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ABSTRAK

Pencemar udara seperti klorin berbahaya kepada benda hidup, alam sekitar dan struktur
bangunan apabila ia terkumpul di wudara dalam kepekatan yang cukup
tinggi. Pendedahan kepada gas klorin boleh menyebabkan kesan akut atau kronik
bergantung kepada kepekatannya. Di malaysia, kawasan perindustrian Gebeng
merupakan salah satu kawasan perindustrian terbesar yang terdiri daripada pelbagai
kilang pemprosesan seperti petrokimia dan kilang polimer di mana klorin biasanya
digunakan dalam petrokimia dan polimer seperti Polyplastics Asia Pacific, Lynas,
Petronas-MTBE dan Kaneka Malaysia. Oleh sebab itu, terdapat potensi yang tinggi
untuk pembebasan tidak sengaja klorin di kawasan yang dipilih itu dan juga adalah
sebab utama dalam memilih klorin sebagai bahan pencemar. Penyebaran pencemar
udara dipengaruhi oleh keadaan cuaca dan topografi. Pengukuran dalam bidang
eksperimen mempunyai batasan untuk memberikan maklumat terperinci terhadap aliran
udara di kawasan kompleks dan oleh itu computational fluid dynamics (CFD)
digunakan untuk memberikan maklumat yang komprehensif mengenai pengangkutan
spesies dan pergolakan pada masa yang sama. Untuk memastikan ketepatan aliran udara
pada model CFD, ia mesti disahkan sebelum ia digunakan secara rutin. Jadi, salah satu
objektif kajian ini adalah untuk mengkaji aliran angin melalui model yang berskala
kecil dengan menggunakan pengukuran particle image velocimetry (PIV) dan
membandingkannya dengan simulasi CFD. Untuk mencapai objektif ini, parameter
seperti kelajuan angin dan arah dikumpulkan dan akan digunakan untuk mendapatkan
keputusan dengan menggunakan CFD sebagai alat simulasi. Angin timur biasa dengan
kelajuan angin 1.78 m/s digunakan. Aliran perolakan telah dimodelkan dengan
menggunakan model scale-adaptive simulation (SAS). Model ini telah disahkan dengan
pengukuran PIV pada model topografi skala kecil. Ramalan CFD menunjukkan
persetujuan yang baik dengan sisihan antara 1.5 hingga 2.6 % daripada pengukuran PV
itu. Oleh itu, model ini boleh digunakan untuk menilai kesan yang menggabungkan
permukaan rupa bumi, arah angin dan kelajuan pada penyebaran pencemaran di sekitar
kawasan perindustrian Gebeng. Hasil kajian mendapati bahawa kawasan kediaman R1
(Kampung Baru Gebeng, Tanjung Rhu, Kampung Sungai Ular, Kampung Darat Sungai
Ular dan Kampung Baging) dan R2 (Kampung Selamat, Kampung Berahi, Kampung
Balok, Kampung Seberang Balok, Kampung Balok Baru dan Kampung Balok Perdana)
akan tejejas apabila kebocoran klorin berlaku pada bulan Jun hingga September dan
November hingga Jan. Pelepasan yang tidak disengajakan gas klorin ini mungkin telah
membawa kepada hal kecemasan. Oleh itu, ia juga penting untuk membangunkan pelan
pemindahan keselamatan yang sesuai sekiranya berlaku kemalangan kebocoran klorin.
Laluan dan pusat pemindahan keselamatan yang sesuai adalah dicadangkan untuk kes
apabila kawasan perumahan R1 dan R2 terjejas.



ABSTRACT

Air pollutant like the chlorine is harmful to living things, environment and building
structures when it accumulates in the air in sufficiently high concentration. Exposure to
chlorine gas can cause acute or chronic effects depending on its concentration. In
Malaysia, Gebeng industrial area is one of the largest industrial area that consists of
various processing plant such as petrochemical and polymer plant where the chlorine is
commonly used in the petrochemical and polymer plants such as Polyplastics Asia
Pacific, Lynas, Petronas-MTBE and Kaneka Malaysia. So, there are high potential to
accidental release of chlorine in the selected area thus as the main reason on choosing
the chlorine as pollutant. Air pollutant dispersion is significantly affected by the
meteorological and topographical conditions. The field experiment measurement has the
limitations to provide detail information of air flow on complex terrain and hence
computational fluid dynamics (CFD) techniques is applied to provide the
comprehensive information on the species transport and turbulence simultaneously. To
ensure the accuracy of the air flow on CFD model, it must be validated before it
routinely used. So, one of the objectives for this study is to model the wind flows past a
scaled-down model using particle image velocimetry (PIV) measurement and compare
with the CFD simulation. To achieve this objective, parameter such as wind speeds and
directions was collected and will be used to obtain the results by using CFD as a
simulation tools. The typical eastern wind with wind speed 1.78 m/s is used. The
turbulence flow was modelled using scale-adaptive simulation (SAS) turbulence model.
The model was validated with the PIV measurement on the scale down topography
model. The CFD prediction showed good agreement with the error ranging 1.5 to 2.6%
from the PIV measurement. Hence, the model can be used to evaluate the combine
effect of surface terrain, wind direction and speed on the pollution dispersion around
Gebeng industrial area. It was found that the residential area R1 (Kampung Baru
Gebeng, Tanjung Rhu, Kampung Sungai Ular, Kampung Darat Sungai Ular and
Kampung Baging) and R2 (Kampung Selamat, Kampung Berahi, Kampung Balok,
Kampung Seberang Balok Kampung Balok Baru and Kampung Balok Perdana) are
affected when the chlorine leakage occurs during June to September and November to
January, respectively. Accidental release of this chlorine gas may have led to the
emergencies. Hence, it is also important to develop a suitable safety evacuation plan in
the event accidental chlorine leak. Suitable safety evacuation route and points is
proposed for the case when the residential area R1 and R2 are affected.
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CHAPTER 1

INTRODUCTION

1.1  Background of Study

Air pollution may affect human health, ecosystems and materials in a variety of
ways, and deserves appropriate attention. Even long distances away to other media, the
atmosphere can act as a means for transporting local pollution emissions to other
locations. As we all know, air pollution is the presence of toxic chemicals or compound
in the air, at levels that pose a health risk. It can occur in many forms, but can generally
be a mixture of gases, dust particles, fumes or smoke or odour when they are introduced
into the atmosphere. Three main sources of air pollutions are the emissions from the
industries and manufacturing activities, fossil fuels burning, also from the household
and farming chemicals. In the abundance of industrial estate in the country, one of the
main contributors to the toxic air pollutions is from chemical industrial sector which led
to the worst accident. Accidents in the chemical industry may occur due to failure of the
process equipment, operational mistakes, and human error or due to external
interruptions like natural disasters. This study highlighted the accidental release of
chlorine. The leakage of chlorine may harm the living things, buildings structure and the
environment when it accumulates in the air in sufficiently high concentration. Based on
the Institution of Occupational Safety and Health, chlorine has a detectable odour even
at low concentration between 0.1 and 0.2 ppm (IOSH, 2008). Exposure to chlorine can
cause acute or chronic effects depending on its concentration. For instance, chlorine can
cause a tickling of nose and throat at the level of 0.014 ppm (Calabrese and Kenyon,
1991). A mild irritation of eyes, respiratory system, and headache can occur at levels
above 1 ppm. Higher level at 30 ppm may cause a life-threatening effect such as chest
pain, nausea, dyspnea and cough. Meanwhile pneumonitis and pulmonary edema can

occur at a level ranging from 46 to 60 ppm (HHS, 1993). Chlorine can cause death after



30 min exposure to 430 ppm. Thus, it is dangerous when accidental leaks of chlorine
occur nearby the residential area.

Several chlorine leak incidents occurred in Malaysia in the past 3 years. On 18
September 2016, the chlorine gas leak incident happened in Malay-Sino Chemical
Industries Sdn Bhd, Bukit Merah industrial area, Perak. The incident was triggered by a
ferric acid tank fall and collapse. The leaked acid reacted with sodium hypochlorite in
the pipe which produces chlorine gas. Chlorine gas concentration up to 3 ppm was
detected around the factory. Two workers and one fireman were being hospitalized and
one of the workers was diagnosed with pneumonia. Part of residents nearby the factory
suffered irritation to eyes, nose and throat (Yeap, 2016). On 21 July 2017, chlorine
leakage happened at the Water Department in Kota Belud, Sabah. The leak is caused by
a hole in one of the valves connected to the chlorine tank. They managed to stop the
leakage by tightening the valve immediately. No injury was reported from this incident
(Goh, 2017). Another chlorine leak incident is occurring on 28 September 2017 where
the chlorine gas leaked from illegal dumping of several chlorines drum close to
residential area at Kampung Tambak Paya, Melaka. The chlorine plume dispersed into
the air approximately within 1 km in radius. During this incident, about fifty residents
were hospitalized, including four firemen. Most of them suffered from breathlessness.
About two hundred and fifty residents were evacuated (Koh, 2017). Latest issue was in
October 2018 when an excavator accidentally ran over a chlorine gas cylinder, causing
a leak at the scrap metal yard in Miri, Sarawak. The leak went unnoticed until the owner
of the scrap metal yard with his eight workers began experiencing dizziness, with
several of them subsequently fainting. Personnel from the Lopeng Fire and Rescue
department were deployed to the scene to deal with the gas after receiving an
emergency call from Miri Hospital whereby the affected workers got their treatment
(Laeng, 2018). It is clear from abovementioned incidents that the safety of plant
workers and nearby residents as well as the firemen can be seriously affected. The
chlorine is commonly used in the petrochemical and polymer plants such as Petronas-
MTBE and Poly-plastics Asia Pacific. To the best of our knowledge, no previous study
the chlorine dispersion around Gebeng industrial area and hence the risk of chlorine
leak is the concern of this study. Besides, it is important to develop a suitable safety

evacuation plan for residents to avoid fatality in the event accidental chlorine leak.



