CFD Letters 16, Issue 5 (2024) 78-90

CFD Letters

A TeRRATORAL JoumNAL

/4 -
CFD Letters o
Journal homepage: &

%
SEMARAK ILMU https://semarakilmu.com.my/journals/index.php/CFD_Letters/index w
ELisRINe ISSN: 2180-1363 /bl

IS

Numerical Assessment of Tsunami Forces on Vertical Wall Structures:
Impact of Inundation Depth and Incident Fluid Velocity

Emad Q. Hussein?, Farhan Lafta Rashid’", Najah M. L. Al Maimuri?, Ali Basem?, Hayder lbrahim
Mohammed*

1 Petroleum Engineering Department, University of Kerbala, Karbala 56001, Iraq

2 Building and Construction Techniques Engineering Department, Al Mustagbal University, Babylon, Iraq

3 Air Conditioning Engineering Department, Faculty of Engineering, Warith Al-Anbiyaa University, Karbala 56001, Iraq

4 Department of Cooling and Air Conditioning Engineering, Imam Ja’afar Al-Sadiq University, Baghdad, Iraq
ARTICLE INFO ABSTRACT
Article history: This study evaluates the tsunami forces exerted on a terrestrial structure caused by a
Received 26 July 2023 collision-induced tsunami. Conventionally, assessing these forces relies on the
Received in revised form 22 August 2023 inundation depth of the colliding tsunami passing without the presence of the

Accepted 24 September 2023

- : terrestrial structure. However, it is essential to consider the inundation depth and
Available online 3 January 2024

incident fluid velocity, as both significantly influence the resulting tsunami forces. In
this research, ANSYS Fluent 17.2 is employed to simulate excitation sources using a
Defined Function (UDF) code within a C++ framework. The dynamic meshing technique
is adopted to replicate the interactions between the bore pressure of the tsunami and
an idealised vertical wall structure across three distinct water levels. Computational
Fluid Dynamics (CFD) modelling demonstrates the proposed methodology's capability
to offer precise impact pressure distributions concerning geographical and temporal
aspects. The findings reveal specific instances: at a water depth of 10 m, the maximum
Froude number is attained at 3.5 and 6.9 seconds, corresponding to a maximum
pressure value of 3.9x105 Pa at 3.85 seconds for a water flow velocity of 20 m/sec.
Similarly, for a water depth of 12 m, the most significant Froude number is observed
at 3.95 and 6.9 seconds, with a peak pressure value of 1.8x105 Pa at 4.6 seconds,
associated with a water flow velocity of 15 m/s. Additionally, at a water depth of 14 m,

Keywords: the maximum Froude number is reached at 4.95 and 7.1 seconds, accompanied by a
Tsunami Bore Forces; Froude Number; maximum pressure value of 7.4x104 Pa at 4.85 seconds for a water flow velocity of 10
Land Structure; CFD; inundation depth m/s.

1. Introduction

Numerous nations' coastlines have been devastated by tsunamis in the past. Over the last several
years, it has captured the public's attention by demonstrating its resilience in the face of two of
history's worst natural disasters: the Great Indian Ocean Tsunami on December 26, 2004, and the
2011 Tohoku Tsunami. Tsunamis are caused by the abrupt movement of a massive volume of water,
which mainly produces lengthy gravity waves. Multiple waves are often produced and travel in the
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same direction due to a depression wave or a wave crest. It is quite challenging to forecast the
features of a Tsunami since the geography along the coastline varies significantly throughout the sea.
This wave often forms offshore and travels inshore as a broken bone. These cylinders may move
inland as damaging wave surges after breaching the coast. Several unknown ocean characteristics
make it difficult to estimate the pressure of a tsunami on a building, but scientists have nevertheless
attempted to measure and forecast wave pressure on various structures via testing and computer
modelling [1, 2].

Throughout history, tsunamis have caused severe destruction in several coastal regions across
many countries. Notably, on December 26, 2004, one of the worst natural disasters in recorded
history occurred, leaving a lasting impression on people's minds for years. The Indian Ocean
witnessed this enormous disaster. If coastal infrastructure, which includes buildings, bridges, roads,
and harbour facilities, is not designed to resist the powerful force of surging waters, it could suffer
severe damage in the event of a tsunami. The harmful effects of the tsunami in the Indian Ocean in
2004 have been investigated in relation to fluid loading and scour damage [3-5]. The structural harm
caused by hurricane storm surges and waves can uncannily resemble the harm caused by
earthquakes [6, 7]. For instance, flooring damage occurred due to vertical fluid forces during
Hurricane Katrina. Although hurricane-related surges, waves, and tsunamis have tremendous
destructive force, their fundamental physics are very different [8].

