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Abstract: The relative impacts of changes in the storage capacity of a reservoir are strongly influenced 
by its hydrodynamics. This study focused mainly on predicting the flow velocities and assessing the 
effectiveness of groynes as control mitigation structures in changes in the water depth and velocity 
distributions in Ringlet Reservoir. Initially, the physical model of the Habu River (the main part 
of Ringlet Reservoir) was fabricated, and flow velocities were measured. Then, a two-dimensional 
HEC-RAS was adapted to numerically simulate the hydrodynamics of the annual recurrence intervals 
of 1, 5, and 100 years in the Ringlet Reservoir. Experimental data acquired at the Hydraulic and 
Instrumentation Laboratory of the National Water Research Institute of Malaysia (NAHRIM) was 
used to calibrate and validate the numerical models. The comparison of simulation and experimental 
results revealed that the water levels in all simulations were consistent. As for the velocity, the results 
show a comparable trend but with a slight variation of results compared to the experiments due 
to a few restrictions found in both simulations. These simulation results are deemed significant in 
predicting future sediment transport control based on hydrodynamics in this reservoir and can be of 
future reference.

Keywords: numerical modelling; physical modelling; Ringlet Reservoir; flow velocity; hydrodynamics; 
HEC-RAS 2D

1. Introduction

D am s and reservoirs are essential for im pounding or storing w ater for m any uses, 
such as flood control, w ater supply, hydropower, irrigation, navigation, and recreation. A 
reservoir typically  has tw o storage features. F irst, active storage, or the volum e used for 
storing w ater, generating  pow er, supplying w ater, or as reserves for flood m anagem ent; 
and second, dead storage, w hich  refers to the volum e below  the m inim um  operational 
elevation [1]. There are different types of reservoirs; for instance, run-of-river type reser
voirs. These reservoirs are com m only used for generating hydropow er due to their sm all- 
volum e active and large-volume dead storage [2]. W orldwide, hydropower continues to be 
the most significant renewable energy source for producing electricity [3]. It has generated 
m ore energy than all other renew able sources, w ith 4418 TW h in 2020 [4 ].

The R inglet R eservoir in Cam eron H ighlands, M alaysia, is an essential w ater source 
for dom estic, agricultural, and hydropow er purposes. H ow ever, the increasing dem and 
for w ater supply and activities such as agriculture and logging have resulted in significant
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changes in the hydrodynamics of the reservoir. Sedim ent m ovem ent also leads to deposition 
or erosion, and its m ovem ent is prim arily  influenced by  flow  velocity  and direction. In 
general, sedim ent deposition can reduce w ater storage capacity by up to 0 .8%, resulting in 
a shorter project life [5 ]. This situation makes it difficult for reservoirs to cater to the rising 
need for w ater [6]. Another issue is sedim ent buildup around power plant gates, reducing 
a dam 's ability to operate effectively.

Furtherm ore, a significant am ount of sedim ent in the w ater intake m ight harm  or 
lessen the effectiveness of the hydro turbines and other electromechanical components [7,8 ]. 
D redging activities have been carried out since the dam 's initial operation to provide ade
quate reservoir storage volum e. Unfortunately, the cost of dredging has risen dram atically 
and is anticipated to increase even further as the rate of silt deposition rises [9 ]. W hile 
the projected life for the R inglet R eservoir in the C am eron H ighlands is 80  years w ith  a 
gross storage of 6.7 m illion m 3, after barely 35 years of operation, 52 percent of its storage 
w as already utilised, w ith  34 percent filled w ith  sedim ent [10]. H ence, further research 
and predictions are required for the continuous operation of the current pow er generation 
plant. O ne of the solutions for this is to study the hydrodynam ics of the flow  velocity  in 
those reservoirs.

Flow  velocity  is a crucial param eter in  understanding the behavior of fluids in reser
voirs. Physical m odels and num erical sim ulations are tw o com m on m ethods used to 
study flow  velocity. Physical m odels involve constructing a scaled-dow n physical m odel 
that m im ics the behavior of the reservoir, w hile num erical sim ulations use m athem atical 
equations to sim ulate the behavior o f the reservoir. Several studies have com pared the 
accuracy of physical models and num erical simulations in predicting reservoir flow velocity. 
For exam ple, a study by K ositgittiw ong et al. found that physical m odels provided m ore 
accurate predictions of flow  velocity  than num erical sim ulations due to the m any uncer
tainties in the real application [11]. However, a study by Zhang et al. found that num erical 
sim ulations w ere m ore accurate than physical m odels in predicting flow  velocity  [12]. 
R esearch conducted by  M cC oy et al. used a physical m odel to investigate the effect of 
groynes on flow velocities in a reservoir. The study found that installing groynes reduced 
flow velocities and increased w ater retention tim e in the reservoir [13]. N um erical sim ula
tions have also been  used to predict flow  velocities in reservoirs. Research conducted by 
Liang et al. used a num erical sim ulation model to investigate the effect of groynes geometry 
and arrangem ent on flow  velocities, erosion, and sedim entation in  reservoirs. The study 
found that the installation of groynes led to a reduction in  flow  velocities, the form ation 
of vortices, and scouring, w hich  w as consistent w ith  the findings from  their laboratory 
experim ent [14].