Air pollution dispersion is affected by many factors such as meteorological
conditions, the emission height, the pollutant source, and topographical condition.
Different types of topography conditions may affect the dispersion of air pollutants. De
la Torre et al. (2015) found that the wind pattern over Southern Andes Mountain is
affected by the local topography. Fesquet et al. (2009) also found that the wind pattern
Is more affected by the terrain condition compared to the atmospheric stability. This has
resulted in increased research to investigate the atmospheric flow and pollutant
dispersion in complex terrain using experimental and numerical methods (Deng et al.,
2018; Liu et al., 2016; Michalek and Zancho, 2015). Finardi and Morselli (1997)
reported that different terrain flows can effectively influence the atmospheric dispersion
of pollutants. Wind speed and wind directions may affect the dispersion of air pollutants
as well. In the windy weather, it can cause the pollution to disperse while in the still
weather it allows the pollution to build up. The pollutions levels may higher in the town
or city or residential if the wind is blowing from the industrial area. This is one of the

main objectives of this study.

Basically, satellite-based instrument like the multi-angle imaging spectro-
radiometer is ideally used to observe and understand the atmospheric flow in a complex
terrain. However, this method is not suitable for routine daily monitoring and may
produce an incorrect data due to its low frequency (Liu et al., 2009). Experimental
measurement such as particle image velocimetry (P1V) is widely used in capturing the
velocity flow of topographic terrain study (Rasouli et al., 2009; Kamada et al., 2019).
However, this technique is not practical for a large scale terrain study. Alternatively,
computational fluid dynamics (CFD) can provide comprehensive information on the
fluid flow around the complex terrain such as the Gebeng industrial area in the present
work. Reynolds-averaged Navier-Stokes (RANS) based turbulence models such as k-¢
models are commonly used to model atmospheric flow and pollutant dispersion around
the complex terrain as they offer relatively fast computations of the mean flow in most
cases. For instance, Balogh et al. (2012) investigated the wind flow in a complex terrain
using standard k-& (SKE) model. They reported that SKE is capable to predict the mean
wind velocity, but gave a poor prediction of turbulent flow. Furthermore, Blocken et al.
(2007) claimed that the standard wall function of RANS model caused a large
discrepancy between the CFD prediction and experimental results. The previous works

showed that RANS models may provide a good prediction of the mean velocity, but



may not provide an accurate prediction of turbulent flow. Kumar et al. (2017)
recommended the use of unsteady RANS instead of the RANS to resolve the plume
dispersion under an unstable wind condition. The use of unsteady RANS can somewhat
provide some characteristic of turbulent flow however an accurate prediction is still not

achieved.

Besides the RANS models, large eddy simulation (LES) is also often used for
the turbulent flow in complex terrain. LES generally performs well because it resolved
directly the larger turbulent eddies and modelled the smaller eddies near the boundary
layers using a sub-grid scale approach. Tominaga and Stathopoulos (2011) performed a
simulation of pollution dispersion in a street canyon using renormalized (RNG k-¢) and
LES. They reported that the overall recirculation flow pattern predicted using LES
closely resemble to the one obtained from experimental measurement. RNG k-¢
underestimated the turbulent diffusion in the street canyon, while the LES resolved well

the concentration distribution.

A CFD modelling of SKE, Reynolds stress model (RSM) and LES of pollutant
dispersion in an urban street canyon has been investigated by Salim et al. (2011). They
performed detail simulation on the mean flow and pollutant concentration. It was found
that LES performed better than the SKE and RSM in resolving the transient mixing,
dispersion and diffusion of the pollutant, although longer computational time is needed.
Simulation using SKE, RSM and LES took about two hours, a day and two weeks,
respectively to complete. Gousseau et al. (2011) performed a study on the gas pollutant
dispersion around a building group in downtown Montreal by comparing the accuracy
of RANS and LES models. The finding showed that LES provided a better prediction of
the pollutant flow and concentration compared to the SKE. Nevertheless, they reported
that LES requires seven times more computational demand than SKE for similar cases.
LES simulation is costly because the grid resolution requirement at the boundary layer
does not differ to that of direct numerical simulation (DNS) (Spalart, 2000). A massive
number of grid cells required for a large terrain (15 km x 14 km) in the present work

when LES is used. Furthermore, LES is relatively sensitive to computational grid.

A hybrid turbulence model like the scale adaptive simulation (SAS) resolve the
dynamics of the larger scale eddies like the LES and adopting RANS in modelling the

smaller eddies near the wall boundary (Rotta, 1972). SAS is not sensitive to



computational grid, unlike the LES (Menter and Egorov, 2006). SAS has been used to
study air pollution such as the dispersion of vehicular pollutants in deep street canyons
(Murena and Mele, 2016) and pollutant dispersion around a model building (Jadidi et
al., 2018). However, the previous works only emphasized on the pollutant dispersion
around buildings with a height below 20 m. To the best of the author knowledge, no
previous study using SAS to study pollutant dispersion around complex terrain e.g. hills
with height up to 215 m. In addition, limited works concerning the effect of
topographical and wind condition on the pollutant dispersion using the SAS model.

Hence, this is one of the aims of this work.
1.2 Problem Statement

Air pollutant like the chlorine is harmful to living things, environment and
building structures when it accumulates in the air in sufficiently high concentration.
Exposure to chlorine gas can cause acute or chronic effects depending on its
concentration. Main contributor to the chlorine accident is from the industrial sector.
Chlorine can act as toxic gas when it accidentally disperses into the air by the failure of
process equipment, human error and operational mistakes. In Malaysia, several chlorine
leak incidents happened in the past due to the aforementioned factors. The incidents
affect the nearby residential area causing people to be treated in hospital and in some
instances treated critically in the intensive care unit of the hospital. Hence, it is
important to study how the chlorine disperses from the industrial area to the nearby
residential area. The area of concern of this work is Gebeng industrial area, which
consists of several chemical processing plants that is using chlorine, such as
Polyplastics Asia Pacific and Petronas-MTBE. This study area is selected because it is
located nearby the residential area, which is situated only 2 km in radius range from
residential area and located at the main road connecting Terengganu to Pahang via
Gebeng bypass highway. Surface terrain at Gebeng industrial contains a combination of
several hills and flat terrain which may complicates the prediction of chlorine
dispersion. Moreover, the wind speed and direction is affected by the monsoon season
(northeast and southwest) with two inter-monsoons. Prior to this work, no previous
study available on chlorine dispersion around Gebeng industrial area in the event of an

accidental gas leak, and hence, this is the aim of the current work.



Pollution dispersion is significantly affected by the terrain surface and
meteorological condition (de la Torre et al., 2015; Sudarsan et al., 2016). Gebeng
industrial area is surrounded by the combination of hills and flat terrain. In addition, the
monsoon wind around Gebeng industrial area is changing in a cyclic pattern of four
times a year. Hence, it is important to study the effect of terrain surface and wind
condition on the chlorine leak dispersion. Ideally, satellite or laser based experimental
measurement is the best method to study and understand the air flow in a lab scale unit.
However, the experimental methods have limitation to provide detail information of
flow around complex terrain. Alternatively, CFD simulation was used since it can
provide comprehensive information on the species transport and turbulence
simultaneously. The study of air flow around Gebeng industrial area is not available
from literature, and hence the CFD model must be validated before it can be routinely
used. The validation was performed by comparing the CFD simulation with the PIV
measurement on a scale-down terrain model. Once validated, the model can be used to
evaluate the combine effect of surface terrain, wind direction and speed on the pollution
dispersion around Gebeng industrial area. Accidental release of this chlorine gas may
lead to the emergencies. Hence, this work aims to develop a suitable safety evacuation
route in the event accidental chlorine leak based on the predicted chlorine dispersion
plume. This evacuation plan might be usable as a guide to the authority to evacuate the

affected area.
1.3 Objectives of Study
The objectives of the study are:

i.  To model the wind flows past a scaled-down terrain model using PIV and to

compare with the CFD simulation.

ii. To elucidate the effect of terrain surface and wind condition on the chlorine

dispersion around Gebeng industrial area.

lii.  To propose the safety evacuation route in the event of accidental chlorine leak

based on the predicted chlorine dispersion plume.
1.4 Scopes of Study

The following scopes are necessary to achieve the research objectives:



Vi.

Vii.

viii.

1.5

To build a topographical model using SketchUp software of Gebeng
Industrial area. The triangulate irregular network (TIN) structure is created by

using a Sandbox Tool.

To create the real solid surface from the TIN structure file using Rhinoceros

software to create an ANSYS GAMBIT readable geometry.

To create the CED case volume in ANSYS GAMBIT before exporting the

model in ANSYS Workbench Mesher for mesh generation purpose.

To create a 1:4500 scale on topographical model of Gebeng industrial area

using a 3D printer based on Google Earth geometry.

To develop a wind tunnel rig for PIV measurement of air flow around the

scale down Gebeng industrial area model (1:4500).

To compare the flow field around the scale-down Gebeng industrial area and
CFD prediction.

To analyse the effect of wind speed, wind direction and terrain surface on the
chlorine leak dispersion around Gebeng industrial area. The wind speed and
direction is based on the meteorological data at the beginning of this work,
i.e. 2014.

To identify a safety evacuation route in the event of a gas release accident at

Gebeng industrial area.

Contribution of this Work

This work is to alert the residents about the potential risk of chlorine gas leaks

from Gebeng industrial area. The terrain surface and the wind condition can

significantly affect the chlorine gas dispersion, which may affect the nearby residential

areas. The prediction result may provide useful guide to estimate the risk zone from a

potential chlorine leak which can be used for evacuation plan. This evacuation plan can

be considered as the industrial accident preparedness and the authority can use as a

guide in the emergency release.



1.6 Structure of Thesis
The structure of the remainder thesis is outlined as follows:

Chapter 2 identifies the problems existed from the air pollutant leakage that
occurred in industrial sector. The previous CFD studies on air pollutant dispersion are
reviewed. The numerical and experimental methods used for air pollutant dispersion are

discussed. The knowledge gaps are highlighted.