Much study has been done to develop methods for calculating the stresses that wave activities
place on buildings. There are three main components to this project. First and foremost, the impact
of storm-generated waves on offshore installations has drawn much interest. A wide range of
empirical and computational experiments has been conducted to establish load design formulations.
The effects of storm waves on coastal defences, such as seawalls and breakwaters, are the second
crucial factor. Intriguingly, much research hasn't been done on how tsunami bores and surges affect
coastal constructions [9].

Using a model of residential construction, Lindt et al., [10] identified the bore forces connected
to tsunamis. Experimental investigations of the effects of tsunami loading on structures with
apertures were done by Lukkunaprasit et al., [11]. Numerical analysis was used by Wijatmiko and
Murakami [12] to examine the interaction between a tsunami bore and a cylindrical object.
Nakamura et al., [13] three-dimensional (3D) computational investigation into the effects of runup
and tsunami-induced stresses on the deformation of square buildings furthered the discussion.
Through experimental and computational modelling, Nistor et al., [14] investigated the impacts of
tsunami loading onto structures. Experimental testing of cylindrical and rectangular vertical systems
was part of this project, whereas cylindrical configurations were the subject of numerical
investigations. Numerous studies are predicting the actual behavioural patterns in computational
fluid dynamics [15-21].

This study's main objective is understanding the complex intricacies underlying fluid pressure
interactions when tsunamis approach vertical walls with apertures using a groundbreaking
computational fluid dynamics (CFD) application. This study adds something new to the body of
knowledge because it explores a topic that hasn't gotten much attention. The main focus of the study
is a detailed explanation of the numerical model's complex mechanics and operational structure. The
disclosure of findings relating to the dynamic evolution of pressure patterns and the apparent trends
in the Froude number parameter is particularly significant. This creative project aims to develop
knowledge of how tsunamis interact with structural arrangements that feature apertures, ultimately
leading to improvements in our understanding of the resilience of coastal infrastructure.
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2. Model Description
The computational geometry model is described in detail in Figure 1. The left side is the entrance

surface, the water surface elevation is 10-14 m, the wave height is 0.5 m, and the wavelength is 10
m. The top surface of the model is an open boundary, the same as the atmosphere.

Air

Fig. 1. Schematic diagram of the model description with a simple structure

3. Numerical Model

The 2D transient analysis uses ANSYS Fluent at three different water levels. To demonstrate the
behaviour of tsunami bore forces on vertical walls, a multiphase model was created to trace the
liquid's free surface using the Volume of Fluid (VOF), and the dynamic meshing technique was used
to simulate the excitation sources via the Defined Function (UDF) code in the C++ environment.

The Navies Stokes (NS) equations or Reynolds Averaged Navies Stokes (RANS) equations for 2D
or 3D fluid flows may be solved with the help of the computational fluid dynamics (CFD) programme
Fluent 17.2. The Fluent base solver used the finite volume method to analyse and exercise discretion
over the fluid governing equations solved by RANS with the help of the VOF approach for monitoring
the free surface motion. The momentum equation was discretised using a second-order upward
technique, and the body-force-weight method used pressure interpolation. To compute the
convection and diffusion fluxes via the faces of the control volume, the pressure Implicitly with
Operators (PISO) technique is used.

Waves in water are generated using the dynamic mesh approach, except that the function of
momentum source was incorporated into the x-momentum equations using the macro of the UDFs
in the programme Fluent. The computational results were affected by the grid size and the temporal
grid size for a no-slip boundary with smooth boundary conditions.

3.1 Procedure of UDF

The usual features of the fluent programme may be obtained by importing UDF. Initial and
boundary conditions and material qualities may be specified for a specific issue. The UDF is written
in the C programming language and compiled using visual express compilers. The Fluent software
describes several different macros that may be implemented in UDF's code, as is the liquid movement
performed by the macro.
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3.2 Froude Number (Fr)

The Froude number (Fr) is a dimensionless quantity defined as the ratio of the inertia of the flow
to the external field (often just gravity). To calculate the Froude number, we need the speed-length
ratio, which is defined as:

u
Fr = \/ﬁ (1)

Where,

u- is the local flow velocity.
G- is the acceleration of fluid.
H-is the deep of water.

