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Abstract—To enhance the accuracy of water-quality tur-
bidity detection and address the challenges associated
with drinking water safety, this study proposes a high-
precision turbidity sensor detection approach. However,
in practical water-quality monitoring, the design of the water-
quality turbidity-monitoring system encounters difficulties
arising from air bubbles in the water affecting beam refrac-
tion, excessive beam scattering angles impacting detection
accuracy, and the need for precise water-quality turbidity
measurements. To tackle these issues, this study presents a
novel design comprising a pressurized air-removing device
and an innovative mechanical structure, effectively elimi-
nating difficult-to-remove air bubbles in the water channel.
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Furthermore, a lens with calibration is devised to effectively address the problem of excessive beam scattering angles.
Based on the 90° scattering method, the designed sensor achieves an impressive detection limit of 0.001 nephelometric

turbidity unit (NTU) and a concentration range of 0-100 NTU.

The results demonstrate a significant improvement in the

accuracy and interference reduction ability of the sensor designed in this study. The developed high-precision turbidity
sensor offers promising potential for advancing water-quality monitoring technologies and ensuring safe drinking water

for the public.

Index Terms—90° scattering method, anti-interference ability, drinking water-quality monitoring, high-precision, lens
calibration, nephelometric turbidity unit (NTU), turbidity detection, turbidity sensors.

[. INTRODUCTION

ATA prove that low-quality drinking water is harm-

ful to human health. Consumption of water containing
impurities can lead to various diseases, including diarrhea,
vomiting, and acute gastrointestinal illnesses [1], [2]. Exces-
sive turbidity in drinking water creates a favorable environment
for pathogens, which can result in waterborne diseases and
health issues [3]. Many countries worldwide are grappling
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with the challenge of detecting and ensuring the quality of
their drinking water due to these concerns [4], [5], [6].

In water-quality monitoring, the turbidity parameter is a
critical indicator that measures the conformity of water-quality
to standards and provides an essential foundation for eval-
uating the effectiveness of water treatment [7]. The World
Health Organization (WHO) mandates that the turbidity level
of drinking water must not exceed 1 nephelometric turbidity
unit (NTU). Below 4 NTU, turbidity can be detected only
using instruments, but above 4 NTU, the suspended matter
becomes visible. Large municipal water supplies should con-
sistently produce water with no visible turbidity and should
achieve 0.5 NTU and an average of 0.2 NTU or less after
purification [8]. Therefore, high-precision turbidity monitoring
is of great significance for human health and a high standard of
living [9].

Conventional turbidity-monitoring methods for water-
quality, such as nephelometry [9], [10], rely on a large number
of test papers and can be prone to errors due to the improper
sample collection that may compromise the sample’s integrity.
Moreover, the titration process requires the use of various
chemical reagents, leading to a wastage of manpower and
material resources, and an increased likelihood of inaccuracies.
Additionally, these methods are often affected by feedback
delay, limiting real-time monitoring capabilities [11].
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Spectrophotometry is a simple and effective method for
measuring water-quality [12], but a commercial spectropho-
tometer for monitoring water-quality continuously is expensive
and has inaccurate parameters [13], which is not suitable for
drinking water-quality turbidity monitoring.

In recent years, there has been a proliferation of new
turbidity detection devices, including portable smartphone
turbidimeters [14], fluorescence spectroscopy detection [15],
[16], [17], and Internet of Things (IoT)-based turbidity detec-
tion [18], [19]. These devices hold great potential for high
sensitivity, noncontact, and online water-quality monitoring.
However, the instruments used in fluorescence spectroscopy
tend to be costly and pose challenges in mitigating errors
caused by environmental factors. They exhibit high sensitivity
to environmental variables, making data processing a complex
task.

As a commonly used turbidity detection method, the opti-
cal scattering method offers several advantages, including
nondestructive assessment of water-quality, high sensitivity,
wide measurement range, real-time continuous monitoring,
and relatively simple and fast operation. These makes it widely
used in water-quality monitoring and treatment, environmental
protection, industrial process control, and other fields. The
optical scattering method has emerged as a replacement for the
conventional turbidity analysis method [20], which is designed
and measured according to the ISO7027 standard [21].
In this system, a beam of infrared ray is directed through
the sample cell containing the target sample to be measured.
A sensor positioned vertically to the emitted light measures
the intensity of light scattered by suspended particles in the
sample. The measured value is subsequently converted into
turbidity using a microcomputer processor [7], enabling high-
precision detection. Therefore, this system utilizes the optical
scattering method for accurate turbidity measurement.

However, the 90° scattering method faces the following
three issues.

1) Expensive Equipment: Turbidity meters capable of mea-

suring 0.005 NTU can cost tens of thousands of dollars.

2) Presence of Bubbles: The scattering, position, and

quantity of bubbles can introduce inaccuracies in the
measurement results of the scattering method and
severely interfere with data acquisition.

3) Scattered Beam: Pronounced scattering beam and une-

ven particle diameter.

To achieve high-precision water-quality monitoring sensors
and effectively address the challenges in precise turbidity
monitoring for drinking water, this research focuses on real
water quality as the subject of investigation and proposes a
comprehensive solution.