The primary objective of this investigation is to determine the effect of hydrodynamics 
on the flow regim e of the reservoir by assessing the rates and directions of flow in Ringlet 
Reservoir using a physical and 2D num erical model. The present w ork aims to characterise 
the Ringlet reservoir's velocity patterns for up to a 100-year return period through physical 
and num erical m odelling, the com m on practices used by several researchers [15- 17]. First, 
the influences of hydrodynam ics on the flow pattern from the reservoir w ere investigated, 
and a num erical sim ulation m odel w as com pared w ith  physical observations better to 
understand the flow pattern along the Ringlet Reservoir. The results of this physical model 
w ere then com pared w ith  the num erical sim ulation to validate the accuracy of the sim 
ulation. The sim ulation used a 2D  num erical m odel based on the R eynolds-A veraged 
N avier-Stokes (RA N S) equations. Finally, the num erical m odel w as calibrated and vali
dated using experim ental data from  the physical m odel. Further, this study exam ined the 
construction of groynes or access rams to obtain the hydrodynamics for this prediction [18].

The results from the physical m odel and num erical sim ulation revealed that the flow 
conditions in  H abu (Ringlet R eservoir) are affected by  various factors such as velocity, 
bathymetry, and the presence of hydraulic structures. The findings also showed agreement 
in the flow pattern betw een the physical and num erical models, indicating that the num eri
cal model can predict future sedim ent transport patterns. Furtherm ore, the results showed
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agreem ents in the reservoirs' flow pattern betw een the physical and num erical models. In 
the meantime, the installation o . groynes significantly affects the hydrodynamics of flows at 
the installation area. O verall, the study provides valuable insights into the hydrodynam ics 
of Ringlet Reservoir, which can be used to predict future changes and im plem ent effective 
m anagem ent strategies.

2. M efh odology

The m ethodology adopted for num erical modelling; of the physical m odel of R inglet 
Reservoir (Habu), located in Cameron Highland, M alaysia, was based on a fout-step proce
dure, as depicted in Figure 1. The first step w as a desktop study, whieh involved gathering 
relevant aata about t t e  reservoir, in d u tin g  aerial im ages, topography, and hydrology. The 
second slage w as the sm all-scaled m odel seiup, w hich co m p rise . tw o significant com po
nents: experim ental w ork and num erical m od el setup using H ECRA S. The experim antal 
w ork involved the physical conrtruction  of a sm all-scale m o d d  of Che R inglet Reservoir. 
In contrast, the num erical m odel setup involved using H EC RA S softw are to sim ulate the 
hydraulic behaviour and perform ance of the reservoir. The third step of the study w as the 
com parison of the physical and num erical m odels. Thus involved com paring the observed 
data from the physical model with the results obtained from the HECRAS num erical model 
setup. The final step involved the preseniation of the results, a discucsion of the findings, 
and the study's overall conclusions. O verall, this m echodology incorporates phys!cal 
and num erical m odelling that provides a robust approoch to assessing; the hydcodynam ic 
perform once and prorpacts of the R inglet Reoervoir in Cam eron H ighland, M alaysia.

Figure 1. Flowchart of tires study. The mapr components of the sftidy are the experimental works and 
valid ation of tiia mo del using a numeric al ajsproach .
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2.1. Study Area

R inglet Reservoir, in the central highlands of W est M alaysia, approxim ately 160 km 
north of Kuala Lumpur, is a part of the Cam eron H ighlands-Batang Padang hydroelectric 
schem e. It com prises the Sultan A bu Bakar D am , w hich  w as constructed in 1963. It w as 
initially estim ated that the sedim ent loading to the reservoir w as m 3/annum [19]. Tenaga 
National Berhad (TNB) is responsible for developing and operating m ost major hydropower 
projects. At present, TNB is the main operator for three of the largest hydroelectric schemes 
in Sungai Perak (1249.1 M W ), Kenyir (665 M W ), and Cam eroon Highlands-Batang Padang 
(622 M W ) [20]. A  m ap of H abu is depicted in  Figure 2 . The R inglet R eservoir is located 
w ithin  the Bertam  catchm ent, w ith  a com bined area of 70.4 km 2. The Bertam  C atchm ent 
is divided into six sub-catchm ents: U pper Bertam , M iddle Bertam , Low er Bertam , Habu, 
Ringlet, and Reservoir. Bertam River, H abu River, and Ringlet River are the principal rivers 
supplying the Ringlet Reservoir. Teh et al. state that m ost sedim ent loaded into the Ringlet 
Reservoir com es from the H abu end [21].

vT w
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A f - g y  jjr

P s P B B t ' \ ~

..± 0

Figure 2. Map area of Habu. Habu is part of the Ringlet Reservoir, Cameron Highland, Malaysia. 
Hence, the name 'Habu' was used throughout.

A n area of around 183 km 2 com prises the upper w atershed that feed s the R inglet 
Reservoir [22,23]. E lectricity  is generated from  headw ater from  tw o m ain rivers, Sungai 
Telom and Sungai Bertam . In this regard, even though the Ringlet teservoir hed an initial 
w ater storage capacity  of 6.7 m illion m 3, it has experienced a loss o f opeaational -volume 
over the years because of accelerated sedim entation [19,24] . This phenom onon i s caused 
by m illions of tons of additional sedim ent m obilized by rapid developm onts in the upper 
catchm ents area. This situation has gradually decreased the, reservcdr's cupacity for hydro 
generation and led to a higher risk of dow nstream  flooding [25]. "rite h igher sedim ent 
deposition rate w ould significantly reduce she pvoiected useful life of the reservoir [26]. 
A dditionally, it has a negative im pact on the dam 's stabilily  and risks she ability  to store 
w ater for flood control [27,28].

