

  fluids-06-00397




fluids-06-00397







Fluids 2021, 6(11), 397; doi:10.3390/fluids6110397




Article



Toward a Better Understanding of Sediment Dynamics as a Basis for Maintenance Dredging in Nagan Raya Port, Indonesia



Muhammad Zikra *[image: Orcid], Shaskya Salsabila and Kriyo Sambodho





Ocean Engineering Department, Institut Teknologi Sepuluh Nopember, Surabaya 60111, Indonesia









*



Correspondence: mzikro@gmail.com







Academic Editors: Jaan H. Pu and Mehrdad Massoudi



Received: 14 July 2021 / Accepted: 29 October 2021 / Published: 3 November 2021



Abstract

:

The Port of 2 × 110 MW Nagan Raya Coal Fired Steam Power Plant is one of the facilities constructed by the State Electricity Company in Aceh Province, Indonesia. During its operation, which began in 2013, the port has dealt with large amounts of sedimentation within the port and ship entrances. The goal of this study is to mitigate the sedimentation problem in the Nagan Raya port by evaluating the effect of maintenance dredging. Field measurements, and hydrodynamic and sediment transport modeling analysis, were conducted during this study. Evaluation of the wind data showed that the dominant wind direction is from south to west. Based on the analysis of the wave data, the dominant wave direction is from the south to the west. Therefore, the wave-induced currents in the surf zone were from south to north. Based on the analysis of longshore sediment transport, the supply of sediments to Nagan Raya port was estimated to be around 40,000–60,000 m3 per year. Results from the sediment model showed that sedimentation of up to 1 m was captured in areas of the inlet channel of Nagan Raya port. The use of a passing system for sand is one of the sedimentation management solutions proposed in this study. The dredged sediment material around the navigation channel was dumped in a dumping area in the middle of the sea at a depth of 11 m, with a distance of 1.5 km from the shoreline. To obtain a greater maximum result, the material disposal distance should be dumped further away, at least at a depth of 20 m or a distance of 20 miles from the coastline.
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1. Introduction


As the first Coal Fired Steam Power Plant present in Aceh Province, the existence of this power plant operation is very important for the local community as it supports the electricity demand in the south-west coast of Aceh Province. However, since the completion of the port construction process with the breakwater in 2013, there was a sedimentation process inside the port and the mouth of channel [1]. The breakwater structure was extended and some groins were also constructed [2,3] to minimize the problem, but these solutions have not been maximally effective in protecting the port basin from sedimentation. Sedimentation threatened the operation of the Nagan Raya port and steam power plant. A suitable port-basin depth for the anchoring of coal supply vessels is no longer achieved. In addition, the inlet channel for the water supply for the cooling of the power plant engine placed in the harbor basin is experiencing siltation. This siltation led to a reduction and decrease in the quality of the condenser coolant water supply, thus disrupting the productivity and service of the power plant for the people of Aceh Darussalam.



To overcome these problems, dredging activity was carried out to maintain the navigation channel depth and the port basin. However, the dredging solution is temporary and a more permanent solution is required to solve the sedimentation problem at the port. Because routine dredging activity has significantly increased costs and can lead to port downtimes, dredging optimization is strongly encouraged. On the other hand, the volume of sediment will continue to increase if the main problems of the sedimentation process are not addressed.



In short, over the years, new technologies have been developed as alternative methods for dredging. The first alternative was the use of fixed coastal structures such as groins [4,5], sand traps [6,7] and current deflection walls [8,9] to remove or reduce the amount of sediment from the port entrance. Recently, C. Juez et al. (2018) analyzed the effect of bank macro-roughness on sediment transportation [10]. Their laboratory study showed a clear function of the macro-roughness elements in terms of the trapping of fine sediments in the channel.



The second alternative to be developed was the use of water injections to lift and separate the grains of sediment from the seabed. The first design of a method for this system was proposed by Weisman et al. (1996) [11]. Water is pumped into a perforated buried pipeline below the seafloor for seabed maintenance. The third technological approach to be introduced is known as the sand bypassing system. Since the early 1930s, the sand bypassing system has been used in the United States [12]. Sand bypassing has a small environmental impact, but has high installation costs with uncertain operational costs [13]. Furthermore, the sand bypassing system usually works on a continuous basis and the system is able to ensure the prevention of sedimentation over time for the maintenance of the seabed.