First, a differential pressure bubble removal device is
devised to tackle the issue of bubbles present in the actual
water flow, which affects the refraction of the infrared beam.
This device seamlessly integrates the bubble removal mech-
anism with the measuring instrument, effectively reducing
bubble interference and enhancing system stability.

Second, to mitigate the impact of light-emitting diode
(LED) point light source scattering, a lens device combining
single and double lenses is designed. The lens device aims

to minimize scattering effects, resulting in more accurate
measurements. It effectively addresses the problem of low
accuracy and instability caused by the large scattering angle
of the LED point light source.

Third, to enhance the accuracy of the water-turbidity mon-
itoring system presented in this study, a constant current
source is introduced to the infrared diode to ensure a stable
light source. High-precision resistance is utilized to meet the
accuracy requirements of detection.

Finally, to improve the accuracy of turbidity measurement, a
90° scattering method is employed as the detection technique.
Extensive interference experiments involving various variables
are conducted to validate the accuracy and stability of turbidity
detection.

The rest of this article is structured as follows. Section II
reviews related work. The principle of turbidity sensors and
interference reduction is described in Section III. Section IV
discusses the design of the sensor structure. The experimental
evaluation, analysis, and results are presented in Section V,
followed by the conclusion in Section VI.

[I. RELATED WORK

Many scholars have conducted research on turbidity-
monitoring systems for water-quality. Tai et al. [22] devised
a turbidity sensor for the distributed measurement system
(DMS), which utilized a smart transducer interface mod-
ule (STIM), transducer electronic data sheet (TEDS), and
STIM self-identification technology, applying for 0-100 NTU.
Nevertheless, no reasonable solution has been put forward
for eliminating bubbles in the waterway and ambient light
in actual measurement, which affects the accuracy of mea-
surement. Therefore, it does not meet the requirements of
measurement.

Yang et al. [23] have adopted a single-photon detection
technique (SPDT) featuring high sensitivity to formulate the
rapid turbidity measurement system. Wang et al. [24] used
time-correlated single-photon counting (TCSPC) to create the
time-varying turbidimeter. Both of them have the advantages
of high sensitivity and short response time, but low resolution.

Regarding turbidity detection, distributed optical fiber sens-
ing technology can be employed in specific cases [25]. For
instance, an optical fiber can be deployed in a water body to
monitor the turbidity of suspended particulate matter by ana-
lyzing the changes in the scattered signal detected by the opti-
cal fiber sensor. This approach enables real-time monitoring
of water body turbidity, making it applicable to water-quality
monitoring, environmental monitoring, and water treatment.
However, the practical implementation of distributed fiber-
optic sensing technology for turbidity measurement requires
calibration and verification to ensure accurate and reliable
results. Consequently, due to the complexity and cost asso-
ciated with this technique, it may not be the most common or
widely used method of turbidity detection.

The sensors used by David and other researchers were
cheaper than previous commercial sensors. Gillett and
Marchiori [26] indicated the feasibility of using a low-cost
sensor. It is possible to make low-cost handheld meters, but
the drawback is that a large standard deviation is caused by
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ambient light and bubbles in the waterway. Azman et al. [27]
used a light-dependent resistor (LDR) as a receiver, which
resulted in a cost reduction. Similarly, other research in the
field of low cost has been involved [28], [29], [30]. However,
they were not engaged in studying time-varying flowing water
testing, exploring high-precision turbidity sensors, or solving
some interventions in practical measurement. Hence, the sen-
sors mentioned cannot be applied to the detection of drinking
water quality.

Azil et al. [31] proposed a turbidity measurement system
that uses a charge-coupled device (CCD) linear sensor to mea-
sure transmitted and forward scattered light faster. The results
show that employing forward scattered light measurement
can yield a higher dynamic range compared to transmitted
light measurement, which provides a new research idea for
turbidity measurement. However, the overall scheme design
of the turbidity measurement system has not been mentioned.

The optical scattering method has experienced rapid devel-
opment in the field of turbidity water-quality detection due to
its convenience, high precision, and sensitivity. Lambrou et al.
[32] proposed a turbidity sensor network design for real-time
monitoring of drinking water pipe networks using the ratio
method. They utilized transmitted light intensity to detect
water turbidity and introduced 90° scattered light to enhance
detection accuracy. The design was tested and achieved an
accuracy level of 0.1 NTU.

Fay and Nattestad [33] employed paired emitter-detector
diode (PEDD) technology for water-quality turbidity detec-
tion, surpassing conventional photodiodes in terms of spectral
sensitivity, cost, power usage, detection limit, and physical
arrangement. Their study utilized analytical-grade calibration
and demonstrated superior performance.

Jiang et al. [34] developed a turbidity sensor for deep-sea
applications, employing a light-scattering path and a water-
tight mechanical structure. This design achieved a detection
limit of 0.0036 NTU within the 0-20 NTU range. However,
existing work lacks high-precision detection of flowing water.
To address the need for high-precision turbidity detection
in drinking water, the present study aims to design a high-
precision turbidity detection sensor to effectively overcome
this issue.