Chapter 3 describes the three-dimensional geometry drawing, meshing, surface
draping, numerical setup, simulation and data extraction by using SketchUp,
Rhinocerous, GAMBIT, ANSYS Mesher and ANSYS FLUENT. The turbulence
models and species transport equations are presented. The meteorological information
such as wind speed and wind direction is given. The detailed setup and measurement of

a scaled-down terrain model using PIV is also presented.

Chapter 4 presents the validation of the CFD model and the findings of effect of
terrain surface and meteorological condition. The CFD prediction of velocity flow is
validated with the PIV measurement on a scaled-down terrain model. The effects of
terrain surface, wind speed and wind direction on the chlorine leak dispersion is

discussed. The safe evacuation route is proposed based on the prediction results.

Chapter 5 concludes the findings and the contribution of the present work. The

recommendation for future work is also proposed.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview

This section discussed about the air pollutants dispersion around industrial area.
The current issues regarding accidental release of air pollutants is presented. Previous
studies on air pollutant dispersion using CFD simulation are reviewed, whereas factors
that contributing to the air pollutants dispersion is highlighted. The safe evacuation
route for short emergency notice is discussed. The turbulence modelling used for the air
pollutant dispersion is reviewed. Experimental techniques for the velocity flow in
terrain are also explained. Lastly, the research gaps are highlighted to reach the research

objectives.
2.2 Air Pollution Phenomenon

Air pollution is the presence of high concentration of contamination, various
hazardous chemicals, particulate matter, toxic substances and biological organisms into
the earth atmosphere. This study focus on the accidental releases of noxious gases that
may affect human health since the study area is near to the residential area. Previous

study of air pollution is summarized and reviewed.

Warner (1976) mentioned that air pollution can be defined as the condition that
exists when the atmosphere contains a concentration of some substances that produces
an objectionable effect. Such a wide development of industrial area, accompanied with
increase in population and housing density has given many negative effect on human
health and resulted in various environmental problems. The air pollution from industrial
area may affect human health and led to many serious risks such as respiratory and heart

problem, and global warming.



There are wide ranges of industries and the pollutants introduced largely
depends on the type of industry, raw material characteristics, specific process methods,
efficacy of facilities, operating techniques, product grades and climatic conditions
(Onianwa, 1986). Major air pollutant was identified, their source, how they cause air
pollution, effects and control measures were analysed (AlHassan and Jimoh, 2006).
Many researchers did their air quality studies either on indoor, urban or industrial
pollutions. Griogoras et al. (2012) has studied the air pollution dispersion in a polluted
industrial area of complex terrain from Romania. The atmospheric dispersion study of
pollutants in the surveyed area was made using the pollutants emitted by non-ferrous
metal industrial facilities existing in Baia Mare area and the emissions from other local
anthropic activities (residential heating, traffic, dump heaps). Other study for industrial
area has been made by AlHassan and Jimoh (2006) on how to develop a model equation
for predicting air pollutant dispersion in Nigeria. By comparing model and simulated
results, the pollutants such as NO, CO, and CO: are dispersed in accordance with the

law of the dispersion.

Noxious gases or toxic gases are mostly same meaning. These gases are harmful
to living things. It can easily build up in confined working spaces when the production
process uses noxious gases. The accidental releases of gas can occur during an
explosion, equipment failure, or a transportation accident. It is difficult to predict the
timing and the amount of gas released during accidental releases. One of the toxic gases
is chlorine gas. The releases of chlorine gas to atmosphere may significantly affect
human health and also to the environment. The effects of chlorine on human health
depend on the amount of chlorine is present, and the length and frequency of exposure.
Breathing small amounts of chlorine for short periods of time adversely affects the
human respiratory system. Table 2.1 shows the acute effect of the chlorine gas leakage
to the human health from EPA, 1999. Several acute (short-term) studies have reported
the discomfort ranging from ocular and respiratory irritation to coughing, shortness of
breath and headaches when expose to the level above 1.0 ppm. For the chronic effects,
workers chronically exposed to chlorine gas have exhibited respiratory effects, such as
eye and throat irritation and airflow obstruction. Workplace exposure limits for chlorine
include a short-term exposure limit for up to 15 minute exposures not to exceed 1 ppm.
That for a long-term exposure limit is up to 6 hour exposures not to exceed 0.5 ppm
(White and Martin, 2010).
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Table 2.1 Health hazard information for different chlorine concentration

Chlorine Acute effects
concentration
(ppm)
0.014-0.054 Tickling of the nose
0.04-0.097 Tickling of the throat
0.06-0.3 Dryness of the nose and throat
0.35-0.72 Burning of the conjunctiva and pain after 15 minutes stay in this level
1-3 Mild mucous membrane irritation
30 Chest pain, vomiting, dypsnea and cough
46-60 Toxic pneumonitis and pulmonary edema

Source: EPA (1999)

In the environment, chorine dispersed into the atmosphere mainly from the
industrial and commercial locations. Chlorine gas is heavier than air and will initially
remain in low-lying areas unless wind or other conditions provide air movement. It can
hydrolyse in water to form hypochlorite and hypochlorous acid. Hypochlorous acid is
an oxidizing agent which has a sanitizing effect on organic and inorganic contaminants
(EPA, 1999).

Currently, many incidents related to the accidental release of chlorine gas. In
Malaysia, they were reported that the accident happened in every year since 2016.
Latest issue was in October 2018 when an excavator accidentally ran over a chlorine
gas cylinder, causing a leak at the scrap metal yard in Miri, Sarawak. The leak went
unnoticed until the owner of the scrap metal yard with his eight workers began
experiencing dizziness, with several of them subsequently fainting. Personnel from the
Lopeng Fire and Rescue department were deployed to the scene to deal with the gas
after receiving an emergency call from Miri Hospital whereby the affected workers got
their treatment (Laeng, 2018). A year before, in September 2017, the chlorine gas was
leaked at Kampung Tembak Paya, Melaka. Seven conveniently disposed 1,000 kg
cylindrical gas tanks which contained chlorine gas were found at the abandoned house.
Over 210 residents were ordered to evacuate their homes. 93 people were evacuated to a
relief centre in Sekolah Kebangsaan Paya Tembak, while 117 villagers went to their
friends’ and relatives’ houses outside of the 3 km radius zone. From the incident, 61
people including three firemen and a policeman being treated at the Melaka Hospital
(43 victims) and the Jasin Hospital (18 victims). All of them are experienced breathing
difficulties (Koh, 2017). Previously in July 2017, the chlorine gas leakage is occurring
at Water Department in Kota Belud, Sabah. The Hazardous Material Handling Team
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(Hazmat) team believed that the cause of the leak is due to a hole at one of the valves
which is directly connected to the chlorine tank. They managed to tighten the valve and
the reading of the chemical went back to normal. Fortunately, no victims reported (Goh,
2017). In September 2016, other chlorine gas incidents occurred in Menglembu, Perak
where a ferric acid tank in a factory processing chlor-alkali (chlorine-alkaline) fell and
leaked its content on hypochlorite pipe resulting in the formation of chlorine gas. The
factory is located nearby to Kampung Baru Bukit Merah. From the incident, two factory
workers were hospitalized and one of them suffering pneumonia due to inhaling
chlorine gas during the incident. Other six fire-fighters suffered from extreme
exhaustion and being hospitalized after carrying five tons of sodium during the
neutralization process. The villagers also claimed that the leak gas had cause an
unpleasant smell. One of the villagers who live nearby the chemical plant complained

that he and his family of four suffered from throat itchy (Yeap, 2016).

It is clear from the aforesaid review of several chlorine leak incidents, that that
chlorine gas leak significantly affects human health depending on the level of exposure.
The chlorine becomes dangerous to inhale when it accumulates in the air in sufficiently
high concentration. At low concentration (0.014 ppm), it may cause the tickling effect
on nose and throat, whereas at higher concentration (>1 ppm) it may cause mild
irritation of eyes, respiratory system, and headache (Calabrese and Kenyon, 1991). At
very high levels of 30 ppm it can cause chest pain, nausea and dyspnea (HSS, 1993).
Chlorine is also commonly used in industry, especially in Gebeng industrial area by
Polyplastics and Petronas-MTBE. The review also shows that chlorine leak occurs due
to various reasons such as improper maintenance and improper handling, which may
cause a serious health implication to the surrounding residential area. Therefore,
chlorine was chosen in this work due to it perceived risk and due to the fact that no

scientific work in this topic is available for Gebeng industrial area.

The study area concern in the present work is one of the biggest industrial area
in Malaysia situated in Gebeng which is nearby to the residential area. Besides that, the
topographical conditions affected air pollutant dispersion. The Gebeng industrial area
has a combination of flat and hilly terrain so this is one of the study concern to study the
effect of terrain on the dispersion of air pollutant. The GIE is located on the Kemajuan

Tanah Tanah Merah area where Bukit Tanah Merah was flattened to construct the GIE.
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The GIE is located within the Sungai Balok catchment. The catchment is low-lying and
Is predominantly swampy. The estimated average land elevation is 7 m above mean sea
level (MSL). The hilly area is Bukit Pengorak which rises 197 m above MSL and Bukit
Cerung Kelubi which rises 38 m above MSL is located 7.5 km southeast of the
industrial estate. Another hill is Bukit Kecik with 31 m elevation which is located at
west of Kuantan Port while Bukit Tanjung Gelang with 105 m elevation is located at the
south of Kuantan Port. Sungai Balok river flows 3 km west of area flowing in the
southerly direction. The nearest coastline is 3 km to the east. The topographical survey
indicates that the site is relatively flat with an overall natural gradient of 0°. The ground
levels at the site generally ranged between 7.4 m and 7.8 m above MSL.

