can be
effectively predicted based on the diameter ratio. This present pattern corresponds with
the conceptual assumptions, where larger pipe diameters required greater bypass flow rates

to maintain equivalent flow.

Precision and Accuracy

Although the coefficient of determination (R”) values indicate great model fit, the root
mean square error (RMSE) and mean percentage error (MPE) provide additional support for
the accuracy measurement of each configuration. The RMSE values vary from 0.399 to 0.999,
while the MPE values range from 3.7 to 6.5 percent.

The RMSE and MPE values slightly rise as the D/d ratio increases, but the R* value
continuously elevates. This indicates that the bypass flow measuring technique works reliably

across all configurations.
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The result indicates that the choice of D/d ratio significantly affects the accuracy and
applicability of the BPF meter. Smaller ratios are suitable for systems with lower flow rates,
while larger ratios are preferable for higher flow rate systems. The calibration equations
ensure that the BPF meter can be used in various applications effectively.

Nonetheless, we acknowledge the possibility of a non-linear relationship over an
extended range of pipe diameter ratios (D/d). The decision to use a linear model is based
on a practical engineering consideration to reduce the computational complexity. In our

application, an error margin below 10 is accepted.

Considerations for Practical Design of BPF Meter

Accurate flow measurement is essential for enhancing water efficiency and economics
in any irrigation system. For achieving precision in flow control, the calibrated coefficient (K)
must be precisely determined for different D/d ratios to ensure accuracy in flow regulation.

The data indicate that while BPF meter is able to maintain uniform precision across
different configurations, larger main pipe diameter results in somewhat greater variation.
This is probably due to increased hydraulic complexity in larger systems. Nonetheless, the
BPF meter offers a practical and versatile option for precision farming, especially in contexts
where economic development is crucial. On the other hand, our BPF meter utilizes the linear
equation Q=KQ_, facilitating precise water volume regulation (as V=K) in a smart farming
environment. The application of a linear model simplifies flow measurement and irrigation
control, offering effective water management. Whereas, a non-linear model would require
handling supplementary factors, so augmenting computational complexities and affecting
real-time processing performance, especially in regulating pump operation and stopping
water flow. This feature enables improved irrigation schedules, hence increasing water-use
efficiency.

The selection of pipe diameter ratios (D/d) significantly impacts the accuracy and
applicability of the BPF meter. Where smaller D/d ratios are more suitable for systems with
lower flow rates, larger ratios are preferable for higher flow rate systems. By addressing these

design considerations, the BPF meter can be effectively calibrated to meet the different
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demands of irrigation systems, offering reliability and adaptability.

Challenges and Limitations of BPF Meter in Smart Farming

In the context of smart farming, smart irrigation focuses on delivering water at the
precise time, amount, and location, thereby enhancing resource efficiency and productivity
[29]. Efficient water management relies on the use of monitoring and control strategies to
optimize irrigation practices, improve resource use, and enhance productivity. A key aspect
of water management is the ability to accurately measure water flow through irrigation
systems, which enables farmers to estimate water usage and calculate water use efficiency
[30]. However, for small-scale farms, the cost of conventional flow meters, particularly those
designed for larger pipes, can be expensive. This cost includes not only the price of the
meter itself but also the associated installation and maintenance expenses.

Selecting the appropriate flow meter type for a specific application is an essential step in
reducing measurement uncertainties [9]. Nonetheless, the meter’s limitations must be recognized
along with its advantageous features in order to make the best selection. Numerous innovative
smart irrigation technologies, despite their technical sophistication, are either not practical for
commercial use or too expensive for small-scale farmers, especially in developing countries [31].
This highlights the urgent need to develop affordable and accessible smart irrigation solutions.