[1l. SENSOR DETECTION AND
ANTI-INTERFERENCE PRINCIPLE

To achieve high-precision turbidity monitoring and address
interference issues, this study focuses on actual drinking
water as the experimental object. The overall structure of the
turbidity-monitoring system, as depicted in Fig. 1, is designed
in-house. To tackle challenges such as significant beam scatter-
ing and the influence of uneven particle sizes, a lens combining
single and double lenses is devised for beam correction
within the custom-designed water-quality detection structure.
This lens design aims to improve the accuracy of turbidity
measurement. Air bubbles present in the liquid can interfere
with the propagation path and characteristics of light, thereby
affecting the accuracy of turbidity measurement. To mitigate
the impact of air bubbles in the water channel, a differential
pressure air bubble-removal device is employed to effectively
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eliminate them. Sections III-A-III-C explain the principle of
turbidity detection, the principle of lens calibration, and the
principle of differential pressure air bubble-removal device.

A. Detection Principle

The optical property of turbidity refers to the interaction
between the incident light and suspended particles in water,
namely, a scattering phenomenon that occurs when the inci-
dent light enters inhomogeneous media [35]. The scattering
phenomenon is shown in Fig. 2 when the incident light AO
irradiates the water to be measured, particles in the water to
be measured interact with the incident light AO. The particles
absorb the energy of the incident light AO, radiate to the
surroundings as a new light source, and then reradiate light
energy in all directions, thus the scattering of incident light is
formed. The turbidity value can be measured according to the
change in light intensity between the scattered light OB and
the incident light AO.

When a photoelectric sensor is placed on the light path of
the scattered light OB, the international standard ISO7027-
2016 [21] specifies that the angle of turbidity measured by the
scattering method should be 90° £ 2.5°. a > 90° is a backward
scattering, a < 90° is a forward scattering, and a = 90°
is a turbidity measurement. The scattered light measured at
a = 90° is not sensitive to the particle diameter and is less
affected by stray lights. Therefore, the water-quality turbidity-
monitoring system developed in this study uses a = 90°
scattered light.
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Fig. 3. Lens calibration for enhanced turbidity detection.

B. Principle of Lens Calibration

The infrared LED serves as a point light source, emitting
radiant light that consists of more than just the 90° scattered
light used in turbidity measurement. The reflection of most
of the light can also interfere with accurate turbidity mea-
surements. To address this issue and achieve high-precision
turbidity detection, this study proposes the design of a lens
configuration that improves the conditional LED point light
source.

Fig. 3 illustrates the placement of the point light source at
the focal point of a convex lens. The emitted light from the
LED passes through the convex lens, resulting in parallel light
beams and an increased amount of scattered light.

In this study, a two-piece lens configuration is employed at
the receiving terminal. When the scattered light enters the lens,
it undergoes two refractions, leading to a change in the width
of the light. By utilizing a two-piece lens, the scattered light
can be efficiently captured by the photosensitive surface of
the turbidity sensor, maximizing the light reception capacity of
the entire turbidity-monitoring system and improving accuracy.
It should be noted that a single lens is not suitable for this
purpose as it would cause light convergence, resulting in strong
light intensity. Collecting signals with a single lens can easily
lead to saturation of the collected values.

C. Principle of Differential Pressure Bubble Removal
There are two main methods to eliminate air bubbles in
the water channel: 1) designing an air-removal device based
on structural characteristics and 2) utilizing pressurized water
flow to eliminate air bubbles in the water channel. Designing
a bubble-removal device solely based on structural character-
istics may not be ideal for eliminating tiny bubbles effectively.
On the other hand, relying on pressurized water flow to remove
bubbles can also have some impacts on the detection accuracy
to a certain extent. In the actual design, this study changes the
structural design and uses the differential pressure air bubble-
removal method to increase the pressure of the system through
the difference in flow velocity between the front and rear.
Considering the fluid mechanics and system requirements,
the water inlet is designed as a conical shape to distribute
the flow evenly, prevent vortex and turbulence, and facilitate
stable water flow. At the same time, an air release valve is
placed at the water inlet to remove air bubbles in the water
channel, which ensures the elimination of air bubbles in the
water channel and makes the method of removing air bubbles

Valve

2 |
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LED == PD

Alr release valve

yd
' Drainage port

Water inlet I

Fig. 4. Schematic of differential pressure air bubble removal within the
measuring chamber.

more effective and fast. Fig. 4 is a schematic of the differential
pressure air bubble-removal structure.

The differential pressure air bubble-removal device is uti-
lized for eliminating air bubbles during the turbidity detection
process. The operating principle involves utilizing the preset
differential pressure within the device to remove air bub-
bles from the measurement chamber. The following outlines
the general operation process of the differential pressure air
bubble-removal device.

1) Begin by connecting the air-release valve. The pressure
at the air-release valve is low, and it remains closed
during normal operation. The air-release valve is fully
opened only when cleaning the device or draining the
water from it.