The purpose of this study was to mitigate the sedimentation problem in Nagan Raya port by evaluating the effect of dredging maintenance activities. This study was mainly achieved in two parts. First, field measurements were conducted to identify the environmental characteristics of the study area, such as the wave climate, sediment properties, tide, current speed, wind climate, sediment transport volume and bathymetry. Secondly, numerical models (ShorelineS and Delft3D) were applied to provide an overview of the hydrodynamic features occurring within ports that directly or indirectly lead to sedimentation. The process-based Delft3D model was used to determine the sediment sources and sink that corresponded to areas where the sediment was disposed or distributed within the field of study. This Delft3D model has been implemented and applied in various coastal areas around the world to explore the impact of dredging material on sedimentation, e.g., in [14,15,16,17].




2. Study Area


The Nagan Raya Coal Fired Steam Power Plant (known as PLTU Nagan Raya) is a power plant that uses coal as its fuel and can supply electricity at a capacity of 2 × 110 MW. This Steam Power Plant is located in Gempong Sauk Puntong Village, District of Nagan Raya, Nanggroe Aceh Darussalam Province, Indonesia. The port is one of the facilities that supports the main operation of the coal-fired power plant in supplying coal as the main fuel for engines used in driving. The port is geographically located at coordinates 04°06.116′ North latitude and 96°11.6′ East longitude as shown in Figure 1.



In the north part, there is the Krueng Meureubo river, which is located about 6 km from the location of Nagan Raya port. Meanwhile, 7 km south from Nagan Raya port, there is the Krueng Nagan river. Both rivers have a large watershed and carry significant sediment to the river mouth. Because of the long distance and the influence of longshore currents that cuts the movement of sediment, the sediment contribution originating from the river is considered non-existent. In this study, only sediments from around the coastal area of Nagan Raya power plant were considered in the numerical simulation.




3. Materials and Methods


3.1. Field Data


Field measurements of various parameters such as bathymetry, wave height, current speed, water level variation and sedimentation were executed in the area around Nagan Raya port. This field data was used in this study in order to achieve better knowledge of sedimentation patterns and to investigate the effects of these parameters on sediment supply in the area of interest. Previous sediment survey data were studied together with hydro-oceanographic data to develop a practical investigative plan for new sampling inside and outside of the port area. In this study, field measurements were taken in October 2018. The area of the hydrographic survey is shown in Figure 2a.



The bathymetric map, as shown in Figure 2b, was measured on 24–25 October 2018, with the width of the area outside of the basin under measurement being approximately 1700 m. The depth displayed on the bathymetric map below refers to the Lower Water Spring (LWS). The area with the highest sedimentation is shown by the circle in Figure 2b.



In order to maintain the functioning of the port, routine dredging operations were performed at the port entrance on a daily basis, as seen in Figure 2c. During daily dredging operations, more than 50,000 m3/month of sediments were removed from the navigation channel. The port entrance was dredged to a depth of 6 m. However, this dredging operation depended on the climate conditions of the waves. This was the case because of the location of Nagan Raya port, which is located directly facing the Indian Ocean with strong winds and high wave conditions. When the wave conditions are extreme, dredging activities at the port inevitably stop until environmental conditions return to normal. However, the sedimentation process continually appears in the port. This makes dredging maintenance inefficient and expensive.



Wind data for the years 2004–2018 were obtained from wind measurement stations of the Meteorology, Climatology and Geophysics Department [19] in 2004–2018. The wind speed and direction over Nagan Raya coast are shown in Figure 3b below. The average wind speed was 4.28 (m/s). The winds most frequently came from the south (15.6%), south-west (27.7%) and west (18.8%).



The wave data for the area around the Nagan Raya port were analyzed from wind climate data representing 10 year periods from 2004 to 2018. The dominant direction of the incoming wave was from the southwest. The significant wave height, denoted as Hs, was 2 m, and the typical wave period, represented by T, was 6.3 s. The probability distribution of the wave data is shown in Figure 3c.



In this study, current data were used for the calibration and validation of the numerical model. The current data used in this study were obtained at a depth point of 6–7 m, and represented an area located near the inlet of the port, as shown in Figure 2a. The current measurement was surveyed at 1-h intervals using the Valeport 106 current meter. The maximum observed current speed in this station was around 0.20 m/s and occurred at a depth of 0.2D or 3.5 m below the water surface. The maximum current speed was found for the current flowing from the southwest and the south, as shown in Figure 4.



Tidal measurement was conducted during the bathymetric measurement process as a means of correcting the sounding readings. From the tidal measurements, the typical tidal range in this area was found to be about 0.7 m. The tidal type of the Nagan Raya port area was mixed tide, with a prevailing semidiurnal pattern, and had a Formzahl value of F = 1.05. Table 1 provides a list of the tidal constituents calculated around the port of Nagan Raya.