2.2. Experim ental Works
2.2.1. Physical M odel Construction

Typically, physical m odels are used to investigate, evaluate, and form ulate solutions 
to various sedim entation issues in hydraulic structures like reservoirs [29,30]. A  physical 
hydraulic m odel is often a scaled-dow n version  of the research site and w as essential for 
data calibration and validation of the H EC-RAS num erical model. The dynamic sim ilarity
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m akes it possible to scale results from  m odel tests to predict corresponding results for the 
full-scale prototype. The dynam ic sim ilarity m akes it possible to scale results from  m odel 
tests to predict related results for the full-scale prototype. D ynam ic sim ilarities can  be 
found by com paring the ratios of various significant forces acting on the system . Because 
gravitational force dom inates fluid m otion in free surface flow, Froude scaling w as used. 
Laboratory tests have been  conducted in the H ydraulic and Instrum entation Laboratory, 
N ational W ater R esearch Institute of M alaysia (N A H RIM ). A  m odel of H abu R iver (also 
know n as H abu), a significant part of R inglet R eservoir in the C am eron H ighlands, w as 
constructed w ith  a geom etric scale of 1:30. The m odel w as constructed using a fixed bed 
setup; hence, no erosion or accretion occurred during the tests. The m od el's bed w as 
levelled to its original or existing condition, equivalent to its prototype.

2.2.2. M odel Surveying

The m odel's bathym etry w as determ ined u sing three-dim ensional surveying tech
niques (3D), Terrestrial Laser Scanning (TLS), and D igital C lose-Range Photogram m etry 
(DCRP). A  m edium -range GLS 2000 TLS m odel (Topcon, Liverm ore, CA, USA ) w as used 
for the laser scanning research. The output of laser scanning is an array of points known as 
a p oint cloud, a set of vertices defined in  a 3D  coordinate system  (x, y, and z) capable of 
reconstructing a highly detailed 3D physical model. The high-density point cloud from TLS 
w ill support a num erical m odel as input param eters (base data). In  the m eantim e, D CRP 
was im plem ented to gather 3D inform ation about features from two or more photos of the 
sam e object. This technique w as used to create accurate 2D  orthophoto and 3D  surface 
m odels in the form  of point cloud data using a sequence of overlapping digital photos 
acquired by a drone. The drone (Phantom  4 Pro, D JI, Tokyo, Japan) flew  m anually  along 
the designated flight line approxim ately 5 m  above the m odel. A  series of digital im ages 
w ere captured at intervals o f three seconds to enable a 3D  m odel and orthophoto of the 
physical surface m odel to be generated.

2.2.3. Flow  M easurem ents

W ater w as pum ped through the in let pipe upstream  of H abu. The 350 SZ  (EBA RA , 
Subang Jaya, M alaysia) external pum ps, w ith a capacity of 1000 L/m in and a head of 7 m, 
w ere em ployed for this study. W ater w as poured until the m odel or w aterw ay reached its 
m axim um  level. The pum p w as then turned on until the specified flow  rate for each test 
was reached. Dynaflox Series DMTFP Portable Transit Time Ultrasonic Flow M eters (Emin 
Group, Singapore) w ere put near the stabilizer tank to m easure the inlet flow rate. Steady 
flow conditions for all tests were established by m anipulating the setting of the pum p rate 
to achieve the designated flow  discharges, refer to Table 1. H1 and H2 denote H abu w ith 
Existing condition and Groynes, respectively, w hile the last num erical value after the dash 
sym bol represents their respective ARIs.

Table 1. Test conditions for Habu (Ringlet River).

Location
Flow Rate

Conditions ARI (Year) Test Series Prototype
(m3/s)

Model
(l/s)

Habu

H1
Existing

H2
with Groynes

1 H1-1 23.5 4.7
5 H1-5 34.5 7.0

100 H1-100 55.5 11.3
1 H2-1 23.5 4.7
5 H2-5 34.5 7.0

100 H2-100 55.5 11.3
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Flow velocity is a crucial hydraulic and hydrological com ponent utilised in the velocity- 
area approach to evaluate discharge [31]. rlo w  velocities w ere m easured using a ID  AEM  
electrom agnetic current m eter (ECM ). W ith a m inim um  depth of 3 cm  and a range of 0 to 
5 m /s, this ECM  can precisely detect w ater speeds in shallow w ater storage. The flow was 
measured at the observation point located at every CH, m arked with black dots in Figure 3. 
An average of five readings w ere m easured for every point at roughly 0.5 of the depth.

Figure 3. Diagram of the physical model in Habu. (a) existing and (b) with groynes conditions. 
(c,d) live images of the constructed physical models of (a,b).

Groynes w ere constructed after com pleting the m easurem ents for the existing condi
tion. Figure 3b show s the arrangem ent of eight groynes w ith a w idth-to-length ratio, w/l, 
approximately e qual to 0. 1. The groynes were constructed approximately perpendicular to the 
channel. These im permeable groynes are designed to tie non-subm erged [32- 34], Therefore, 
th r groynes w ere approxim ately built perpendicular to the; channel. The sam e procedures 
used during; the existing eondition w ere repeated for m itigation (with groynes condition).

2.3. Numerical M odel (HEC-RAS)
2.3.1. M od el Setup

H EC -R A S softw are w as used to m odel the flow  of w ater in thir proiect. The 2D  
Shallow  W ater Equations (SW E) are the basis for hydrodynam ic tw o-dim ensional (2D) 
moders in H EC -R A S. The SW E is found by  integrating  the R eynolds-averaged N avier- 
Stokes equ ations over the flow depth [35]. In this in ton ation  prooess, a hydrost atic pressure 
aistribution is assumed. The 2D finite volum e m ethod is used for the solution of the SW E, 
allow ing  greater stability (due to shock capturing capability) and accuracy com pared ter 
the finite elem ent or finite d ifference-based m ethod. Two types o f m odels are available 
ini H EC -RA S 2D, the full SW E and the D iffusion W ave A pproxim ation (DWA). The DWA 
m odel w as used as an initial condition for the SW E m odel to provide stability for the 
unsteady m odel. The point cloud taken from the 3D  scanning of the m odel w as processed 
into Digital Elevation M odel (DEM) and exported as a GeoTIFF file format. This w as then 
im ported into H EC-RA S as terrain for the sim ulation model.

