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Abstract: A set of miniature optical fiber particle concentration measuring instruments is designed
and applied to develop a unified expression for the concentration measurement of uniform particles
in tap water. By measuring the concentrations of six uniform silicon carbide particles in the size
range of 38–250 µm, the unified relationship between particle size, particle concentration, and optical
scattering intensity is proposed. The unified expression is verified by the concentration measurements
of silicon carbide particles with three other sizes. The results show that the measurement error is
less than 10%, and the unified expression is satisfactory considering the large measuring range of
0–50 kg/m3. The effects of light intensity on the concentration measurement are discussed based on
the results of 150 µm silicon carbide particles under three different light intensities. It is shown that a
low light intensity can be applied for high-concentration measurement with relatively low accuracy,
while a high light intensity can be adopted for low-concentration measurement with higher accuracy.

Keywords: particle concentration; optical backscatter; optical fiber; unified expression; uniform
particles; silicon carbide

1. Introduction

Suspended sediment transport plays important roles for the morphologic evolution of rivers,
estuaries, and coasts [1–3]. The quantitative assessment of suspended sediment concentration (SSC)
through numerical modeling [4,5] or field measurement [6,7], therefore, has always been a key task in
sediment transport research [8,9]. As for the measurement of SSC, many methods have been developed,
which can be generally classified into direct methods and indirect methods [10]. Direct methods
determine the sediment weight in the water by sampling the water body carrying sediment suspensions,
filtering, drying, and weighing the sampled water, and then obtaining the sediment concentration
of the water body. Although these sampling methods have high accuracy, they are time-consuming
and laborious, and they make it difficult to obtain time series of concentrations. Therefore, indirect
measurement methods have been developed according to the physical characteristics of suspended
sediment in acoustics, electricity, optics, images, and so forth [11].

As one of the indirect methods, the acoustic method measures sediment concentration based on
the reflection of the incident acoustic signal on the particles in the water body [12,13]. The acoustic
method is non-intrusive, without disturbance to the measured water, and is able to measure sediment
concentrations along vertical sections. However, the acoustic method is complex when it converts the
reflected signal into SSC. In addition, it is necessary to compensate for the properties of surrounding
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water bodies, such as temperature and salinity [14,15]. The electrical method determines the SSC based
on the different electrical characteristics of sediment suspensions [16]. It can measure high SSC, but it
is usually not very sensitive to small changes in SSC and is less accurate at low SSC. In addition, it is
highly affected by the temperature and salinity of ambient water [17,18]. The optical method is the
most commonly used method for measuring suspended sediment concentration at present [19–22],
and many commercial turbidimeters have been developed based on the optical method, such as
Campbell Scientific Inc OBS3+, OBS5+ [23], Hach 2100Q [24], and so on. The optical method can
be mainly divided into the scattering method and the transmission method. The scattering method
measures SSC according to different scattering intensities [25]. The transmission method strictly follows
the Lambert–Beer law and measures SSC according to different transmission light intensities [26].
Recently, the image method has also been developed based on the microscopic photography of SSC. The
image method can not only obtain sediment concentration, but also obtain physical characteristics such
as particle size distribution and the shape of sediment particles through image recognition. However,
it is currently only used in the laboratory, and needs to be further studied under field conditions [27,28].

For different measurement methods of SSC, the sizes of measuring instruments are generally large
and the measuring instrument is intrusive and has a great impact on the hydrodynamics, which is
not suitable for SSC measurement at laboratory scale such as in an oscillating grid chamber [29] or a
settling column [30]. In addition, all indirect measurement methods mentioned above, whether for
the laboratory or the field, require concentration calibration before measurement [31,32], and SSC
measurement can only be carried out after calibration, which is rather inconvenient for use. Therefore,
the objective of the present paper is to design a set of miniature optical fiber sediment concentration
measuring instruments based on the optical backscatter method, and the specific point is that we
try to present a unified expression for uniform particles and need no further calibration in practical
application. In addition, the measuring instrument also has the advantages of a small sensor probe,
small disturbance to the water body, large range, and multiple channels.

The outline of this paper is as follows. The principle and system design for the instrument
measuring the sediment concentration are introduced in Section 2. In Section 3, the instrument is
used to develop and calibrate a relationship between silicon carbide particle concentration and optical
scattering intensity using nine different particle sizes of silicon carbide within the scope of 38–250 µm.
The measurement range and error for silicon carbide particles under different light intensities are
discussed in Section 4. Conclusions are drawn in Section 5.

