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Abstract

:

Turbidity measurements are influenced by environmental factors such as water temperature. We designed experiments to study whether water temperature affects in-line turbidity detection and the potential influence mechanism. A turbidity meter installed in-line could self-record data, including the water temperature and turbidity values. From our experimental analysis, we verified the influence of water temperature on the in-line turbidity. Moreover, the temperature coefficient should not be obtained from the experiment directly because the intrinsic impact of in-line turbidity detection does not come from water temperature. Instead, the effect is derived from the optical components’ heat change. When the water temperature change is insignificant, the in-line turbidity deviation caused by the water temperature can be ignored. However, when the water temperature changes substantially, the in-line turbidity sensor should compensate for the temperature drift.
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1. Introduction


Turbidity detection has been widely used in water treatment plants [1,2], water supply and drainage pipe networks [3,4], river and lake management [5,6], the beverage industry [7,8], and other fields. The accuracy of turbidity detection affects the correct expression of drinking water quality, the water quality of wastewater discharge, rivers and lakes, the concentration of drinks, and the visual senses, so the accurate determination of turbidity is critical. Turbidity measurements are influenced by environmental factors [9,10] and we should exclude the influence of environmental factors as much as possible. In cases where it is difficult to exclude such effects directly, we should compensate for the impact of environmental factors [11] and obtain the turbidity at a constant specific value for a particular environmental factor. Temperature is a fundamental ecological factor that may cause turbidity disturbance [12,13]. The temperature of the water sample needs to be detected simultaneously during the turbidity measurement [12,14]. A software-programmed method is usually applied to compensate for the temperature influence on turbidity [15]. For the software compilation method of temperature compensation of turbidity, the stability and reliability depend on whether the relationship between the temperature influence and turbidity is correctly established. Therefore, it is essential and of practical significance to study the impact of water temperature on in-line turbidity detection.



Temperature may affect the turbidity from two aspects. One is the influence of temperature on the photoelectric components inside the turbidity sensor, including optical emitting and receiving electronic components [12,16]. The other is the effect of temperature on the distribution and movement of tiny particles in water. The results of these two mechanisms are reversed. Supposing that the temperature increases, the turbidity decreases based on the first mechanism and increases based on the second mechanism. Although the nature of influence and mechanism of these two aspects are entirely different, it is difficult to directly distinguish which factor mainly contributes to the turbidity change in the actual turbidity detection process. A greater number of studies report the influence from the first aspect, while there are very few reports on the impact from the second aspect.



Temperature fluctuation can influence the electrical signal output of the turbidity sensor. Not all electronic components are affected by temperature fluctuations; however, the performances of the optical emission and receiving components are closely related to temperature fluctuations [12]. The light emission element is affected by the ambient temperature. Even if the input current is constant, the light intensity decreases when the ambient temperature rises. The light-receiving element is also affected by temperature. When the ambient temperature increases, the open circuit voltage of silicon photovoltaic cells decreases, and the short circuit current increases. The open circuit voltage and the short circuit current show a linear relationship with ambient temperature [12]. Usually, this fluctuation only slightly affects turbidity readings and can, thus, be neglected. However, the turbidity sensor with LED as the light source warms up rapidly, and the impact on the turbidity detection is considerable [12]. The ambient temperature increases, the light source output weakens, and the turbidity detection value is smaller than the true turbidity [17,18].



The most crucial influence of temperature on the distribution and movement of tiny particles in the water is probably the influence of temperature on the Brownian motion. Brownian motion is the restless and irregular motion of small particles in a fluid [19]. The higher the water temperature, the more active the particle movement [20]. When the water temperature varies greatly, the light spot and light intensity obtained by light scattering also fluctuate wildly, which may bring a significant error to the turbidity detection.



In the existing studies, the effect of temperature on turbidity is established by offline measurements, so it is unclear whether the influence of water temperature on in-line turbidity measurements also follows the same correlations of offline turbidity and temperature measurements. This paper explores the effect of in-line turbidity affected by water temperature.



In the current study, the impact of water temperature on in-line turbidity was investigated. Two cases were designed with different water temperature change intervals, within 10 °C and more than 15 °C, and the experimental results revealed two different patterns.




