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ABSTRACT: The optimization of flow conditions in river bends is an important issue in maintaining the stability and efficiency of waterways. Spur dikes play a significant role in this context by influencing flow patterns and controlling scour, particularly in meandering rivers. In recent years, spur dikes have emerged as a promising alternative for effective and efficient scour control, which can deflect or repel the flow to reduce erosion. This study aims to compare the effectiveness of different attractive spur dike designs in improving flow patterns in a sharp bend in the natural Bahr Yousef canal. The study will utilize 2D numerical modeling (Delft3D FM Model) to simulate the flow patterns under different heights (ratio from water depth), and orientation angles of attractive spur dikes at the maximum flow condition.  The results of this comparative analysis will provide valuable insights into the optimal design of spur dikes for enhancing flow conditions inside the bend. The results revealed that velocity was influenced by changing the parameters of the design of spur dikes, by varying trends observed for different configurations. The results indicated that the height ratio of 0.75 water depth provided an optimal balance between flow deflection and sediment transport efficiency. Additionally, increasing the spur dike length further reduced the depth average velocity across the bend. Consequently, the best spur dike configuration was 35% length with a height ratio of 0.75 at the angle of 110° with flow direction. The findings highlighted the importance of considering length, height, and angle when designing spur dikes to optimize their efficiency in controlling velocity in meandering canals. This research is important for improving the understanding of flow patterns in a sharp bend and developing effective mitigation strategies to ensure the stability of the waterway.
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INTRODUCTION
The scour issue in meandering canals, especially along the outer curve, presents a challenge for effective and sustainable river bend management. The maximum effect of the meandering river is reached at the fully developed spiral and transverse flow components (helical flow currents) near the bend apex where the maximum local scour is achieved. In contrast, the inner curve experiences lower flow velocities, promoting the deposition of sediments. This sediment build-up can reduce the effective cross-sectional area of the canal, diminishing its flow capacity and potentially leading to flooding during high-flow events. Human interference is required at these locations to protect the riverbank. Maintaining the stability and efficiency of waterways, especially in river bends, is critical for ensuring effective water flow and minimizing erosion [1]. Traditional methods for controlling scour, such as riprap and gabions, are effective but typically expensive and require extensive time for construction. In contrast, the emerging application of spur dikes exhibits potential as a cost-effective and efficient alternative for mitigating erosion. In recent years, spur dikes have gained attention as a promising solution for effective and efficient scour control, capable of deflecting or repelling flow to reduce erosion. 
Studies have shown that spur dikes can effectively manipulate flow patterns to reduce scour, making them an attractive option for river bend management. [2] employed the 2D Finite Element Surface Water Modeling System (FESWMS) to simulate flow conditions in two meandering stream reaches along the Raccoon River, Iowa, USA, and evaluated the performance of dike structures in controlling streambank erosion. The study demonstrated that the optimal design involves alternate bendway weirs and spurs with a spacing of about 50 m. [3] found that increasing the Froude number of the flow, relative distance between spur dikes, and their relative lengths could influence local scour around spur dikes in river bends. [4] found that by setting spur dikes on the outer bank, the maximum scour depth could be reduced by more than 40% with proper placement. The study also highlighted the importance of considering the ratio of spur spacing to spur length in the design. [5] demonstrated the effectiveness of spur dikes in reducing bed scour in meandering canal bends. The study emphasized the need for site-specific design considerations, such as the angle and length of the spur dikes, to optimize their performance. [6] presented a comprehensive study on the use of submerged spur dikes for river training and sustainability in incised steep bend streams. The authors employed a combination of one-dimensional (1D) and two-dimensional (2D) morphodynamic simulations to analyze the behavior of fixed sandbars near the spur dikes and the local scour around the water control system. [7] presented a comprehensive review of the effects of spurs on river channels. The authors discussed the design criteria for spurs, including the orientation, length, and spacing of spurs, and the impact of these factors on the flow pattern and bed topography of the river channel.  