3.3 Mathematical Formulation

A mathematical model and its answers for calculating the bore pressure of a tsunami are
presented here. The liquid flow and the free surface motion of water are mathematically modelled.
The governing equations were solved using a well-known CFD method, and VOF was employed as
the interface capturing strategy because of its sensitivity to phase fraction. The VOF model is used to
observe the air-water boundary and, by extension, the wave motion. The continuity equation, the
momentum equation, and the phase equation are expressed as the governing equations [22, 23]:

Z—’; +V.(pu) =0 (2)
pu/ot +V.(puu) — V.t = CkVa — ghVp —VP_d 3)
Da/Dt = da /ot +V.(au) =0 (4)

This work sets the surface tension coefficient, C, to zero. Also, the gravity acceleration, g, the
volume fraction, &, the position vector h, and the dynamic pressure, Pd, are defined as follows: where
p is the density, u is the velocity vector of the fluid, K is the curvature of the interface, and C is the
velocity of sound through the liquid. Stress due to shear (z). The shear stress is measured to monitor
the free surface and phase interface. The density may be calculated using the following formula,
where p1, p2 are the densities of air and water, respectively [24-33].

p=aps+ (1 —a)Xp, (5)

The dynamic viscosities of the two fluids are (¢4, u,), which can be determined by the following
equation:

p=ap+ (1 —a)xu, (6)
The coefficient of the phase function (@) may be considered the liquid density in the domain per

unit volume. This indicates that the cell is full of liquid if it is unity. And if a =0, the compartment is
filled with air.
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4. Results and Discussion

In this study, ANSYS Fluent 17.2 is used as a key tool to carefully record and model the complex
interactions that arise between a tsunami's bore pressure and a hypothetical vertical wall structure.
This research spans a variety of scenarios with three different water levels, enabling a thorough
comprehension of the complex dynamics underlying these interactions.

As shown in Figures 2 and 3, a thorough visualization of density and pressure contours is shown
before the water and vertical wall collide. The wave height is 0.5 m, the typical wavelength is 10 m,
the water flow velocity is 20 m/sec, and the significant water depth is 10 m. The delicate distribution
of density and pressure as the water approaches the vertical wall may be seen in these graphic
representations, which also provide an overview of the subtle hydrodynamic forces at work.

On the other hand, Figures 4 and 5 provide insight into how the density and pressure contours
changed during the crucial contact between the water and the vertical wall. These illustrations
provide a visual account of the significant alterations that the fluid medium experiences when it
encounters the structural barrier. The displayed pressure and density changes offer a concrete
representation of the fluid's transient reaction and the resulting pressure distribution, illuminating
the subtleties of fluid-structure interaction in this situation.

1.009e+002

1.225e+000
[kg m"-3]

Fig. 2. Density contour before the collision of water with vertical wall
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Fig. 3. Pressure contour before collision of water with vertical wall

Fig. 5. Pressure contour during the collision of water with vertical wall

The outcomes of four cases are provided in Table 1. The cases are designated 1, 2, 3, and 4.
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Table 1
The offered scenarios are for various flow velocities and water depths

Case no. Wave height (m) Depth of water Wavelength (m) Flow velocity
(m) (m/s)

1 0.5 10, 12, 14 10 20

2 0.5 10, 12, 14 10 15

3 0.5 10, 12, 14 10 10

4 0.5 10 10 10, 15, 20

Figure 6 shows time histories of the resulting Froude numbers at different water depths (10, 12,
and 14 m) with a water flow velocity of 20 m/sec. The median, lowest, and maximum values for every
water depth are shown in the inset of Figure 6. The water depth of 14 m has greater values in Froude
numbers than the other depth till 3.3 seconds and then is less than the other after this point. The
maximum Froude number can be obtained at 3.5 and 6.9 seconds for a water depth of 10 m.

