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ABSTRAK

Turbulensi adalah properti aliran, tetapi bukan properti fluida sehingga karakteristik aliran
turbulen sangat bergantung pada kondisi batasnya. Turbulensi memainkan peran penting dalam
aliran dan bertanggung jawab atas penyebaran dan pencampuran panas dan sedimen bahan
terlarut atau tersuspensi, polutan, oksigen, dll. Turbulensi ini juga memiliki interaksi yang kuat
dengan medan kecepatan rata-rata dan tegangan geser batas. Turbulensi memainkan peran
penting dalam pembentukan sel sirkulasi lintas aliran, yang pada gilirannya mempengaruhi
distribusi kecepatan dan tegangan geser batas.

Model model hidrodinamika pada saat ini telah memainkan peran penting dalam berbagai
disiplin ilmu hidraulika. Dalam bidang hidraulika, model hidrodinamika ini semakin
menampakkan eksistensinya yang ditunjukkan dengan semakin seringnya model
hidrodinamika dipakai dalam pekerjaan rekayasa teknik. Di sisi akademik, model matematik
juga semakin banyak diminati. Sebagian besar topik penelitian yang dilakukan oleh dosen dan
topik tugas akhir berkaitan dengan hidrodinamika. Model aliran turbulen telah memberikan
kontribusi yang banyak di bidang hidraulik. Metoda penyelesaian masalah turbulensi aliran
telah banyak dikembangkan antara lain yaitu metoda Zero equation model, One equation
model, Two equation model, Reynolds stress model serta masih banyak lagi, namun demikian,
karena tingkat akurasi yang diberikan cukup baik, metoda two equation x-¢ model lebih banyak
dikembangkan. :

Pergerakan sedimen di saluran juga berkaitan erat dengan fenomena turbulensi. Terlepas dari
pentingnya, sedikit yang diketahui tentang karakteristik turbulensi di belokansaluran terbuka.
Fitur aliran yang khas adalah pola bicellular dan sirkulasi aliran silang/secondary flow dan
aktivitas turbulensi di belokan luar yang secara signifikan lebih kecil daripada di saluran lurus.
Pada penelitian ini akan dilakukan kajian tentang struktur dan karakteristik turbulensi aliran
pada belokan saluran dengan menggunakan non-linier x-¢ turbulent model.

Kata Kunci: non-linier k-¢ turbulent model, belokan sungai, angkutan sedimen

RINGKASAN

Dalam mengevaluasi perilaku aliran, seringkali komponen turbulen diabaikan, padahal, pada
kenyataannya, aliran air yang terjadi hampir seluruhnya bersifat turbulen. Pengabaian aliran
turbulen tersebut seringkali menimbulkan ketidakakurasian yang cukup signifikan dalam
menentukan besaran rencana sehingga pada perencanaan bangunan air mempengaruhi stabilitas
bangunan air yang bersangkutan, misalnya perlindungan tebing pada belokan sungai,
pemasangan krib, gerusan pada pilar jembatan pada sebuah sungai, endsill dari sebuah spillway
dll. Kompleksitas fenomena turbulen menyebabkan sulitnya aliran tersebut untuk dapat
dihitung dengan menggunakan pendekatan analitik dalam menyelesaikan persamaan aliran.
Sementara itu, analisis aliran turbulen secara eksperimen sangat memakan waktu dan biaya
yang besar. Oleh karena itu, model numerik menjadi suatu sarana yang lebih banyak dipillih
untuk mencapai tujuan tersebut. Namun demikian, langkah eksperimen tetap diperlukan untuk
proses kalibrasi dan verifikasi.

Tidak seperti pada bidang aerodinamik dan hidrodinamik yang telah jauh lebih berkembang,

aplikasi model aliran turbulen di bidang hidraulik masih banyak yang menggunakan
penyederhanaan dalam memperhitungkan distribusi kecepatan aliran, dimana dalam hal ini

7



digunakan konsep persamaan rata-rata (averaging equation) dan integrasi kedalaman (depth
integration) pada persamaan pengatur aliran. Penggunaan konsep ini telah memberikan
kontribusi yang signifikan di bidang hidraulik. Dibandingkan dengan model non turbulen, hasil
model turbulensi menunjukkan peningkatan akurasi yang signifikan dalam hal besar kecepatan
arus, pola arus dan sebaran konstituen aliran. Model turbulen dapat mensimulasikan pola
sirkulasi arus dan terbentuknya vorteks pada zona sirkulasi.