In  all cases, an  initial w ater level w as prescribed. This m eans at the start of the 
sim ulation. The dom ain contains w ater at a certain  level. This initial condition proved 
m ore effective than starting the sim ulation w ith  the dom ain com pletely  dry. Boundary 
conditions w ere im posed at the in let and outlet of the com putational dom ain. The inlet 
is located at the upstream  part of the dom ain, w hile the outlet is located precisely on the
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check dam . A  constant flow  rate based on the A nnual Recurrence Interval (ARI) of 1-, 5- 
and 100 years w as prescribed a t the inlet. A t the outlet, a constant w ater level w as used. 
The level was initially assumed as no water level data was observed during the experiment. 
The value w as then changed until the w ater level just upstream  of the outlet m atched the 
experim ental observation. This is one of the calibration steps used to set the current value 
for the unknow n boundary conditions.

2.3.2. Convergence Study and M odel Calibration

A  com putational m esh w as generated for the dom ain of interest. Three m esh sizes 
of 7680, 30,065, and 185,338 w ere used for 15 cm , 10 cm , and 5 cm , respectively. The 
w ater surface elevation and velocity  plots at C H 500 for different m esh sizes w ere plotted 
and com pared. A lthough the coarse m esh can provide an equally  accurate result, for the 
sim ulation that follow s, a m esh size of 5 cm is used throughout. C onstant flow rates w ere 
im posed at the inlet, w hile constant w ater levels w ere used at the outlet. A n adaptive 
tim e step w as used in the sim ulation w ith  a m inim um  and m axim um  C ou rant num ber 
betw een 1 and 3. Two of M anning 's values of 0.0025 and 0.01 w ere used for calibration. 
The M anning value was selected based on the closest agreement of w ater level and velocity 
betw een sim ulation and experim ental results. The sim ulation period for all cases is 30 min.

2.3.3. M odel Sim ulation

The w etted  boundary  of the m odel is considered through the M anning coefficient. 
Because the shallow  w ater equation assum es averaged vertical velocity, the effect of the 
boundary  layer cannot be m odelled directly. The influence of the boundary  layer due to 
surface roughness is represented as additional source term s. This source term  includes, 
am ongst others, the M anning coefficient. For the current w ork, it is assum ed that the bed 
is qu ite rough. A  different value for M anning w as tested. The best M anning value w as 
selected based on the closest agreement for w ater level and velocity between sim ulation and 
experimental results. A M anning value of 0.0025 was used throughout the simulation. With 
the m esh generated and the initial and boundary conditions im posed, the hydrodynam ics 
of the model w as simulated for 15 com putational minutes based on a steady state obtained 
during the preliminary study. The 2D HEC-RAS model used in the current work solves the 
u nsteady SW E. H EC -R A S uses an explicit form ulation for the solution of the SW E. D ue 
to the explicit form ulation, the tim e step needed to keep the solution stable needs to be 
sm aller than the critical tim e step calculated by  the C ou rant num ber [36] . Two schem es 
for tim e m arching are available in H EC -R A S: fixed and adaptive tim e stepping. Initially, 
the fixed tim e step w as used. However, as the m esh size decreased, the tim e step selected 
violated the critical time step and resulted in an unreliable solution. The adaptive time step 
w as then selected. The use of adaptive tim e-stepping requires the setting of a m inim um  
and m axim um  C ourant num ber. The m inim um  and m axim um  C ourant num bers 1  and 3 
were selected for all sim ulations. The selection w as based on the best practices outlined in 
the H EC-RA S m anual [37].

3. Results and D iscussions
3.1. Physical M odel

Flow  velocity  m easurem ents in H abu w ere plotted as velocity points for the existing 
and m itigation (groynes). Velocity points are illustrated in Figure 4 for existing conditions 
and m itigation (groynes), w hile Figure 5 show s the scatter p lot com parisons betw een 
different A RIs for both  conditions. The original velocity  points are used to show  the 
distribution of data points on the m odel and to dem onstrate the accuracy of the gridding 
m ethods used for an accurate com parison w ith the sim ulation.
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Figure 4. Velocity points at Habu during; existing condition: (a) 1-year, (b) 5-years and (c) 100-years 
ARI, Groynes condition: (d) 1-year, (e) 5-years and (f) 100-years ARI, respectively. Display vectors 
were present with the vector arrow tail at the data location.

G enerally, the local velocity  in the reservoir or channel varies w ith  its location. The 
velocity is low er near the boundary (side). It w as found that as the flow rate, Q increased, 
the velocity  also increased for all tests in  both existing and m itigation conditions. This 
indicated  that the velocities in  the reservoir increased w hen the w ater depths and flow  
rates increased. The sum m ary of flow velocities at Habu for existing and during m itigation 
(groynes) is sum m arized in Table 2 .
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Figure 5. Velocity distribution comparisons between different ARIs (1-year, 5-years, and 100-years) 
for (a) existing; conditions and (lb) with &oynes.

Table 2. Summary of velocities measured at Habu.

