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ABSTRACT

This research was conducted using numerical simulation to investigate scale effect in hydraulic
modeling, which can lead to differences between the results of the experiment and the real-world
system, thus significantly affect the accuracy and reliability of physical modeling experiments. For
this, OpenFOAM was utilized to investigate the scale effect, for which flow around submerged
conical island as the model. Large Eddy Simulation (LES) was chosen due to its ability to solve and
capture instantaneous movement in turbulent flow. The numerical simulations were conducted in
two stages. The first phase was to verify whether the numerical model was in agreement with the
experimental data. The second phase was to simulate upscaled model which was scaled using Froude
similarity, in order to investigate scale effect, especially in the recirculating flow zone. Our results
demonstrated that OpenFOAM was able to replicate the experimental data with a relatively low
margin of error. Furthermore, the result showed that the scale effect appeared in the recirculating
zone, in the form of either difference in velocity magnitude or difference in vortices period.
However, for the nonrecirculating zone, the scale effects were not significant. This evidence proved
our hypothesis that the scale effects due to the Froude similarity is quite significant when the
recirculating turbulent flow occurs.

Keywords: Froude similarity, Hydraulic modeling, Large Eddy Simulation (LES), OpenFOAM,
Re-circulating flow, Scale effect.
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ABSTRAK

Riset ini dilakukan dengan menggunakan simulasi numerik untuk menyelidiki efek skala pada
permodelam hidraulika. Efek skala pada permodelan fisik hidraulika dapat mengakibatkan
perbedaan pada hasil eksperimen dengan sistem dunia nyata, sehingga dapat memiliki implikasi
signifikan terhadap tingkat akurasi dan keandalan pada eksperimen permodelan fisik. OpenFOAM
digunakan untuk menyelidiki efek skala dengan menggunakan aliran melewati pulau berbentuk
kerucut yang terendam sebagai modelnya. Large Eddy Simulation (LES) dipilih karena
kemampuannya untuk menghitung dan menangkap pergerakan seketika di aliran turbulen. Simulasi
numerik dilakukan dalam dua tahap. Tahap pertama digunakan untuk memverifikasi apakah model
numerik dapat mensimulasikan eksperimen. Tahap kedua digunakan untuk menyelidiki efek skala,
terutama pada area resirkulasi menggunakan model yang dibesarkan menggunakan kesamaan
Froude. Hasil kami menunjukan bahwa OpenFOAM dapat mendapatkan hasil yang sama dengan
data eksperimen dengan margin kesalahan rendah. Selain itu, hasil menunjukan bahwa efek skala
muncuk di area aliran resirkualasi dalam bentuk perbedaan kecepatan maupun perbedaan periode
pusaran. Meskipun demikian, untuk area aliran non resirkulasi efek skalanya tidak signifikan. Hasil
ini memberikan bukti terhadap hipotesis kami yang mana efek skala karena kesamaan Froude cukup
signifikan ketika aliran turbulen resirkulasi terjadi.

Kata Kunci: Aliran resirkulasi, Efek skala, Kesamaan Froude, Large Eddy Simulation (LES),
OpenFOAM, Permodelan hidraulik.
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CHAPTER 1
INTRODUCTION

1.1 Background

Free-surface flow or open-channel flow can be described as a gravity-driven fluid
flow, of which the free-surface is adjacent to the air in the atmosphere (river,
drainage system, etc.). According to the ratio of inertial forces to viscous ones
within a fluid, known as Reynolds number, there are three types of flow, namely
laminar, transitional, and turbulent flows. Using the Reynolds number, instability
usually starts to occur when Re = 10°, and fully developed turbulent flow will start

to occur when Re = 5 x 108 (Incropera & DeWitt, 1981).
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Figure 1.1 Critical Reynolds Number (Frank M White, 2010)

Each type of free-surface flows has a different behavior, which can be
inspected based on the movement of flow particle: laminar flow has a relatively
straight particle movement, whereas turbulent flow has a random, rotating one.
Generally speaking, exogeneous perturbations that enter the boundary layer and are
filtered, eventually turn into unstable waves. Variables which determine the path to
turbulence are the coherent flow structures arising, the ‘critical’ or ‘transitional’

Reynolds number, the skin friction and the heat transfer to/from the wall.

In hydraulics, the characteristics of free-surface flow can be observed by two
approaches: physical and numerical modeling. Physical modeling relates to a
laboratory model that replicates a real-life prototype and is used as an instrument to
find an optimal solution in engineering and economic terms regarding the problems

of hydraulic engineering (Novak, 1984). The result differences between a
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laboratory model and its prototype may occur due to model, scale, and/or
measurement effect (Heller, 2011). Scale effect will not occur if a physical model
is entirely identical to its real-life prototype in terms of three similarity criteria,
namely geometric, kinematic, and dynamic (Yalin, 1971; Kobus, 1980; Novak,
1984; Hughes, 1993; Martin and Pohl, 2000; Heller, 2007; Heller, 2011). The
geometric similarity involves a similarity in shape indicating that the length of the
prototype must be scaled with a certain factor (A); hence, the model will have a
length that A times shorter. The kinematic similarity deals with the ratio between a
model and its prototype in terms of the properties of motion, such as velocity, time,
acceleration, and discharge, in addition to the geometric similarity. The dynamic
similarity states that the force ratio in the system of both model and prototype must

remain the same, in addition to the kinematic and geometric similarities.