Based on the factors stated earlier, wind speed and wind direction may have
affected the dispersion of air pollutant as well. Southwest monsoon season occurs on the
latter half of May or early June and ends in September. Another monsoon season is
Northeast monsoon season that occurs on the early of November and ends in March. To
ensure the great accessibility in the transfer of the freight and raw materials to and from
the Gebeng Industrial Estate to both domestic and international markets, the
government build the Gebeng by-pass direct linked with the East West Expressway
which connects Kuala Lumpur and Kuantan. This by-pass may ease the traffic flow
between the Gebeng Industrial Estate and Kuantan Port. The petrochemical plants in
Gebeng is producing acrylic acid and esters, syngas, butyl acrylate, oxo-alcohols,
MTBE, dispersion polyvinyl chloride and many more (MIDA, 2013). Chlorine is used
in many industrial processes, including those used to make plastics, vinyl, and nylon, as
well as pharmaceuticals and the food or beverage industry too. The electronics industry
relies on chlorine in the production of microprocessors and computers. Manufacture of
gasoline additives, brake fluid, and antifreeze also utilise chlorine (Austin, 2005).
Gebeng Industrial Estate (GIE) is considering as the study area for the present work
because of the high potential of accidental of chlorine leak since the chlorine is
commonly used for polymer and petrochemical plants such as Petronas-MTBE, Kaneka
Malaysia and Polyplastics Asia Pacific. The pollution related studies in GIE have been
widely investigated by a few numbers of researchers. Most of the previous studies
emphasized on the heavy metals and water pollution in GIE (Sujaul et. al., 2013;
Abdullah et al., 2014; Sobahan and Islam, 2015; Abdullah et al, 2015). However, no
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study available for the accidental release of toxic gas in GIE and hence this is one of the
aims of the present work.

2.2.1 Factors Affecting Air Pollutant Dispersion

There are many factors that affect the dispersion of air pollutant. The dispersion
of air pollutant is significantly affected by the meteorological condition such as the
wind speed and wind direction (Sudarsan et al., 2016; Corsmeier et al., 2005). Other
than that, the topographical condition also affects the pollution dispersion. Other
meteorological factors that affect the air pollutant transportation are temperature and
relative humidity (Jayamurugan et al., 2013; Dominick et al., 2012; Zaharim et al.,
2009). They explained that the temperature and relative humidity may affect the
pollutant concentration as higher temperature may increase evaporation rates. However,
in this work temperature and humidity is not thought to give greater effect on chlorine
evaporation rates because the leak is considered to be in gas form in the current work.
Hence, the question about effect of temperature and humidity on chlorine concentration
or evaporation rates is not important. Moreover, the focus of the current work is on
chlorine gas dispersion, not the chlorine evaporation. It is known that gas dispersion is
mainly affected by the wind pattern and local terrain. For instance, De la Torre et al.
(2015) found that the wind pattern over Southern Andes Mountain is affected by the
local topography. Fequest et al. (2009) also found that the wind pattern is more affected
by the terrain condition compared to the atmospheric stability. This has resulted in
increased research to investigate the atmospheric flow and pollutant dispersion in
complex terrain using experimental and numerical methods (Deng et al., 2018; Liu et
al., 2016; Michalek and Zacho, 2016). It is also important to note that humidity and
temperature variation in tropical climate is not significant, unlike those countries in four
season’s climate. Since, this study focuses on gas dispersion and that Gebeng industrial
area is located in a tropical climate zone, thus the effect of temperature and humidity is
not included.

Zhang et al. (2015) has been study about the influence of meteorological
conditions on pollutant dispersion in street canyon. The findings explained that the wind
is an important factor on transportation of the valley pollutants, which means the wind
determines the pollutant migration direction that makes downwind pollutant

concentrations higher than upwind pollutant concentrations. Another finding briefed
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that the greater the wind speed, the more dilution of pollutants while in the street valley.
In the higher wind speed condition, the pollutant concentration will lower.

In the effect of topographical condition, the winds will be squeezed over the top
and around the side of the hill so that the wind is accelerated on the upwind side caused
by the isolated hill. Winds reduce in speed and are often very turbulent in the lee of the
hill. Besides that, topography can also channel winds through narrow gaps and cause an

increase in wind speed. The winds will slow down after leaving the constriction.

On the top of hills, the wind velocity increases due to the Venturi phenomenon
(Katsaprakakis and Christakis, 2012). When the wind blows above the top of hills or
mountains, the air pressure decreases and the wind velocity increases. The wind
velocity on top of hills or mountains exhibits higher values compared to those in lower
altitudes. Figure 2.1 shows the maximization of the wind velocity above the top of a hill

as abovementioned.

Area of maximum
/wind flow acceleration

=l r-

Area of possible
high turbulence

Figure 2.1 Maximization of the wind velocity above the top of a hill
Source: Katsaprakakis and Christakakis (2012)

Gebeng industrial area is known surrounded by the combination of hills and flat
terrain as mentioned in previous section. In addition, the wind monsoon around Gebeng
industrial is changing with time. Hence, it is important to study the effect of
topographical and wind condition on the chlorine dispersion around the Gebeng

industrial area.
2.3  Application of CFD on Topographical Modelling

Computational fluid dynamics (CFD) is one of the most powerful tools for

studying the atmospheric environment. Previously, many applications used to study the
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atmospheric dispersion. Box model was an early and simple method based on the
conservation of mass. This was followed by Gaussian model, and Lagrangian or
Lagrangian-Eulerian models and more recently by CFD models (Holmes & Morawska,
2006). Riddle et al. (2004) stressed that CFD models were more appropriate for
situations in complex environment compared to ADMS model. CFD models can
provide comprehensive information on the fluid flow over complex terrain, although
they require more computing time and costs compared to the other models (Holmes and
Morawska, 2006; Riddle et al., 2004).

The CFD modelling solves the complex fluid flow based on the Navier-Stokes
equation. When the flow is turbulent, it solves the modified Navier-Stokes equations
using an additional turbulence model. Because most air flow within the atmospheric
boundary layer is turbulent, almost all simulation studies require an appropriate
turbulence model to predict the real and complex wind field (Hong et al., 2011). CFD
has the potential to provide realistic simulations for geometrically complex scenarios
(Scargiali et al., 2005; Gilham et al., 2000; McBride et al., 2001) since the heavy gas
dispersion process is described by basic conservation equations with a reduced number

of approximations (Scargiali et al., 2011).

Ha et al. (2018) has developed a micro-scale CFD model to predict wind
environment on mountainous terrain. The study was conduct as for the installation on an
observation system on mountainous terrain to observe the accurate weather information
and the effective prediction of pollutant of airborne virus dispersion and also mountain
disaster such as a fire or landslide. The ground model surface of the CFD model was
classified and designed based on the digital contour map provided by the National
Geographic Information Institute (NGII) and a forest type map provided by Korea
Forest Service (KFS) in order to simulate air resistance of trees from the study area. The
developed 3D CFD model was then validated using a distribution of wind velocity and
direction data measured in mountainous terrain. Although CFD simulation have many
advantages in understanding the air flow study, it also has some limitations. The model
used in CFD always built in full scale (1:1) compared to the physical measurement.
Care must be taken to ensure the CFD models in correct number, size and shape of
computational cells are used, and the level of detail to include must be considered in a
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scaled model to ensure geometric and dynamic similarity is maintained (Linfield and
Mudry, 2008)

The summary of previous work on CFD simulation over complex terrain with
the acceptable of validations error is shown in Table 2.2. Different turbulence model
was used from previous study and mostly use LES model to overcome the shortcoming
of RANS based model but in this study, another turbulence model was used and will be
discussed in the next session 2.4 due to the limitations on LES model. This
topographical modelling will be used in the simulations of air pollutants dispersion. The
various studies on air pollutant dispersion by using topographical model will be

explaining in next session 2.3.1.

Table 2.2 Validations acceptable on topographical modelling

Author Application Dimension Model Validation
Hong et al. (2011) Livestock odor 3D Std k-¢ 48% error
dispersion RNG k-¢  Wind speed validation
RSM (CFD-MADM)
LES
Liu and Ishihara Turbulent flow 3D LES 2.63% error
(2014) fields over Mean wind speed
complex validation (CFD-
topography AABL)
Diebold et al. Flow over hills 3D LES 36% error
(2013) Velocity validation
(CFD-IBM)

2.3.1 Application of CFD on Air Pollutant Dispersion

There are many studies on air pollutant dispersion by using topographic model
as mentioned in previous session. It is hard to understand the air flow over flat ground,
thus changing the terrains to hills makes the air flow is more complex. The wind profile
is the relation between the wind speed and height. Based on Teneler (2011), the wind
speed increases with height where the increment is depending on the friction against the
surface. The wind is influenced by the Earth’s surface when it gets closer to the ground.

In this section, various studied by using topographic modelling is discussed.

Maharani et al. (2009) used the topographic modelling to study the
topographical effects on wind speed over various terrains in Korean Peninsula. The

main purpose of the study is to observe the comparison wind speed for different ground
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feature condition, through conversion on identical ground feature, the flat round. The
findings show that the altering flow of topographic factors along terrain has identical
pattern with terrain feature. It gives the better agreement that the presence of hills,
ridges and escarpments can have significant number of effects in different scales of

topographic factor.

Previously, Dharmavaram and Hanna (2007) used the topographic modelling on
accidental release of heavy gases in industry. The case was considering a very large
amount of liquid chlorine release from a rail car derailment in a complex valley. The
amount of this hypothetical release was assumed at 1500 kg/s for 35 s. Normally, the
chlorine was transported under pressure 8 to 10 bar in a liquefied form in a rail car.
When liquid chlorine is released from containment, the flashing phenomenon results is
in the form of 20% vapour and 80% liquid as it exits the hole. In this case, an
assumption has been made that all the liquid remains entrained along with the vapour in
form of tiny droplets, with the fluid being much heavier than air. Figure 2.2 shows the
dispersion of a large chlorine release in a complex terrain at 3 m/s wind speed. From
this 3D modelling, it clearly shows that the plume hugs the ground and diverges along
the valley. So from this result, it can be used for emergency preparedness and protecting
people who might be in the path of a chlorine plume.