Co ndition AR. SYeare) Fsow Rate, Q (L/s) Umain (m/s) Umax (m/s) Uave (m/s)

H1
Existing

s 4.7 0.062 0.622 0.180
5 7.0 0.044 0.793 0.181

100 .1.3 0.021 0.899 0.188

H2
Groynes

1 4.7 0.038 0.608 0.161
5 a.0 0.034 0.729 0.195

100 11.3 0.026 0.874 0.248

M ost of the flow in Habu takes place in the middle of the channel for both existing and 
m itigation conditions. The h ighest velocity  occurred at C H 850, right after the first check 
dam  in H abu for existing and m itigation conditions. The velocity  decreases after C H 650 
downstream in Habu for existing conditions. M eanwhile, the velocity decreases after CH600 
downstream  in Habu for m itigation conditions. This indicates the influence of groynes to 
reduce the flow velocity in the area close to their location and focus or concentrate. the flow 
velocity in the middle of the channel [38]. Therefore, the second groyne effectively conveys 
the flow to the m iddle of the channel. Based on the experim ental results, tire flow veloc;ty 
patterns for ala return periods tested are the sam e; the only difference is the m agnitude of 
the velocity. This can also be observed by the existence of groynes in the channel. Groynes 
also changes the pattern  of the; velocity, w ith  low er velocity  observed on the tid e of the 
channel and higher velecity  being m ore concentrateal in the m iddle of thee c hannel.

3.2. HEC-RAS
3.2.1. Convergence Study

This section discusses the convergence study for sim ulations w ith  different m esh 
sizes. The convergence study aim s to determ ine the best m esh size that needs to be used 
to m inim ise com putational expenses and, at the sam e tim e, ensure that the solution is 
not sensitive to the changes in  m esh size (m esh independent solution) [13]. Therefore, a 
convergence study w as carried out for these m esh sizes. Figure 6a-c  com pares m esh sizes 
used throughout the sim ulation.



Water 2023,15,1883 10 of 22

(b)

Figure 6. Mesh with sizes of (a) 15 cm, (b) 10 cm and (c) 5 cm.

It should! be noted that tire solution produced by  the DW A m ight tie different from  
SW E depending on the corres ponding; Reynold num ber, w ith  h igher valu es re presenting 
turbulence flow. As DWA neglect the nonlinear effect caused ley tire convec tive acceleration, 
the efiect of lurbulence on the flow cannot be accounted for. For the case considered here, 
the reouCt is m ostly iurbulence. The use of SW E is more appropriate and w as used for this 
study. A  cross-erction o l C H 500 w as chosen for the w ater surface elevation and velocity  
evaluation. To sim plify  the analysis of the reruit, only  the DW A m odel wae considered. 
Figure la  shows the cross sactions in w h irh  the velues for the water surface elevation (WSE) 
and velocity  w ere evaluated. Figure 7b- d  show s the plod of W SE along the centre line; of 
Habu for different m esh sizes. From the figure, it is chown that ihe hVSE is alm ost idrntical 
for all m esh cases. From  the figure, it fa n  be concluded that even w ith  the coarsest m ash 
used here t15 cm ), H EC-RA S can provide accurate predietion for the W SE.

Figure 7. (a) River centreline (blue line) and CH (red line) for Habu. WSE plot along the Habu end 
centreline for different mesh sizes (b) centreline, (c) CH700, (d) CH500.
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The velocities along C H 700 and C H 500 are presented in R g u re  8 . T he result shows 
that m esh convergence is also achieved for velocity. Although the coarse m esh can provide 
an equally  accurate result:, for the sim ulation that follow s, a m esh size of 5 cm  w as used 
throughout. It should tie noted that the solution produced by the DWA migttt tie different 
from, tiie SW E d efen d in g  on tiie corresfionding R eynolds num ber, w itii a h igher value 
representing turbulence flow  [39]. Ass DW A ignores the nonlinear effect caused by  the 
convective acceleration, the im pact of turb ulence on flie flow cannot be accounted for1. For 
the case considered here, w here the result is m ostly  turbulence, the use of SW E is m ore 
appropriate and w as used for this study. The DW A m ethod w as adopted ju st to sim plify 
the com p arison of theconvergencestudy .

Distance (m)

Figure 8!. Sensitivity pilot of velocity along Habu (a) CH700. (b) CH500 for different mesh sizes. The1 
insets show the enlarged curves to aid comparisons.

3.2.2. M odel Calibration

C alibration is finding the m ost appropriate param eter that m u st be included in the 
m odel to produce results representing the physical condition. For. hydraulic modelling, 
involving SW E, an im portant calibration !ac tor that needs to be cLotermined is the Manning 
coefficient. Manning; 's coefficients represent the influence tnebottom  roughness lias on the 
solution. As the physical m ohel involves a bottom  boundary that is relatively sm ooth, the 
influence M anning has on thin solution m ight nett be that critical. Therefore, awo M anning 
values w ere used for calib ration: 0.0025 far a sm ooth surface and 0.01 for a alightly rough 
one. N ocm al concrete has a roughness of 0.01. A  sm aller value increases velocity  but 
reduces w ater surface elevation, w hile a larger value has the ophosite effect. H ow ever, 
since the physical m odel's surface is assum ed to be uniform ly sm ooth, a single M anning 
value w as used for the entire domain.
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Figure 9a show s the observation points from  the experim ental w ork. The point is 
located along the channel's CH. The red dots are the points w here a com parison betw een 
sim ulation and experim ental observation is carried out. To determ ine the influence of 
M anning on the result, a com parison is carried out for the w ater depth and velocity  at 
the observation pom ts. In addition, a com pasison w as m ade betw een DWA and SW E, the 
form er assum ing negligible flow  acceleration w hile the latter includes the full nonlinear 
solution. P leasen o te  that the calibration should only be carried out for the 100-year ARI 
scenario), as this represents the worst-case scenario and provides the largest velocity changes 
com pared to the rest of the ssenarios.

