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Abstract:



Control of reservoir sedimentation in order to ensure their sustainable use has drawn attention among water engineers and water resource managers. Several methods have been proposed, but most of the developed methodologies are incapable of modelling bed evolutions, while at the same time, compute sediment flushing efficiency. In this study a two-dimensional bed evolution model is proposed to estimate sediment distribution, bed evolution and sediment flushing efficiency of reservoirs. A-Gong-Dian reservoir, in southern Taiwan, is used as an illustrative example. Typhoon events were used to verify the proposed model. Simulations were conducted for one and two-day storm events under return periods, 2, 5, 10, 25, 50, 100, and 200-year. The results indicated that the average sediment flushing efficiency of the shaft spillway under one and two-day storms were close, 58.50% and 59.39%, respectively. These results were similar to observed laboratory tests experiments, where an efficiency of 65.34% was obtained. This study suggests that the applied model could be adopted to ensure the sustainable use of reservoirs, and also to find an optimal area for the location of a shaft spillway pipe. Therefore, the proposed model could serve as a reference to the reservoir management personnel.
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1. Introduction


Reservoirs are often affected by accelerated sediment deposition rates and has shortened the life of reservoirs by more than 65% in China alone [1]. As a result, the economic value of such projects has severely declined. Not only do they influence the life of reservoirs, they also pose safety hazards, as illustrated by [2]. Their sustainability is strongly dependent on how well the rate of sediment deposition is reduced and on the techniques of managing the reservoirs. Several techniques are available for their management, amongst which are mechanical excavation, dredging (conventional dredging, dry excavation), and hydraulic desilting. For an exhaustive review of the different techniques, the reader is referred to [3], who explored sustainable sediment management in reservoirs based on experience from five continents. Mechanical excavation and dredging boats, however, are associated with higher costs when compared to hydraulic desilting, and are often plagued by subsequent disposal problems. Hydraulic desilting employs stream power and hydraulics to cut down sediment deposits downstream. Flushing out sediments in reservoirs has been shown to cut costs [4], despite the large amount consumed by the flushing operations. Emamgholizadeh and Samadi [5] classify flushing into two, complete (also termed empty) and partial drawdown flushing. These, in turn, include hydro-suction, sediment sluicing, sediment bypass, density current venting, and hydraulic flushing through the reservoir, used independently or in combination [6]. The efficiency of sediment flushing depends on the geometry of the reservoir, sediment particle size, characteristics of sediments deposited, flow discharge, and flow depth. Several authors have argued that the efficiency of sediment flushing is influenced by the ratio of storage volume to incoming runoff [7], which should be less than 0.05 [8] for this technique to work. Moreover, we did not evaluate this threshold in this study, since the reservoir under investigation already applied hydraulic sediment flushing. Madadi, et al. [9] managed to improve flushing efficiencies by up to 280% through reconfigured reservoir bottom outlets in laboratory experiments.



Effective management of reservoirs system require a model that can predict future behaviour and response to perturbation [10], and all of the models are developed through experiments and depending on the status quo, they may grow in complexity to include conceptual frameworks, computer calculations, numerical simulations, and physical scale modelling [11]. Physical models have been applied to study the process and efficiency of sediment flushing in a reservoir. Although they have been successfully used to understand and reproduce to some extent complex physical processes that occur in nature, and have contributed significantly in hydraulic construction designs, they are relatively costly and time consuming [12]. More recently photogrammetry-based surveys using unmanned aerial systems have been used to evaluate flushed sediments [13,14,15]. Moreover, such techniques can only compute the amount of flushed sediments only when the reservoir is dry (i.e., empty), and subsequent images are necessary to compute the Digital Elevation Models (DEMs) of difference, from which the flushing efficiencies may be computed. Network-based programming techniques have also been employed in multi-reservoir systems [16], though their core emphasis is on determining empty flushing of sediments.