1e-10
Te-11
le-12
Te-13
le-14
le-15
1le-16
te-17
te-18
le-19
1e-20
1e-21
1e-22
1e-23
1e-24
Te-25
Te-26
1e-27
1e-28
1e-29

Below 1e-3.0

Job=000001. Var=FMOLE (m3/m3) og10/. Time= 389.986 (3)
X=745 : 1725, V=625 : 1625, Z=13 : 98 m

Figure 2.2 Dispersion of a large chlorine release in a complex terrain
Source: Dharmavaram and Hanna (2007)

Scargiali et al. (2005) studied the effect of time-dependent on accidental release

of 30 ton of heavy gas dispersion from the ground release point by using topographic
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modelling. Figure 2.3 reports a three dimensional view of ground level chlorine mass
fraction at 08.00 hrs, 15, 30 and 45 min after release. As can be seen after 15 minutes
from the release the cloud has already spread out to cover a fairly wide area with
concentrations well above the toxicity limits. After 30 minutes the cloud has further
spread out and moved away from the release point with peak concentrations smaller
than the previous figure though still dangerous for human health. After 45 min the cloud
is about crossing the hills that separate the Augusta Priolo gulf from the towns of
Floridia and Syracuse with maximum mass fractions still in the range of 50 x 10°. From
the results, an evacuation program is not feasible to actuate once the heavy gas cloud is
released from the industrial site of Priolo as the time goes by before the gas cloud
reaches the urban site in the area is far too short. So in this case, mitigations measures
such as installing loudspeakers to warn the population to stay indoors and take action to

seal windows and doors are possibly the most useful to undertake.

a)

Figure 2.3 Contour plot of ground level chlorine mass fraction (x 10°) a) 15, b) 30
and c¢) 45 minutes after release at 08.00 hours

Source: Scargiali et al. (2005)

It can be concluded that the study about the noxious chemical accidental releases
from industrial area not as much as other study. So, this is more focus on releasing
noxious gas in industrial area where the most sources of pollutant emit and disperse to
surrounding accidentally. In chemical industry, there are much equipment with open
and closed structure such as vessels, piping, buildings and etc. The accidental releases
of noxious gases may happen from any equipment in plant at any elevation. Since the
same case studies was not applied in Malaysia yet, this studies may use as a guidance in
future if any accidental releases of any noxious chemical in industry. Table 2.3
summarized the previous air pollutant dispersion in industrial sector. To complete this
research, suitable and right tools is needed to carry out the simulation of dispersion of

pollutant emission around Gebeng industrial area.
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Table 2.3 Previous study on air pollutant dispersion in industrial sector

Author Study area Purpose of study
Cai et al. (2019) China coal mining To study the effects of air flowrate on
industry pollutant dispersion pattern of coal dust
particles
Ma et al. (2017) Nanjing Sample To investigate the effects of plant canopy
Industrial Park, China on wind field and pollutant dispersion

under various weather conditions.
Scargiali et al. Priolo-Gargalo/Augusta  To investigate the setting up a tool able to
(2005) industrial site produce a realistic description of such

dispersion processes by considering

atmaospheric stability and meteorological

factors

2.4  Turbulence Modelling

Earlier studies on the prediction of flow and pollutant dispersion within street
canyons were performed using two-dimensional steady-state Reynolds-averaged
Navier-Stokes (RANS) equations and their corresponding turbulence closure schemes
(Baik and Kim, 1999; Chan et al., 2002; Assimakopoulos et al., 2003). Subsequent to
these initial studies, the investigations were extended to three-dimensional modelling in
order to capture the inherent nature of turbulence, and improved predictions were

observed (Hsieh et al., 2007, Di Sabatino et al., 2008, Xie et al., 2006).

The approach of the standard k-¢ model (Launder and Spalding, 1974) is widely
and practically useful, is adopted for solutions. Although the standard k-¢ model shows
some problem in the prediction of the wake phenomenon around buildings, such as the
overestimate of turbulent kinetic energy around windward corner (Murakami et al.,
1988), it still has a good reputation for reliability in the field of wind engineering

(Murakami et al., 1990) and air pollutant diffusion analysis (Huang et al., 2000).

An interest has risen in employing Large eddy simulation (LES) to address the
shortcomings of RANS, i.e. its inability to capture the unsteady and inherent
fluctuations of the flow field within the street canyon on which the dispersion of

pollutants depends (So et al., 2005; Cai et al., 2008; Letzel et al., 2008; Tominaga and
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Stathopoulos, 2010). But this simulation requires high cost and sensitive to

computational grid.

Maliska et al. (2012) studied the comparison of turbulence models for the
computation of a detached flow around a square cylinder. The findings show that the
LES turbulence model was unable to adequately compute the flow in boundary layer
regions. The truth is this limitation arises not from the model itself, but from the
relationship between the turbulent scales and smallest grid size. In detached region,
largest turbulent scales are considered to be of order of main geometry scale, as a
diameter or wing cord length. On the other side, within the boundary layer, the largest
turbulent scales are of order of the boundary layer thickness. Then, the minimum mesh
size required to capture turbulent structures which satisfy LES criteria could be

impracticable within the boundary layers.

Table 2.4 summarizes the previous study on turbulence modelling of turbulent
flow around a hill terrain. Although LES turbulence model was proven to be the most
accurate model, it is not affordable to run for a complex topography modelling, because
the amount of mesh required will be too much and thus time consuming to model. In
addition, RANS based model cannot give a good prediction of the flow field around the
hill terrain. Thus, a hydrid LES-RANS model i.e. Scale adaptive simulation (SAS) was
chosen in this work to minimise the computational time needed without compromising
on the prediction accuracy. The SAS uses a RANS approach within non-detached
region and LES in detached ones. SAS model need lesser refined grid near the walls and

thus the total CPU requirement is much lower than the standard LES.
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Table 2.4 Previous study on the turbulence modelling

Author

Turbulence Model

Findings

Remarks

Hong et al. (2011)

Liu and Ishihara (2014)

Chow and Street (2009)

Std k-¢
RNG k-¢
RSM
LES
LES

LES

The LES turbulent model was proven
to be the most appropriate.

The distortion of the flow due to the
hill especially in the wake region is
well captured, but the turbulence in the
region of reverse slope is

overestimated.

Standard LES model has a limitations
when increase the levels of

reconstruction.

Limited research on complex topography modelling.

Due to the not enough grid resolution in the wake
where the eddies smaller than the grid size may have
important mixing effect to reduce the turbulence. So,
the tall hills near the measured points should be
included in the model.

An alternative mixed model is proposed to avoid the
complexities associated with the dynamic procedure
and to allow higher levels of reconstruction. This
mixed model combined a standard turbulent kinetic
energy (TKE-1.5) eddy viscosity closure with
velocity reconstruction to form a simple efficient
turbulence model that gives good results for both
mean flow and turbulence.
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2.5 Measurement Techniques in Topographical Modelling

In the present work, the accuracy of CFD with SAS model to predict the air flow
over the hill terrain is validated by comparing with a PIV measurement. The validation
is limited to the wind flow across the hill Bukit Pengorak (197 m), which is the only hill
in the immediate vicinity of Gebeng industrial area. Most of the area of Gebeng
industrial area is flat terrain with approximately 7 m elevation from sea level. As such
the effect on flow field is not significant if compared over flat terrain. For the flat
terrain, the advection can be neglected and the system can be considered in condition of
local equilibrium (Finardi & Morselli, 1997). Thus, the validation was performed on the
flow past hill terrain because this work aims to elucidate the effect of hilly terrain on the
chlorine dispersion, so it is vital that the effect of the hilly terrain to the flow field is

correctly captured.

Many studies performed the measurement by using wind tunnel with different
measurement techniques. This method was applied to measure the flow velocity and
turbulence (Hong et al., 2010). LDV and PIV systems are the most common tools used
for experimentally investigate recirculating flow region nowadays (Pilloni et al., 2000).
LDV and PIV produce simultaneous measurements of velocity and concentration,
allowing the estimation of instantaneous and turbulent pollutant fluxes, thus giving an
important insight into the understanding of turbulence diffusion. This section described

the advantages and disadvantages of the measurement techniques chosen.

Hyun et al. (2003) studied the mean velocity and turbulence in a complex open
channel flow using LDV and PIV. They reported that PIV is able to provide quantitative
information about coherent structure that is not readily measured by LDV. In addition,
PIV can measure two-point correlations and make quadrant analysis more accurate

compared to LDV.

Deen et al. (2000) studied on multiphase flow using PIV and LDA measurement
methods. The results showed that PIV velocity data appeared to be much smoother than
LDA data. It is because of the sample period was too short to obtain a steady state time
average. This explanation was agreed with the work of Brochers et al. (1999), in which

a twice as long averaging period was used. Tamura and Matsui (2002) used PIV, LDV
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and Particle Tracking Velocimetry (PTV) to monitor wind speed velocity in their wind

tunnel test.