Numerical model is a representation of a physical system through a
combination of mathematical equations that rely on computers to find approximate
solutions to the underlying physical problem. In many cases, numerical modeling
is very useful to deepen the understanding of this physical problem, especially in
hydraulic engineering, with its result visualization as several properties of fluid
which may be difficult to be obtained in physical modeling, such as turbulent kinetic
energy, vorticity and particle movement. Numerical models can approximate the
solutions to many physical problems defined by several mathematical equations
such as the Navier-Stokes equation in spatial (1-D, 2-D, and 3-D) and temporal
dimensions. Several numerical models are commonly used for free-surface
problems such as HECRAS (1-D), SRH-2D and NUFSAW2D (2-D), as well as
Ansys Fluent and OpenFOAM (3-D). It appears that any fluid flow is in reality of
3D problems; however, these problems are often too difficult to calculate, and thus
simplifications are needed. This can be achieved by neglecting the changes of flow
in one or two directions (e.g., 1-D or 2-D model), thereby reducing the complexity

as well and computational time.

As previously mentioned, the dynamic similarity ensures the sameness of the
force ratio of both model and its prototype. Four scales commonly used to indicate
a dynamic similarity are Froude, Reynolds, Weber, and Cauchy numbers. Note that

for free-surface flows, the Froude similarity is often used because the inertia and



gravity forces are dominant, especially if friction effects are negligible or for highly
turbulent phenomena. In reality, only one force ratio can be equal for both model
and prototype systems. Hence, the dynamic similarity is impossible to achieve
(Kobus, 1980). To deal with this issue, only the most prominent force ratio is thus
selected. Consequently, the scale effects arise because the other force ratios are
neglected. The implications of scale effect in hydraulic physical modeling can be
significant. Scale effect refers to the changes in the behavior of a fluid flow that can
occur when the scale of the model is different from the scale of the real-world
system being studied. This can be a significant challenge when conducting physical
modeling experiments, as it can be difficult to predict how the behavior of the flow

will change when the model scale is changed.

One of the main implications of scale effect is that it can limit the accuracy
of physical modeling experiments. When the scale of the model is changed, the
behavior of the flow can change in unpredictable ways. This can lead to differences
between the results of the experiment and the real-world system, and it can make it
difficult to accurately predict the behavior of the flow. Another implication of scale
effect is that it can make it difficult to compare the results of different physical
modeling experiments. If the experiments are conducted at different scales, the
results may not be directly comparable, as the behavior of the flow can be
influenced by the scale of the model. This can make it challenging to draw
conclusions from the experiments, and it can limit the ability to generalize the
results to other systems. Overall, scale effect in hydraulic physical modeling can
have significant implications for the accuracy and reliability of physical modeling
experiments. It is an important factor to consider when conducting such

experiments, and it is an area of active research.

Although using the Froude similarity is common for free-surface flows (in
turbulent regime), further study to investigate the scale effects is still needed,
especially when vortices or recirculating flow occurs. Hypothetically, the scale
effects would be very dominant when vortices or recirculating flow appear in
physical modeling. In order to prove this hypothesis, we numerically simulated the
laboratory experiment done by Lloyd & Stansby (1997) dealing with turbulent
recirculating flows. To this regard, the freeware OpenFOAM v2012 will be used.



OpenFOAM is a free, open source CFD (Computational Fluid Dynamics) software
developed primarily by OpenCFD Ltd since 2004. It has a large user base across
most areas of engineering and science, from both commercial and academic
organizations. OpenFOAM has an extensive range of features to solve complex
problems from fluid flows involving chemical reactions, turbulence and heat
transfer, to acoustics, solid mechanics and electromagnetics. This research will
include the investigation of scale effects using Large Eddy Simulation (LES)
technique. LES technique is the combination of Direct Numerical Simulation
(DNS) and Reynolds-Averaged Navier Stokes (RANS) models. Hence, it will give

the best of both methods, the accuracy and the computing time advantage.

1.2 Objective
This thesis aims to study the scale effect in free-surface recirculating flow with
turbulent regime by means of numerical modeling (LES model). The objectives of

this thesis are:

1. To validate the results of OpenFOAM v2012 with the observed data from
Lloyd & Stansby (1997).
2. To investigate the scale effects in free-surface recirculating flow modeling with

turbulent regime.

1.3 Scope of Study

This thesis focuses on the turbulent simulation performed using OpenFOAM
v2012. The benchmark data used for the research is from Lloyd & Stansby (1997)
and it will be used for validating the numerical model. For the spatial discretization,
a mesh size of 0.0152 m will be used. For investigating the scale effect, this model
will be upscaled by a factor of 3 and 10 (mesh size will also be scaled
proportionally), and the Froude similarity will be used. The result of the simulation

is the velocity magnitude, which will be compared with the benchmark data.



1.4 Research Methodology

1.

Literature Review

This step is implemented to understand the concepts about the study according
to some previous studies.

Data Collection

This step is implemented to collect benchmark velocity data from Llyod &
Stansby (1997)

Mesh Generation

This step is carried out using Ansys DesignModeller (student version) to create
the geometry and to create the mesh.

OpenFOAM Simulation

This step is implemented by setting up case in OpenFOAM v2012 in Ubuntu
Platform, then the simulation is executed in parallel processing environment.
Data Visualization

This step is implemented by using ParaView and Microsoft Excel to visualize
data output from OpenFOAM simulation.

Result analysis

This step is carried out to analyse, compare, and finally conclude the result of

the simulation.
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