Time histories of the total pressure on the wall specimen at three distinct water depths (10, 12,
and 14 m) and one water flow velocity (20 m/sec) are shown in Figure 7. The timeline begins just
before the first wall load measurement. Take note of the several vertical scales used to clarify the
graphic. As it travels through the flat reef, the bore's leading-edge turbulence contributes to the
temporal differences between otherwise similar incoming waves. The maximum pressure value was

3.9x105 Pa, which occurred for a water depth of 10 m at 3.85 seconds.
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Fig. 6. Froude no. variation at different water depths with a flow velocity of 20 m/sec
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Fig. 7. Pressure variation on the vertical wall at different water depths with a flow velocity
of 20 m/sec

Figure 8 shows time histories of the resulting Froude numbers at different water depths (10, 12,
and 14 m) with water flow velocity of 15 m/sec. The median, lowest, and maximum values for every
water depth are shown in the inset of Figure 8. The water depth of 14 m has greater values in Froude
numbers than the other depth till 3.95 seconds, then fluctuated after this time. The maximum Froude
number can be obtained at 3.95 and 6.9 seconds for a water depth of 14 m.

Time histories of the total pressure on the wall specimen are shown in Figure 9 for three different
water depths (10, 12, and 14 m) and a water flow velocity of 15 m/sec. The timeline begins just before
the first wall load measurement. Take note of the several vertical scales used to clarify the graphic.
As it travels through the flat reef, the bore's leading-edge turbulence contributes to the temporal
differences between otherwise similar incoming waves. The maximum pressure value was 1.8x105
Pa, which occurred for a water depth of 10 m at 4.6 seconds.
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Fig. 8. Froude no. variation at different water depths with a flow velocity of 15 m/sec
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Fig. 9. Pressure variation in the obstruct at different water depths with a flow velocity
of 15 m/sec

Figure 10 shows time histories of the resulting Froude numbers at different water depths (10, 12,
and 14 m) with a water flow velocity of 10 m/sec. Figure 10 has an inset showing average, minimum,
and maximum values for all water depths. The water depth of 14 m always has greater values in
Froude numbers than the other depths. The maximum Froude number can be obtained at 4.95 and
7.1 seconds for a water depth of 14 m.

Time histories of the total pressure on the wall specimen at depths of 10, 12, and 14m and a
water flow rate of 10m per second are shown in Figure 11. The timeline begins just before the first
wall load measurement. Take note of the several vertical scales used to clarify the graphic. As it
travels through the flat reef, the bore's leading-edge turbulence contributes to the temporal
differences between otherwise similar incoming waves. The maximum pressure value was 7.4x10%
Pa, which occurred for a water depth of 14 m at 4.85 seconds.
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Fig. 10. Froude no. variation at different water depths with a flow velocity of 10 m/sec
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Fig. 11. Pressure variation in the obstruct at different water depths with a flow velocity
of 10 m/sec

Figure 12 shows time histories of Froude number for a water depth of 10 m with different flow
velocities. The median, minimum, and maximum values for every water depth are shown in the inset
of Figure 12. The flow velocity of 20 m/s always has greater values in Froude numbers than the other
depths. The maximum Froude number can be obtained at 3.5 and 6.9 seconds.

For a water depth of 10m and varying flow velocities, the time histories of the total pressure on
the wall specimen are shown in Figure 13. The timeline begins just before the first wall load
measurement. Take note of the several vertical scales used to clarify the graphic. As it travels through
the flat reef, the bore's leading-edge turbulence contributes to the temporal differences between
otherwise similar incoming waves. The maximum pressure value was 3.9x10° Pa, which occurred for
a water flow velocity of 20 m/s at 3.85 seconds.
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Fig. 12. Froude no. variation at the deep of water 10 m with different velocity
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Fig. 13. Pressure variation in the obstruct at the deep of water 10 m with different flow
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5. Conclusion

This study uses an exclusively Defined Function (UDF) code within a C++ framework to harness
ANSYS Fluent 17.2 to conduct simulations utilising excitation sources. Using the dynamic meshing
technique, we carefully simulate interactions between the bore pressure caused by a tsunami and an
idealised vertical wall structure over three different water levels. The study skilfully demonstrates
the method's prowess in delivering impact pressure distributions that are spatially precise and
temporally accurate through meticulous Computational Fluid Dynamics (CFD) simulations. The
findings of our analysis, which highlight essential tendencies, serve as its primary focus. The results
show a striking pattern: when high flow velocity values are present, the largest Froude numbers
appear at shallower water depths. It's interesting to note that the analysis also reveals a distinctive
feature about pressure dynamics. Contrary to Froude numbers, the maximum pressure levels are
seen in situations with higher water velocities and depths. Underscoring the intricate complexity of
tsunami-structure interactions, this fascinating interplay of Froude numbers and pressure
magnitudes across various ocean conditions offers crucial insights for comprehending and building
resilient coastal structures.
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