Table 2.5 shows the previous studies on flow measurement using various
methods. Most of the study explained that PIV is a commonly used in measurement
flow field for comparison with CFD simulation. In this study, PIV was used to measure
the mean flow velocity since it can offer measurement on a larger interrogation window
compared to LDV. PIV can reveal the global structures in a two-dimensional or three-
dimensional flow field instantaneously and quantitatively, without disturbing the flow
which are very useful and necessary for the research of flow mechanism, in particular

for the study of unsteady flow (Saga et al., 1999).
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Table 2.5 Measurement Techniques in previous studies
Author Measurement Objectives Findings Remarks
Techniques
Nakiboglu  LS-PIV To manage simultaneous of LS-PIV was successfully Correction function need to be applied to
etal. (2009) AP velocity and concentration in large  implemented to obtain the velocity  obtain a close agreement between CFD
LST cross sections by recording and except for the region close to the and LST measurements.
processing images of cloud stack.
structure to provide more detailed Comparison between AP
information for validation of CFD measurements and CFD revealed
simulations. that there is good agreement when
using a turbulent Schmidt number
of 0.4.
Nosek etal. LDA To measure velocity components Both methods showed that the The neutrally stratified flow over the
(2013) FFID and concentrations in specific complex terrain topography and model concerning of planned mine
points of vertical and horizontal surface roughness affect the expansion should be simulated as well in
planes in small scale study. pollutant dispersion. future study.
Vladut et PIV To determine the velocity, PIV system could deliver full NA
al. (2016) turbulence intensity and vorticity information on a measuring field
contours in a vertical reference for the distribution of absolute
plane to compare with URANS average velocity, vorticity and
numerical simulations. turbulence intensity.
Kamadaet PIV To accurately predict the wind The PIV system gives the good All the measurement limited on single hill
al. (2019) energy distribution on the terrain agreement with the power-law models. Future study recommend to use

for proper selection of suitable sites
for installing wind farm.

defined by ground surface
roughness.

multiple hill models to evaluate more
investigations to understand more on flow
field characteristics in the atmospheric
boundary layer.
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2.6 Summary

It is clear from the literature survey that air pollutant released from industrial
area is significantly affected the nearby residential areas. The terrain surface and wind
condition also contributed to the air dispersion. It is important to study the air pollutant
dispersion around GIE in the event accidental release of chlorine gas since there are
many processing chemical plant existed. By considering the economy and
environmental concern, CFD method is chosen for the evaluation of chlorine gas
dispersion around GIE. SAS turbulence model was used due to its prediction accuracy,
less sensitive to computational grid and reduced computational demand compared to the
LES. This work contributes on the air pollution dispersion around GIE under influence
of terrain surface and monsoon wind, whereby the CFD model can be used to simulate
the air dispersion and the PIV data can be used for validation. It is clear from the
literature review that research gaps exist on the pollution study in GIE. The existing
knowledge gaps are listed as follow:

i. Chlorine gas may affect human health depending on its concentration in the

atmosphere.

ii. No previous study on the accidental release of chlorine in Gebeng industrial
area, despite the existence of chlorine tank in various processing plant.

iii. No previous study using SAS to simulate pollutant dispersion around complex
terrain with hills with height up to 215 m. The selected area consists of three

hills which is above 20 m up to 215 m.

iv. Limited studies concerning the effect of topographical and wind condition on the

pollutant dispersion using SAS model.

V. The safety evacuation route for accidental release of chlorine gas is not yet
available for Gebeng industrial area. Hence, this proposed route can be used as a

guide to evacuate the affected area.

Therefore, this work aims to address the abovementioned research gaps as
reflected in the objectives and scopes (sections 1.3 and 1.4). The details of the method
used (i.e., topographical modelling, turbulence modelling, and experimental

measurement) to address the identified research gaps are explained in chapter 3.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

This chapter describes the CFD and experimental methods used to study the
dispersion of chlorine gas around Gebeng industrial area. Figure 3.1 shows the flow
chart for the CFD modelling and PIV measurement performed in this study. At first,
SketchUp is used to create the contour map, then the SketchUp file exported into
Rhinoceros to create a solid object as demanded by Gambit. The detail of geometry was
presented in section 3.3.1. The computational mesh of the Gebeng industrial area was
created using Ansys Mesher. The quality of mesh prepared is checked to ensure the
accuracy of simulation. The detail of meshing was discussed in section 3.3.2. The initial
meteorological information, boundary condition and models were set in Ansys Fluent
R18.2. The detail of simulation setup and solution convergence was presented in section
3.3.5. The wind flow past a hill in Gebeng industrial area was compared with the PIV
measurement. The measurement was conducted on a scaled-down terrain model. The
detail of PIV measurement was described in section 3.2.3. The models used was then
applied to simulate the combined effect of meteorological and topographical condition

on the dispersion of chlorine gas around Gebeng industrial area.
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Figure 3.1 Flow chart for the research methodology
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3.2 Experimental Measurement
3.2.1 Topography and environmental conditions of the study area

The study area is located in Gebeng Industrial Estate, Kuantan as shown in
Figure 3.2. In this study, Gebeng, Kuantan was chosen as the study area because of high
potential of high risk pollutant dispersion company operated in GIE area. In last
decades, industries were small factories that only produced smoke as the main pollutant.
However, when these factories became full scale industries and manufacturing units, the
issue of industrial pollution started to take on more importance. The GIE is also have
many residential nearby. Taman Balok Perdana, Taman Balok Makmur, Kampung
Berahi are the nearest residential south of the GIE along the Kuantan-Pelabuhan bypass
road. At north, Kampung Sungai Ular is located about 2.5 km from Kampung Gebeng
whilst Kampung Hulu Balok is located at south—east of GIE. Another population nearby
include Kampung Selamat, Kampung Seberang Balok, Kampung Balok, and Kampung
Balok Baru. The majority of the areas are sparsely populated.

The yellow lined area indicates the possibility of the accidental release of
noxious gases marked by S1 and S2 whilst red lined area represent the residential area
nearby marked by R1 where Kampung Sungai Ular, Kampung Gebeng, Tanjung Rhu
located and R2 includes Kampung Berahi, Balok Perdana, Kampung Seberang Balok.
H1 and H2 represents the hills located in the study area whilst H3 is the hill located
along the border of Terengganu and Pahang states. H1 is the hill located at the south of
Gebeng which is called Bukit Tanjung Gelang with 105 m elevation above sea level. H2
represents two hills, Bukit Pengorak with elevation 197 m and Bukit Cerung Kelubi
with elevation of 38 m whilst H3 has an elevation of 109 m up until 215 m along the

Terengganu and Pahang border.

There are many potential of chemical plants that may lead to the accidental
release of noxious gases. In this study, a hypothetical chlorine gas is chosen as a
pollutant that can dispersed into the atmosphere during the accidents from two source
points, S1 and S2. The point are the sources that have the high possibility of the
chlorine gas release where the petrochemical company situated. 10 m x 10 m source
point S1 was created where the petrochemical plant such as Lynas Advanced Material
Plant and Polyplastics are situated. The second source S2 was set where MTBE
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Malaysia and RP Chemicals Malaysia plant located. This two source is located in
between hill H2 and H3.

Google

.........

Figure 3.2 Study area in Gebeng Industrial Estate

Source: Google Map (2016)

Malaysia is known to have two monsoons season and two inter-monsoon season.
In the present study, two monsoon seasons was chosen because the rate of the wind
speed may higher than normal wind speed. Southwest monsoon season occurs on the
latter half of May or early June and ends in September. Wind flow generally South-
Westerly (SW) and almost below 15 knots (7.7 m/s). Another monsoon season is
Northeast monsoon season that occurs on the early of November and ends in March.
During this monsoon, the wind flow generally Easterly (E) or sometimes North-Easterly
(NE). The wind speed during this monsoon ranges from 10 up to 20 knots (5 to 10 m/s).
Figure 3.3 and Figure 3.4 shows the wind rose of mean wind speed and directions by
monthly in 2014.
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Table 3.1 shows the data for wind speed and wind direction obtained from
Meteorological Department in Kuantan. The coordinate for the station is at Latitude 3°
46' N and Longitude 103° 13' E. The station located at 15.2 m height above mean sea

level.
Table 3.1 Mean wind speed and direction in each month of 2014
Month Mean Mean Wind Mean Wind Wind Direction
Temperature Speed Maximum | Direction
°C) (mfs) Wind Speed )
(m/s)
January 24.9 2.4 8.6 020 North-Northeast
February 25.9 2.1 8.2 090 East
March 27.1 2.2 8.5 090 East
April 28.5 15 8.2 100 East
May 28.2 15 8.8 090 East
June 28.6 1.8 9.5 210 South-Southwest
July 28.1 1.8 8.3 210 South-Southwest
August 27.5 1.7 8.2 200 South-Southwest
September 27.4 1.6 8.3 200 South-Southwest
October 27.2 1.3 8.4 090 East
November 26.5 14 7.2 350 North
December 25.6 1.8 8.0 340 North-Northwest

Source: Malaysia Meteorological Department (2014)

This study is limited to study the wind data on the year 2014 obtained from
Malaysia Meteorological Department. This is due to the similarity of wind pattern in
Gebeng industrial area for over 10 years of measurement. As shown in Figure 3.5, until
July 2019 the wind rose shows the similar pattern of wind direction for ten years (Jan
2008) to that data in the year 2014. Four month was chosen to represent each monsoon
season, i.e., Southwest monsoon (July), Northeast monsoon (January), inter-monsoon
(May and October). The wind pattern in each monsoon seasons including the inter-
monsoon is comparable for both the 10 years’ data and to the data in 2014 alone.

Therefore, the use of year 2014 is appropriate for this work.

33



Northeast monsoon Inter-monsoon Southwest monsoon Inter-monsoon

Figure 3.5 Wind direction distribution in (%) for around G g industrial area. Meterological weather station for Gebeng is located in
Kuantan.

Source: Winfinder.com (2019)
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3.2.2 Scaled-down Model Creation

The scaled—down model (1:4500) was prepared by using Sightline Map to be
export in three-dimensional printable version. By the limitation of three dimensional
printer platform’s size, four parts of scaled — down terrain map is used to be assembled.
All parts are chosen at hilly area where Bukit Pengorak is located to be validated with
CFD model as shown in Figure 3.6. All four parts is printed by using UP Plus 3D
printer. Each parts took up to 2 to 3 hours to be printed. The material used is 1.75 mm

acrylonitrile butadiene styrene (ABS).

