

  applsci-11-11995




applsci-11-11995







Appl. Sci. 2021, 11(24), 11995; doi:10.3390/app112411995




Article



Study on the Law of Harmful Gas Release from Limnoperna fortunei (Dunker 1857) during Maintenance Period of Water Tunnel Based on K-Means Outlier Treatment



Ruonan Wang 1[image: Orcid], Xiaoling Wang 2,*, Songmin Li 3,*, Jupeng Shen 4, Jianping Wang 5, Changxin Liu 2, Yazhi Zheng 2, Yitian Chen 1 and Chaoyuan Ding 2





1



School of Environmental Science and Engineering, Tianjin University, Tianjin 300350, China






2



State Key Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin University, Tianjin 300072, China






3



School of Water Conservancy Engineering, Tianjin Agricultural University, Tianjin 300384, China






4



Guangdong Yue Hai Pearl River Delta Water Supply Co., Ltd., Guangzhou 511458, China






5



Guangdong Hydropower Planning & Design Institute, Guangzhou 510635, China









*



Correspondence: wangxl@tju.edu.cn (X.W.); lisongmin228@126.com (S.L.)







Academic Editor: Simone Morais



Received: 3 November 2021 / Accepted: 10 December 2021 / Published: 16 December 2021



Abstract

:

It is of great significance for air pollution control and personnel safety guarantee to master the release characteristics of harmful gases in the process of Limnoperna fortunei corruption. In view of the lack of research on the environmental pollution caused by the corruption of Limnoperna fortunei, a model experiment was designed to study the three harmful gases of NH3, H2S, and CH4 in the putrid process of Limnoperna fortunei by considering the density of Limnoperna fortunei and the time of leaving water. The results show that: (1) The recognition and processing of outliers based on wavelet decomposition and K-means algorithm can effectively reduce the standard deviation and coefficient of variation of the data set and improve the accuracy of the data set. (2) The variation of NH3 and H2S gas concentrations with the time of water separation satisfies polynomial linear regression (R2 > 99%). (3) At a density of 0.5–7.0 × 104 mussels/m2, the highest concentration of NH3 reached 47.9777–307.9454 mg/m3 with the increase in the density of Limnoperna fortunei and the extension of the time away from water, far exceeding the occupational exposure limit of NH3 of 30 mg/m3, potentially threatening human health and safety. The highest detection value of H2S concentration is 0.1909–5.0946 mg/m3, and the highest detection concentration of CH4 is 0.02%, both of which can be ignored.
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1. Introduction


Limnoperna fortunei (dunker 1857) belongs to the Mollusca phylum, bivalve class, and mussel family. The adult mussel is 8–30 mm long, closely connected by byssus, stacked in layers, with a clumpy length of up to 15 cm and a thickness of 3–5 cm [1]. A large number of Limnoperna fortunei invade and deposit in pipes, culverts, tunnels, and other structures of water transmission projects, causing structural blockage and corrosion, resulting in serious biological fouling, affecting the normal operation of water transmission projects [2,3]. At present, scholars at home and abroad have carried out a series of studies on its adhesion characteristics, erosion effect on structure, and prevention measures. Through field investigation and statistical analysis, it is found that Limnoperna fortunei has strong environmental adaptability in a warm and humid environment, and its reproduction speed and growth amount are amazing [4,5,6]. Xu et al. [7] investigated the attachment of Limnoperna fortunein in the pipeline during the maintenance period of water transmission project and obtained the characteristics and rules of Limnoperna fortunein invasion into the water transmission pipeline: The attachment density of Limnoperna fortunei at the water inlet of the water transfer channel was very high, and the attachment density from the water inlet to the downstream decreased exponentially with the increase in the distance from the water inlet. At the same time, the existence of Limnoperna fortunei brings great harm to the project, such as reducing the cross-section area of the pipe, increasing the roughness of the pipe wall, causing wall corrosion, reducing the strength of the concrete structure, and other problems [8,9,10]. Many scholars have studied the effect of biological fouling control measures on Limnoperna fortune [2,11,12]. It is found that physical control methods such as drying out of water, spraying at high temperature, and regulating water flow, chemical killing methods such as bysalysis and chemical treatment, and biological control methods such as releasing predatory fish can provide guidance for solving biological fouling problems. It can be seen that Limnoperna fortunei, as an invasive species in water transportation engineering, has attracted the attention of scholars at home and abroad.



However, the existing researches mainly focus on the impact and prevention of Limnoperna fortunei on structural safety, and there is no report on the research on ecological environment safety. During the maintenance period of the water delivery project, a large number of Limnoperna fortunei attached to the wall of the cave quickly dehydrated and died in a short period of time, and the rancid smell seriously affected the air quality in the cave and even threatened the safety of maintenance personnel. Some studies showed that fish and shellfish are prone to decay after death. The changes in the initial stage of putrefaction are mainly caused by autolysis, while the later stage of putrefaction is caused by microbial activities [13,14]. A large number of specific putrid bacteria, mainly non-fermented Gram-negative bacteria, grow into the dominant bacteria [15,16], decompose the organism, and produce odor substances such as amine, ammonia, and sulfide [17,18,19]. According to previous studies, the spoilage bacteria of fish and shrimp products are mainly Enterobacter, H2S-producing bacteria, and Pseudomonas [20,21,22]. Under the action of Enterobacter bacteria, amino acids of fish decompose into biological amines and ammonia, sending out a stinky ammonia smell. Under the action of H2S producing bacteria, sulfur-containing amino acids and cysteine are generated, emitting sulfur odor. Under the action of pseudomonas, shrimp esters produce fruit odor and so on. It can be seen that fish and shellfish and other aquatic organisms are prone to produce putrid substances, which may harm human health when accumulated in large quantities. Therefore, it is very important and urgent to study the release rules of harmful gases in the putrid process of Limnoperna fortunei.