2. Materials and Methods


2.1. Experimental Setup


The experiment was implemented via a self-built water circulation system, as shown in Figure 1. In this system, the water meter was used to detect the water velocity in the pipe. The centrifugal pump, controlled by a variable frequency drive, provided the power of the steady flow, which was verified by a flowmeter. The ball valve was applied to adjust the water flow in the pipe and was installed directly downstream of the turbidity meter, providing a certain pressure to suppress bubble production. The turbidity meter displays a more significant value if a bubble exists. A Chemitec in-line turbidimeter was utilized to measure turbidity. Its optical source is 860 nm infrared light, and the measurement principle is 90° light scattering, with an accuracy of 1% in 0–10 NTU, a resolution of 0.001 NTU, a reproducibility of 2%, a data-logging interval of 3 min, and an operating temperature of 0–50 °C. Before starting the experiment, the turbidimeter was calibrated. In addition to in-line turbidity measurements, the Chemitec in-line turbidimeter includes a temperature sensor that can record temperature data simultaneously.




2.2. Operational Mode


To exclude the influence of the pipeline water velocity on the turbidity and, thus, make our experimental conclusions more universal, we performed parallel experiments on the influence of water temperature on in-line turbidity detection under different flow speed conditions. We chose three different flow rates, namely 0.33 m/s (the corresponding volume flow is 1 L/min), 0.66 m/s (the corresponding volume flow is 2 L/min), and 1.66 m/s (the corresponding volume flow is 5 L/min). In the test platform shown in Figure 1, we measured and recorded the in-line turbidity every minute using the Chemitec in-line turbidimeter while simultaneously recording the water temperature data flowing through the turbidity meter.




2.3. Two Experimental Designs


We designed two cases with different water temperature change intervals, within 10 °C and more than 15 °C, to investigate the impact of water temperature on the in-line turbidity and compare the similarities and differences between these two cases. We applied the experimental water at room temperature as the lower temperature interval case. We used cooled water to study the case with a significant water temperature change interval.





3. Results and Discussion


3.1. Relationship between the In-Line Turbidity and Water Temperature at Room Temperature


The experimental water was room temperature water. Since the variable frequency pump produces heat during operation, the water in the pipeline is gradually heated up, so the water temperature rise can be realized via the operation of the pump. The variation range of the water temperature could reach approximately 10 °C. The turbidimeter was set to record data (including turbidity and temperature) every 3 min. The raw data shown in Figure 2 were rehandled as follows. We took a set of in-line turbidity values at every 2 °C of water temperature, drew a line plot of both in-line turbidity and water temperature over time, as given in Figure 3a–c, and showed the turbidity data at each temperature point with the standard deviation. However, in some conditions, the turbidity changed very little, and the turbidity value kept steady at the same temperature; therefore, the short horizontal lines representing the positive and negative deviation in the figure overlapped with the turbidity value at some points.



In each sub-figure of Figure 3, the water temperature in the pipeline ranged from 18 to 28 °C at different velocities, and the in-line turbidity showed a consistent trend with the water temperature. The in-line turbidity values increased slightly as the water temperature rose. However, the in-line turbidity increase was less than 0.05 NTU, which is negligible. Therefore, when the water temperature fluctuation is insignificant, generally within 10 °C, the water temperature has little influence on the in-line turbidity. Nevertheless, when the water temperature changes significantly, such as when comparing winter and summer periods or significant temperature differences between day and night, is it necessary to compensate for the water temperature coefficient of the in-line turbidimeter? We implemented experiments with cooled experimental water in Section 3.2, keeping other operating conditions unchanged.




3.2. Relationship between the In-Line Turbidity and Water Temperature after the Water Cooling Treatment


In actual pipelines, the water temperature is usually much lower than in the above Section 3.1; therefore, we cooled the experimental water. The cooling method involved placing ice into the water tank and waiting for all ice to melt into the water. Afterward, we powered on the variable frequency pump, eliminated the bubbles in the pipeline, adjusted the water flow at the set velocity, and then started to record the in-line turbidity and water temperature data. Finally, we recorded data every 3 min and plotted the raw data, as shown in Figure 4. We also plotted the in-line turbidity and water temperature over time in the corresponding figure, as shown in Figure 5.



In each sub-figure of Figure 5, the water temperature ranged from 5 to 25 °C at different water velocities. The in-line turbidity over time was consistent, showing a downtrend. As the water temperature rose, the in-line turbidity value dropped, and the drop reached about 1 NTU. This trend was entirely different from the conclusion of the experimental case at room temperature. Why does one trend rise while the other falls, and why is one effect negligible while the other is much larger?