2. Measuring Principle and Instrument Design

2.1. Measuring Principle

The sediment concentration measurement in this paper is based on the principle of optical
backscatter. The particle suspension near the end face of the optical sensor is illuminated by a parallel
beam. The optical sensor collects the backscattered light of suspended particles and then converts the
collected backscattered light signal into an electrical signal to obtain the relationship between particle
concentration and electrical signal [33,34]. Because the measurement of sediment concentration by
backscatter involves the complex problem of multiple particles and multiple backscatters, few relevant
theoretical analytical formulas have been reported yet. Therefore, the measurement of sediment
concentration based on optical backscatter mainly adopts the experimental method to obtain the
relationship between sediment concentration and its backscatter intensity.

A set of miniature optical fiber sediment concentration measuring instruments based on the
principle of optical backscatter was designed, as shown in Figure 1.
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Figure 1. Sketch of instruments and experiment setup.

It is noted that most previous instruments measuring particle concentration through backscatter
usually set the scattering angle as 90◦–135◦, which receives the most sensitive and stable light scattered
by particles. However, using the scattering angle signal of 90◦–135◦, we would need to design the
incident light emitter and scattering optical receiver with different angles, and the dimension of the
measuring structure would be larger. In order to minimize the size of the sensor, we used the 180◦

backscatter angle [35]. The optical fibers emitting visible light and the optical fiber receiving scattered
light were assembled together, so that the output of incident light and the receiving of scattered
light could be realized with only a single-point probe, and the size of the probe into water could be
reduced [36]. A backscattered light detection fiber with a diameter of 1.5 mm in the water-entry probe
was located at the center of the probe. A ring of 22 plastic fiber bundles with diameters of 0.25 mm
was arranged around the central detection fiber to transmit parallel light from the light source. The
specific fiber structure is shown in Part A of Figure 1. The other end of the optical fiber detecting
backscattered light was connected to the photodetector to detect the change in scattering light intensity.
The photodetector was connected to the data acquisition card, through which the analog signal was
converted into a digital signal to record the voltage value corresponding to scattered light in real time.
The light source adopted light emitting diode (LED) white, visible cold light (the wavelength of the
light was 380–780 nm) and the intensity of the light source was adjustable. In order to eliminate the
voltage fluctuation of the LED light source, we set a reference light path, R, to monitor the voltage
fluctuation of the light source.

Since the diameter of the optical fiber receiving the backscattered light of particles in the optical
fiber probe was only 1.5 mm, the proportion of the backscattered light of particles received by the
receiving optical fiber was relatively low. The signal strength of the backscattered light of the particles
near the receiving fiber is a function of the distance from the end of the probe and has a changing rule
with a rapid increase initially and then a gradual decrease. The peak signal strength is usually reached
at a few millimeters from the probe, which depends on the diameter of the fibers and numerical
apertures and the geometrical distribution of illumination and detection fibers [37,38]. The particles
far from the optical fiber probe also have the problem of the multiple scattering of multiple particles,
and the backscattered light of the distant particles is less received by the optical fiber. Therefore, it can
be considered that the detection range of the fiber optic probe designed in this paper is within the
one-millimeter magnitude.

2.2. Five-Channel Concentration Measuring Instrument

A set of miniature optical fiber sediment concentration measuring instruments was designed and
constructed based on the principle explained in Section 2.1, and the components of the experimental
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apparatus are shown in Figure 2. The instrument was mainly composed of the light source,
photodetector, integrated optical fiber bundle, and data acquisition card.Water 2019, 11, x FOR PEER REVIEW 4 of 13 
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Figure 2. Experimental instruments.

Considering the convenience of the instrument, we sequentially connected the visible light source,
photodetector (DET36A/M, Thorlabs, Newton, NJ, USA), and data acquisition card together in a box.
The integrated optical fiber bundles were connected to each other through the optical fiber adapter on
the box, respectively. The switch of the light source and the light source intensity could be controlled
on the panel of the box; the specific measuring instrument device is shown in Figure 3.Water 2019, 11, x FOR PEER REVIEW 5 of 13 
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Figure 3. Five-channel optical fiber device for particle concentration measurement.