At the same time, the release degree of harmful gases during the puffiness of Limnoperna fortunei was the result of individual differences and the complexity of microbial reaction. Monitoring data are easily affected by environmental factors, instrument factors, acquisition factors, human factors, etc., and inevitably contain outliers, making concentration data show the characteristics of non-stationary and non-linear changes over time. It is not accurate to use monitoring data directly to analyze and study the complex air pollution in the maintenance period of water tunnel. For abnormal data, the common processing method is to identify discrete points based on statistics, distance, density, or clustering. Dong et al. used the linear interpolation method to replace outliers and the Savitzky-Golay filter method for noise reduction in water quality prediction, and the processed data were integrated into continuous and smooth time series [23]. Aiming at the problem of large errors or outliers in data sets, Sreejith et al. proposed a method that obtains the characteristic distribution model of the data through simulation experiment and then identifies whether the data point is an outlier or not according to the distance between the sampling value and the characteristic model value, for robust regression in the presence of sparse outliers. Finally, the recognition of outlier data is realized, and stable regression is realized in sparse outlier [24]. It is also important to strengthen the identification of monitoring data and the processing of outliers to analyze the release characteristics of harmful gases from putrefied Limnoperna fortunei.



In view of the lack of research on the impact of Limnoperna fortunei putrification on ecological environment safety, three harmful gases, NH3, H2S, and CH4, which are highly volatile, irritating, and toxic, were selected as real-time monitoring objects to obtain the change data of gas concentration in the process of Limnoperna fortunei putrefication. For the abnormal data, the wavelet decomposition with fast calculation speed, wide application range, and effective retention of signal characteristic points is used to process the complex monitoring data into high and low-frequency basis functions [25,26]. Moreover, the K-means clustering algorithm was used to identify and process the outliers in the high-frequency domain to improve the accuracy of the gas concentration data set. Finally, a mathematical equation was used to quantitatively analyze the discharge law of harmful gases in the putrification process of Limnoperna fortunei to clarify the impact of the putrification gas pollution on the maintenance environment and personnel. This paper can provide a basis for the subsequent control of harmful gas pollution and guarantee the safety of construction personnel.




2. Tests and Methods


2.1. Collection and Treatment of Limnoperna fortunei


In this study, Limnoperna fortunei were taken from the wall surface of a warning ship at Taiyuan Pump Station, Qiaotou Town, Dongguan City, Guangdong Province, China (114°6′40.213″ E, 23°2′48.888″ N, Figure 1). Use a flat-head spade to sample the attached Limnoperna fortunei, remove the dead individuals, wash the silt adhered to the byssus and sample surface with clean water and wipe the surface moisture (Figure 2). Use electronic balance to weigh Limnoperna fortunei samples. Each sample was measured three times, and the average value of the measured results was recorded as the quality of the sample Limnoperna fortunei.




2.2. Model Test Design and Operation Monitoring


According to the water pipeline section scale 1:10 design, the test device and the site layout is shown in Figure 3. The device is made of transparent plexiglass, and the gas sampling hole (c) and the reflux hole (d) are set on both sides of the left and right walls. The gas sampling pipe (e) and gas reflux pipe (f) of the online gas detector (g, Model NF-GAS4-200F) are respectively connected, and the multi-purpose hole (b) is used for adding and cleaning Limnoperna fortunei (a) before and after the test. The resolutions of NH3, H2S, and CH4 sensors are 0.1 ppm, 0.01 ppm, and 0.1% LEL, respectively. In order to ensure that the temperature, humidity, and other environmental conditions in the device are consistent with the on-site situation, the test is carried out at 30–35 °C. Before the test, the device was filled with water, and then the water was drained to simulate the pipeline maintenance process; finally, the humidity in the device was maintained at 63%~65%RH. In the formal experiment, we put the Limnoperna fortunei into the test device and made them die of natural dehydration. The three harmful gases of NH3, H2S, and CH4, as well as environmental factors such as temperature, humidity, and oxygen content during the putrefaction of Limnoperna fortunei, were continuously monitored.



According to previous survey results on the distribution law of Limnoperna fortunei in the water conveyance tunnel [27], The adhesion density of Limnoperna fortunei at the inlet of the water conveyance tunnel is as high as 6.0 × 104 mussels/m2, and the density of Limnoperna fortunei in the downstream gradually decreases as the distance from the water inlet increases. Considering extreme factors, set up experiments on Limnoperna fortunei samples of 0~7.0 × 104 mussels/m2 and divide the samples with 0.5 × 104 mussels/m2 as the gradient interval (Table 1). That is, 50, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, and 700 Limnoperna fortunei were placed on a 0.01 m2 plane at the bottom of the device for subsequent tests.



The test was carried out at Taiyuan Pumping Station, Qiaotou Town, Dongguan City, Guangdong Province, China, from July 2020 to September 2020. The concentration of the three harmful gases NH3, H2S, and CH4 released during the spoilage of the 14 groups of Limnoperna fortunei and the changes in the three environmental factors of temperature, humidity, and O2 in the test device were continuously monitored for a period of 5 days. The data recording frequency of the online gas detector is 1 s/time; that is, the cumulative amount of data for a single indicator in a single set of tests is about 432,000.




2.3. Preprocessing of Gas Concentration Data


In order to maintain stable sensor performance, the equipment will be monitored for 2 min and purged for 20 min after shutdown. The maximum value of all data within 22 min was recorded as the monitoring value of the harmful gas concentration of Limnoperna fortunei in this period; that is, about 329 valid data were obtained for each test group. The accuracy of the gas concentration data set can be effectively improved by using wavelet decomposition to extract the high-frequency data and then identifying and processing the outliers combined with a K-means clustering algorithm.



2.3.1. Data Detrending Based on Wavelet Decomposition


The gas concentration data series can be regarded as the superposition of the real signal and the abnormal signal (Equation (1)). That is,


  C ( t ) = A ( t ) + D ( t )  



(1)




where C(t) is the original monitoring signal; A(t) is the real signal; D(t) is the abnormal signal.