focused on the scour around a spur dike at a 90° bend, highlighting the need for more research on scour in bends with spur dikes. [8] conducted experiments in a laboratory setting on a series of bendway weirs with different crest slopes (0, 5, and 10 percent) installed in a 90° bend with a relative curvature of 3.3. The results showed that the maximum scour depth occurred at the tip of the first and last weirs, and the eroded sediment volume increased by 53, 36, and 15 percent due to the installation of weirs with crest slopes of 0, 5, and 10 percent, respectively. [9] investigated the performance of slope-crested groynes in controlling erosion in erodible meandering channels with different sinuosities. They concluded that the performance of the slope-crested groynes was slightly better in the low sinuosity channel. Furthermore, spur dikes employed in groups inside the stream and channel exhibited more complex flow characteristics [10], [11], and [12]. Overall, case studies have demonstrated that spur dikes can be highly effective in managing erosion and improving channel sustainability, particularly when constructed in series with optimal shapes and dimensions tailored to the specific river conditions. However, effectiveness could vary depending on factors such as river curvature and flood conditions [13]. 
A research gap exists in understanding the optimal design and installation methods for spur dikes in complex channel geometries. Particularly regarding how different shapes and configurations influence sediment transport and erosion control in bends. Addressing this gap is essential for improving the effectiveness and sustainability of river management practices. Through a comprehensive literature review, this study aims to build upon existing knowledge and address the gap in understanding the optimal design parameters (height & length) for spur dikes in mitigating flow turbulence and improving flow patterns in a sharp bend in Bahr Yousef canal. The study employed numerical modeling using the Delft3D FM Model to simulate flow patterns around spur dikes of varying lengths, heights, and orientation angles.
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STUDY AREA DESCRIPTION
Bahr Youssef canal is a natural waterway with approximately 293 km, it diverts water from the Nile River to the Fayoum governorate, providing a reliable source of irrigation for agricultural lands in this arid region. This is essential for growing crops in an otherwise dry climate. It plays a role in water management within the Fayoum Oasis, helping to control flooding and managing water resources effectively. As a natural channel, its waterway has a lot of meanders, sedimentation, and erosion problems. The canal's morphology is actively changing due to natural and human-induced factors, such as the canal's operational scheme and the dredging or disposal of sediments into the canal. These impacts often reduce the cross-sectional conveyance capacity and disrupt the streamlined flow in the canal. Consequently, this can further exacerbate lateral migration or downcutting of bed material, causing bank failures and hindering the operation of hydraulic structures. The canal exhibits a highly sinuous course, with numerous sharp bends and severe meandering sections, totaling approximately 200 bends along its entire length. The bend at kilometer 132.000 is one of the most critical bends along the entire length of the second reach. Bend reach is about 1 km long located between km 131.500 and km 132.500 downstream of Dahab regulator. It follows an anticlockwise direction where the inner curve is situated on the west side and the outer curve is located along the east side of the canal, layout of the bend is shown in Fig. (1). Parameters of the meandering planform relevant to the bend reach were deduced as illustrated in Table (1). The bend is classified as a sharp bend with curvature ratio < 2 [14].
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Figure 1: Layout of the bend section.