Given the recent advances in computational power, multi-dimensional models have increased the capability of assessing sedimentation problems and the multi-dimensional models have been extensively adopted in engineering application and analysis. For models to be adopted, they should reflect the physical characteristics of the reservoir and complexity in question. Numerical sediment transport models are available in one, two, and three dimensions. The widely used models, however, are one- (1D) and two-dimensional (2D) models when compared to the high computer intensive three-dimensional (3D) models. Examples of 1D sediment transport models are HEC-6 [17], HEC-RAS [18], and FLUVIAL-12 [19,20]. Castillo, Carrillo, and Álvarez [7] employed four complementary methods, which included 1D model, to determine sedimentation and flushing in a reservoir These models are capable of simulating longitudinal flows in rivers, moreover, they run short in the simulation of sediment transport and bed evolution in reservoirs. To be applied in sediment flushing, several assumptions should be made, thus, compromising the accuracy and efficiency in reservoir management. In such situations, reservoirs are narrow in shape, flow highly channelized, while closely following the thalweg [12]. However, most reservoir pools are wide and have no single clear flow direction, and they often constitute complex topography and geometry. As a result, multi-dimensional models are used. Olsen [21] used a depth-averaged 2D model to study the flushing process in a water reservoir in Nepal. Besides two-dimensional models, three-dimensional models have also been applied to study sediments in reservoirs. Olsen and Skoglund [22] applied a 3D model to calculate the sediment deposition in a hydropower reservoir, and also in a sand trap. Fang and Rodi [23] used a 3D model to simulate flow and sediment transport in the Three Gorges Project (TGP) reservoir in Yangtze River. Khosronejad, et al. [24] used a three-dimensional finite volume model to study the effects of various parameters on the quantity of sediment that was released from a reservoir in the reservoir flushing process.



Although the above models could estimate sediment erosion and deposition, bed evolution in a reservoir, and the efficiency of flushing, we have not found a model that is capable of combining all of these key reservoir management strategies in a single package. In addition, the above stated models require suspended sediment concentration, and sediment yield hydrograph into the reservoir, which are not easily obtained. Consequently, rating curves of discharge and suspended sediment transport rate are used, and these are associated with high errors [25]. Incorrect estimation of sediment inflow into reservoirs especially during flood events, will eventually lead to inefficient flushing of sediments and to misleading bed evolution in the reservoirs. It is therefore imperative to develop models that are highly efficient in estimating inflow hydrographs and sedigraphs, in turn, correctly estimating the amount of sediments to be flushed, while estimating the resultant bed evolution. A two-dimensional bed evolution model having these capabilities is developed and applied in this study. The upstream boundary condition hydrographs of inflow discharge and suspended sediment concentration for the 2D dimensional bed evolution model were calculated by the Physiographic Soil Erosion and Deposition (PSED) [26]. The PSED model can accurately estimate discharge hydrographs, concentration of suspended sediment hydrograph and suspended sediment transport rate from a watershed.




2. Numerical Model


The depth-averaged two-dimensional bed evolution model is divided into three parts: (1) water flow calculations; (2) sediment transport calculations; and, (3) bed elevation variation calculations.



2.1. Governing Equations for Water


The depth-averaged continuity and momentum equations are given below:
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in which t is time; x and y are horizontal Cartesian coordinates; h is the depth; [image: ] and [image: ] are depth-average flow velocities in x and y directions; H is water surface elevation; g is gravitational acceleration; [image: ] is density of flow; [image: ] is the depth-average kinematic eddy viscosities of water; and, [image: ] and [image: ] are bed shear stresses [image: ] in x and y directions, [image: ], [image: ] is the friction slope.



The depth-average kinematic eddy viscosities of water can be approximated and expressed as [27]:
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in which [image: ] is the von Karman constant, and [image: ] is chosen in this study. [image: ] is the shear velocity and [image: ].




2.2. Governing Equations for Sediment Transport with Source Terms


The convective-diffusive equation of suspended sediment, can be expressed as [28]:
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(5)




where [image: ] is the depth-averaged volumetric concentration of suspended sediment; [image: ] and [image: ] are the entrainment and deposition terms of river bed, respectively. According to Itakura and Kishi [29], the entrained rate of channel bed can be expressed as:
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(6)




in which [image: ] is the submerged specific gravity of the sediment; [image: ] is density of the sediment; d is diameter of the sediment; [image: ] is fall velocity of the sediment; and, [image: ] is non-dimensional bed shear stress, [image: ].