Wavelet decomposition is a fine purification method for non-stationary time series. According to the characteristics of different wavelet coefficients in the wavelet domain for the effective and abnormal signals in the gas concentration monitoring data, the expansion factor and the translation factor v are changed (Equation (2)), and the signals of different frequencies are decomposed into high-frequency and low-frequency information. Among them, C(t) is the original data information. A(t) array represents the low-frequency data part of each layer, corresponding to the general outline of original data. The D(t) array represents the high-frequency data part of each layer, corresponding to the original data details, and most of the abnormal signals are gathered here. In order to avoid the influence of low-frequency data offset, the analysis is focused on the fluctuation of the data trend itself, and the follow-up calculation is carried out for the high-frequency components.


   W f  ( a , v ) = 〈 f ( t ) ,  ψ  a , v   ( t ) 〉 =    | a |    − 1 / 2      ∫ R   f ( t )   ψ (   t − v  a  )  ¯  d t     



(2)




where a > 0 is the expansion factor, which mainly adjusts the position and shape of the window. v is the translation factor, which can be positive or negative. It mainly adjusts the position of the plane time axis window. f(t) is the analysis signal function; ψa,v(t) is called the fundamental wavelet.




2.3.2. Outlier Recognition Based on K-Means Algorithm


K-means algorithm, also known as the K-means algorithm, is a typical distance-based clustering algorithm, which is widely used in clustering and outlier identification problems due to its clear structure and fast convergence speed [28,29].



The basic idea of the K-means algorithm is that in the gas concentration data set D = {X1, X2,..., K samples were selected as cluster centers in Xm}, namely, the center of mass Zj (j = 1, 2, 3,..., k). Calculate the Euclidean distance dij between each sample Xi (i = 1, 2,..., m) and K centroids. The samples were divided into clusters with the nearest centroid to obtain K clusters Cj (j = 1, 2, 3, …, k). The centroid of the new cluster is calculated step by step, and the above steps are repeated until the clustering criterion function converges. The clustering criterion function is shown in Equation (2).


      ∑  j = 1  k     ∑   X  i ∈  C j        ‖   X i  −  z j   ‖       2 2   



(3)







The E value represents the minimum square error of each cluster after clustering. The smaller the E value is, the closer the gas concentration data in the cluster is around the center of mass. The higher the similarity within the cluster, the better the clustering effect.





2.4. Gas Release Law Analysis


We used the regression analysis method to explore the mathematical relationship between the concentration of harmful gas in Limnoperna fortunei and the change of time away from water (Equation (4)). At the same time, the interaction of the concentration of harmful gas released during the putrefying process, the density of Limnoperna fortunei, and the time of water release was studied, and the law was quantified (Equation (5)).


  C = f ( t )  



(4)






  C = f ( m , t )  



(5)




where C is the concentration of NH3, H2S, or CH4, mg/m3; t is the departure time of Limnoperna fortunei, d; m is the mass density of Limnoperna fortunei, mg/m2.



In the article, all calculations are performed by the software of matlab 2016 and tablecurve 2D, and all drawings are performed by the software of matlab 2016 and origin 8.0.





3. Results and Discussion


3.1. Morphological Changes of Limnoperna fortunei during Putrification


The shell of Limnoperna fortunei is brown, the abdomen color is lighter, and the double shell is closed. On the first day out of water (Figure 4a), the shells of Limnoperna fortunei gradually turned black and brown, and some shells opened and gave off a fishy smell, indicating that the Limnoperna fortunei are beginning to die. The next day, the wall of the test device was covered with water mist, and the double shells of the Limnoperna fortunei were all opened. The body inside the shell was beige, and it could be seen that the body outline was elliptic. On the third day (Figure 4b), the Limnoperna fortunei turned into dark yellow grout, but only a small part of the grout flowed out, and most of the grout was still hanging on the wall inside the Limnoperna fortunei. On the fifth day (Figure 4c), the inner body of the shell completely turned into a sticky liquid and scattered around. Only the empty shell existed in the main body of the Limnoperna fortunei, and the strong smell of amine filled the box. White mycelium was formed on the surface of the shell after the Limnoperna fortunei was placed until the tenth day (Figure 4d).




3.2. Preprocessing of Gas Monitoring Data


3.2.1. Analysis of the Original Data Set


The ambient temperature in the test device was always maintained at 30–35 °C, the humidity was 63%–65% RH, and the oxygen content was 20.0%–21.0% Vol. The daily variation curve of harmful gas monitoring data in the process of Limnoperna fortunei corruption is drawn, as shown in Figure 5 and Figure 6. It can be seen that the release of NH3 and H2S has an obvious trend. That is, with the increase in the density of Limnoperna fortunei and the extension of time, the accumulation of harmful gas concentration gradually increased. The release concentrations of NH3 and H2S in Limnoperna fortunei of different densities increased first and then tended to be flat with the extension of time in water, indicating that no NH3 and H2S were produced in the middle and late stage of Limnoperna fortunei putrefication. Overall, NH3 is produced simultaneously with H2S, but its concentration is significantly lower than NH3. In all experiments, CH4 was rarely detected or not detected, and the maximum detected concentration was 0.02%. This concentration is far lower than the exposure limit (1%) defined in Construction specifications on underground excavation engineering of hydraulic structures (SL378-2007, 2007) [30], Code for design of occupational safety and health of water resources and hydropower projects (GB 50706-2011, 2011) [31] and Occupational exposure limits for hazardous agents in the workplace-chemical hazardous agents (GBZ 2.1-2007, 2007) [32], so the subsequent analysis of CH4 release from the corruption of Limnoperna fortunei will not be focused.