Table I. Characteristics of the bend reach
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	Value with unit

	Bend-wise wavelength (L)
	1000 (m)

	Valley wavelength (λ)
	719.6 m

	Ave. channel bank full width (B)
	65 m

	Curvature radius (RC)
	168.44 (m)

	Curvature angle (θ)
	120 °

	Sinuosity
	1.4

	Rc/B ratio
	1.85

	Slope
	6.5 cm/km

	Side slope
	3:2














Materials and methods
Fig. (2) illustrates the ﬂow chart of the study methodology. The study outline starts with fieldwork that was collected for the bend reach at km 132. Then the bend morphological condition was assessed. Finally, an evaluation of various configurations of attractive spur dikes was done to improve flow patterns and control erosion.

Figure 2: Research methodology layout.

3.1 Field Works
The hydrographic survey was implemented in the studied reach, where 197 cross-sections at approximately 50m intervals were surveyed. Spatially intensive Acoustic Doppler Current Profiler (ADCP) was used to measure velocity and discharge in 2019. According to the ADCP measurements, flow discharge was 108 m3/sec and the averaged measured velocity was 0.3 m/sec. It should be noted that the maximum discharge was approximately 150.7 m3/sec. Bed material samples were collected and analyzed at CMRI (Channel Maintenance Research Institute) soil laboratory. Soil analysis results showed that the bed material consists of 93.84 % fine sand and 6.16 % silt with a D50 value of 0.15 mm as shown in the grain size distributions Fig. (3). The morphological changes in the target bend were quantified by comparing the bathymetric survey with the design cross-section and evaluated by comparing WorldView-2 (2023) with Quickbird (2004) satellite images. Quickbird image (2004) was acquired with a high resolution of 60 cm. WorldView-2 image of 2023 was free with a resolution of 2 m.

Figure 3: The grain size distribution.

3.2 Numerical model approach
The study utilized numerical modeling 2D (Delft3D FM Model) to simulate flow patterns inside the reach at the measured cross-sections under the measured and maximum flow conditions. A series of straight-attracting spur dikes were proposed in various configurations to improve flow patterns and control erosion in the outer curve and sedimentation in the inner curve of the bend. Delft3D FM Model was used to examine hydraulics and simulate the flow field around spur dikes to evaluate the effect of spur dike's length and height ratio on the bend hydraulic characteristics. The effectiveness of different configurations in controlling velocities was assessed.

Delft 3D Flexible Mesh (Delft3D FM) model uses the shallow water equations to simulate flow in a river bend. These equations are a set of partial differential equations that describe the flow below a pressure surface in a fluid. It uses a flexible mesh approach, allowing for unstructured grids that can more accurately represent complex geometries like river bends. The governing equations include the continuity equation and the momentum equations. These equations form the basis of the hydrodynamic module in Delft3D FM. The model numerically solves these equations using finite difference to simulate the flow behavior in river bends, considering the complex interactions between flow, sediment transport, and morphological changes [15].
1. Continuity Equation:

Where:
h = water depth
u = depth-averaged velocity component in the x-direction
υ = depth-averaged velocity component in the y-direction
t = time
x, y = horizontal coordinates
2. Momentum Equations:
x-direction:

y-direction:

Where:
· g = acceleration due to gravity
· zb = bed elevation
· fu, fυ= friction terms 
The frictions (fu and fυ) are expressed using Manning’s formula:

Where: n = Manning’s roughness coefficient.
4.2 
4.2 
.1. 
3.3 Model setup
At the beginning of the Delft3D FM model setup, a land boundary file was created in global mapper software. The significance of this land boundary file is to simplify the creation of unstructured grids within RGFGRID. A flexible mesh is used to simulate the bend reach in order to capture the curvature and the variations in width along the reach as shown in Fig. (4). Local refinement was carried out at the apex of the bend as this was the targeted area of the research. In order to simulate inclined spur dikes, the model utilizes a combination of grid rectangles at spur dike locations and grid triangles along the entire length of the bend that allows flow alignment. The connection between the grids is carried out using the merge nodes tool. Horizontal resolution ranges approximately from 2 at the apex of the bend to 18 m along the bend length. An estimated 6827 grid cells were generated along the reach. Boundary mesh for 2D Delft3D-FM model was generated based on the available surveyed bathymetric data. Interpolated bathymetric data were assigned to the developed numerical grid. The upstream boundary condition at km 131.500 was set as discharge. The downstream boundary condition at km 132.500 was set as water level.


Figure 4: Grid generation
3.4 Model calibration
The values of the manning coefficient and horizontal eddy viscosity are used as calibration parameters. Calibration scenarios are carried out by trying different values for the main parameters that could affect water level and velocity. The recommended value for horizontal eddy viscosity for river models is 1 m2/s [16]. As a result of high velocities due to narrowing in width near the apex of the bend, horizontal eddy viscosity should be decreased to calibrate the model. The obtained calibration results are illustrated as shown in Fig. (5) which shows the comparison between the measured and computed water levels along the simulated study reach and velocity cross-section calibration at km 131.975. Consequently, the calibration tests revealed satisfactory results and good agreement with the Manning coefficient (0.02) and horizontal eddy viscosity 0.6 m2/s. 
 a