The deposition rate of suspended sediment can be expressed as:
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(7)




where, [image: ] is the concentration of sediment near the channel bed. [image: ] can be estimated from the volumetric concentration of suspended sediment obtained at 0.05 depth from the channel bed. Using the exponential law, the volumetric concentration of suspended sediment may be expressed as [30]:
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(8)




where [image: ] is the Peclet’s number, which may be expressed as [image: ].



An extensively used bed load transport formula is the Meyer Peter and Muller formula (MPM) [31]. Moreover, Wong and Parker [32] amended the MPM formula, and more accurate estimates of bed load transport rate were obtained. Nonetheless, since the original MPM formula is relatively easy to apply when establishing a numerical model, bed load transport was calculated using the original MPM formula in this study.
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(9)




where [image: ] and [image: ] are the specific weight of water and the specific weight of sediment, respectively; [image: ] is the bed load transport rate per unit width of bed; [image: ] is Strickler’s roughness coefficient, which can be represented as the reciprocal of Manning’s roughness coefficient; and, [image: ], [image: ] is the size of sediment in the unit of meter for which 90% of the material is finer.




2.3. Governing Equations for Bed Variation


The bed evolution due to sediment transport rate is not equal throughout an alluvial river. The continuity equation for bed elevation variations can be written as [33,34]:
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(10)




where [image: ] is the channel bed elevation; [image: ] is the porosity, [image: ], [image: ] is the mean sediment diameter [35]; and, [image: ] and [image: ] are the components of [image: ] in x and y directions, respectively.




2.4. Numerical Scheme


MacCormack explicit finite-difference method [36] is adopted and is divided into predictor and corrector steps. The forward finite-difference is used to discretize the predictor step while the backward finite-difference is used to discretize the corrector step.



The forward finite-difference is used to compute the water depth h by the continuity equation (Equation (1)) and the [image: ] and [image: ] are computed by the momentum equations (Equations (2) and (3)). The predicted value may be written as:
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The superscript * denotes the predicted value; the superscript n and n + 1 refers to the variables at the known and unknown time levels; the subscript i and j denote the grid in x- and y-directions; and, [image: ], [image: ] and [image: ] are the functions of the known value of variables h, u, v at the time level n.



The backward finite-difference is used to calculate the water depth h by the continuity equation (Equation (1)) and the [image: ] and [image: ] are computed by the momentum equations (Equations (2) and (3)). The corrected value may be written as:
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The superscript ** denotes the corrected value; [image: ], [image: ], and [image: ] are the functions of the known value of variables h, u, v at the time level n.



The value of the variables at the unknown time level could be calculated by the predicted and corrected values that may be written as:
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Bed Evolution Model—MacCormack Explicit Finite—Difference Method


The explicit finite-difference method is used to discretize the suspended sediment concentration convection-diffusion equation (Equation (5)) and the continuity equation for bed elevation variations (Equation (10)) to calculate the volumetric concentration of suspended sediments and bed elevation. The volumetric concentration of suspended sediments C is calculated by:
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where [image: ] is composed of the known value of variables h, u, v, C at the time level n.



The bed elevation may be written as:
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(21)




where [image: ] is composed of the known value of variables h, u, v, C at the time level n.






3. Study Area


A-Gong-Dian Reservoir (Figure 1) is used as an illustrative example in this study. This reservoir, located in Kaohsiung City, (southern Taiwan), collects water from Joushui River and Wanglai River. The total watershed area is 29.58 with 12.81 km2 (43%) from Joushui River watershed and 16.77 km2 (57%) from Wanglai River watershed. The length of the dam is 2.38 km, making it the longest dam in Taiwan. Its major purpose is flood control, while other uses, such as irrigation, water supply, and tourism benefit.


Figure 1. A-Gong-Dian Reservoir watershed and its river system.
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The elevation of the dam top, design water level, and maximum water level are 42, 37, and 40 m, respectively. The reservoir was completed in 1953. However, since its completion, large amounst of green-grey clay and yellow silty clay from the upstream watersheds of Joushui and Wanglai rivers have been washed into the reservoir and severe sedimentation has been observed [37]. The effective reservoir capacity was slashed from 20.5 to 5.9 million cubic meters in 1996. In order to revamp the reservoir, the A-Gong-Dian reservoir improvement project was implemented in 1997. Large-scale sediment flushing of the reservoir was executed and 11.6 million cubic meters of sediments were dredged, and the reservoir reached empty storage. The reservoir improvement project involved dam improvement, conduit spillway reconstruction, water intake tower reconstruction, trans-basin waterway, etc. It was finally completed in 2005, and re-opened in June 2006. The shaft spillway pipe (Figure 2) has been operated ever since, for the period 1 June to 10 September annually, which corresponds to the wet season in this region.