3.2.2. Pretreatment of NH3 and H2S Concentration Data


High- and Low-Frequency Signal Features Are Extracted by Wavelet Decomposition


Obviously, NH3 and H2S change dynamically with time. It may be caused by the complexity of gas changes and equipment instability. The abnormal signal shows randomness and discontinuity in the time domain. In particular, there are many abnormal points in NH3, which will seriously affect the accuracy of subsequent analysis if not treated. Each layer of the signal is decomposed into a low-frequency trend part and a high-frequency detail part by using the characteristic that wavelet decomposition can effectively divide non-stationary signal information. Then, the K-means algorithm is used for fine identification and processing of high-frequency outliers to improve the accuracy of the gas concentration data set. This is also the premise and basis of the follow-up study on the harmful gas release in the purification process of Limnoperna fortunei.



Db5 wavelet was used to decompose the above data, and the signal diagram as shown in Figure 7 was obtained. After five layers of decomposition, the original concentration data can be divided into a low-frequency array a5 and five high-frequency arrays d1–d5. Compared with a one-dimensional original sequence, arrays in different frequency domains can express potential information of data more effectively and accurately. The amplitude of d1 in the time domain shows randomness, and the main spectrum in the frequency domain is mainly concentrated in the high-frequency domain, containing a large number of outliers. From d1 to d5, the frequency of variation decreases in turn, and the main spectrum is closer to the low-frequency concentration. The frequency of useful signals is mainly concentrated at a5, reflecting the baseline trend of gas concentration.




Identify Outliers of High-Frequency Signals Based on K-Means Algorithm


For gas concentration, the outliers are usually abnormally large or abnormally small. Any outliers will affect the quantitative analysis results of harmful gas release characteristics of Limnoperna fortunei, so the outliers in the gas concentration data set were comprehensively identified in this paper. By combining the analysis of the working state of gas monitoring equipment (sensor stability, drift, and failure) and the performance of original sequence data, it is judged that when the number of K-means algorithm clusters is 4, it can not only explain different data conditions but also ensure the stability of clustering results. The identification results of outliers by the K-means algorithm are shown in Figure 8. The abnormal small values in the concentration of harmful gas are reflected in clusters 1 and 4, and the abnormal large values are reflected in clusters 2 and 3. Among them, cluster no. 1 in the figure is an obviously abnormal small value, and cluster no. 2 is an obviously abnormal large value, which should be directly deleted. Cluster no. 3 and cluster no. 4 are fuzzy outliers, which can be retained or continued processing. By analyzing the overall fluctuation of the sequence, it was empirically determined that cluster 3 and cluster 4 were abnormal data caused by sensor drift, which may affect the accuracy of subsequent quantitative analysis of harmful gas concentration, so it was also deleted.



The processed high-frequency arrays and the original low-frequency data were reconstructed to obtain a new gas concentration data set, as shown in Figure 9 and Figure 10. Compared with Figure 5 and Figure 6, it can be seen that the change trend of gas concentration is highly consistent with the original monitoring signal, and it is obvious that the graph burr phenomenon decreases and outliers decrease. The evaluation results of the pretreatment effect of gas concentration data are shown in Table 2 and Table 3. The standard deviation σ and coefficient of variation CV of each group of data decrease, indicating that the outlier interference is effectively reduced, and the data results processed by the K-means algorithm can be used for subsequent analysis.






3.3. Release Characteristics of Harmful Gases in the Putrefying Process of Limnoperna fortunei


3.3.1. The Change of Gas Release Concentration with the Time of Limnoperna fortunei Leaving Water


According to the monitoring data of gas concentration after pretreatment, the equation of fitting the change of NH3 and H2S concentration with the time of leaving water during the putrefying process of Limnoperna fortunei is shown in Table 4 (Equations (6)–(19)) and Table 5 (Equations (20)–(33)). The release concentrations of NH3 and H2S were linearly correlated with the dewatering time of Limnoperna fortunei, satisfying the mathematical model in the form of    C i  = a + b t + c  t  − 1   + d  t 2  + e  t  − 2   + f  t 3  + g  t  − 3   + …  (R2 > 99%. Where    C i    is the release concentration of NH3 or H2S, t is how long the mussel is out of water, and a, b, c, d, e, f, g, … is the polynomial coefficient). The release concentrations of NH3 and H2S in Limnoperna fortunei increased first and then tended to be flat with the extension of time in water, indicating that no NH3 and H2S were produced in Limnoperna fortunei at the end of putrefication. The derivative of the equation can also obtain the change of NH3 and H2S release rates over time. The maximum release rates of NH3 and H2S were 33.9214–185.5075 mg/(m3·d) and 0.7008–4.0612 mg/(m3·d), respectively, for different attachment densities of Limnoperna fortunei.




3.3.2. Change of Harmful Gas Concentration with Density of Limnoperna fortunei


The change of NH3 concentration during the purification of Limnoperna fortunei is shown in Figure 11. The higher the density of Limnoperna fortunei, the higher the maximum release concentration of NH3. Especially when the number density of Limnoperna fortunei reached 5.0–7.0 × 104 mussels/m2, the maximum NH3 release concentration increased linearly with the increase in Limnoperna fortunei density, from 177.7673 to 307.9454 mg/m3. The fluctuation of the median NH3 concentration showed no obvious regularity with the change of density of Limnoperna fortunei, indicating that the rate of harmful gas release from the putrification of Limnoperna fortunei was unrelated to the density of Limnoperna fortunei, which may be caused by the individual difference of Limnoperna fortunei putrification and the complexity of microbial reaction.



The change of H2S concentration released by Limnoperna fortunei at different densities is shown in Figure 12. The maximum H2S release concentration was higher when the density of Limnoperna fortunei was higher. When the number density of Limnoperna fortunei was 0.5–1.5 × 104 mussels/m2, the release concentration of H2S was maintained at a low level throughout the whole process of spoilage, and the maximum concentration was not more than 0.3221 mg/m3. When the density of Limnoperna fortunei reached 2.5 × 104 mussels/m2, the release concentration of H2S increased exponentially, with the density increasing from 0.7552 to 5.0946 mg/m3. In general, the median H2S concentration increased with the increase in Limnoperna fortunei density, which may be related to the early release of H2S in f Limnoperna fortunei.