(b) 0 .1 2 

0.11 ■ 

E o.io-

10.09.
<u0.08'

Experiment
Simulation (n = 0.0025) 
Simulation (n = 0.01) _

(c)

0.07-
I 1 I 1 I 1 I 1 I 1 I 1 I 1 I

100 200 300 400 500 600 700 800 900

(d) 0 .12
0.11 - 
0 .10- 

£ 0 .0 9 -  
~^0.08-
*-0 .0 7
© 0.06 

o

Chainage

0.05
0.04

Experiment 
Simulation (n : 
Simulation (n =

0.0025)
0.01)

I ■ I ■ I ■ I ■ I ■ I ■ I ■ I
100 200 300 400 500 600 700 800 900

Chainage

(e)

1.0

0 .8 

0 .6 

0 .4 

0 .2 

0 .0 -
i ■ i ■ i ■ i ■ i ■ i ■ i ■ i

100 200 300 400 500 600 700 800 900

Chainage

i ■ i ■ i ■ i ■ i ■ i ■ i ■ i
100 200 300 400 500 600 700 800 900

Chainage

Figure 9. (a) Observation points from experimental work. Red dots denote the location of sampling 
used ior enmparison between experiment and simulation, while green dots denote the additional 
experimental sampling locations. Water depth and vclocity comparison for DWA (b), (c) and SWE 
(d), (e) between experimental observation and simulation results.

Figure 9b,d show the com parison of the water depth between experimental observation 
and sim ulation for DWA and SW E, respectively. The plot shows that the water depth can be 
predicted accurately by both DWA and SWE. A closer inspection shows that SWE provides 
overall better accuracy than DW A, except for C H 850, due to the presence of the check 
dam where the turbulence and hydraulic jum p occurred. The experimental and sim ulation 
values differed by 25-65% . The differences betw een the M anning results w ere quite sm all 
for this com parison. Figure 9c,e com pares the velocity  at the observation points betw een 
experim ental and sim ulation results for DWA and SW E, respectively. For this com parison, 
m uch larger differencec can be seen. For DW A, the velocity  predicted ley tho sim ulation 
m odel is eonsistently low er than those obtained from tine experim ent, w ith the resuld from 
M anning varying sl^htly. However, for the SW E, the result shows better prediction by the 
sim ulation m odel, w ith  a d o ser agreemenO for the M anning value of 0.0025 com pared to 
0.01. A part from  CH°°00 and CH 850, the M anning value of 0.0025 show s good agreem ent 
w ith ehe obseoved data.

It is im portant to note that to com pare the velocity  of the sim ulated m odel against 
the physical m odel, the velocity  for SW E is taken as the average velocity  over som e time.
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This; is because the sim ulation does not reach a true steady state globally [40]. The velocity 
fluctuation is presented in Figure 10a,b. A t C H 750 in Figure 10a , w here the channel is 
relatively nerrow , the flow  is predom inan4ly one-dim ensional. The velocity  at the c entre 
o0 the channel fluctuates rapidly at the beginning; oS the semulhtion bu t s4abilizes over 
time. However, 5t CH500, w here the channel is wider, the flow becom es tw o-fim ensional, 
and vortices form  as the sim ulation progresies . As the vortices develop, the velocity  
taken at the m iddle of the cross-section fluctuates, as show n tn Figure lh b . "The velocity  
fluctuation becom es less; pronounced once the vortices are fully form ed. To com pare w ith 
the experim ental data, the velocity  m agnitude ie the average over a p eriod during w hich 
the vartices have fully form ed. The root m ean square of velocity fluctuation is small.

(a) 0.45

'5T 

1

>  0.35

Simulation (n = 0.0025) 
Simulation (n = 0.01)

400
T
800 1200 

Time (s)
1600

t ----- ------r
400 800 1200

Time (s)
r

1600

Figure 10. Velocity time histoiy at (a) CH750, (b) CH500 for simuktion withdifferent Marnting's values.

A  com parison w ith observation data for the H abu catchm ent w ith  groynes installed 
has also been  carried ou°. Figure 11a show s the loaation of the groyne s along the H abu 
catchm ent. Figure 11b ,c show s the w ater depth and. velocity  com parison betw een the 
experim ent and eim ulation result at the obssrvation  location. The result shoves good 
agreement for the water d ip th  and a sl ight varietion for the veloci ty. These sm sll vari ations 
w ere dun to uncertainties in  m oda! fa ram eters . The num erical m o d il relies on specific 
input param eterf, such as friction coefficients or roughness -values, w hich may be uncertain 
or (difficult to estim ate accurately  and m a y not penfectly capture the euact physics of the 
flow  in the physical system . H ow ever, com paring b o t t  chosen M anning values show s a 
sm all influeeee of the value on tire; hydrodynam ics of t Ire flow.

3.3. Simulation
3.3.1. H abu Existing Conditions

This section presents the sim ulation results and analysis for Habu w ithout the groynes 
and focuses on the hydrodynam ics of the flow. A t the start of each sim ulation, a fixed 
w ater level w as set for the entire dom ain. The sim ulation period for all cases w as 30 min. 
Figure 12a show s a p lot of the w ater surface elevation  (W SE) along the H abu centreline. 
A lthough the W SE in all cases does not vary  significantly along the channel, the corre
sponding w ater depth is not constant due to the u ndulating bathym etry. Figure 12b-d  
displays the sim ulated w ater depth at the end of the sim ulation for 1-year, 5-years, and 
100-years ARI. The figures reveal that the w ater depth throughout the dom ain varies 
significantly at several locations due to variations in  the bathym etry. These variations, 
coupled w ith  differences in the channel w idth, are expected to lead to a spatially varying 
velocity distribution.