Figure 2a shows the location in which bed sediment samples were taken around port basin. The results of the sediment laboratory test are shown in Table 2 below. Table 2 indicates that the fine sedimentary material was typically made up of sand. The data for the suspended sediment that were retrieved during the investigation conducted around port area shows typical ranges from about 40 to 150 mg/L.




3.2. Shoreline Changes


Several steps were taken in finding a constructive sedimentation solution for Nagan Raya Port. These included an investigation of historical sedimentation data, which can provide a good conception of the coastal processes that occur and how they affect the study area and the locations that surround it. Historical satellite images were used to manually extract the shoreline locations from 2011 to 2017 using Google Earth, as shown in Figure 5 below. The aim of this historical study was to evaluate and simulate the effect of the breakwater structure in terms of coastline changes.



In this study, a new shoreline simulation model (ShorelineS), proposed by Roelvink et al. (2018, 2020) [20,21], was used for predicting the evolution of the coastline over 7 year periods. The basic equation for this ShorelineS model is based on sediment conservation, details about which are provided in Roelvink et al. (2020) [21].



For the setup of the ShorelineS model, the initial shoreline in 2011 and the structure of the breakwater were applied as land boundaries. The total length of the coastline was 9.25 km. An initial grid size of 5 m and the CERC1 formula derived from USACE (1984) [22] were applied with a closure depth of 10 m. The total simulation time was 10 years. A mean wave direction of southwest, with +/− 15 degrees of variation, was applied, with an average wave height of 1.7 m and a peak wave period of 6.3 s. The results of the coastline change simulation are shown in Figure 6.



To obtain an idea of the effects of sediment transport on the shoreline due to waves, it was necessary to analyze the rate of sediment transport. The flow rate of sedimentation along a coast depends on the angle of incidence of the waves, as well as the duration and energy of the waves. Thus, large waves will carry more material per unit of time when driven by small waves. Sediment transport analysis was carried out to determine the flow rate of sedimentation along the coast using the CERC method. The formula of the CERC method [22] can be expressed as follows:


  Q s = k × P  1 n   



(1)






  P 1 =   ρ g  8  ×  H   b 2    ×  C b  × cos a b × sin a b  



(2)




where Qs is sediment transport along the coast (m3/day). P1 is a component of the wave energy flux at break (Nm/s/m). ρ is a sea water mass of 1025 kg/m3. Hb is height of the breaking wave (m). Cb is the broken wave propagation (m/s). ab represents the angles of the breaking waves. n is a constant of 1.29. g is a gravity acceleration of 9.81 m/s2. The results indicate that the rate of longshore sediment transport was 58,576 m3/month.



Calculation of the sedimentation flow rate was also carried out using sounding bathymetric data by overlaying bathymetric data at different times. This analysis used bathymetric measurement data collected in July 2018 (Figure 7a) and August 2018 (Figure 7b). Through the calculation of the overlay volume, it was found that the total net volume was 40,194 m3 (Figure 7c). Thus, it can be seen that the sediment transport rate in July 2018–August 2014 was 40,194 m3/month, as shown in Figure 7c. The calculation result obtained using the CERC formula was greater than the overlaid bathymetry result, which was the case because the incoming wave used in the analysis was that of only one direction, namely from the southwest direction.





4. Delft 3D Model


In this study, the Delft3D process-based modeling system was used to simulate the sedimentation pattern around the Nagan Raya port area. The Delft3D model is a useful tool in the development of effective sedimentation solutions. In addition, the Delft3D software package has several different modules. This model capable of simulating aspects of waves, currents, sediment transport, morphological developments and water quality in coastal and ocean areas [23]. The Delft3D-Flow model [24,25,26], through the use of the third-generation Simulating Waves Nearshore Model (SWAN) [27,28,29,30], and the Delft3D-Wave module are both used to simulate the transformation of short waves. Details regarding the equations used in, and the practical use of, the Delft3D modeling system can be found in the DELFT3D user manuals [24,27]. The Delft3D model, and the Delft3D-Flow [24,25] and Delft3D-Wave modules [27,28], were applied in this study.



The grid system for domain computation in the Delft3D system is shown in Figure 8. The application of the bathymetry model and the measurement of land boundaries were mainly based on field measurement data obtained during the study. In this study, curvilinear grids were used in the computational domain with different resolutions. The grid sizes resolution varied from 10 to 500 m, with the coarser grid at the offshore boundary (100–500 m) and a finer resolution inside the port (10–50 m). In total, three open boundaries were used in the domain: the water level in the southern area and the Neumann boundary in the eastern and western areas, as shown in Figure 9.