3.3.3. Mathematical Model of Harmful Gas Concentration Release Characteristics


In order to further quantify the release law of harmful gases during the putrid process of Limnoperna fortunei, the characteristic equation of NH3 and H2S concentrations changing with the density of Limnoperna fortunei and time out of water was fitted (Equations (34) and (35)). Among them, the gas concentration, the mass density of Limnoperna fortunei, and the time out of water are quite different in magnitude. In order to avoid the influence of the above situation on the experimental analysis results, this part of the study has carried out the normalization of the concentration, density, and time data. The complex correlation index R2 of NH3 concentration release characteristic equation is 98.14%, and the root mean square error RMSE value is 0.03143. The complex correlation index R2 of the H2S concentration release characteristic equation is 98.71%, and the root mean square error RMSE is 0.03043. The above model tables all have suitable fitting ability and can be used to estimate the release of NH3 and H2S concentration caused by the corruption of Limnoperna fortunei based on the distribution rule of Limnoperna fortunei and drainage maintenance time in the water pipeline.


     C  N  H 3    = f ( m , t ) =   ∑  i = 1  6     ∑  j = 1  6    a  i j        m  i − 1    t  j − 1       a  i j   =  [      − 0.0156     0.9349     − 7.0490     18.8100     − 20.5900     7.9130       − 0.0315     − 0.6988     2.7800     − 5.8740     3.2910    0      0.7443     3.3820     0.6363     1.5850    0   0      − 2.2930     − 4.1990     − 2.6180    0   0   0      3.7020     2.6230    0   0   0   0      − 1.9990    0   0   0   0   0     ]     



(34)




where    C  N  H 3      is the NH3 concentration, dimensionless; m is mass density of Limnoperna fortunei, dimensionless; t is time out of water, dimensionless.


    C   H 2  S   = f ( m , t ) =   ∑  i = 1  6     ∑  j = 1  6    a  i j        m  i − 1    t  j − 1       a  i j   =  [      0.0200     − 0.8871     7.3950     − 22.2400     27.2000     − 11.5800       − 0.0260     − 1.4920     3.5600     − 1.1250     0.2000    0      1.2360     6.0510     − 3.6330     1.6100    0   0      − 4.3470     − 7.3830     − 0.0841    0   0   0      5.5550     3.4290    0   0   0   0      − 2.4410    0   0   0   0   0     ]    



(35)




where    C   H 2  S     is the H2S concentration, dimensionless; m is mass density of Limnoperna fortunei, dimensionless; t is time out of water, dimensionless.





3.4. Potential Risk Analysis of Harmful Substances Released by Putrid Limnoperna fortunei


The exposure limit of NH3 is 30 mg/m3 as defined in Occupational exposure limits for hazardous agents in the workplace-chemical hazardous agents (GBZ 2.1-2007, 2007) [32] and other relevant specifications. In this experiment, the concentration of NH3 in Limnoperna fortunei with a density of 6.0–7.0 × 104 mussels/m2 reached the contact limit on the first day after the Limnoperna fortunei was out of water. On the second day out of water, the concentration of NH3 in Limnoperna fortunei with a density of 4.5–5.5 × 104 mussels/m2 reached the contact limit. On the third day out of water, the concentration of NH3 reached the contact limit for all Limnoperna fortunei with a density of 0.5–4.0 × 104 mussels/m2. In particular, NH3 concentration reached the highest detected value of 307.9454 mg/m3 when the density of Limnoperna fortunei was 7.0 × 104 mussels/m2 and the time in water was 4.8 days. It can be seen that the concentration of NH3 released during the spoilage of Limnoperna fortunei can reach the level of health and safety threat to workers in a short period of time, and the cumulative concentration of NH3 is far beyond the exposure limit with the increase in the time when Limnoperna fortunei are away from water. Therefore, the influence of NH3 pollutants should be considered in the spoilage and pollution control of Limnoperna fortunei.



When the density of Limnoperna fortunei is 7.0 × 104 mussels/m2 and the time of water separation is 3d, the highest value of H2S concentration detection data is 5.0946 mg/m3, which is lower than the H2S exposure limit of 10 mg/m3 defined in Occupational exposure limits for hazardous agents in the workplace-chemical hazardous agents (GBZ 2.1-2007, 2007) [32] and other relevant specifications. That is, the H2S concentration produced during the corruption of Limnoperna fortunei has an acceptable influence on the staff.



NH3 causes mucosal diseases of the eye and respiratory system and even causes coma, shock, and respiratory distress syndrome, and inhaling a small amount of high concentration of H2S can be fatal in a short time. After the overhaul and drainage, the air circulation condition in the water pipeline is poor, so the ventilation environment standard during the overhaul should be formulated in accordance with the relevant specifications in time, and the oxygen content, the scope of the overhaul wind speed, and the maximum allowable content of harmful gases should be clear, in order to avoid the Limnoperna fortunei corruption and the release of harmful gases threatening the health and safety of maintenance personnel.