Keberadaan belokan di sungai akan menimbulkan pengaruh pada perilaku aliran yang
melewatinya. Perubahan perilaku aliran yang direpresentasikan dalam kecepatan aliran dan
struktur turbulensi ini akan menimbulkan perubahan pula pada distribusi sedimen dan
perubahan dasar. Aliran sekunder yang digerakkan akibat perubahan alur sungai, telah dianggap
terutama bertanggung jawab untuk mendistribusikan kembali atau menggeser aliran primer.
Aliran sekunder yang digerakkan oleh kelengkungan disebabkan oleh perbedaan dalam gaya
sentrifugal antara lapisan atas dan bawah yang melengkung mengalir. Bagaimanapun, topografi
lapisan memainkan peran penting dalam pergeseran aliran. Banyak peneliti menunjukan bahwa
inti dari kecepatan maksimum tetap berada di tepi dalam belokan, sampai mencapai bagian
perlintasan di kelengkungan rendah dengan dasar datar. Secara kualitatif, inti aliran primer
maksimum akan secara bertahap melintasi garis tengah sungai dan bergeser ke arah tepi luar
belokandimana kelengkungan belokan berkembang menjadi lebih besar dan terjadi perubahan
dasar saluran. Fenomena alam ini tidak bisa diamati secara langsung. Salah satu metode untuk
menyederhanakannya adalah dengan pemodelan fisik maupun numerik. Pemodelan ini sangat
membantu dalam memvisualisasikan baik gejala-gejala alam ataupun respon yang diberikan
dari fenomena-fenomena alam tersebut.

Penelitian mengenai perilaku aliran pada belokan saluran telah banyak dilakukan, namun
kurang untuk detail struktur tiga dimensi dari turbulensi aliran dan interaksinya. Kebanyakan
dari penelitian tersebut bersifat eksperimental dan fokus pada masalah gerusan dan superelevasi
aliran, sementara itu untuk struktur turbulensi banyak digunakan pendekatan dua dimensi rata
rata kedalaman.Untuk itu dalam penelitian ini akan digunakan model aliran 3-dimensi dengan
non-linier x-¢ turbulent model untuk mengkaji detail struktur tiga dimensi dari turbulensi aliran
dan interaksinya dengan dasar saluran.




KEUNTUNGAN PEMODELAN NUMERIK
Terlepas dari hasil yang tepat dan pemahaman yang jelas tentang fenomena aliran; pendekatan
eksperimental memiliki beberapa kelemahan seperti pengumpulan data yang sulit dan data
dapat dikumpulkan untuk sejumlah titik yang terbatas karena keterbatasan pengoperasian
instrumen; model biasanya tidak pada skala penuh dan perilaku aliran tiga dimensi atau
beberapa struktur turbulen kompleks yang merupakan sifat dari aliran saluran terbuka tidak
dapat ditangkap secara efektif melalui eksperimen. Jadi dalam keadaan ini, pendekatan
komputasi dapat diadopsi untuk mengatasi beberapa masalah ini dan dengan demikian
menyediakan alat yang sesuai. Dibandingkan dengan studi eksperimental; metodologi
komputasi dapat diulang, dapat mensimulasikan pada skala penuh; dapat menghasilkan aliran
dengan mempertimbangkan semua poin data & terlebih lagi dapat mengambil tantangan teknis
terbesar yaitu; prediksi turbulensi. Struktur turbulen yang kompleks seperti sel aliran sekunder,
vortisitas, tegangan Reynolds dapat diidentifikasi dengan pemodelan numerik secara efektif,
ang sangat penting untuk penyelidikan aliran energi di aliran saluran terbuka. Banyak peneliti
am beberapa abad terakhir telah memodelkan aliran saluran terbuka secara numerik dan telah
berhasil divalidasi dengan hasil eksperimen.
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Flow and sediment transport in a sharp river bend using a 3D-
RANS model
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Abstract. Flow dynamics and sediment transport in a river bend have recently been studied using
experimental and numerical investigations. A three-dimensional numerical modeling model
named NaysCUBE was used in this study to describe the flow pattern and process of sediment
transport in a sharp river bend as a complement to the prior work of the physical hydraulic model.
The model uses the RANS equation to simulate flow where a fully complex 3D flow is governed.
Despite the limitations of the RANS model, NaysCUBE well reproduces the flow pattem and
turbulence phenomena in a movable bed channel with sharp-curvature. Compared with data from
a prior experiment, the morphological adjustment is simulated sufficiently. The three-
dimensional flow structures are useful for determining the appropriate countermeasures for local
scouring and river bank protection.