In practice, the particle concentration in the water can be directly measured by fixing the probe in
the water. The water-entering optical fiber probe adopted a plastic optical fiber and was protected by
a metal sleeve. The diameter of the measuring point at the front end of the water-entering part was
only 2.5 mm, which exerts a small disturbance on the water body. In addition, the plastic fiber had the
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advantages of light weight, softness, resistance to casual tiny bending, and so on, which means that it
meets the demands of convenient, fast, and stable use for daily measurement.

In both laboratory flume and field water environment measurements, it is often necessary to
measure sediment concentration synchronously at multiple points. Therefore, we can design a
multi-channel optical fiber on the basis of a single-channel optical fiber to realize multi-channel
synchronous measurement [39]. Figure 3 shows the five-channel optical fiber particle concentration
meter. It can be seen that there are seven cables going out from the instrument box. The coarsest
cable on the right end of the box panel was the optical fiber connected with the light source, and it
was adopted in the mode of 1–6, five of which were used as the emitting fibers of the measurement
probes, and another one was used to monitor the light intensity of the light source. The other six cables
included the receiving fibers of five probes and the fiber monitoring light source intensity, and they
were connected to six photodetectors in the box.

3. Unified Relations for the Concentration Measurement of Uniform SiC Particles with
Different Diameters

For particle concentration measurement using optical backscatter, the size, color, and morphology
of particles have great influences on their optical scattering characteristics [40–43]. Among these
influencing factors, the particle size has the greatest influence, and the effects of other factors are an
order of magnitude less than that of the particle size. Commercial silicon carbide (SiC) particles are
relatively uniform in size, with a density of 3200 kg/m3, which is similar to the sediment density of
2650 kg/m3, so they are a good representation for the measurement of sediment particle concentration.
Therefore, SiC particles were used to approximate sediment particles to calibrate the relationship
between particle size, concentration, and optical scattering intensity.

3.1. Experiments and Measured Results

We used nine uniform SiC particles with different diameters distributed in the range of 38–250 µm,
six of which were selected for developing an empirical equation, and the other three were used for
verification. Specific SiC particle sizes are shown in Table 1, and Figure 4 shows the photos of the
commercial SiC with nine different particle sizes used in the experiment.
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Table 1. Nine uniform SiC particle sizes.

Six Uniform SiC for Calibration Three Uniform SiC for Verification

SiC size (µm) 38 45 61 106 150 250 80 120 180

A particle suspension of different standard concentrations was prepared in a beaker for
concentration calibration [44], and uniform particle suspension was realized on the magnetic stirrer.
The specific experimental steps were as follows: (1) Take an appropriate amount of purified water into
the beaker, place the beaker on the magnetic stirrer, and put the magnetic rotor into the beaker. (2) Add
the weighed SiC particles into the beaker and start the magnetic stirrer for stirring. (3) After the SiC
suspension is mixed uniformly, put the fiber optic probe into the beaker and fix it in the proper depth
of the suspension. (4) Turn on the LED light source and adjust to the desired light intensity. (5) Run the
computer program, set the sampling interval to be 0.1 s, record the output data, continuously collect
for 5 s, complete the recording, and take out the optical fiber probe; repeat the measurement for each
standard concentration three times. (6) Prepare the SiC suspension for the next standard concentration
and repeat steps (1) to (5).

The relationship curves of SiC concentration–voltage for each particle size are shown in Figure 5.
It can be clearly seen that the intensity of scattered light with a smaller particle size at the same
concentration is higher, and the corresponding voltage value is higher. This is because the smaller the
particle size is, the more particles there are when the particle concentration is the same, and the higher
the scattering of incident light will be. At a lower concentration, the relationship between particle
concentration and voltage is approximately linear. When the concentration increases, the relationship
deviates from the linear and is close to the exponential form. When the particle concentration increases
to a certain high value, the backscattered light intensity of the particle changes very little, and the
increase in particle concentration will not have any effect on the backscattered light. This is because
there are too many particles when the particle concentration is high, and the backscatter of particles
basically reaches saturation, with the backscatter light intensity increasing very weakly as the number
of particles increases. The smaller the SiC particle size is, the faster its concentration will achieve
saturation, and it will reach saturation at a smaller concentration.
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3.2. Unified Relation for the Concentration Measurement of Uniform SiC Particles