2) Start the water pump and open the water outlet valve.
The fluid to be tested enters the differential pressure air
bubble-removal device through the device’s inlet. As the
water fills the measurement chamber, the opening and
closing of the valve can be adjusted to regulate the
pressure within the measurement chamber.

3) Based on the relationship between flow velocity and
pressure, it can be determined that once a flow velocity
difference occurs, a certain pressure will be generated
within the measurement chamber. This pressure facili-
tates the easy transportation of air bubbles present in
the water channel toward the air-release valve. When the
air-release valve detects the presence of air bubbles, they
are instantaneously eliminated, completing the turbidity
measurement process.

IV. STRUCTURAL DESIGN

To achieve high-precision turbidity detection, it is essential
to design an appropriate structure, select suitable devices
for a stable light source, and implement an analog-to-digital
converter (ADC) circuit capable of achieving high-precision
reception. This section will cover the following topics: the sen-
sor layout, device selection and design, emitting light source
design, and receiving light source design. The integration of
these key elements is vital for ensuring reliable and high-
precision turbidity detection in the system.
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Fig. 5. Internal structure design of turbidity system digital representa-
tion. 1—LED light source transmitter. 2—90° PD1 light source receiver.
3—180° PD2 light source receiver. 4—Transmitting light source lens.
5—90° receiving light source lens.

(b)

Fig. 6. External block diagram. (a) Front view of the structure. (b) Bott-
om view of the structure. 1—Main control board placement area.
2—Water inlet. 3—Water outlet. 4—Drainage port. 5—Wiring hole.

A. Sensor Layout

In the presented study, a 3-D diagram of the mechanical
structure is designed to ensure appropriate flow direction
and proper placement of components for measuring sampled
water. The internal structure of the turbidity system is illus-
trated in Fig. 5, while Fig. 6 depicts the external structure of
the turbidity system. The structural design of the turbidity-
monitoring system takes into account three main aspects:
1) to complete the effective conversion of the lens to the light;
2) to eliminate the effects of ambient light; and 3) to address
the issue of eliminating water bubbles in actual measurements.
By considering these aspects, the structural design of the
turbidity-monitoring system aims to enhance the system’s per-
formance and accuracy, enabling effective turbidity detection
in various water-quality monitoring scenarios.

The structure, designed using Solidworks, incorporates a
fully enclosed measuring section. The device is coated in black
to absorb the effects of reflected light, effectively eliminating
any interference from ambient light. This design ensures a
controlled and isolated environment for accurate turbidity
measurements, enhancing the reliability and precision of the
turbidity-monitoring system.

B. Device Selection and Design

Based on the ISO7027 standard [21] and literature [36],
research indicates that employing a near-infrared light source
with a wavelength of 860 £ 30 nm offers advantages in reduc-
ing interference caused by colored samples that absorb light.
For this purpose, three near-infrared LEDs, namely SFH4550,
SFH4551, and SFH4851 from OSRAM, were selected for
comparison due to their ready availability as light sources.

Table I presents the comparison data under the condition
of a driving current of 100 mA and a temperature of 25 °C.
Based on the relationship between radiant intensity and narrow

TABLE |
COMPARISON OF SFH4550, SFH4551, AND SFH4851

Peak wavelength  Narrow emission  Peak wavelength

LED (nm) angle (°) (nm)
SFH4550 850 +3 2000
SFH4551 860 +5 300
SFH4851 860 +3 500

SFH4550 A
0-100 mA 4
MCU
02V
R 1 Cl

L Ii

Fig. 7. Emitting light source driver circuit.

emission angle, the SFH4550 chip from OSRAM Company
was chosen as the emission source, with its emission center
at 850 nm, 2000 mW/SR radiant intensity, and £3° emission
angle.

For light intensity sensing, a Si photodiode S2387-33R is
adopted. To enhance the performance of the emitting source
SFH4550, the Si photodiode S2387-33R is chosen as the
optical signal-receiving source in this study. The Si photodiode
S2387-33R is selected because its peak sensitivity falls within
the LED emission range of 800-900 nm, and it has a response
time of 1.8 us. Additionally, its large effective area contributes
to its suitability for application.

C. Emitting Light Source Design

To achieve high-precision and stable turbidity detection, the
design of an optical emitting circuit plays a crucial role.
The stability of the emitted light intensity directly influences
the reliability of the final test results. Therefore, a meticulous
driving circuit for the emission light source is designed to
ensure consistent and stable illumination intensity throughout
the turbidity measurement process.

The driving circuit exhibits key characteristics, including
high input resistance, low output resistance, voltage following,
and current stability. These attributes enable the circuit to func-
tion as an effective buffer, providing isolation, and enhancing
load capacity and voltage by following the practical turbidity-
testing system. By determining the optimal driving current
parameters, the circuit ensures a consistent and stable emission
light intensity throughout the turbidity measurements.