Keywords: sediment, river bend, turbulent, NaysCUBE, RANS

Introduction

Flow distribution in channel bends is important in hydraulic and environmental engineering because it
is used to proportion river channel sections, optimize bank protection options, design ecological and
environmental development methods etc. Channel bends have quite distinct flow patterns and structures
than straight channels. Flow of water and sediment transport in a sharp river bend are of significant
interest in river engineering. Whether there is a steady or unsteady flow, bed erosion occurs at a sharp
river bend, causing significant damage to infrastructure along the rivers. [1,2,3].

River bends have a complex three-dimensional flow field. A strong main secondary current dominates
the flow structure. It produces higher shear stress in the bottom and bank, resulting in erosion along the
outer bank. An imbalance of inertial forces and transverse pressure gradients causes a helical flow to
form. High-velocity flow is convected towards the outer bank and pushed into the river bed, resulting
in high-shear stresses and erosion potential. The eroded sediments are transported across the river
- section and deposited on the inner bank as the flow is recirculated from the outer bank to the inner bank.
(4].

As computer power has expanded, modeling turbulent flows in bends and meandering channels has
become more common. The unsteady three-dimensional Navier-Stokes equations are not directly solved
in existing current numerical models for flow in open channels and rivers. It is too expensive to apply
direct numerical simulations (DNS) to actual water flows at high Reynolds numbers [4].




Reynolds-Averaged Navier-Stokes (RANS) equations are utilized in most models due to their
computational efficiency and performance. Here, the Reynolds stress tensor must be represented using
turbulence model equations {5,6].

The flow pattern of meandering rivers is highly complicated, having distinct characteristics at bends that
are not seen along straight channel. Such flow fields can be effectively predicted using a numerical
model. Several isotropic RANS turbulence models, notably the kappa-epsilon model, play a prominent
role in real applications. Flows in curved open channel flumes, natural river flows, and delta
morphodynamics have all been predicted using these models. RANS models often accurately represent
the fundamental flow structure [7,8,9). The good performance is likely due to the fact that the flow
topologies in those test examples are relatively basic, with only one major circulation in each cross
section. Despite their widespread use, the RANS models' capacity to forecast complex flow
configurations has yet to be tested. In many occasions, RANS model predictions were proven to be
inaccurate; nonetheless, numerous issues, such as influencing variables, inherent causes, and the level
of inaccuracy under various circumstances, remain unsolved [10,11,12,13].
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Figure 1. Definition and sketch of river meander [14]

This paper describes the performance of the application of the RANS model (NaysCUBE) for
investigation of flow behavior in sharp river bends. This result is complementary to prior physical
hydraulic model experiments.

Material and Methods

2.1 Description of the study

A physical hydraulic model was developed in the laboratory to analyze the flow behavior in river bends
with a moveable bed. A three-dimensional numerical model with non-linear-turbulent models is also
used to describe the mechanism of developing and decaying turbulence in the flow.
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Figure 2. Physical hydraulic model of an alluvial channel with a sharp bend (/B < 2.5)

Table 1. List of the experiment data used

Physical hydraulic

Data Type Description Prototype hadal

Bottom width = 12m

A sharp bend with a T e i

River reach radius (r) of 75m with a AvErage .SIOP_C 0‘002.5.
Flow regime= subcritical
length of 150m

Froude ~ 0.4
Averaged velocity = 1.4 m/s

Undistorted 1:20

Hydrology data Qs 53.67 m¥/s 301/s
ps = 2.680 ton/m? ps = 1.538 ton/m?
Sediment data uniform dso=0.15 mm dso = 0.55 mm
doo= 0.30 mm dgo = 2.25 mm
Numerical Model RANS - kappa epsilon model (NaysCUBE) with Meyer Peter Muller for bed
sediment transport

2.2. Numerical Simulation

The International River Interface Cooperative (IRIC) created the solver for Reynolds-Averaged Navier-
Stokes (RANS) equations, which is freely available on the internet. We performed numerical
computations using iRIC Software (NaysCUBE) for 3D flow analysis to further investigate the bed
mrophological changes and flow pattern as yielded by the experiment.