3.3. Comparison between the Two Cases


The influence mechanism of temperature on in-line turbidity has two aspects: the influence of temperature on optical elements and the impact of temperature on water samples. These two effects on the turbidity measurement are reversed. The optical element in the turbidimeter, including optical emitting and receiving electronic components, has little influence on the in-line turbidity for room temperature water due to temperature fluctuation, and the water temperature influences the water sample more significantly. The higher the water temperature, the stronger the water particle movement. The turbidity value also rises with the increase in the water temperature. However, in the experiment following the water-cooling treatment, the influence of the optical element due to the temperature fluctuation is more critical, far more than that of the water sample. The dominant aspect in the experiment determines the trend line direction, which is the reason for the opposite trends in Figure 3 and Figure 5.



However, in Figure 3 and Figure 5, the overlap of the in-line turbidity trend of the water temperature is opposite because there is no real-time synchronization of the optical element temperature and the water temperature. The factor affecting in-line turbidity detection is the temperature of the optical element, and the water temperature is just a representation. The heat exchange between the water and the environment takes time. In Figure 3, both the water and the optical element are at room temperature; when the water is heated up, the optical element is also heated up, gradually following the water. In Figure 5, the visual component is at room temperature, while the water is cooled at the beginning; when the variable frequency pump heats the cooled water, the optical element loses heat quickly at first and then gradually slows down the heat loss. The case of the visual components’ different temperature change shows the opposite in-line turbidity trend in Figure 3 and Figure 5. Since heat transfer takes time, the spatial structure of the water body, optical elements, the medium in contact with water or optical elements, and their temperature distribution all affect the speed and efficiency of heat transfer. The media in contact with water or optical elements include a pipe wall, the case of the turbidity meter, and air.



The in-line turbidity meter needs to compensate for the temperature coefficient. When the water temperature and the temperature of the optical element cannot be synchronized in real-time, the coefficient compensation of the temperature drift should not be determined by the water temperature, and the temperature of the relevant optical element should also be directly selected. Only when the water temperature and the temperature of the optical element are synchronized in real-time, the water temperature can replace the temperature of the optical element to establish its influence on in-line turbidity detection.




3.4. Discussion


In the existing studies, the effect of temperature on turbidity has been established by off-line measurements. This research gave insight into the influence of water temperature on in-line turbidity. However, our cases are limited and cannot cover most cases. More related work is required, including other methodologies and experiments, especially those involving the quantitative relationship.





4. Conclusions


Our experiments verified the impact of temperature on in-line turbidity. In-line turbidity is affected by the water temperature. The influence is negligible when the water temperature change interval within 10 °C is not significant. However, when the water temperature changes more than 15 °C, the in-line turbidity sensor must correct for temperature drift, and the correction coefficient needs to be obtained from the experiment covering the temperature interval. The temperature should be obtained from the optical components. The fundamental factor affecting in-line turbidity detection is not the water temperature but the temperature of light-related electronic components, including light-emitting and light-receiving elements. Only when the water temperature and the temperature of the optical element are synchronized in real-time, the water temperature can replace the temperature of the optical element, and the influence of the associated temperature on the presence of in-line turbidity is used.
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Figure 1. Schematic diagram and actual picture of the experimental setup. 1. Water meter; 2. Variable frequency pump; 3. Chemitec in-line turbidity meter (including temperature sensor); 4. Ball valve; 5. Water tank. 
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Figure 2. Scatterplot graphs for the in-line turbidity and water temperature original data set at room temperature. (a) Water velocity is set as 0.33 m/s. (b) Water velocity is set as 0.66 m/s. (c) Water velocity is set as 1.66 m/s. 
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Figure 3. Relationship between the in-line turbidity and water temperature over time at room temperature. (a) Water velocity is set as 0.33 m/s. (b) Water velocity is set as 0.66 m/s. (c) Water velocity is set as 1.66 m/s. 
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Figure 4. Scatterplot graphs for the in-line turbidity and water temperature original data set after the cooling water treatment. (a) Water velocity is set as 0.33 m/s. (b) Water velocity is set as 0.66 m/s. (c) Water velocity is set as 1.66 m/s. 
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Figure 5. Relationship between the in-line turbidity and water temperature over time after the water cooling treatment. (a) Water velocity is set as 0.33 m/s. (b) Water velocity is set as 0.66 m/s. (c) Water velocity is set as 1.66 m/s. 
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