4. Conclusions


In view of the lack of research on the environmental effects of invasive organisms in water transport projects, this paper designed a model test to study the harmful gases NH3, H2S, and CH4 released during the putrid process of Limnoperna fortunei and quantitatively explored the relationship between their concentrations and the time when Limnoperna fortunei leaves water and the density of Limnoperna fortunei attachment. The main conclusions are as follows:




	
For outliers in the original gas concentration data set, wavelet decomposition and K-means algorithm are used to identify and process outliers, which can effectively reduce the standard deviation and coefficient of variation of the data set and improve the accuracy of the data set;



	
NH3 is the main harmful gas released in the process of purification, followed by H2S, with a maximum concentration of 307.9454 mg/m3 and 5.0946 mg/m3, respectively. Only a very small amount of CH4 was detected during the process, and the maximum concentration did not exceed 0.02%;



	
The quantitative relationship between NH3 and H2S and Limnoperna fortunei density and dewatering time all met the n-order polynomial linear regression model (R2 > 99%), that is, with the increase in Limnoperna fortunei density or dewatering time, the concentration of NH3 and H2S gradually increased;



	
The concentration of NH3 released during the corruption of Limnoperna fortunei can reach the level of health and safety threat to workers at the earliest day out of water, and the accumulated concentration of NH3 far exceeds the exposure limit (30 mg/m3) with the increase in the time out of water of Limnoperna fortunei. The influence of H2S and CH4 concentration on workers is still within an acceptable level.
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Figure 1. Sampling site of Limnoperna fortunei. 
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Figure 2. Limnoperna fortunei sample collection. 
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Figure 3. Schematic diagram of test device (a) and site layout (b); (a—mussel cluster; b—multi-purpose hole; c—gas sampling hole; d—gas reflux hole; e—gas sampling pipe; f—gas reflux pipe; g—online gas detector). 
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Figure 4. Morphological changes of Limnoperna fortunei during putrid process; ((a)—day 1; (b)—day 3; (c)—day 5; (d)—day 10). 
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Figure 5. Changes of NH3 concentration during the putrefaction of Limnoperna fortunei. 
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Figure 6. Changes of H2S concentration during the putrefaction of Limnoperna fortunei. 






Figure 6. Changes of H2S concentration during the putrefaction of Limnoperna fortunei.



[image: Applsci 11 11995 g006]







[image: Applsci 11 11995 g007 550] 





Figure 7. Decomposition of NH3 (a) and H2S (b) concentration data by db5 wavelet. 
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Figure 8. K-means outlier recognition. 
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Figure 9. Pretreatment results of NH3 concentration data. 
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Figure 10. Pretreatment results of H2S concentration data. 
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Figure 11. The change of NH3 concentration under different densities of Limnoperna fortunei. 






Figure 11. The change of NH3 concentration under different densities of Limnoperna fortunei.



[image: Applsci 11 11995 g011]







[image: Applsci 11 11995 g012 550] 





Figure 12. The change of H2S concentration under different densities of Limnoperna fortunei. 
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Table 1. Density of Limnoperna fortunei.
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	Number Density (×104 Mussels/m2)
	Samples Size

(Mussels/100 cm2)
	Sample Weight

(kg/100 cm2)
	Number Density (×104 Mussels/m2)
	Samples Size

(Mussels/100 cm2)
	Sample Weight

(kg/100 cm2)





	0.5
	50
	0.0204
	4.0
	400
	0.1465



	1.0
	100
	0.0409
	4.5
	450
	0.1778



	1.5
	150
	0.0645
	5.0
	500
	0.1973



	2.0
	200
	0.0840
	5.5
	550
	0.2133



	2.5
	250
	0.0945
	6.0
	600
	0.2319



	3.0
	300
	0.1146
	6.5
	650
	0.2533



	3.5
	350
	0.1270
	7.0
	700
	0.2803
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Table 2. Comparison of NH3 concentration data set before and after repair.
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0.5

	
1.0

	
1.5

	
2.0

	
2.5

	
3.0

	
3.5

	
4.0

	
4.5

	
5.0

	
5.5

	
6.0

	
6.5

	
7.0




	
Rawdata

	
δ

	
16.767058

	
22.114135

	
34.389931

	
42.714861

	
33.365958

	
46.982665

	
55.987208

	
52.982421

	
60.678893

	
66.830604

	
64.984631

	
73.981082

	
102.485530

	
118.011266




	
   C ¯   

	
17.770983

	
37.802422

	
50.484537

	
51.662313

	
44.069167

	
73.259108

	
61.901134

	
79.378196

	
86.892091

	
96.132488

	
122.103267

	
110.227919

	
135.060994

	
175.671261




	
CV

	
0.943508

	
0.584993

	
0.681197

	
0.826809

	
0.757127

	
0.641322

	
0.904462

	
0.667468

	
0.698325

	
0.695193

	
0.532210

	
0.671165

	
0.758809

	
0.671773




	
Cmax

	
47.977712

	
84.960053

	
105.979206

	
113.226310

	
123.215786

	
157.938219

	
205.106574

	
207.160693

	
216.635426

	
289.989337

	
329.960443

	
309.307054

	
470.907315

	
484.512967




	
Repair data

	
δ

	
16.716482

	
21.991144

	
34.309874

	
42.627320

	
36.779411

	
42.726538

	
55.723427

	
52.958790

	
61.994448

	
60.316471

	
58.361717

	
72.548227

	
82.279642

	
107.003084




	
   C ¯   

	
17.762965

	
37.784827

	
50.472732

	
51.694684

	
55.346273

	
66.995734

	
61.961222

	
79.515985

	
95.150493

	
86.877288

	
118.946845

	
110.122408

	
124.891449

	
170.771985




	
CV

	
0.941086

	
0.582010

	
0.679770

	
0.824598

	
0.664533

	
0.637750

	
0.899327

	
0.666014

	
0.651541

	
0.694272

	
0.490654

	
0.658796

	
0.658809

	
0.626585




	
Cmax

	
47.607156

	
74.841119

	
96.445083

	
113.226300

	
122.763174

	
132.529708

	
162.992975

	
175.852872

	
173.959145

	
177.767343

	
198.669919

	
219.128428

	
255.421770

	
307.945418








In the table, δ is the standard deviation of NH3 concentration data;   C ¯   is the average concentration of NH3; CV is the coefficient of variation of the NH3 concentration data; Cmax is the maximum value of the NH3 concentration data.
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Table 3. Comparison of H2S concentration data set before and after repair.
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0.5