2.2. Summary of NaysCUBE

Professor Ichiro Kimura of Toyama University developed NaysCUBE, a fully unsteady three-
dimensional solution for open channel flow and bed morphological changes [5, 15]. The method solves
the fundamental equations of three-dimensional flow while considering nonhydrostatic water pressure
and high vertical accelerations and velocities. The following are the NaysCUBE formulas. In the
Cartesian coordinate system, Formula (1) represents the equation of continuity. The equations of motion
in three dimensions are shown in Formula (2). The kappa-epsilon equation is shown in formula (3) and
(4), respectively. The formula is transformed into a generalized curvilinear coordinate system.
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NaysCUBE calculates the turbulent-flow field using diffusion terms, and the kappa-epsilon model was
applied to the turbulent-flow field.
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where, x': spatial coordinates; t: time; U': flow velocity; p: pressure; u': turbulent velocity; V
‘kinematic viscosity coefficient; p: fluid density; k: turbulent kinematic energy; &: dissipation rate of
turbulent Kinematic energy; v,: turbulent kinematic viscosity coefficient; G': gravity acceleration:

u'u’ : Reynolds stress tensor.

2.4. Other Conditions

The prototype river was replicated using a numeric model. The computational mesh was constructed at
a range of 1.0-2.0 m in grid size, as illustrated in Figure 3 below. Following the experiment conducted
in the physical model hydraulic, the flood hydrograph was used as the upstream boundary condition,
while the water level was used as the downstream boundary condition. In both the upstream and

downstream boundaries, there was no sand feeding. n = 0.025 m'*/s was chosen as the general roughness
coefficient.

Bed elevation fimas 00
C5-1185195 205 215225 235 245 255 r
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Figure 3. The perspective view of river bend in the study and its computational mesh with selected
sections which observed in physical model.

Result and Discussion

The numerical simulation was run for 3 hours of flood according to the hydrological data. With a few
significant exceptions, the findings show that three-dimensional flow patterns match the conceptual
model of flow across river bends (Figure 4). The summary of findings is as outlined below:

3.1 Velocity Patterns

The pattern of depth-averaged mean velocity vectors best represents a general summary of the velocity
field in the meander bend. Figure 4 shows that the flow pattern at the entry is asymmetric and tilted
toward the upstream bend's outer bank. The flow pattern at the entrance is asymmetric and inclined
outwards, as seen in Figure 4. It progressively turns into a rather symmetrical pattern downstream from
the apex. Here, the most important outcome is the maximum velocity in both horizontal and vertical
locations, as seen in Figures 4 and 5.

Velocity (magnitude)

0&})
00032 063 095 1.3 16 19 22 ﬂﬁ@
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Figure 4. Contour and flow velocity vector at the bottom, mid and surface channel respectively.

3.2 Primary Flow Overview

Additionally, depth averaged patterns gave data that showed flow field characteristics in the horizontal
plane. In the vertical plane, the profile of flow velocity is depicted in Figure 5. The highest flow velocity
is convergent and near the surface at the entrance. The flow velocity near the right bank is slowly
lowered to virtually zero at the center of the flow in cross-section 1 and cross-section 2. This is due to
the presence of a minor separation zone near the outer bank. Following the pattern of depth averaged




velocity vectors, the velocity converged to the center when approaching the curve and after the bend.
According to Figure 5, CS 4, 5, and 6 show good agreements between measurement and simulation, but
CS 1, 2, 3, the output model deviates slightly from measured data, particularly for the right bank
velocities. Since the propeller velocity meter was used, there is a limit to measuring the main velocity
only at a certain depth. The development of secondary flow close to the right banks caused the existence
of reverse flow (cross-section 1 to cross-section 3), which appears to be the reason for the incorrect
reading in the measurements. Overall, the numerical results are also supported by observed values (red
dots) from the experiment in the physical model.

z o4 08 I
[ z 04
o 01
0 QIOAOHO8 L 12140618 2 22
Velocity (s} A - F
! 002040608 1 12141618 2 2.2 i |
Hoght @-Canter < loft o Mestared %
at Velacity (m/s) a6 J
os 5 CS-S == Right & Center S o4 |
fa v A
5 02 m“,:h ~, C5-4 . a1
1 “'::‘-‘-.‘:: ~ 1 ([ I T— A —_—
2 2o —= ] 002040608 1 12141618 2 22
007040608 L 12IaNCIN 21 P4 . N Wik i)
Welschy [(mJi) 'f_-, “ ; ! - Rught - Conter
W Rpht @ Center <a=Leh ® Megsied rd
=SS
C5-6
1 1
1} o
L1 o Gl
g 04 b 04
Y o1
04 0-¢ :
002040608 1 17141618 2 23 - °“°‘°“::“;:t:‘:””‘ :
e . ~a-Right -
=#-Right -@-Center ~a-Leth —Meatured -l - Mesued
Cs-1 C5-2
v Velocity (magntuda) o
e o Flow OIDO0316 0433068 127 158 160 221 g 2)
— e 1@

4

Figure 5. Perspective views in three dimensions and profile cross-section plots with overlaid velocity
for each section measured in the physical model.