The driving circuit design for the emission light source is
illustrated in Fig. 7, in which U; is an operational amplifier
and Q; is an NPN transistor. It enables a driving current range
of 0-100 mA, which corresponds to an input direct current
(DC) voltage range of 0-2 V. By adjusting the input voltage,
the current intensity can be altered, thereby affecting the
luminous intensity of the LED and the resulting illumination
intensity. During the actual system debugging process, the
illumination intensity can be varied by adjusting the LED
voltage value to determine the optimal parameters for the
system.
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Fig. 8. TIA amplifier circuit diagram.

Through the meticulous design of the driving circuit for
the emission light source, the stability and precision of the
emitted light are guaranteed, thereby significantly enhancing
the accuracy and reliability of turbidity detection. The care-
fully engineered driving circuit ensures consistent and reliable
illumination intensity, which is essential for obtaining precise
and repeatable turbidity measurements in various environmen-
tal conditions.

D. Receiving Light Source Design

The design of the receiving circuit is of paramount impor-
tance as it directly influences the accuracy of the entire
turbidity measurement. In this context, the Si photodiode
converts the collected changes in scattered light intensity into
weak electrical signals that require amplification. To address
this issue, a trans-impedance amplifier (TTA) is employed
in the present study. The TIA topology features a feedback
resistance between the output end and the inverting input
end, optionally using an operational amplifier. Serving as the
front-end circuit for the Si photodiode, the TIA facilitates
current-to-voltage conversion through resistance gain and pro-
vides enhanced bandwidth.

The circuit diagram of the TIA amplifier is depicted in
Fig. 8, in which D, is the S2387-33R chip and Uj is the
LTC2422 chip. It employs a T-type feedback network to
control the output voltage through the feedback resistor Rj.
To mitigate issues caused by excessive resistance of a single
resistor, negative feedback capacitor C, can be used to reduce
output signal noise. The TIA amplifier in Fig. 8 can both
amplify and attenuate signals, thereby expanding the signal-
detection range. The gain can be adjusted by Rz, and the
amplified voltage is the product of the current and resistance.
Proper adjustment of Rj is crucial to finding the most suitable
gain.

The AD8638 from Analog Devices Inc. (ADI) was selected
as the amplifier (U, in Fig. 8) due to its excellent features.
With a typical mismatch voltage of only 3 uV, a mis-
match drift of 0.01 uV/°C, and a peak noise of 1.2 uV
(0.1-10 Hz), the ADS8638’s nearly zero drift is ideal for
systems that demand minimal error sources.

The collected electrical signals are then converted into
digital signals through ADC analog conversion. Although
the microcontroller is equipped with ADC analog conver-
sion, it only has a 12-bit ADC converter, which falls short
of the turbidity accuracy standard of 0.001 NTU accuracy.
Consequently, the system opts for ADI’s LTC2422 chip (see
Fig. 8), which features a 20-bit ADC, in line with measure-

Flow meter

Water inlet

Air release

valve Water pool

(b)

Fig. 9. Complete flow test diagram. (a) Watercourse flowchart. (b) Act-
ual test diagram.

ment standards, providing ultrahigh sensitivity and resolution
without any delay and ensuring stable conversion within a
single cycle. This chip significantly contributes to achieving
the desired high sensitivity and precision in the turbidity-
monitoring system.

V. EXPERIMENTS AND RESULTS
A. Turbidity-Monitoring System Stability

Stability in the context of the water-quality turbidity-
monitoring system refers to its ability to maintain consistent
performance and accuracy during prolonged operation. The
collected light intensity sensing value serves as the foundation
for ensuring measurement accuracy and is a prerequisite
for system calibration. The stability test of the turbidity-
monitoring system primarily focuses on examining the
stability of the static water test. The static water test involves
filling the device with water and conducting measurements
after a certain period of standing time. The entire flow test
process is depicted in Fig. 9, where Fig. 9(a) represents the
flowchart of the waterway, and Fig. 9(b) shows the actual test
setup.

To verify the stability of the turbidity-monitoring system,
we selected 20 000 samples of still water with a turbidity level
of 0 NTU. The collection frequency was set at 1 sample/s,
resulting in approximately 5 h of monitoring. This extensive
monitoring period is sufficient to demonstrate the system’s
stability. By analyzing the sampling data, the changes in light
intensity values collected by the turbidity sensor over time are
depicted in Fig. 10. The horizontal axis represents the time
markers, indicating the progression of time, while the vertical
axis represents the analog to digital (AD) light intensity values
collected by the turbidity sensor.
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Fig. 10. Actual test diagram of still water.

From Fig. 10, the following observations can be made:
1) the turbidity-monitoring system shows consistent and stable
readings while detecting still pure water, exhibiting minimal
fluctuations and 2) the AD sampling value, which reflects the
light intensity value, remains steady around 144 000, indicating
a turbidity value of 0 NTU.

Based on these findings, it can be concluded that the
turbidity-monitoring system demonstrates excellent stability,
which serves as a crucial prerequisite for system calibration.

B. Turbidity Calibration

After completing the stability test of the turbidity-
monitoring system, the calibration process is essential to
ensure accurate measurements. Given that the system is
designed for applications involving drinking water or other
scenarios requiring high-precision detection, a segmental cal-
ibration approach is adopted.