After the initial setup of the model, the next step was to calibrate and validate the results of model with observed data. This stage was useful for evaluating the performance of the model by adjusting the model-free parameters, and thus, establishing whether the existing modeling data were accurate enough to be used at a later stage. In the flow model, model parameters such as the bed roughness coefficient and the eddy viscosity should be optimally adjusted to produce model results that are as similar as possible to the actual measured values. In addition, improvements in the size of the computational grid can also affect the accuracy of the results of the model [31,32,33]



In this study, water level gauge measurement was used for calibration of the model, as presented in Figure 10. The calibrated water level data showed a close relation and a good agreement between the observed and simulated water level, as presented in Figure 10. After calibration, the model was validated by the comparing simulated and observed current velocity data, as shown in Figure 11. The simulation results for the current velocity generally had the same pattern and were quite close to the values obtained via measurement. The RMSE (root mean square error) statistical parameter between the simulated and observed current velocity was 0.0003. Thus, the model performance was considered to be good enough and it was determined that the model could be used for the purposes of this study.



The final input parameters used for the Delft3D model simulation are shown in Table 3 and Table 4 below. In this model, modeling was conducted for a 1-month simulation period.




5. Results and Discussion


The results obtained using the sediment transport model are shown in Figure 12. Based on the sedimentation modelling results for the port basin, as shown in Figure 12, it was found that around the mouth of the basin area, the sedimentation occurred at levels as high as 0.8–1 m. This is supported by the bathymetric measurement data in this area; around the coastline at the near side of the breakwater, there was sedimentation as high as 1.4–1.6 m. In addition, it was found that the sedimentation rate at the harbor basin was around 38,346 m3/month. This value was found to be slightly underestimated based on the averaged dredged volumes that were obtained via bathymetric measurement. The choice of different parameters used in the sediment transport model might have been the cause of this result. Furthermore, it is possible that errors occurred during the bathymetric measurement process.



In addition to the above modeling results, the dredging and dumping activities could be simulated in Delft3D software package. To evaluate the impacts of sedimentation on the adjacent port area, 1-month morphology change simulations were conducted for the dredging scenario of the navigation channel using the dredging and dumping utility in Delft3D [24]. During simulation, the characteristics of the dredging and dumping activities that occurred were saved in a dredge and dump file. A detailed description of the dredging and dumping features in this model can be found in the Delft3D-Flow user manual [24].



In this study, two dredging activity scenarios were applied using the Dredge and Dump feature of Delft3D. The volume of sediment was automatically removed from one area in the bathymetry model and dumped into the dump area. For the first scenario, the dredged material was dumped in Location 1 in the offshore area. For the second scenario, the dredged sediment was dumped in Location 2 in the near side of the breakwater, as shown in Figure 13. In this modeling system, it was assumed that the sedimentation was dredged and maintained at a 6 m depth as a threshold water depth. This approach was adapted for coal barges that often pass through the basin area of the Nagan Raya port. The results of the dredging and dumping modeling process are presented in Figure 14 below:



For scenario 1 (first), the dumping point was located at a depth of 11 m and the distance from the coastline was about 1.5 km. The dredged material was sucked up by the dredger and channeled through the pipe to the shelter barge. The fully loaded barge was pulled by a tugboat, at a speed of 3 knots, to the dredge disposal area (scenario 1), as shown in Figure 14a. Based on the modeling results for scenario 1, the dredged material that had been disposed of in the dumping area did not return to the mouth of the basin area.



In contrast, for scenario 2, after the removal of the dredge material to Location 2 in the north part of the breakwater side, there was still sedimentation in the mouth area of the basin, as shown in Figure 14b. Figure 14b shows the potential locations of the dredged material that was dumped back into the mouth of the basin area. Based on the above results, Area 1, located in the offshore area, was proposed as the best dumping area location. In addition to complying with government regulations, the proposed disposal area must also reach a further 20 miles seaward from the shoreline, or a minimum depth of 20 m.




6. Conclusions


The port of 2 × 110 MW Nagan Raya Coal Fired Steam Power Plant is a facility in Aceh Province, Indonesia, which was constructed by the State Electricity Company. During its operation, which began in 2013, the port has dealt with large amounts of sedimentation within the port and ship entrances. The existing breakwater construction has not been maximally effective in protecting the port basin from sedimentation. In addition, the breakwater structure and some groins have also been extended to minimize this problem. However, an enormous amount of material sediment is still dredged from the mouth of navigation channels in order to maintain port operations.