b

Figure 5: Model calibration (a: water level calibration, b: velocity calibration)
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The modeling scenarios for the series of spur dikes involved various configurations (9 scenarios) to analyze the performance of the spur dikes. Spur dikes were simulated as simple weirs.  A series of spur dikes (5 dikes) will be implemented at angles of 110°, 120°, and 130 respectively along the outer curve of the bend after km 131.950. Angles decreased gradually downstream to align the flow towards the center of the channel and reduce the risk of flow stagnation zones. The last three spur dikes have the same angle of 130° because they were located in a less curved zone. The lengths of the spur dikes (Ls) were set as 25%, 30%, and 35% of the bend width (65 m), resulting in lengths of 16.25 m, 19.5 m, and 22.75 m respectively. The crest width was set as 3 m. The spacing (Ss) between adjacent spur dikes was established as twice their respective lengths. Three height ratios (the ratio between spur dike height to water depth) were tested. The tested values were 0.5, 0.75, and 1.2 of maximum water depth (Hw) as shown in Table (2).

Table II. Scenarios of different spur dike configurations.
	Case Name
	Q
 (m3/s)
	Hw (water depth)
(m)
	Ls
 (m)
	Ss 
(m)
	
Hs (Spur dike height) 
(m)

	25% Width
	Q max = 157.4 
	7.2
	16.25
	32.5
	h0.5=3.6

	
	
	
	
	
	h0.75=5.4

	
	
	
	
	
	h1.2=8.6

	30% Widtg
	Q max =157.4 
	7.2
	19.5
	39
	h0.5=3.6

	
	
	
	
	
	h0.75=5.4

	
	
	
	
	
	h1.2=8.6

	35% Width
	Q max = 157.4 
	7.2
	22.75
	45.5
	h0.5=3.6

	
	
	
	
	
	h0.75=5.4

	
	
	
	
	
	h1.2=8.6



RESULTS AND DISCUSSIONS
4.1 Morphological condition
The areas of sedimentation and Erosion on the stream banks were identified by comparing satellite images at the study area Fig. (6). The right bank is migrated by 4m at km 132 due to helical flow currents. Encroachments increased at the right bank by 100 m long and 13.5 m wide at the bend apex leading to the narrowing of the bend width. A reduction in bend width typically leads to an increase in flow velocity. This is due to the conservation of mass principle; as the cross-sectional area decreases, the velocity must increase to maintain the same discharge. For instance, in sharp bends, the high-velocity core (HVC) often shifts towards the outer bank, resulting in increased scouring effects on upstream point bars and changes in flow direction, [17]. This process can alter the channel's morphology over time, leading to changes in sinuosity and channel stability. It’s obvious that a dredged hole at km 132.000, with a depth of 4 meters, has been created to serve as a stilling basin Fig. (7). This dredged hole is created to reduce flow velocity and minimize disturbances and vibrations resulting from the water flow caused by the encroachments contraction, helping to protect the outer curve from erosion in this critical region Fig. (8). 
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Figure 6: Comparison of satellite images 2004 & 2023.
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Figure 7: Comparison between Actual and design cross-sections.
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Figure 8: Bathymetric survey along the reach.

4.2 Spur Dike Performance Evaluation
Evaluating spur dike performance in the modeled scenarios reveals significant insights into how different configurations impact flow dynamics in meandering canals. The effectiveness of various configurations was assessed according to the critical velocity required to initiate sediment transport. In fine sand bed streams, erosion happens more easily due to the lower critical velocity required to mobilize fine sand (typically around 0.2-0.5 m/s) [18] and [19]. The critical cross-section is located at km 132, so velocity cross-section profiles were taken at this location to show changes in depth average velocity profile. Figure (9) illustrates the velocity profiles for spur dikes at a 25 % width under different heights (0.5, 0.75, and 1.2 of water depth) compared to the base case. According to the submergence of spur dike, The results were indicated. The non-submerged condition (height ratio=1.2) showed a distinct decrease in velocity in the outer curve as it creates a physical barrier that redirects flow. As water approaches the dike, it is forced to change direction away from the outer curve, which can lead to increased velocities on the opposite side where the flow is concentrated. This occurs because the dike effectively narrows the channel width, causing water to accelerate as it passes around the spur dike. The submerged conditions (0.5 & 0.75 water depth) showed different behavior. As the spur dike submergence decreased, the maximum flow velocity at the outer curve increased. At a height ratio of 0.75 (submerged by 25% of water depth), the velocities peak around 0.9 m/s, while at 0.5 depth (submerged by 50% depth), the peak velocity drops to approximately 0.8 m/s. The velocity profiles for spur dikes at 30% width were presented under similar submergence conditions in Fig. (10). The trends observed are consistent with 25% width; however, the peak velocities are slightly lower due to the increased spur dike length. The non-submerged condition again results in lower velocities in the outer curve and an increase in the center line velocity. At a height ratio of 0.75, peak velocities reach about 0.8 m/s, while at 0.5 depth, they decrease to around 0.7 m/s. The spur dike velocity profiles at a width of 35% showed that increasing the spur dike length decreases velocities across the inner curve in submerged conditions Fig. (11). At a height ratio of 0.75, peak velocity at the outer curve is approximately 1 m/s but drop to about 0.8 m/s at a ratio of 0.5 depth. The non-submerged condition (1.2) continues to exhibit the highest velocities among all configurations, reinforcing the need for proper design and placement of spur dikes to optimize their effectiveness and emphasizing that maintaining appropriate water levels is crucial for effective scour control.