Specifically, for the calibration of turbidity solutions in
the 0—1 NTU range, a resolution of 0.1 NTU is selected.
Calibration is performed with a resolution of 1 NTU in the
range of 1-10 NTU and with a resolution of 5 NTU in the
range of 10-20 NTU. The resolution of the system is then
calculated by determining the change in the acquired light
intensity value during the calibration process.

Table II presents the corresponding relationship between the
turbidity standard solution and the parameters collected by the
sensor during the calibration process.

By adopting segmental calibration and establishing a precise
relationship between the turbidity standard solutions and sen-
sor parameters, the turbidity-monitoring system can achieve
accurate and reliable turbidity measurements across differ-
ent turbidity levels. This ensures that the system performs
effectively in various real-world water-quality monitoring
applications, providing valuable data for ensuring the safety
and quality of drinking water and other water-related activities.

Data in Table II were fitted using MATLAB software,
and the results are presented in Fig. 11. The horizontal axis
represents the AD sampling values, while the vertical axis
represents the turbidity standard liquid values. The relationship

TABLE Il
CORRESPONDING TABLE OF LIGHT INTENSITY VALUES COLLECTED BY
TURBIDITY STANDARD SOLUTION AND TURBIDITY SENSOR

Turbidity —Light intensity ~ Turbidity = Light intensity

(NTU) value (NTU) value
0.000 143865 2.000 210693
0.100 147526 3.000 243861
0.200 150668 4.000 277319
0.300 154024 5.000 310513
0.400 157389 6.000 333843
0.500 160751 7.000 377033
0.600 164021 8.000 410469
0.700 167336 9.000 443861
0.800 170684 10.000 477633
0.900 174078 15.000 643516
1.000 177310 20.000 809945

25 T T T T T T
*  The average of measurements
Data fit line
20 b

y =0.00003x—4.318

R>=0.9997

Turbidity (NTU)

Turbidity (NTU)
\
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Fig. 11. 0-20 NTU fit line.

of the fitting curve is as follows:
y = 0.00003x —4.318. (1

The value of x ranges from 143934 to 3477266. The
R-squared value achieved an impressive level of 0.9997, indi-
cating an exceptionally strong and robust fit of the regression
model to the observed data. By calculating the resolution for
each measurement, we obtain an average value of approxi-
mately 0.00003 NTU. The change in light intensity collected
by the turbidity sensor is 1, corresponding to a turbidity range
of 0.00003 NTU. This level of accuracy is less than one in a
thousand, making it crucial for high-precision applications in
fields such as waterworks and medical systems.

C. Interference Resistance Experiment

To verify the anti-interference ability of the turbidity-
monitoring system and its adaptability to different test
environments after calibration, the system conducted anti-
interference experiments by controlling variables such as
different flow rates, temperatures, and turbidity levels.

1) Flow Rates Interference Experiments: An interference
experiment was conducted to investigate the effect of different
flow rates on turbidity detection. The system used 0.5 NTU
and 25 °C as the experimental conditions and varied the water
flow rates using a flow control device. The system selected
water flow rates in the range of 0-75 L/h, with intervals
of 5 L/h for testing. The experimental data obtained are shown
in Table III. The fitting results of the tests in Table III are
depicted in Fig. 12.
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TABLE IlI
EXPERIMENTAL DATA FOR TURBIDITY DETECTION
AT DIFFERENT FLOW RATES

Flow rate Turbidity Flow rate Turbidity
(L/h) (NTU) (L/h) (NTU)
0 0.508 40 0.501
5 0.510 45 0.497
10 0.492 50 0.514
15 0.504 55 0.682
20 0.509 60 0.971
25 0.494 65 1.110
30 0.489 70 1.450
35 0.502 75 2.680
3
#  Turbidity value *
95 Data fit line |
5 af :
=
Z
215 *
=
B
S /% |
*
0.5 F—F—fk—F—F—f——k—f—k—F ]
0 . . \ . \ . .
0 10 20 30 40 50 60 70 80

Flow rate (L/h)
Fig. 12. Turbidity detection at different flow rates.

TABLE IV
EXPERIMENTAL DATA FOR TURBIDITY DETECTION
AT DIFFERENT TEMPERATURES

Temperature Turbidity Temperature Turbidity
O (NTU) O (NTU)
5 0.497 30 0.506
10 0.496 35 0.503
15 0.504 40 0.495
20 0.505 45 0.508
25 0.492 50 0.488

From Fig. 12, it can be observed that when the water flow
rate is less than 50 L/h, the system exhibits minimal error and
good stability. However, as the water flow exceeds 50 L/h, the
stability of the system deteriorates, and the detection value
gradually deviates from the standard value. The increased
water flow rate leads to higher refraction frequency of the
beam in the water or difficulty in processing microbubbles,
resulting in parameter fluctuations. Consequently, it is rec-
ommended to maintain the water flow rate of the system
below 50 L/h during practical applications.