	
1.0

	
1.5

	
2.0

	
2.5

	
3.0

	
3.5

	
4.0

	
4.5

	
5.0

	
5.5

	
6.0

	
6.5

	
7.0






	
Rawdata

	
δ

	
0.034248

	
0.044883

	
0.098694

	
0.225369

	
0.259643

	
0.414985

	
0.449954

	
0.519918

	
0.563922

	
0.714369

	
0.909262

	
1.120077

	
1.628209

	
1.636846




	
   C ¯   

	
0.166079

	
0.160989

	
0.244019

	
0.454042

	
0.399490

	
0.799765

	
1.020833

	
1.032471

	
1.407727

	
1.805642

	
2.169511

	
2.791567

	
3.104072

	
3.509659




	
CV

	
0.206214

	
0.278797

	
0.404454

	
0.496363

	
0.649936

	
0.518884

	
0.440772

	
0.503566

	
0.400590

	
0.395631

	
0.419109

	
0.401236

	
0.524540

	
0.466383




	
Cmax

	
0.190918

	
0.207953

	
0.322143

	
0.666502

	
0.755783

	
1.217786

	
1.426353

	
1.628936

	
1.875821

	
2.404795

	
3.192408

	
3.758756

	
4.769833

	
5.094600




	
Repair data

	
δ

	
0.034246

	
0.044800

	
0.098694

	
0.225068

	
0.259641

	
0.414963

	
0.449953

	
0.519777

	
0.563607

	
0.688696

	
0.908820

	
1.018932

	
1.512646

	
1.633315




	
   C ¯   

	
0.166080

	
0.161011

	
0.244019

	
0.454195

	
0.399495

	
0.799778

	
1.020833

	
1.032544

	
1.407855

	
1.818383

	
2.169267

	
2.887395

	
3.212002

	
3.511402




	
CV

	
0.206202

	
0.278243

	
0.404451

	
0.495531

	
0.649925

	
0.518847

	
0.440770

	
0.503394

	
0.400331

	
0.378741

	
0.418953

	
0.352890

	
0.470936

	
0.465146




	
Cmax

	
0.190751

	
0.207947

	
0.322159

	
0.666285

	
0.755245

	
1.218584

	
1.426305

	
1.628952

	
1.875854

	
2.406163

	
3.192408

	
3.758756

	
4.769833

	
5.094600








In the table, δ is the standard deviation of NH3 concentration data;   C ¯   is the average concentration of NH3; CV is the coefficient of variation of the NH3 concentration data; Cmax is the maximum value of the NH3 concentration data.
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Table 4. NH3 release concentration equation of Limnoperna fortunei with different densities.
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	Density (×104 Mussels/m2)
	    C  N  H 3    = f ( t )   
	R2
	Serial Number





	0.5
	    C  N  H 3    = − 67.40 + 177.43 t − 162.42  t 2  + 67.29  t 3  − 12.10  t 4  + 0.78  t 5    
	99.85%
	Equation (6)



	1.0
	    C  N  H 3    = − 197.18 + 674.61 t − 850.64  t 2  + 514.09  t 3  − 155.39  t 4  + 22.90  t 5  − 1.31  t 6    
	99.64%
	Equation (7)



	1.5
	    C  N  H 3    = − 8567.57 + 3632.71 t + 11597.04  t  − 1   − 865.62  t 2  − 8876.79  t  − 2   + 111.16  t 3  + 3559.02  t  − 3   − 6.00  t 4  − 579.90  t  − 4     
	99.85%
	Equation (8)



	2.0
	    C  N  H 3    = − 129200.02 + 63964.96 t + 161762.11  t  − 1   − 19662.59  t 2  − 121240.38  t  − 2   + 3643.32  t 3  + 49555.16  t  − 3   − 371.30  t 4  − 8460.44  t  − 4   + 15.94  t 5    
	99.70%
	Equation (9)



	2.5
	    C  N  H 3    = − 21498.92 + 7629.59 t + 33605.65  t  − 1   − 1413.66  t 2  − 29262.01  t  − 2   + 122.7735  t 3  + 13262.65  t  − 3   − 3.48  t 4  − 2434.59  t  − 4     
	99.78%
	Equation (10)



	3.0
	    C  N  H 3    = 27606.84 − 22319.48 t − 17241.65  t  − 1   + 10024.78  t 2  + 3053.57  t  − 2   − 2495.84  t 3  + 1734.81  t  − 3   + 322.14  t 4  − 664.89  t  − 4   − 16.81  t 5    
	99.86%
	Equation (11)



	3.5
	    C  N  H 3    = − 13723.15 + 2728.19 t + 29123.81  t  − 1   + 85.87  t 2  − 31631.47  t  − 2   − 98.84  t 3  + 17259.59  t  − 3   + 9.21  t 4  − 3750.66  t  − 4     
	99.91%
	Equation (12)



	4.0
	    C  N  H 3    = − 62439.55 + 23752.51 t + 95396.19  t  − 1   − 5102.54  t 2  − 83605.37  t  − 2   + 574.02  t 3  + 38844.68  t  − 3   − 26.22  t 4  − 7395.39  t  − 4     
	99.85%
	Equation (13)



	4.5
	    C  N  H 3    = − 61187.54 + 21150.84 t + 96780.35  t  − 1   − 3376.49  t 2  − 85768.13  t  − 2   + 21.78  t 3  + 39910.72  t  − 3   + 59.66  t 4  − 7583.43  t  − 4   − 5.20  t 5    
	99.86%
	Equation (14)



	5.0
	    C  N  H 3    = − 3018.26 + 487.21 t + 6684.45  t  − 1   + 101.21  t 2  − 7447.84  t  − 2   − 37.13  t 3  + 4128.66  t  − 3   + 2.86  t 4  − 900.56  t  − 4     
	99.80%
	Equation (15)