Spur dike 

Figure 9: Height Ratios Comparison at 25% Width at km 132.

Figure 10: Height Ratios Comparison at 30 % Width at km 132.


Figure 11: Height Ratios Comparison at 35% Width at km 132.







Along the entire length of the bend, the velocity surface in the base case Fig. (12) was compared with the velocity surface of different scenarios as shown in Table 3. The results indicated that as the submergence of spur dikes increases (specifically at ratios 0.5 and 0.75 of water depth which represent fully submerged conditions), the maximum flow velocity generally decreases. This trend suggests that deeper water enhances energy dissipation around the spur dikes, leading to improved performance in redirecting flow and reducing stagnation zones. Conversely, at the not submerged condition of a height ratio of 1.2 water depth, the velocities are higher, indicating potential risks for increased erosion and sediment transport in the bed and opposite bank of spur dikes. The analysis showed that longer spur dikes (35% of the bend width) consistently exhibit better performance in controlling flow velocities compared to shorter dikes (25% and 30% bend width). This is particularly evident under fully submerged conditions (0.5 and 0.75 water depth), where longer dikes effectively mitigate erosion and enhance sediment transport management. The angle of the spur dikes significantly influences the direction and magnitude of flow velocities. As the angle increased from 110° to 130°, there was a noticeable change in how effectively the dikes redirect flow towards the center of the channel. The velocity profiles showed that spur dikes at a 110° angle produced lower peak velocities compared to those at 120° and 130°. This reduction in peak velocity is beneficial for minimizing erosion along the outer bend of the canal. For instance, under fully submerged conditions (0.75 depth), the maximum velocity observed with a 110° spur dike is approximately 0.4 m/s, while for a 130° dike, it reached up to 0.7 m/s. This indicates that sharper angles could lead to higher velocities and increased risk of scour.





















Figure 12: Base case without dikes
















Table III: Velocity surface at different scenarios.
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	0.5 depth
	0.75 depth
	1.2 depth
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	25% Width
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	30% Width
	[image: A graph of a graph showing a curve]
	[image: A screen shot of a graph]
	[image: A colorful graph showing a curve

Description automatically generated with medium confidence]