2) Temperature Interference Experiments: Considering the
variations in temperature across different environments, the
system conducted temperature interference experiments on
turbidity detection to determine whether the system is affected
by temperature. Under the experimental conditions of a water
flow rate of 20 L/h and a turbidity solution of 0.5 NTU,
experiments were carried out using turbidity solutions at
intervals of 5 °C from 5 °C to 50 °C, and the experimental
data are shown in Table IV.

Table IV illustrates that turbidity detection is not signifi-
cantly affected by temperature changes, indicating that the

TABLE V
TURBIDITY SOLUTION DETECTION UPPER LIMIT EXPERIMENT
Turbidity Measurement Turbidity Measurement
(NTU) (NTU) (NTU) (NTU)
0.000 0.007 100.000 99.884
10.000 9.958 110.000 105.424
20.000 19.955 120.000 109.729
30.000 30.013 130.000 112.114
40.000 40.028 140.000 113.121
50.000 50.033 150.000 114.478
60.000 59.963 160.000 115.901
70.000 70.047 170.000 116.311
80.000 79.987 180.000 116.946
90.000 89.951 190.000 117.652
120 —_—
= sl
%
100 |
— * Measurement value
-] Data fit line
= 80F
Z
=
“E’ 60 [
o
z
g 40r
=
20
0 . . .
0 50 100 150 200

Turbidity (NTU)
Fig. 18. 0-190 NTU turbidity detection experiment.

system can adapt to a wide range of working environments
with varying temperatures.

3) Turbidity Detection Limit: The system employs different
turbidity solutions to determine the upper limit of detection.
Under the experimental conditions of a temperature of 25 °C
and a water flow rate of 20 L/h, turbidity solutions ranging
from 0 to 190 NTU were used for detection at intervals
of 10 NTU each time. The experimental data obtained are
shown in Table V. Fig. 13 displays the fitting results of the
different turbidity solutions.

From Fig. 13, it is evident that the system’s fitting results
are linear when the turbidity is below 100 NTU. However,
when the turbidity exceeds 100 NTU, the system’s error
increases, and the detection data is lower than the actual
data. The scattering method is more effective for detecting
low-turbidity solutions. Therefore, the turbidity detection of
this system should be limited to less than 100 NTU. For
drinking water detection or situations where high-precision
detection is required, a limit of 100 NTU is adequate. If the
water-quality solution contains mud or is heavily polluted,
exceeding 100 NTU, the system will issue a serious warning
to indicate that the water-quality is severely polluted, and its
usage should be prohibited.

D. Lens Testing Experiment

To assess the actual impact of lens calibration on
system accuracy improvement and error reduction, this
experiment employed various turbidity solutions ranging
from 0 to 50 NTU. It aimed to investigate the influence of lens
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TABLE VI
LENS CALIBRATION TEST DATA

Standard Lens calibration Absolute No lens calibration Absolute

(NTU) (NTU) error (NTU) error
0.000 0.006 0.006 0.208 0.208
5.000 4.991 0.009 5.255 0.255
10.000 10.002 0.002 9.671 0.329
15.000 15.011 0.011 15.306 0.306
20.000 20.014 0.014 19.532 0.468
25.000 24.986 0.014 24.577 0.423
30.000 30.019 0.019 29.546 0.454
35.000 35.018 0.018 34.597 0.403
40.000 39.999 0.001 40.323 0.323
45.000 45.017 0.017 45.495 0.495
50.000 49.981 0.019 49.747 0.253
0.5
04
=
S
E 03}
L —©6— Lens calibration
% —&—Flat lens
L 02F i
<<
0.1 i
b——g —o—0—0 ¢ O, 0O

0 10 20 30 40 50
Turbidity (NTU)

Fig. 14. Comparison of absolute errors in lens calibration tests.

calibration compared to no-lens calibration on the experimen-
tal outcomes. For the no-lens calibration experiments, a flat
mirror was utilized as it did not alter the optical path during
calibration. The experiment was carried out under controlled
conditions, maintaining a temperature of 25 °C and a water
flow rate of 20 L/h. Table VI outlines the test scenarios for
the 0-50 NTU turbidity standard solution, comparing the use
of lens calibration against the flat lens approach.

Fig. 14 illustrates a broken line diagram depicting the abso-
lute error with and without lens calibration. The test results
from Table VI and Fig. 14 reveal that the root mean square
error (RMSE) with lens calibration is 0.0134, and the absolute
average error is 0.0118. However, the RMSE without lens
calibration is 0.3680, and the absolute average error is 0.3561.
This clearly demonstrates that the error without lens calibra-
tion is significantly higher than that with lens calibration. The
utilization of lens calibration effectively improves the accuracy
of the system and greatly enhances its overall precision.

E. Bubble-Removal Experiment

To ensure the effectiveness of bubble removal in the system,
the study employs the control variable method to verify the
bubble-removal effect. The control group designed in this
study consists of two sets of experiments conducted under the
same experimental conditions, with a water flow rate of 20 L/h,
a turbidity solution of 0.5 NTU, and a temperature of 25 °C.
The first group involves adjusting the pressure difference of
the water outlet valve and operating the air-release valve, while

0.6 T T T T

o

W

v
T
.