00
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Figure 11. (a) Location of tine groynes along Habu catchment and experimental sampling locations. 
Red dots denote the location of sampling used for comparison between the experiment and simulation, 
while gteen dots denote the additional experimental sampling locations. (b) ‘water depth (c) velocity 
comparison between experimental observation and simulation results (SWE) for a model with 
groynes installed.

Distance (m)

Figure 12. (a) Water Surface Elevation (WSE) along the Habu centreline. Simulated water depth at 
the end of the simulation for (b) 1 year (c) 5 years, and (d) 100 years ARI.
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The velocity magnitude for different ARI at time steps of 10 m in, 20 m in, and 30 min is 
presented in Figure 1 3 . In all cases, the highest velocity can be observed at the upstream end 
of the channel. At this upstream part, the channel is narrow, w ith a very steep bottom . This 
com bination forces the w ater to flow at a relatively high velocity w ithin this constricted area.

1-year ARI I 5-years ARI I 100-years ARI

Figure 13. Velocity magnitude at a time step, 0 = 10, 20 and 30 min, for 1-year, 5-years and 100-years 
ARI. The arrow represents the flow direction of the water and is applied to all cases.
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For 100 years of A RI, a com parison w ith  the experim ent show s that the sim ulated 
velocity  is underpredicted. A t C H  850, experim ental observation recorded a value of 
around 0.9 m /s, w hereas sim ulation predicted a value; of about 0. 37  m/s. The differenc es 
can be atfributed fo how  the in let boundary is applied. D ue to stability problem s at the 
upstream  check dam , w here rapid w etting and drying occur, the inlet has been m oved to 
ju st after the check dam . This reduces the h igh velocity  due to free fall. Unfortunately, a 
velocity boundary condition cannot be specified in HEC-RAS, as only flow rate is allowed; 
hence, the velocity  at the boundary is calculated from  the flow  rate. As the w ater enters a 
broader part of the channel, the variation of the velocity m agnitude becom es increasingly 
large. Flow  recirculation or rollers can be observed as the channel enlarges. The sam e 
roller-like flow patterns w ere observed in the physical m odel; see Video S1. This w as due 
to a tu rbu lent flow  at the in let area. Turbulence occurs w hen the flow  of w ater becom es 
irregular, form ing vortices and eddies that cause the w ater to roll. This rolling m otion 
can also be caused by  the irregular surface beneath  the w ater. The velocity  reduces in 
the dow nstream  direction due to a dow nstream  check  h am. The particle tracing plots i n 
Figure M a- c  shows that the flow is highly unsteady, espef ially at the start of the simu lation. 
By observing the evolution of the m agnitude of the velocity  at increasing tim e eteps, one 
can observe significant changes in the nelocity  distribution. A t tim e step i = 5 m in, the 
high-velocity region im pinges on the left side of the channel. However, as time progresses, 
this pattern changes. At the next step, t = 2 0 min onward, the high-velocity region after the 
expension changes sidas, im pinging to fhe right. This change is caused by the formaeion of 
vortices at arannd u H 450. As the aim ulation reaches a steady state, tiie valocityshow e an 
idem ical pattern for all ARI cases.

Figure 14. I5article tracing at time step, /■ = 30 mini, for (a) 1-year, (b) 15 years anal (c) 100-years ARI. 
The arrow represents the flow0 direttion of the1 water and is apphed to all casas.

Figuee 15a- c  displays thee cross-sectional velocity  profiles for C H 650, C H 500, and 
CH 350. These plots com pare .h e  velocity  across the drainage at t = 30 mini (steady state) 
for different A RI cases. Thu dfstanne betw een banks is m easured from  left to right w hen 
looking dhw natream . It should be noted that thu pfots only show  the m agnitude of the 
velocity and do not consider its direction. W ith higher ARI, thu inflow innreases, resulting 
in a n increase in velocity magnitude for all cases. The velocity proffles at CHI650 and CH5 00 
reveal that the right side has a higher velocity than the left. This observed aelocity  profile 
may tie explained by the eddy that forms on the left side oi the channel around CH6d0 and 
C H 50t, as shown in Figure 14. As this eddy forms due to low-veloeity flow, a high-pressure 
region is developeg, which pushes the high-velocity flow to the right. At CH350, the eddy



Ve
lo

ci
ty

 
(m

/s
)

Water 2023,15,1883 17 of 22

forms on the right side and pushes the flow to the right, creating a high-velocity region, as 
show n in Figure 15c .

Distance (m) Distance (m) Distance (m)

Figure 15. Vetacity comparison tietween l.-year, 5-years and l_°°-years ART during stead^state 
conditions at (a) CH650, (1?) CH500 and (c) CH350.

The differences in  the flow  profile across the dom ain have large im plications for 
sedim ent transport dynam ics. The m ovem ent of sedim ent is highly dependent on the 
hydrodynam ics of the flow. For exam ple, the form ation of vortices can entrain sedim ent 
and force it to settle.

3.3.2. H abu w ith Groynes Installed

This section presents the results and analysis of the sim ulation of different ARI events 
w ith  groynes installed. Figure 16a- c  show s the p lot of w ater depth at the end of the 
sim ulation for all cases. D espite the presence of the groynes, no appreciable difference in 
the w ater depth can be observed com pared to the existing condition. W ith the installation 
of the groynes, the "u nsteadiness" of the flow pattern lias som ehow  been suppressed.

Figure 16. Water depth at Habu with groynes installed for (a) 1 year (b) 5 years, and (c) 100 years ARI.