	35% Width
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CONCLUSIONS AND RECOMMENDATIONS 
The modeling scenarios for spur dike configurations demonstrate that effective management of flow dynamics in meandering canals is crucial for preventing erosion and ensuring sediment transport efficiency. The results indicate that submerged condition allows for better energy dissipation compared to non-submerged conditions.  Longer spur dikes (35% of the bend width) significantly reduce flow velocities, particularly under fully submerged conditions (height ratios of 0.5 and 0.75). This configuration not only mitigates the risk of excessive erosion but also maintains sediment transport within acceptable limits for fine sand (0.2-0.5 m/s). Therefore, it is recommended to implement the 35% spur dike length at a height ratio of 0.75 as the optimal solution for balancing velocity control across the entire canal bend. Even though this scenario effectively reduces downstream velocities, practical considerations regarding operational water levels should be considered to ensure effective implementation. 
For scenarios requiring complete velocity control, the 35% spur dike at a 1.2 height ratio may be more effective in controlling outer bank scour but should be considered based on site-specific conditions. Dikes set at a 110° angle tend to create stronger lateral flow deflections, which can enhance sediment transport away from the outer bank, thereby reducing scour potential. The results indicated that careful consideration of the dike angles, along with submergence levels, can significantly enhance scour control measures and improve overall canal stability.
This integrated method optimizes flow conditions, reduces erosion risks, and enhances sediment transport efficiency in irrigation canals with fine sand beds. To ensure sustainability and functionality, spur designs should consider the hydrological and morphological features of the river channel in addition to the effects on the ecosystem. Understanding these interactions is crucial for effective river management and maintaining ecological balance.
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WL computed	131.5	131.50987686106362	131.51975372212723	131.52963058319085	131.53950744425447	131.54938430531809	131.5592611663817	131.56913802744532	131.57901488850894	131.58889174957255	131.59876861063617	131.60864547169982	131.61852233276343	131.62839919382705	131.63827605489067	131.64815291595428	131.6580297770179	131.66790663808152	131.67778349914514	131.68766036020875	131.69753722127237	131.70741408233599	131.7172909433996	131.72716780446322	131.73704466552684	131.74692152659046	131.75679838765407	131.76667524871769	131.77655210978131	131.78642897084492	131.79630583190854	131.80618269297216	131.81605955403577	131.82593641509942	131.83581327616304	131.84569013722665	131.85556699829027	131.86544385935389	131.87532072041751	131.88519758148112	131.89507444254474	131.90495130360836	131.91482816467197	131.92470502573559	131.93458188679921	131.94445874786283	131.95433560892644	131.96421246999006	131.97408933105368	131.98396619211729	131.99384305318091	132.00371991424453	132.01359677530814	132.02347363637176	132.03335049743541	132.04322735849902	132.05310421956264	132.06298108062626	132.07285794168988	132.08273480275349	132.09261166381711	132.10248852488073	132.11236538594434	132.12224224700796	132.13211910807158	132.14199596913519	132.15187283019881	132.16174969126243	132.17162655232605	132.18150341338966	132.19138027445328	132.2012571355169	132.21113399658051	132.22101085764413	132.23088771870775	132.24076457977139	132.25064144083501	132.26051830189863	132.27039516296225	132.28027202402586	132.29014888508948	132.3000257461531	132.30990260721671	132.31977946828033	132.32965632934395	132.33953319040756	132.34941005147118	132.3592869125348	132.36916377359842	132.37904063466203	132.38891749572565	132.39879435678927	132.40867121785288	132.4185480789165	132.42842493998012	132.43830180104374	132.44817866210738	132.458055523171	132.46793238423462	132.47780924529823	132.48768610636185	36.4301224365609	36.429162238350301	36.429243222763802	36.427524358326799	36.426643880523997	36.426074173103999	36.4260796607279	36.426546243941402	36.426281271743697	36.425920446098999	36.425245551347302	36.424569606427298	36.424537234496199	36.424394792016201	36.424024135869701	36.423112569394704	36.422726425870103	36.422828523400597	36.4228887065889	36.422053945623396	36.421155868960703	36.420962597311203	36.420209134737902	36.419974757829301	36.419982726047003	36.418782197711302	36.419633047965803	36.4200708957285	36.418728226181003	36.419680281006499	36.4194741239561	36.420724042184403	36.419328021433799	36.422837051026598	36.4198365245568	36.408001149439698	36.4085234733096	36.405858734267497	36.401561599432704	36.3919706304697	36.389848038596803	36.391386882407701	36.3936875710923	36.398979170933899	36.403411069278597	36.402598466995897	36.401932192409198	36.405306233427098	36.408534409259303	36.4085329475433	36.407047296472399	36.4075513049035	36.406304937890098	36.399805662092298	36.402179115429597	36.397428065828997	36.395549221400898	36.396047826505203	36.394082571573399	36.392896715464701	36.392875549892302	36.3905286964022	36.391512861070197	36.3909502178956	36.390953784794704	36.389641758432603	36.388612303398403	36.386159826450999	36.386000392662602	36.390022616883201	36.388865844594903	36.387075310602903	36.386271964362997	36.386384184080001	36.386877076611903	36.386546321384202	36.386248896622298	36.386124340861898	36.3855696204011	36.3858989986526	36.385520137402203	36.384522642646097	36.384389338814998	36.383895188647998	36.383125088393399	36.384071839239901	36.382961653668502	36.381503617266603	36.381358721240503	36.380849091920297	36.378820862887103	36.378244457173302	36.377465260919799	36.377897507459203	36.377336482039397	36.377336482039397	36.376488410773902	36.373984434365099	36.373987986498598	36.369999198634197	36.3679535320924	WL measured 	131.50717465361703	131.60538933678725	131.70360401995745	131.80181870312768	131.90003338629791	131.9982480694681	132.0964627526383	132.19467743580853	132.29289211897873	132.39110680214895	132.48932148531918	36.438282130846197	36.434402218021297	36.429670490574097	36.426485568365301	36.396196680649503	36.4107665383493	36.392333163281897	36.387973344358201	36.384629270633198	36.378725591210099	36.369999999999997	Distance (km)