Turbidity (NTU)
=
W

1 n_mnr u|
0.45 -
o4 . . . .
0 200 400 600 800 1000
t(s)
(a)
1.2 : : : :
a |
5 08 .
[_1
z
2 0.6|
e
O
=
£ 04 -
0.2f -
0 . . . .
0 200 400 600 800 1000
t(s)
(b)

Fig. 15. Light intensity and time variation of turbidity acquisition. (a) Re-
sult of the regulating valve. (b) Result of the no regulating valve.

the second group entails fully opening the valve without using
the air-release valve.

Fig. 15 illustrates the relationship between the light inten-
sity value collected by the turbidity sensor and the time
variation of 1000 consecutive samples in both groups of exper-
iments. Fig. 15(a) depicts the turbidity values collected after
employing the air release valve, with the turbidity value fluctu-
ation not exceeding 0.01 NTU. Conversely, Fig. 15(b) displays
irregular data. The control variable method is employed to
validate the effect of air bubble removal. As the only difference
between the two groups of experiments lies in the adjustment
of the valve and the air bubble-removal device, the adjust-
ment of the valve determines the presence or absence of air
bubbles in the device. Therefore, it can be concluded that the
bubble-removal device has a remarkable effect, significantly
improving the detection accuracy of the system.

F. Comparative Testing Experiment

To verify the performance of the turbidity-monitoring
system in real-life scenarios, a comparison was conducted
between the test data obtained from a commercial turbidity
instrument at a water-quality testing center and the data
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TABLE VI
COMPARISON OF SENSOR DATA IN THIS STUDY
WITH COMMERCIAL SENSOR DATA

Standard Turbidity system Absolute Commercial sensor Absolute

(NTU) (NTU) error (NTU) error
0.000 0.003 -0.003 0.07 -0.07
0.200 0.198 0.002 0.19 0.01
0.400 0.395 0.005 0.44 -0.04
0.600 0.593 0.007 0.59 0.01
0.800 0.806 -0.006 0.80 0.00
1.000 1.003 -0.003 0.94 0.06
1.200 1.201 -0.001 1.18 0.02
1.400 1.409 -0.009 1.44 -0.04
1.600 1.593 0.007 1.61 -0.01
1.800 1.804 -0.004 1.71 0.09
2.000 2.003 -0.003 1.96 0.04
2 T T T T T T T
Turbidity system
Commercial
1.5F 02 .
=)
£ g
9
RS
=
= s 055 | 10 ¥
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Fig. 16. Comparison of sensor data in this study with commercial sen-
sors.

collected by the turbidity-monitoring system. The comparison
data are presented in Table VIL It is evident from Table VII
that the accuracy of the commercial turbidity sensor is only
0.01 NTU, and due to the lack of calibration, the error
is relatively high when conducting high-precision turbidity
detection.

Furthermore, a long-term stability test was conducted
on both the commercial turbidity sensor and the turbidity-
monitoring system, both of which were connected to the user’s
drinking water source. The sampling frequency was set at
40000 times with a sampling interval of 1 s. The results
are depicted in Fig. 16, where the red curve represents the
data from the turbidity-monitoring system, and the blue line
represents the data from the commercial turbidity instrument.

From Fig. 16, it is evident that the system effectively
removes air bubbles, and the beam calibration through the
lens minimizes errors, resulting in accuracy levels that are
about ten times higher than those of commercial sensors.
Moreover, through long-term stability comparisons, it is evi-
dent that the turbidity measurement values obtained by the
system exhibit a consistent trend with those from commercial
turbidity instruments. This demonstrates that the water-quality
turbidity-monitoring system possesses robust stability for test-
ing running water.

V1. CONCLUSION

Real-time turbidity detection provides an effective solution
for addressing issues related to drinking water safety and high-
precision detection in medical systems. This study aims to
tackle challenges arising from beam scattering, water channel
bubbles affecting beam refraction, and the demand for precise
measurement accuracy during the turbidity detection process.
The main innovations of this research are as follows: 1) the
design of a combination of lenses for beam correction in
the turbidity-monitoring system, effectively eliminating stray
light caused by beam scattering that could otherwise impact
detection results; 2) the development of a differential pressure
bubble-removal device and a novel mechanical structure to
address the interference of air bubbles and ambient light
during turbidity detection; and 3) the design of a constant
light source driving current and light source receiving cir-
cuit to significantly enhance the accuracy and sensitivity
of turbidity detection. Experimental results show that the
turbidity-monitoring system designed in this study achieves
the highest precision of 0.001 NTU, with an error of approx-
imately £1%.

The water-quality turbidity-monitoring system set up in this
study is applicable in the range of 0-100 NTU. Once the
turbidity concentration exceeds this limit, an alarm function
activates to indicate that the current water-quality has signif-
icantly surpassed the standard, and the turbidity-monitoring
system cannot continue operation. Future research could
focus on incorporating scattering and transmission conversion
devices to facilitate the measurement of different turbidity
levels. Additionally, the inclusion of cleaning facilities, such
as ultrasonic technology, can further enhance the system’s
capabilities.
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