This is evidenced by the velocity  m agnitude plot at tim e t = 10 m in, t = 20 m in, and 
t = 30 m in, g iven in  Figure 17. The p lot show s alm ost id entical patterns for all cases and 
tim e steps. H igh-m agnitude velocities can be observed to flow  at t ° e  centreline of the 
channel. In addition, vortice s can be observed forming; on the front side of the groynes 
(looking downstream ). These vortices have a low er velocity then tiie m ain flow and could
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be significant in trapping sediment. The num ber of vortices has also increased as compared 
to the existing condition.

1-year ARI 5-years ARI I 100-years ARI

t = 10 min

t = 20 min

t = 30 min

Velocity [m/s] - 10min
------- High : 0.25

Velocity [m/s] - 20min
—  High : 0.25

Velocity [m/s] - 30min
—  High : 0.25

Velocity [m/s] - 10min
_  High : 0.31

Velocity [m/s] - 20min
------- High : 0.31

Velocity [m/s] - 30min
------- High : 0.31

Velocity [m/s] - 10min
_  High : 0.42

Velocity [m/s] - 20min
—  High : 0.42

Velocity [m/s] - 30min
—  High : 0.42

Figure 17. Velocity magnitude comparison between 1-year, 5-years and 100-years ARI for Habu with 
groynes installed at a time step, t = 10, SO and 30 min. The arrow represents the flows direction of the 
water and is applied to all cases.
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The particle tracing plot in Figure 18 shows the dom inant flow pattern and the vortices 
generated. The effect of groynes on  the flow  pattern and hydrodynam ics of w ater can 
vary  depending on  the groynes' size, shape, and placem ent. W hen w ater flow s tow ards 
the groyne, it is forced to slow dow n and divert around the structure. This creates eddies 
and vortices on the dow nstream  side of the groyne, resulting in areas of slow er-m oving 
w ater that w ill lead to sedim ent deposition. O n the upstream  side of the groyne, w ater 
accelerates and creates faster-m oving currents. This can cause erosion at the base of the 
g royn ean d  create a scour hole. This placem ent of gropses can also affcct the flow  pattern 
and hydrodynam ics of w oter. Too m any groynes placed too closely together can disrupt 
the natural flow of water and create potentinl stagnant oreas, e.g., around the CH600, while 
too few groynes can lead to increased erosion, e.g., in the aeea betw een the CH 600 and the 
CH400. The optimal plaeemenO and num ber of groynes to minimine ohe impacr on the flow 
pattern and hydrodynam ics m ust be determ ined to m itigate erosion effectively.

Figure 18. Particle tracing comparison between (a) 1-year (b) 5-yrars, nnd (c) 100-years ARI for Habu 
with groynes installed. The arrow represents the flow direction of the water and is applied to all cases.

A com parison between velocity along CH600, CH500, and CH400 between the existing 
condstion and w ith  groynes installed is presenfed in Figure 19 . These plots show  the 
difference in  m agnitude and location of the dom inant flnw. A t C H 600 to C H 500, the 
high-velocity m agnitude is located on the; oppooing side of the channel fo r cases w ith in d  
w ithout groynes. The loc ation change is c aused by installing groynes at the upstream  part 
of flie channel. Further m ore, the m agnitude of tine; dom inant velocity  at the upstream  
part (CH 600 and C H 500) is reduced w ith  the m staflation of groyne s and increases at she 
dow nstream  part (C H 400S In lh is  scenario, the ex iiten ce  of groynes car. change the flow  
pattern. Tr trap sedim ent, groynes can be bmlo to generate flow,- that directs sedim ent to a 
specific area w ithin the do m ain [41]. h he ability of a num erical m ade. to predict sedim ent 
transport and m igration in R ingle) Reservoir w ill Ire exp(ored and discussed in our future 
study u sm gFlow -3D  snftw are that solves tougher free-surfoce flow problem s .
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Figure 19. Velocity comparison between existing condition (black line) and groynes installed (red 
line) at CH 600 (a-c), CH 500 (d-f), CH400 (g-i) for 1-year, 5-years and 100-years ARI.

4. Conclusions

Flow  velocity  m easurem ents in  H abu (R inglet R eservoir) w ere plotted in velocity  
points for existing and m itigation (groynes) conditions. Based on the experim ental results, 
the flow  velocity  patterns for all return period tested is very  sim ilar but: w ith  different 
magnitude of velocities. This slso can be observed in the existence of groynes in the channel. 
Groynes also change the pattern of the velocity. Low er velocity  w as obs erved on the s ide 
of the channel, and higher velocity  w as m ore concentrated in  the m iddle. A n unsteady 
sdaliow water module in HEC-RAS has been use d to investigate the flow hydrodynamic of 
theproblem . C om parison w ith experim ental resulrs show s that H EC-RA S can provide an 
exce llent prediction for the w  ater surface elevation bu t falls rl ightly off w hen predicting 
the velociSy. The unsteady ohallow w ater equbtton allow s H EC -RA S to eim ulate com plex 
flow  phenom ena involving highly energetic flee  surface durbulence flow. The output can 
provide further insight into the flow  behaviour, w hich  provide ussential inform ation ior 
the experim ental w ork and future flow  predictions. D etailed flow  inform ation such as 
velocity' and free surface flow  provided in  this study w ill give valuable i n larm ation  that 
can be used to design better m itigation options. U nderstanding flow  characteristics in 
reservulrs is crucial for desinning effective m itigation options because it helps identify 
potential risks and p red icibehavior. For exam ple, know ledge of flow  characteristics can 
help determine the likelihood of sedim entation or erosion and design appropriate measures 
to prevent them.

Supplementary Materials: The following supporting information can be downloaded at: https:// 
www.mdpi.com/article/10.3390/w15101883/sL Video S1: Physical oiservatictn of vortex formation 
using dye tracer.
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