According to results of Figure 5, we use the generic exponential function for data fitting, as shown
in Equation (1), in which a, t, and b are the fitting coefficients, C is the particle concentration (kg/m3),
V is the relative value of the voltage VA corresponding to the scattering light intensity that offsets the
fluctuation of the voltage VR of the light source in Equation (2):

V = a× exp(C/ − t) + b, (1)

V =
VA
VR

. (2)

In Equation (1), when the concentration of C is 0, that is, the voltage corresponds to the measured
background scattered light intensity of pure water:

a + b = 0.973. (3)

The exponential fitting curves corresponding to SiC with six different particle sizes are shown in
Figure 6.
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The parameters corresponding to the fitting curve function of six uniform SiC with different
particle sizes are shown in Table 2. The correlation coefficients are all over 0.98, indicating a high
degree of fitting.
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Table 2. Parameters of fitting function for six uniform SiC particles of different sizes.

Particle Size d (µm) a t b R2

38 −1.156 9.265 2.129 0.981
45 −0.980 14.226 1.952 0.985
61 −0.786 19.827 1.759 0.988

106 −0.491 24.666 1.463 0.987
150 −0.423 27.186 1.400 0.984
250 −0.330 36.821 1.303 0.998

It can be seen that parameters a and t depend obviously on particle size d. The exponential
function was used to fit the relation between a, t, and d, and the fitting curves are shown in Figure 7.
In Equation (1), a indicates the influence degree of SiC particle concentration on its optical backscatter
intensity, and larger a indicates the higher optical backscattering intensity. t represents the influence
degree of SiC particle concentration on the change of its optical backscatter intensity. Larger t means
the slower change of optical backscatter intensity with particle concentration, and smaller t means the
faster change of optical backscatter intensity with particle concentration. From Equation (3), b = 0.973
− a, where b means the value of background scattered light intensity of pure water minus the value of
a. The parameter a varies considerably with the particle size when the particle size is less than 100 µm.
According to Equation (1), the smaller the particle size is, the higher the absolute value of parameter a
is and the higher the voltage V will be. This indicates that the backscattered light intensity of particles
smaller than 100 µm is higher, while the backscattered light intensity of particles larger than 100 µm is
lower, which is consistent with Bunt’s conclusions [45].
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The relationship between a, t, and particle size d can be expressed as

a = −2.054× exp(d/ − 39.526) − 0.349, (4)

t = −39.888× exp(d/ − 117.287) + 40.620. (5)

We used the above calibration relations (1)–(5) to measure the concentration of SiC with the
other three different particle sizes, respectively, to verify the accuracy of the relations. The errors
in the SiC concentrations measured according to Equations (1)–(5) relative to the prepared normal
standard concentration for the three particle sizes are shown in Figure 8. It can be clearly seen that the
measurement errors of SiC within the range of 0–50 kg/m3 were smaller than 10%.
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However, the measurement error in the high concentration range of 50–100 kg/m3 was relatively
large, over 10%, which is mainly because the variation of concentration in the high concentration
range produces only a very small variation for the intensity of optical backscatter. It is obvious that
the saturation induces such behavior. It can be seen from Figure 5 that the variation of concentration
in the high concentration range of 50–100 kg/m3 of the fitted curve leads to a very small variation
of voltage. This means that a small change in voltage will correspond to a large change in particle
concentration, which will reduce the accuracy of particle concentration measurement. Therefore, in the
actual calibration process, we should try to use the range with obvious concentration–voltage variation
for concentration calibration, so that the measurement range can be reduced, while the measurement
accuracy can be improved.

To sum up, in the actual calibration process, in order to obtain a high measurement accuracy,
we need to limit the upper range of measurement concentration through using data with an obvious
variation of voltages for concentration calibration.

4. Discussion on the Effects of Light Intensity on Concentration Measurement

The backscatter intensity for different concentrations of particles is closely related to the incident
light intensity. For the same concentration of particles, the stronger the incident light is, the higher
the backscattering intensity of the particles will be. Therefore, for particles with different particle
sizes and concentrations, a change in incident light intensity will have an impact on the backscatter
intensity of the particles and, thus, will have a certain impact on the measurement range and accuracy
for the particle concentration. Therefore, we used three different light intensities listed in Table 3 to
investigate the measurement performance of SiC particles with a particle size of 150 µm under different
light intensities.

Table 3. Measuring range and precision under three different light intensities.