Figure 2. Shaft spillway pipe.
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Although its design capacity storage is 20.5 million cubic meters, currently, the effective storage capacity is 16.69 million cubic meters, and the total water storage is 45 million cubic meters. The reservoir adopts a shaft spillway pipe having a 2.8 m diameter to reduce the pipe top elevation to 27 m. Based on hydraulic model test, flow discharge of the shaft spillway pipe can be expressed by Equations (22) and (23) [37]:
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(22)
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where [image: ] is water level in the reservoir, [image: ] is the releasing discharge. The maximum releasing discharge of pipe flow for the shaft spillway pipe is 89.90 m3/s when the water level reaches the 40-m design maximum flood retention level.




4. Methodology


In order to understand the sedimentation pattern, distribution of sediments into the A-Gong-Dian reservoir, bed evolution within the reservoir, and the sediment flushing efficiency of an empty storage operation of the shaft spillway pipe during a flood season, a depth-averaged two-dimensional bed evolution model was developed and applied. The upstream boundary condition hydrographs of inflow discharge and suspended sediment concentration for the two-dimensional bed evolution model were calculated by the PSED model [26,38].



The PSED model can accurately estimate discharge hydrographs, sediment hydrograph, suspended sediment transport rate, and sediment yield from a watershed. In this model, GIS is used to partition the river catchment into computed river cells and land cells, according to the spatial distribution of the physiographical characteristics, such as topography, landform, and vegetation distribution in the watershed. Due to the complex nature of these earth features, a large amount of data is often generated. With the assistance of GIS, the PSED model can handle enormous hydrologic and physiographic datasets, simulating the physical erosion process without the need for simplification.



Computations were done for the storage region between Sin-Jian Bridge of the Wanglai river and the Peng-Lai Bridge of the Joushui river, which is about 5 km long. Cross-sections were measured by the Southern Water Resources Bureau in 2008, and the measured elevations are shown in Figure 3. The study area was discretised into 26,251, squared, [image: ], computational cells and the time step was 0.05 s ([image: ] = 0.05). Conducted field experiments have shown the average sediment particle size to be 0.015 mm, while the Manning’s roughness coefficient was 0.028. The initial water depth condition was 0.1 m, while velocity and sediment concentration were 0 for each computed grid.


Figure 3. Bed elevation in storage area of A-Gong-Dian reservoir.
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The hydrograph boundary conditions of inflow discharge and suspended sediment concentration for the typhoon event and design rainfall of one- and two-day storms under various return periods (2, 5, 10, 25, 50, 100, 200-year) for the depth-averaged two-dimensional bed evolution model were simulated and calculated by the PSED model.




5. Results and Discussions


5.1. Analysis of the Sediment Flushing Efficiency of an Empty Storage


Reducing sediment deposition to increase flood control volume is crucial for Agongdian reservoir. Therefore, sediment flushing of empty storage by a shaft spillway pipe is operated during the wet period to decrease the sediment deposition within the reservoir bed. To understand the sediment flushing efficiency of empty storage by a shaft spillway pipe under one-day and two-day storms of various return periods, the operations for sediment flushing of the empty storage were simulated using the depth-averaged two-dimensional bed evolution model, and the results are shown in Table 1 and Table 2.



Table 1. Empty flushing efficiency in one-day storms under different return periods.







	
Return Period (Year)

	
Sediment Yield of the Watershed (m3)

	
Sediment Deposited in the Reservoir (m3)

	
Sediment Flushing by Shaft Spillway (m3)

	
Sediment Flushing Efficiency (%)






	
2

	
201,341

	
83,154

	
118,187

	
58.70




	
5

	
280,522

	
116,875

	
163,647

	
58.34




	
10

	
331,857

	
136,121

	
195,736

	
58.98




	
25

	
375,159

	
156,963

	
218,196

	
58.16




	
50

	
427,718

	
176,549

	
251,169

	
58.72




	
100

	
464,325

	
193,141

	
271,184

	
58.40




	
200

	
498,867

	
208,575

	
290,292

	
58.16










Table 2. Empty flushing efficiency in two-day storms under different return periods.