Figure 3.6 Parts of scaled-down model from (a) Sightline maps and (b) printed 3D
topography model

3.2.3 Experimental Rig

The velocity flow measurement around the scaled—down terrain model was
performed by using PIV. A wind tunnel with a 0.31 m x 0.31 m of testing area was
prepared for the experiment. The PIV system consisted of laser, CCD camera, traverse

system, synchronizer and processing software. The schematic diagram of experimental
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setup is shown in Figure 3.7. First step is the flow was seeded with Safex fog into the
lab—scale wind tunnel driven by an axial fan. The fog liquid has a droplet size of 1.068
pum and the fog is generated using a fog generator (FOG 2010). The inlet flow was set
around 1.78 m/s. The double pulsed Nd:Yag laser (MicroVec, Singapore) was triggered
to deliver a thin laser sheer to define the measurement plane. The laser model used in
this PIV system is Vlite-200 with a wavelength 532 nm. The particles movements in a
specific measurement plane were captured by the CCD camera (Dantec Dynamics,
Denmark). Calibration was performed in the measurement plane using the calibration
target. A time interval of 400 us was set for the measurement. The camera and laser
system was synchronized by a MicroPulse725 processor. The velocity data was then
processing using MicroVec software. The velocity profile obtained was used for

comparison with the CFD simulation.

—
. - 3

Figure 3.7 Schematic diagram of PIV measurement setup

3.3 Numerical Approach
3.3.1 Topographical Modelling

This present work used modelling using contour lines in topographical
modelling for generating a 3D ground surface in GAMBIT, the pre-processor of the
FLUENT CFD package. This purpose is to investigate their convenience for
unstructured grid creation and practical applications (Hong et. al., 2011). The contour
map was obtained from forty (40) topographical maps. The map was arranged in a 4 x

10 overlapped that gives the total size of study area is 15 km x 14 km. In SketchUp, the
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contour map has been modified such that unnecessary information and re-link broken
lines is deleted as shown in Figure 3.8 (a). This method used a triangulate irregular
network (TIN) structure which can be said like a group comprised of triangle by using
sandbox tool. However, although this structure may resemble a surface, it still not a real
solid object, which is demanded by GAMBIT (Hong et. al., 2011). Therefore, a
SketchUp file (*.skp) is exported into Rhinoceros to create a solid object by creating a
drape surface over the TIN structure by using the “drape surface over objects”
command as shown Figure 3.8 (b). Figure 3.8 (c) shows the real solid surface that has

been created in Rhinoceros.

(c)

Figure 3.8 Model creation of (a) contour map in SketchUp, (b) drape surface in
Rhinoceros and (c) real solid surface in Rhinoceros

3.3.2 Meshing

The terrain surface was meshed using Ansys Workbench Mesher, as shown in
Figure 3.9. The mesh was prepared using a well-structured cut-cell method, which
offers a robust and faster convergence in comparison with the traditional meshing
technique (Ingram et al., 2003) while retaining the boundary conforming mesh. Finer
mesh was applied to the region of terrain surface where turbulence may exist while the

rest of domain used a coarser mesh to reduce the computational demand. The flat sky is
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extruded up to 5000 m to reduce the effect of the ground when the velocity is slightly
increased near the high mountain compared to the inlet boundary. The effects can be
reduced to 2.3% from 5.9% compared to the height below 2500 m (Hong et al., 2011).
1,292,230 cells were employed to the whole domain. The element quality, orthogonal
quality and skewness of the domain are 0.84, 0.94 and 0.09, respectively. The mesh is
of good quality according to Andersson et al. (2011), i.e., the orthogonal quality should

be above 0.7 and the skewness should below 0.5.

} Coarser mesh

AN

i
§SSSEEEEaEEaass Saiaaai J» Finer mesh

AR F |

Figure 3.9 Surface mesh of Gebeng industrial area (Note: H1, H2 and H3 represent
the hills and S1 and S2 represent the source of leakage).

3.3.3 Turbulence Modelling

3.3.3.1 Standard k-¢

According to Huang et al., the conventional and still most widely—used approach
is time averaging, also described as Reynolds averaging, in which the Navier—Stokes
equations transformed as the Reynolds—Average Navier-Stokes (RANS) set (Gosman

1999). This model is the most widely used engineering turbulence model for industrial
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applications. The k-epsilon (k-€) model for turbulence is the most common to simulate
the mean flow characteristics for turbulent flow conditions. This model computed two
separate transport equations which allow the turbulent velocity and length scales to be
independently determined. The first transported variable is turbulent kinetic energy, k as

shown in Equation 3.1.

(k)+a(k)— g (+“t)ak +G, +G Y, 31
p pru ax] u o) 0%, k b — PE— Iy
The turbulent viscosity, p, is computed by combining k and e as follows:
k? 3.2

ut—pC—

In this equation, C, and g, has a constant value of 0.09 and 1.0. gy is the
turbulent Prandtl numbers for k. In Equation 3.1, G, and G, represents the generation of

turbulence kinetic energy due to the mean velocity gradients and buoyancy respectively.
Both are calculated as follow:

L 3.3
G = —puy I
L

u, aT 3.4
= Bip, Pr, 0x;

where Pr; is the turbulent Prandtl number for energy with a constant value of 0.85 and
gi is the component of the gravitational vector in the i-th direction. The coefficient of

thermal expansion, f, is defined as:

1/0p 3.5
-4
p \oT .

where Y,, represents the dilatation dissipation term that modelled according to a

proposal by Sarkar and Balakrishnan (1990):

Yy = 2peM? 3.6
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where M, is the turbulent Mach number, computed as:

3.7

a is define as the speed of sound.

a = ./YRT 3.8

The second transported variable in this case is the turbulent dissipation, € and

computed in following equation:

0 d 0 Up\ 0€ € + 39
3¢ (Pe) + o= (pewy) = % (ll + U_e)a_} + Crey (Gie + C3eGp) = Coep - '

where g, is the turbulent Prandtl number for e with a constant value of 1.3. C;. and C,,
are also constant with value 1.44 and 1.92 respectively. Cs. is also constant and derived

from:

Csc = tanh |§| 3.10

where v is the component of the flow velocity parallel to the gravitational vector and u
is the component of the flow velocity perpendicular to the gravitational vector.
However, this turbulence model could not produce the unsteady turbulent wake behind
the structures (Beyers and Waechter 2008). Thus, SAS simulation is introduced to

overcome the limitation of SKE model.
3.3.3.2  Scale Adaptive Simulation

Scale Adaptive Simulation (SAS) is an improved URANS formulation, which
allows the resolution of the turbulent spectrum in unstable flow conditions. SAS models
adapt the length scale automatically to the resolved scales of the flow field. Rotta, 1972
has proposed the exact transport equation for the turbulent length-scale. In 2004, Menter
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and Egorov presented a two-equation turbulence model using a k — v, formulation

which can be operated in RANS and SAS mode. The final SAS two-equation model are:

d(pk) 0J(pUik 3 k2 0 ok 3.11
o) 20U 0 &_l
at 0x; ®  0x; |0y 0x;

A(p®) I(pU;®) ( L )2 0 [u, 0@ 3.12
dt M aX] E EPR (1 = 63 m - €3pk * ax] (OF) ax]

The @ coefficient and the turbulent viscosity, u, are respectively given as:

@ = VKL 3.13
L 3.14
pe = ¢, pP

where another new term added are:

L =
vK K U

o [Py, 3.16
| 0x7 ox?

[ 3.17
U=S5-= ZSUSU

o _1(ou oy, 3.18
U_Z ax] axi

U" 3.15

The model constant from Equation 3.11 and 3.12 are {; =0.8, {, =1.47,
7,=0.0288,0, = § Op = § ¢, = 0.09, k = 0.041,

3.3.4 Species Transport Modelling

The dispersion of air pollution was solved by the species transport equation as
shown in Equation 3.19. The air pollutant was assumed to be a polluted gases parcel

mixture that consists of pollutants and air (Hong et al., 2011).
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a - e
a(pyj) + V.(puYj) = -V.J, + S 3.19

where p is the density; t is the time; i is the velocity; Y;is the mass fraction of species j;

]_; is the diffusion flux of species j and S; is the source term of species j by an additional

reaction. The diffusion flux can be computed as Equation 3.20:

i 3.20

)VY D “
a7

where: D, ; is the mass diffusion coefficient for species j; u, is the turbulent viscosity;
Sc, is the turbulent Schmidt number; D;; is the thermal diffusion coefficient for species

J; and T is the temperature.
3.3.5 Simulation Setup

The simulation of dispersion of chlorine gas was performed using ANSYS
Fluent R18.2. The Ansys software was installed on Dell Precision Tower 3620
workstations with Intel Xeon E3-1240 v6 processor (3.70 GHz) and 16.0 GB RAM. The
CPU time for each simulation iteration is about 1.22 s. Initially, the simulation was
performed using a steady-state solver, first-order upwind discretization and SKE
turbulence model. A second-order discretization scheme was then enabled after an
initial stable solution was obtained. SAS turbulence model was then employed and the
bounded central differencing was used for the momentum discretization. The time step
size was set at 0.05 s. The initial conditions used ambient pressure at 101.325 kPa as a
standard atmospheric pressure and the ambient temperature is 293 K. The inlet velocity
was set at 1.78 m/s in the eastern direction. The data was recorded for over 1000 time
steps once a pseudo-steady solution was achieved. The solution convergence was
determined by two criteria. First is to ensure all absolute residuals of solved equations
fall below the specified thresholds set at 1 x 10 for all variables. Second, monitor the
statistical convergence of the velocities in x, y and z direction at the specified spatial
position (x = -4510 m, y = -12000 m, z = 500 m). The simulation is only considered
converged when the monitored statistics is no longer changing with the iterations. The

simulation data was compared with the PIV result. Once the CFD prediction is
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validated, the similar models was employed and the species transport model was
enabled to simulate the dispersion of chlorine gas from two leaks sources (i.e. S1 and

S2) at different wind direction and speed.

In the present study, chlorine gas was used as air pollutant which dispersed into
the atmosphere by the incident of the pipeline leaks connected to a 1000 L horizontal
cylindrical tank which is commercialized in industrial plants. The liquefied chlorine of
capacity 1.30 T is stored at ambient temperature. The chlorine leakage rate was
calculate using ALOHA heavy gas model. The time step size used changed to 5 s to
reduce computational demand since time step size below 1 is not applicable in this case
because it requires too much computational time, more than a month per case (Hong et
al, 2011). Four different concentration of chlorine is marked as a guide to how it can
disperse during the leakage. The concentration of chlorine in the threat zone analysis
was set to 0.014 ppm (tickling effect), 0.35 ppm (burning effect), 1 ppm (mild
irritation), and 30 ppm (life threatening effect).