	5.5
	    C  N  H 3    = − 22835.36 + 14906.45 t + 20365.84  t  − 1   − 5592.57  t 2  − 10384.16  t  − 2   + 1196.90  t 3  + 2795.68  t  − 3   − 134.94  t 4  − 307.44  t  − 4   + 6.19  t 5    
	99.89%
	Equation (16)



	6.0
	    C  N  H 3    = − 657.31 + 562.41 t + 304.24  t  − 1   − 135.96  t 2  − 48.10  t  − 2   + 11.06  t 3    
	99.40%
	Equation (17)



	6.5
	    C  N  H 3    = − 3202.07 + 3540.81 t + 618.63  t  − 1   − 1682.63  t 2  + 919.91  t  − 2   + 413.65  t 3  − 680.61  t  − 3   − 50.67  t 4  + 180.60  t  − 4   + 2.43  t 5  − 17.25  t  − 5     
	99.70%
	Equation (18)



	7.0
	    C  N  H 3    = − 342.53 + 478.91 t − 57.15  t  − 1   − 119.83  t 2  + 110.18  t  − 2   + 10.11  t 3  − 23.35  t  − 3     
	99.80%
	Equation (19)







In the table,    C i    is the oncentration of H2S, mg/m3; t is the time out of water, d.













[image: Table] 





Table 5. H2S release concentration equation of Limnoperna fortunei with different densities.
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	Density (×104 Mussels/m2)
	    C   H 2  S   = f ( t )   
	R2
	Serial Number





	0.5
	    C   H 2  S   = − 17.33 + 7.17 t + 24.37  t  − 1   − 1.65  t 2  − 18.59  t  − 2   + 0.20  t 3  + 7.07  t  − 3   − 0.01  t 4  − 1.06  t  − 4     
	98.55%
	Equation (20)



	1.0
	    C   H 2  S   = − 20.61 + 11.26 t + 21.05  t  − 1   − 3.31  t 2  − 11.33  t  − 2   + 0.49  t 3  + 2.84  t  − 3   − 0.03  t 4  − 0.25  t  − 4     
	98.20%
	Equation (21)



	1.5
	    C   H 2  S   = − 105.84 + 37.75 t + 178.28  t  − 1   − 7.92  t 2  − 172.44  t  − 2   + 0.90  t 3  + 86.98  t  − 3   − 0.04  t 4  − 17.62  t  − 4     
	98.80%
	Equation (22)



	2.0
	    C   H 2  S   = − 64.52 + 36.33 t + 69.70  t  − 1   − 11.80  t 2  − 45.44  t  − 2   + 2.16  t 3  + 16.37  t  − 3   − 0.20  t 4  − 2.49  t  − 4   + 0.01  t 5    
	99.95%
	Equation (23)



	2.5
	    C   H 2  S   = − 1322.70 + 627.68 t + 1726.92  t  − 1   − 184.56  t 2  − 1351.13  t  − 2   + 32.64  t 3  + 577.83  t  − 3   − 3.18  t 4  − 103.55  t  − 4   + 0.13  t 5    
	99.46%
	Equation (24)



	3.0
	    C   H 2  S   = 1816.59 − 679.02 t − 3098.72  t  − 1   + 161.26  t 2  + 3330.02  t  − 2   − 23.50  t 3  − 2169.67  t  − 3   + 1.92  t 4  + 779.70  t  − 4   − 0.07  t 5  − 118.27  t  − 5     
	99.75%
	Equation (25)



	35
	    C   H 2  S   = − 112.59 + 51.34 t + 158.60  t  − 1   − 13.59  t 2  − 139.81  t  − 2   + 1.90  t 3  + 68.57  t  − 3   − 0.11  t 4  − 14.09  t  − 4     
	99.76%
	Equation (26)



	4.0
	    C   H 2  S   = − 2425.00 + 1240.72 t + 2944.31  t  − 1   − 393.83  t 2  − 2148.75  t  − 2   + 75.23  t 3  + 860.06  t  − 3   − 7.90  t 4  − 144.81  t  − 4   + 0.35  t 5    
	99.86%
	Equation (27)



	4.5
	    C   H 2  S   = 99.40 − 47.25 t − 109.47  t  − 1   + 12.81  t 2  + 59.08  t  − 2   − 1.82  t 3  − 12.44  t  − 3   + 0.11  t 4    
	99.86%
	Equation (28)



	5.0
	    C   H 2  S   = − 26.37 + 21.86 t + 16.28  t  − 1   − 7.87  t 2  − 4.86  t  − 2   + 1.34  t 3  + 0.51  t  − 3   − 0.09  t 4    
	99.84%
	Equation (29)



	5.5
	    C   H 2  S   = − 23.43 + 17.18 t + 15.44  t  − 1   − 4.94  t 2  − 4.32  t  − 2   + 0.64  t 3  + 0.28  t  − 3   − 0.03  t 4    
	99.66%
	Equation (30)



	6.0
	    C   H 2  S   = 69.44 − 34.29 t − 66.83  t  − 1   + 9.97  t 2  + 29.54  t  − 2   − 1.52  t 3  − 4.89  t  − 3   + 0.09  t 4    
	99.73%
	Equation (31)



	6.5
	    C   H 2  S   = − 1042.09 + 575.54 t + 1143.17  t  − 1   − 189.92  t 2  − 736.72  t  − 2   + 36.67  t 3  + 254.11  t  − 3   − 3.82  t 4  − 35.95  t  − 4   + 0.16  t 5    
	99.89%
	Equation (32)



	7.0
	    C   H 2  S   = − 8.73 + 15.54 t − 6.06  t  − 1   − 5.66  t 2  + 6.79  t  − 2   + 0.87  t 3  − 1.60  t  − 3   − 0.05  t 4    
	99.95%
	Equation (33)







In the table,    C i    is the oncentration of H2S, mg/m3; t is the time out of water, d.
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