	
Return Period (Year)

	
Sediment Yield of the Watershed (m3)

	
Sediment Deposited in the Reservoir (m3)

	
Sediment Flushing by Shaft Spillway (m3)

	
Sediment Flushing Efficiency (%)






	
2

	
284,238

	
113,155

	
171,083

	
60.19




	
5

	
397,096

	
159,791

	
237,305

	
59.76




	
10

	
471,082

	
189,846

	
281,236

	
59.70




	
25

	
541,196

	
220,050

	
321,146

	
59.34




	
50

	
625,933

	
255,506

	
370,427

	
59.18




	
100

	
701,485

	
287,889

	
413,596

	
58.96




	
200

	
775,718

	
320,992

	
454,726

	
58.62










The results indicate that the average sediment flushing efficiency for one-day and two-day storms are close, 58.50% and 59.39%, respectively. For the simulated storms, the lowest efficiencies are 58.16%, 58.62% (200-year return period), and the highest efficiencies are 58.98%, 60.19% (10-year, 2-year return period). The simulation results are close to 65.34% [39], which agree well with the efficiency obtained from the hydraulic model test in the laboratory. The results show that the two-dimensional bed evolution model can reasonably simulate sediment flushing of empty storage by a shaft spillway pipe, as sediment flushing efficiency reached up to 60%.




5.2. Analysis of Sediment Delivery Behaviour in Reservoirs


Sediment flushing efficiency is related to the life and function of the reservoir. Therefore, this topic of great importance for reservoir management. In addition, it is necessary to carry out the analysis from sediment transport into the reservoir to bed evolution during the process of flooding and sediment flushing. Management of reservoirs does not only entail improving the flushing efficiencies, but in depth investigations are needed to understand the whole process from catchment erosion, to sediment transport and bed evolution, and finally to the removal of the sediments. To understand the whole complex process of sediments transport during heavy storms or floods in a reservoir, the severe storm event typhoon Morakot, which hit Taiwan in 6 to 10 August 2009, was numerically simulated to estimate the variations of water depth, suspended sediment concentration, sediment delivery, and bed evolution. Results are shown in Figure 4, Figure 5 and Figure 6. Figure 4 show water depth variation in the reservoir at 36, 60, 72, 84, 96, and 120-h, while Figure 5 show distribution of suspended sediment concentration, and Figure 6, bed evolution.


Figure 4. (a) Water depth in the reservoir at t = 36 h; (b) Water depth in the reservoir at t = 60 h; (c) Water depth in the reservoir at t = 72 h; (d) Water depth in the reservoir at t = 84 h; (e) Water depth in the reservoir at t = 96 h; and, (f) Water depth in the reservoir at t = 120 h.
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Figure 5. (a) Distribution of suspended sediment concentration at t = 36 h; (b) Distribution of suspended sediment concentration at t = 60 h; (c) Distribution of suspended sediment concentration at t = 72 h; (d) Distribution of suspended sediment concentration at t = 84 h; (e) Distribution of suspended sediment concentration at t = 96 h; and, (f) Distribution of suspended sediment concentration at t = 120 h.
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Figure 6. (a) Bed evolution in the reservoir at t = 36 h; (b) Bed evolution in the reservoir at t = 60 h; (c) Bed evolution in the reservoir at t = 72 h; (d) Bed evolution in the reservoir at t = 84 h; (e) Bed evolution in the reservoir at t = 96 h; and, (f) Bed evolution in the reservoir at t = 120 h.
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Water depth is shown to initially increase in Figure 4 while flow entered the reservoir, and after t = 72-h it began to gradually decrease as the inflow discharge became less than the releasing discharge of the shaft spillway. Figure 5 shows the distribution of suspended sediment concentration. The results show muddy water into the reservoir and convection-diffusion of sediment in the reservoir. In addition, the high bed shear stress that was caused by the increased velocity entrained more sediments into the flow, thus the high turbid flow in the reservoir. Sediment concentration reached more than 70,000 ppm and the high turbid flow was released by the shaft spillway pipe, and the siltation in the reservoir was due to the unreleased turbid flow.