Evaluation of the wind data showed that the dominant wind direction was from south to west. Based on the analysis of the wave data, it is known that the dominant wave direction was from the south to the west. Therefore, wave-induced currents in the surf zone were from south to north. Based on the analysis of longshore sediment transport, the supply of sediment to Nagan Raya port was estimated to be around 40,000–60,000 m3 per year. The large estimated amount of sediment transport along the coast of the port was based on wave direction from the south to the west.



Results obtained from the sediment model showed that sedimentation of up to 1 m was captured in areas of the ship entrance of Nagan Raya port. The sand bypassing system is one of the sedimentation management solutions that was proposed in this study. The dredged sediment material located around the ship entrance was dumped in a dumping area, located in the middle of the sea, at a depth of 11 m, with a distance of 1.5 km from the shoreline. To obtain a greater maximum result, the material disposal distance should be further away, at a depth of at least 20 m or a distance of 20 miles from the coastline. The proposed solution could reduce operating costs since the dredging operations will be localized to one specific area.
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Figure 1. (a) Location of Nagan Raya Power Plant [18] (b) Sedimentation in water-intake channel. 
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Figure 2. (a) Hydrographic Survey Area. (b) Bathymetric map of Nagan Raya port from 2018. (c) Dredging activity at port area. 
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Figure 3. (a) Location of measurement point of wind data, (b) Wind Rose, and (c) Wave Rose in Nagan Raya port. 
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Figure 4. Current velocity at Nagan Raya Port. 
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Figure 5. Historical coastline changes (2011–2019). 
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Figure 6. Coastline change simulation result. 
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Figure 7. Bathymetric measurement map: (a) July 2018, (b) August 2018. (c) Overlaid bathymetry. 






Figure 7. Bathymetric measurement map: (a) July 2018, (b) August 2018. (c) Overlaid bathymetry.



[image: Fluids 06 00397 g007]







[image: Fluids 06 00397 g008 550] 





Figure 8. Curvilinear grids and mesh for Nagan Raya port. 
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Figure 9. Model domain and boundary conditions. 
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Figure 10. Comparison between modelled and measured water elevation. 
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Figure 11. Comparison of depth-averaged velocity between the modelled (solid line) and the observed (dot line) data. 
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Figure 12. Erosion and sedimentation model after 1 month of simulation. 
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Figure 13. Dredging and dumping location. 
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Figure 14. Dredging and dumping modeling: (a) scenario 1 and (b) scenario 2. 
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Table 1. Tidal harmonic constants.






Table 1. Tidal harmonic constants.


















	A (cm)
	S0
	M2
	S2
	N2
	K1
	01
	M4
	MS4
	K2
	P1





	
	306
	7
	6
	1
	9
	5
	0
	0
	2
	3



	g°
	0
	153
	249
	170
	285
	217
	306
	22
	249
	285
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Table 2. Sediment laboratory test.






Table 2. Sediment laboratory test.





	No
	Gravel
	Sand
	Silt
	Clay
	D50
	Cu
	Cc





	1
	0.00%
	91.27%
	8.73%
	0.00%
	0.168
	2.641
	0.998



	2
	0.00%
	96.92%
	3.08%
	0.00%
	0.197
	2.374
	0.904



	3
	0.00%
	76.30%
	23.70%
	0.00%
	0.097
	2.55
	1.729



	4
	0.00%
	79.98%
	20.02%
	0.00%
	0.15
	4.763
	1.513
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Table 3. Hydrodynamic parameters.






Table 3. Hydrodynamic parameters.





	Hydrodynamic Parameters
	Value





	Model configuration
	2DH (depth-averaged)



	Number of grid elements
	8960



	Meteorological forcing
	Astronomical tidal forcing, wind data



	Time step
	60 s



	Gravity
	9.81 m/s2



	Water density
	1025 kg/m3



	Roughness (Chezy coefficient)
	7



	Horizontal eddy viscosity
	1 m2/s



	Horizontal eddy diffusivity
	1 m2/s
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Table 4. Morphological parameters.






Table 4. Morphological parameters.





	Morphological Parameters
	Value





	Specific density
	2650 kg/m3



	Dry bed density
	1600 kg/m3



	Median sediment diameter (D50)
	200 μm



	Initial sediment layer thickness at bed
	5 m



	Threshold sediment depth thickness
	0.5 m
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