3.3 Pattern of Secondary Flow

In meander bends, secondary flow is a unique feature of water flow. Velocity vectors show the patterns
of secondary flow and how they develop over the meander curve. (Figure 6). Flow patterns in cross
sections downstream from the bend apex also suggest the development of a secondary counter-rotating
cell towards the outer bank. The counter-rotating cell is found in one-third of the water depth, with the
greatest interaction with the main cell of the secondary flow towards the outer bank's bed. There were
strong reverse flows in the cross-section 1 to cross-section 3. Similarly, the minor one also expands
along the inner bank before decaying downstream (fourth, fifth, and sixth cross-sections).
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Figure 6. Selected cross-section plots measured in a physical model, showing the contour of velocity

magnitudes with overlay vertical velocity vectors.

3.4 Pattern of Turbulence

Figure 7 depicts the distribution of turbulent kinetic energy (TKE in m?%s?) in the section featuring the
turbulence structure. The convergence of the velocity vectors in the centre part corresponds to the area
with high k, which intensifies turbulence as described in the previous paragraphs. TKE reaches its
maximum value at the center of the flow depth, which varies with channel alignment, and then steadily
decreases beyond the bend apex. Figure 8 depicts the patterns of eddy viscosity coefficients in the river

bend, which correspond to turbulent kinetic energy.
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Figure 7. Perspective views in three dimensions and profile cross-section plots showing turbulent
kinetic energy magnitudes.
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Figure 8. Perspective views in three dimensions and profile cross-section plots eddy viscosity
magnitudes.




3.5 Bed morphology and Sediment transport

The local scour developed downstream due to no sediment supply from upstrecam. During the early
stages of the studies, scour was rapid, but it slowed when the local scour approached equilibrium. With
increasing mixing and turbulence intensities, the length and width of the local scour grew. A deep and
centralized local scour progressively formed towards the outer bend apex and downstream, according
to a physical hydraulic model and numerical results. The bed material was carried fast due to the
substantial mixing activity downstream of the river bend. With no additional material, the local scour
grew deeper and larger until stabilizing. The final bed adjustments are shown in Fi gure 9. In summary,
the RANS model with a selected MPM transport formula gave smaller morphological changes compared
with physical experiments in Figure 10.
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Figure 9. Magnitude (contour) of bed shear stress and riverbed migration patterns (experiment and

numerical)
% 4]
) | | ®
L 5 Y H
E o CS3 - - ~RANS Mode! o = of CS5 i
: £ == -RANS Model
S { " -_-r-
£ § s
H - T i i
= © 1 WE\ .
13 a It :. g !é]:‘ﬁt.ﬁ:i.uuq..-._‘ -7 &
m = |
5 " o 10 [F] ® 5 I g

Distance (m) Distance (m)

Figure 10. Comparison bed changes between the RANS model and the physical hydraulic model
(CS 3 and CS 5).




Conclusions

The study of flow patterns and sediment transport in meandering channels is extremely useful in river
engineering, river network and channel design, as well as river mechanics and stream evolution. The
performance of the RANS model (NaysCUBE) for investigating flow dynamics at severe river bends is
described in this study. This finding might be valuable in conjunction with previous physical hydraulic
model studies. The following are the findings:

- NaysCUBE well reproduces the flow pattern and turbulence phenomena in a movable bed channel
with sharp-curvature.

- Compared with data from a prior physical experiment, the morphological adjustment is insufficient
simulated for the selected MPM transport formula. It is recommended to check another bed load
formula and re-calibrate the sediment parameters in the model.

- The three-dimensional flow structure is useful for determining the appropriate countermeasures for
local scouring and river bank protection.

In order to get better morphological parameters, an experiment with a physical hydraulic model should
be installed with proper equipment for detecting the motion of bed particles. Instantancous three-
dimensional velocities measurement device should be installed too.
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