Figure 6 shows both the erosion and the deposition depth during typhoon Morakot. Erosion is seen to be more dominant at the thalweg (>0.5 m), and is more apparent at the erosion ditch that is generated between Joushui river and the shaft spillway. This could be attributed to the high flow velocity, resulting from the shaft spillway pipe, and the steep slopes around this area. Moreover, a not significant erosion ditch is seen between the Wanglai river and the shaft spillway pipe. Deposition is prevalent from the 60th hour, especially downstream of the Wanglai river, greater than 0.5 m, and is not severe from the Joushui side as it hardly reaches 0.25 m. It is worth mentioning that the downstream of Wanglai river where it joins the reservoir is wider (Figure 2) when compared to the Joushui river, hence the flow velocity is greatly reduced and it increases the rate of sediment deposition. Part of the sediments deposited in the reservoir could not be flushed out by the shaft spillway pipe, resulting in erosion-deposition interplay.



Final bed evolution under the different return periods of one and two-day storms, with a total simulation time of 120 h is shown in Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12 and Figure 13. Similar patterns of erosion and deposition are seen with the different return periods; moreover, these intensify with increasing the return period. There is a significant erosion ditch (>1 m) from the Joushui river down to all around the shaft spillway pipe. The maximum deposition area in the north-eastern of the shaft spillway pipe is mainly due to the non-significant erosion ditch that is seen between the Wanglai river and the shaft spillway pipe. Hence, if the shaft spillway pipe were shifted to the applicable distance in the north-eastern direction, it will improve the probability of forming an erosion ditch between Wanglai river and the shaft spillway. There would be two significant erosion ditches formed to enhance flushing.


Figure 7. Bed evolution in the reservoir during a two-year return period, t = 120 h.
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Figure 8. Bed evolution in the reservoir during a five-year return period, t = 120 h.



[image: Water 09 00924 g008]





Figure 9. Bed evolution in the reservoir during a 10-year return period, t = 120 h.
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Figure 10. Bed evolution in the reservoir during a 25-year return period, t = 120 h.
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Figure 11. Bed evolution in the reservoir during a 50-year return period, t = 120 h.
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Figure 12. Bed evolution in the reservoir during a 100-year return period, t = 120 h.
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Figure 13. Bed evolution in the reservoir during a 200-year return period, t = 120 h.
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6. Conclusions


A model is developed and applied to the simulation of sediment erosion/deposition and sediment distribution within a reservoir, and to simulate the flushing efficiency of a shaft spillway pipe. Hydrograph boundary conditions of inflow and suspended sediment concentration of one-day and two-day storms of different return periods, (2, 5, 10, 25, 50, 100, 200-year), were computed by the 1D, PSED model. Based on the results, the following conclusions may be drawn.



The average efficiency of the empty flushing by a shaft spillway pipe under one- and two-day storms of various return periods were almost similar, 58.49% and 59.39%, respectively. These results were found to be adequate as the efficiency was almost 60%. The overall simulation results are close to 65.34%, which is the efficiency that is obtained from a hydraulic model test in a laboratory.



Bed evolution in the reservoir was significantly driven by flow velocity under empty flushing by the shaft spillway pipe after the rainfall had stopped. A significant erosion ditch was generated after 96 h of simulation time between Joushui river and the shaft spillway pipe. At the end of the simulation time, no erosion ditch was developed from the Wanglai river due to the relatively wider cross section and low flow velocity. The shaft spillway could not completely flush out the sediments that were deposited; as a result, bed evolution was a mixture of erosion and deposition. Similar patterns of erosion and deposition were observed for the selected storm, typhoon Morakot, and the design rainfall events under different return periods.



A common observation was the significant erosion ditch that formed between the Wanglai river and the shaft spillway pipe that enhanced flushing. From our findings, we propose a relocation of the shaft spillway pipe towards the north-eastern direction. Shifting the pipe to this direction could improve the probability of forming the erosion ditch between Wanglai river and the shaft spillway. Two significant erosion ditches would improve the empty flushing efficiency even further.
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