While the bypass flow meter (BPF meter) offers an alternative solution for small-scale
applications, such as simpler installation and lower costs, they are also subject to some
limitations. A primary limitation of the bypassing technique is the low flow rate through
the bypass pipe. This is because only a small portion of the flow is being measured. This
potentially leads to a decrease in sensitivity to flow fluctuations [18]. Moreover, the BPF
meter may be susceptible to inaccuracy when dealing with multiphase flows and is particularly
designed for flow rate measurements in large-diameter pipes [22]. As the applicability of the
linear model in this study is validated within the tested pipe diameter ratio (D/d), where R?
values exceed 0.99 and mean percentage errors (MPE) are below 10%. Within this range, the
linear assumption simplifies calibration and real-time water control. However, beyond this

range, measurement accuracy may decline and future research require alternative model
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to increase the accuracy.

Despite these challenges, the adaptability of BPF meters has been demonstrated across
various applications to improve water management. For instance, Samani [21] research
demonstrated that although the bypass rate fluctuates with flow condition, the total flow
rate remains accurate regardless of these variations. Similarly, Chu-wen, et al. [22] found that
pipe geometry and flow conditions have an impact on the flow rate ratio between main and
bypass pipes, with connecting a bypass pipe reducing head loss by 7.64% to 9.34%. The bypass
techniques have also been explored in the field of thermal mass flowmetry. Dasgupta, et al.
[18] reported that alternations to bypass designs enhanced thermal signal strength by as much
as 38% compared to the baseline bypass design. These findings emphasize the versatility
and adaptability of BPF meters across various applications, including irrigation systems.

All water meters, regardless of their types, have inherent measurement limitations
that may result in either under-registration or over-registration of water usage [32-33]. Both
scenarios highlight the critical role of meter inaccuracies as a significant component of
apparent water losses. Consequently, it becomes essential to quantify and understand the
magnitude of these errors to ensure the accuracy of water management practices [32].

Within application constraints, the primary objective is to optimize the overall
mechanical stability and fit in order to achieve good repeatability performance. While the
accuracy of a small bypass flow meter may be slightly lower compared to larger, more
expensive models, it provides a practical solution for small-scale farms. The significant benefits
of obtaining water usage data, which allow farmers to make informed decisions that improve
water efficiency and crop yields, justify the trade-off between cost and precision. The BPF
meter methodology effectively addresses the special needs of small-scale smart farming,
where cost-effective solutions and efficient water management are essential for sustainable,
cost-effective, and long-term operation.

Currently, a growing trend is the incorporation of the internet of things (IoT) into smart
water applications. However, the integration of different technologies for practical application
remains a challenge [34]. The emergence of affordable loT-based sensors presents a

significant possibility to enhance irrigation monitoring at the farm scale [35]. Therefore, BPF
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meter could be used in integration with loT devices to monitor real-time water usage. This
integration offers a viable approach toward optimizing irrigation schedules, improving water

efficiency, and reducing operational costs for farmers.

Conclusion

Although the bypass flow meter (BPF meter) has been around for many years, it
has been reexamined in this work as a practical solution to the challenges of water flow
measurementin smart farming applications. This study explores the feasibility and accuracy
of the BPF meter, offering information that could help to improve water management practices
and promote sustainable agricultural production.

The experiment demonstrates the impact of the BPF meter’s geometry on its flow
measuring performance. The results show a strong relationship between the main flow rate
(Q ) and the bypass flow rate (Q_) for all examined diameter ratio of the main pipe to the
bypass pipe (D/d = 2:1, 2.5:1, 3:1, and 4:1). This relationship is expressed by the equation
Q =KQ,, where K is the calibration coefficient. Further analysis indicates that higher D/d
ratios correspond to larger K-values, suggesting that the main flow rate (Q) increases with
the bypass flow rate as the pipe diameter ratio increases.

In summary, the proposed BPF meter offers a practical and economical solution for
small-scale farmers to monitor water usage effectively. The strong linear relationship between
QandQ_, along with the established calibration equations validates the BPF meter as reliable
and cost-effective device for flow measurement in smart farming applications. This approach
aligns with the goals of smart farming by promoting sustainable agricultural practices through

accessible and efficient technology.
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