Light Light Intensity (lm) Range (kg/m3) Error (%)

A 600 0–1, 1–30 10.0, 5.0
B 240 0–5, 5–100 30.0, 8.0
C 90 0–5, 5–120 40.0, 10.0

The concentration–voltage relationship curves for SiC particles with the diameter of 150 µm under
three different light intensities are shown in Figure 9. The measuring ranges and errors of the three
light intensities are shown in Table 3. The measurement error is defined as in the following equation:

E =

∣∣∣∣∣Cnormal −Cmeasure

Cnormal

∣∣∣∣∣× 100%, (6)
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where Cnormal is the normal uniform sediment suspension concentration, while Cmeasure is the measured
concentration of standard uniform sediment suspension using the above calibration relationship.
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It can be seen that under the high light intensity A, the concentration of SiC particles was positively
correlated with the voltage within the range of 0–30 kg/m3, and the dependence of the voltage on
concentration is obvious, which can ensure the measurement accuracy. It is indicated that a high
light intensity is suitable for the measurement of low concentrations. This is mainly because of the
fact that higher light intensities can provide stronger and unsaturated backscattered light of particles’
concentration condition. When the number of particles is too many, a number of different processes
including: (a) partial blockage of the emitted and backscatter beam by abundant particles in highly
concentration, (b) reduction of the scattering volume relative to the area of detection, (c) multiple
backscatter by multiple particles, will weaken the light intensity received by the receiving fiber and the
voltage drops when the concentration of SiC particles exceeds 30 kg/m3. In this case, the backscatter
method is no longer suitable for measuring SiC concentrations [46]. In the cases of lights B and C,
the voltage shows a positive correlation with the concentration of SiC particles within the ranges of
0–100 kg/m3 and 0–120 kg/m3. When the light intensity decreases, the voltage varies more slowly with
the increase in concentration, and the measurement range increases. The measurement accuracy in
the high-concentration section is high, while the measurement error is large in the low-concentration
section. Larger errors in the low-concentration section are partly due to the fact that having less
particles at low-concentrations leads to low values and a slow variation of backscatter intensity.

Considering the important role of particle sizes, as shown in Figure 5 calibrated under light intensity
C, and combining the results of Figure 9, it can be concluded that it is necessary to comprehensively
select the appropriate light source intensity according to the particle size and the required measurement
range and accuracy. The general suggestion may be that a high light intensity is suitable for measuring
the low-concentration range of large particles, while a low light intensity is suitable for measuring the
high-concentration range of small particles.

5. Conclusions

Based on the principle of optical backscatter, a set of miniature particle concentration measurement
devices was designed and developed in this paper. The experiment results show that this measuring
instrument has the advantages of small size, large range, and synchronous measurement with
multiple channels. The development of the measurement instrument provides a new method for the
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measurement of particle concentration in small-scale experiments in the laboratory. The following
conclusions were drawn:

1. A unified relation between SiC particle size, concentration, and scattered light intensity was
developed through calibrating six uniform SiC particles with sizes ranging from 38 to 250 µm.
The other three SiC particles with different sizes were used to test the universal applicability
of the unified relation, and the measurement results show that the errors are less than 10%,
which indicates that the relation is reasonable. At this point, we can measure the SiC concentration
using the unified relation when knowing the uniform size of SiC particles, and there is no
need to calibrate through a measurement for each particular particle group, which brings great
convenience in the measurement of uniform particle concentration.

2. The intensity of the light source has great influences on the measuring range and precision of
SiC particle concentration. The experimental results for SiC concentration with a particle size of
150 µm under three light intensities showed that the measuring range of a high light intensity is
small with high accuracy, while the measuring range of a low light intensity is large with low
accuracy. The measuring range and accuracy can be adjusted by changing the intensity of the
light source to meet different measuring demands.

It should be pointed out that the unified relation of particle size, particle concentration,
and backscattered light intensity is developed for SiC particles in the size range of 38–250 µm.
If the particle size of SiC exceeds the above size range, a new calibration measurement may be required
to ensure the accuracy of measurement. In addition, considering the effects of other physical properties
on the backscatter light of different particles, such as color, morphology, and so on, it is better to
recalibrate the relationship for different particles to ensure the accuracy of measurement. Furthermore,
due to the fact that actual natural sediment particles are all non-uniform, future investigation is also
needed regarding how to develop a unified relation for non-uniform sediments with different gradings.
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