WL (m)




Velocity calibration

Velocity measured	0	7.5609703164561104	12.6016171940935	16.382102352321599	23.943072668777699	24.573153528482401	27.303234388187001	34.6544472837572	39.6950941613946	44.735741039032	49.7763879166694	54.186953934602201	63.008085970467597	0.14223042054266999	0.259559187022598	0.29730025225205298	0.31047079461958199	0.35	0.36602928999237999	0.37740779362669102	0.37555433802385502	0.40051152067874501	0.39	0.35	0.14563744912658899	7.2023555602525102E-2	Velocity computed 	0	10.6347353823269	15.0137440691674	18.141607416910599	18.767180086459302	19.392752756007901	20.018325425556601	20.6438980951052	21.2694707646538	21.895043434202499	22.520616103751099	23.146188773299802	23.771761442848401	29.4019154687862	30.0274881383348	30.653060807883499	31.278633477432098	31.904206146980801	32.529778816529401	33.155351486077997	33.7809241556267	34.406496825175303	35.032069494723899	35.657642164272602	36.283214833821198	36.908787503369901	37.534360172918497	40.662223520661698	41.287796190210301	41.913368859758997	43.790086868404899	44.415659537953502	45.041232207502198	45.666804877050801	46.292377546599397	46.9179502161481	47.543522885696703	48.169095555245399	48.794668224794002	51.2969589029886	51.922531572537203	53.799249581183098	54.4248222507318	55.050394920280397	55.675967589829	56.301540259377703	56.927112928926299	58.178258268023598	58.803830937572201	59.429403607120904	60.680548946218103	61.306121615766799	61.931694285315402	0.166910452402314	0.27248129668605803	0.30750649400744501	0.32751497475188701	0.32751497475188701	0.32751497475188701	0.32751497475188701	0.32751497475188701	0.32751497475188701	0.33532480663213499	0.33532480663213499	0.35	0.366765892818602	0.38954786331126101	0.38954786331126101	0.38954786331126101	0.38954786331126101	0.38954786331126101	0.38954786331126101	0.39615922528280001	0.39615922528280001	0.39615922528280001	0.40579324296594999	0.40579324296594999	0.40579324296594999	0.41080603798102	0.41080603798102	0.414114163485655	0.414114163485655	0.414114163485655	0.40532525963909299	0.40653937769657	0.40653937769657	0.40653937769657	0.38507076281646602	0.37308120367957198	0.37308120367957198	0.37308120367957198	0.37308120367957198	0.32106592878864199	0.26399474258692901	0.22162300803226301	0.21668519250118701	0.18872510910968199	0.18872510910968199	0.163322946302491	0.16043033675648999	0.13906610854644599	0.121140457574716	0.12083752023826699	0.108364474339518	0.108364474339518	0.1066333591344	Distance (m)


Velocity (m/sec)




Height ratios comparison at 25% width at km 132
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Velocity (m/s)




Height ratios comparison at 30% width at km 132
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Velocity (m/s)




Height ratios comparison 35 % width at km 132
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