The diffusion process of chlorine leakage is relatively complex, some basic

assumptions have been applied to the simulation to simplify the analysis:

i. Chlorine leakage rate is constant, e.g. it does not change with chlorine leak
pressure, temperature and humidity without heat exchange between chorine gas and

the environment. The chlorine leak is assumed to be from a storage tank.

ii. The atmospheric condition such as the atmospheric stability is resolved directly by

the scale-adaptive modelling, which provides a LES-like unsteady prediction.

iii.  Chlorine gas in atmosphere is not involving any phase change, chemical reactions

and droplet deposition.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents the findings on the validation of velocity profile and the
prediction of noxious gas dispersion around Gebeng industrial area. At first, a study on
a wind flow past a hill was performed to ensure the suitability of turbulence model used.
The velocity profile was compared with the PIV measurement done in this work, as
presented in section 4.2. Then, the model used was employed to simulate the chlorine
gas dispersion around the Gebeng industrial area. The effect of terrain surface, wind
direction and speed on the chlorine gas dispersion was evaluated, as discussed in section
4.3. Lastly, a suitable safety evacuation plan based on the direction of noxious gas

dispersion was proposed, as presented in section 4.4.
4.2  Validation of Velocity Profile

The study of wind flow past the hill in the Gebeng industrial area was performed
to ensure the turbulent flow is well resolved. Figure 4.1 shows the velocity vector for
the air flow past the hill H2. The wind velocity increases due to Venturi phenomenon on
top of hill area. When the wind blows above the top of hills, the air pressure decreases
and wind velocity increases. The wind velocity on top of hills exhibits higher values
compared to those in lower altitudes. This is due to the fact that the wind becomes
compressed on the windy side of the hill, and once the air reaches the ridge it can
expand again as it soars down into the low pressure area on the lee side of the hill. From
the findings, the wind bending some time before it reaches the hill. This is because of

the high pressure area extends quite some distance out in front of the hill. The velocity
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profile from this model is then validated with PIV measurement to ensure the valid

model for further study.
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Figure 4.1 Vector plot for air flow past Bukit Pengorak hill

The predicted streamwise velocity profile past the hill H2 (i.e. Bukit Pengorak)
using SAS model was compared with the PIV measurement, as shown in Figure 4.2,
The velocity profile was taken from an eastern wind direction along the length, x* (refer
Figure 4.2 a) and height, z* (refer Figure 4.2 b) of the hill. The streamwise velocity is
normalized with the freestream velocity (u* = u/uin) to ensure a fair comparison
between the measurement using a scaled down model and the actual terrain scale by
CFD simulation can be performed. The length and height in the flow direction is also
normalized with the total length and total height of the subject area respectively so that
the result can be matched in a correct perspective of the actual terrain and the scaled-
down model. The result shows that the measured velocity data was excellently predicted
by the CFD simulation using SAS model, with the error ranging 1.5 to 2.6% from the
PIV measured data. A correct flow features around the hill H2 was obtained. The flow
of topographic factors along terrain has identical pattern with terrain feature (Maharani

et al., 2009). Hence, the model chosen can be used to evaluate the combined effect of
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surface terrain, wind direction and speed on the pollution dispersion around Gebeng

industrial area.
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Figure 4.2 Comparison of CFD and PIV data for, A) u* along x*, B) u* along z*

4.3  Prediction of Chlorine Gas Dispersion around Gebeng Industrial Area

The CFD topography model was developed to predict the chlorine gas
dispersion around Gebeng industrial area. This model was validated by the wind flows
past a scaled-down model using PIV measurement in field experiment to be routinely
used as the correct air flow was obtained. A potential chlorine gas leak from a chemical
plant at Gebeng industrial area was modelled for the case of wind from various
directions within a year of 2014 wind data, as shown in Table 4.1. The mean wind speed
is in the range of 1.3 to 2.4 m/s and the higher wind speed is between 7.2 to 9.5 m/s.
The first leak source S1 was set at a position between hill H2 and residential area R1
where many chemical plants are located, e.g., Lynas Advanced Material Plant, BASF
Petronas Chemicals, Polyplastics Asia Pacific and Petronas Chemicals PDH. Another
leak source S2 was set at a position nearby the hill H2 and residential area R2 where the
chemical plant situated at this source is MTBE. This potential of leak sources S1 and S2
marked with yellow colour in a yellow dotted line area. The residential area R1 and R2
marked with red colour in a red dotted line area. The concentration of chlorine gas
plume at 0.014, 0.35, 1 and 30 ppm was labelled with light blue, purple, dark blue and
red iso-surface contour plot, respectively.
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4.3.1 Effect of wind speed

The findings showed that the crosswise dispersion of chlorine plume is larger
when the wind is weaker, for instance in Figure 4.3 (a and b). In contrast, the hazard
plume becomes smaller when the wind is stronger, as shown in Figure 4.3 (c and d).
This is because a higher wind speed is sufficiently strong to push and dilute the heavy
gas like the chlorine and hence the hazard region is reduced. The result also showed that
the chlorine gas dispersed by a stronger wind took a shorter time to reach the residential
area, as shown in Table 4.1. Residential area can be affected within 3.3 to 10.0 min
when the wind speed is above 7.2 m/s. Whereas, the chlorine plume dispersed by
weaker wind below 2.4 m/s took duration of 11.7 to 49.2 min to reach the residential

area.

Figure 4.3 Air pollutant from points S1 and S2 dispersed by eastern wind, 1.3 m/s
(aand b) and 8.4 m/s (c and d) on October.
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Table 4.1

Duration for the chlorine plume to reach residential area in each month
of 2014 at different wind speed and wind direction (Note: (a) is mean wind speed and
(b) is high wind speed)

Month Wind Direction |  Wind Speed Leak from S1 Leak from S2
(°) (mfs) (min) (min)
January 020 242 - 11.7
8.6° - 4.2
February 090 2.1° - -
8.2° - -
March 090 2% - -
8.5° - -
April 100 152 - -
8.2° - -
May 090 152 - -
8.8° - -
June 210 1.82 16.7 24.2
9.5° 4.2 5.8
July 210 1.82 16.7 24.2
8.3° 5.0 6.7
August 200 1.72 17.5 25.8
8.2° 5.0 6.7
September 200 162 20.8 27.5
8.3° 5.0 6.7
October 090 1.32 - -
8.4° - -
November 350 142 49.2 15.8
7.2° 10.0 4.2
December 340 1.82 34.9 13.3
8.0° 9.1 3.3

4.3.2 Effect of wind direction

It can be seen that the residential area either R1 or R2 are not affected by the

noxious gas during February to May and October (refer Figure 4.4). The residential area

R1 and R2 studied in this work are located at north and south of the Gebeng industrial

area, respectively. During these months, the seasonal monsoon is inter-monsoon that

mostly eastern wind (i.e. 90 to 100°), and hence the residential area is escaped from the

noxious gas.
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Figure 4.4 Chlorine plume disperse by mean wind speed from leak source a) S1 and
b) S2 on the month of A) February, B) March, C) April, D) May, E) October.
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Figure 4.4 Continued.

However, the residents around the Gebeng industrial area should be alert with
the chlorine gas plume if the leaks happen during Southwest and Northeast monsoon
season on June to September (refer Figure 4.5) and November to January (refer Figure
4.6) respectively. This is because the monsoon wind is mostly in the direction of
southwest and northwest, and therefore the chlorine gas plume is forced to move to
northern and southeast, respectively. As the result, part of the residential area is affected.
For instance from June to September, the south-westerly wind may lead to the air
pollution on the residential area R1 where the location is included Kampung Gebeng,

50



Tanjung Rhu, Kampung Sungai Ular and Cherating if the leakage happened from both
sources S1 and S2. During November to January, northern wind may affects the
residential area R2 where the Balok Baru Secondary School, Balok Perdana, Kampung
Berahi and Kampung Selamat are situated. In facts lower wind speeds cause a larger
plume formation and hence affecting a larger residential area. Hence, necessary
evacuation procedure is needed in the event of noxious gas leaks from the position S1
and S2 for the affected area R1 and R2. The proposed evacuation route is discussed in

m esidential area R1 aff

the session 4.4.

(B)
4'/7 . . .
{= Wind direction ,»~~ /Residential area Industrial area
Figure 4.5 Chlorine plume disperse by mean wind speed from leak source a) S1 and
b) S2 on the month of A) June, B) July, C) Augutst, D) September.
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Figure 4.6 Chlorine plume disperse by mean wind speed from leak source a) S1 and
b) S2 on the month of A) November, B) December, C) January.
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4.3.3 Effect of surface terrain

Meanwhile, during the months in February, March, May and October (refer
Figure 4.4 A, B, D and E), the chlorine plume is dispersed by an eastern wind. Figure
4.7 showed the vector plot for chlorine plume disperse from the leak sources S1 and S2.
The vectors are slightly being moving toward northwest and southwest, respectively,
when the plume approaching hill H3 driven by the mean wind speed ranging from 1.32
to 2.2 m/s. This is because the hill H3 with a height from 109 to 215 m becomes an
obstacle for the plume to across it, especially for the higher concentration plume at 1
ppm. The plume at level of 1 ppm difficult to lift up and majority of it accumulates at
the windward side of hill. The most dangerous level of 30 ppm plume only moves less
than 1 km from the leaks source. Nevertheless, the chlorine plume with lower
concentration level of 0.014 and 0.35 ppm was found not affected by the hill. The lower

concentration plume is easily pushed by the wind flow due to its lower density.

Therefore, the plume can engulf the hill H3 and then move further.

0.014ppm
H0.35ppm
Nlppm
N 30ppm

Figure 4.7 Vector plot for chlorine plume disperse from leak source A) S1, B) S2
towards hill H3 by eastern wind.

4.4  Safety Evacuation Route

From the findings in previous section 4.3, the risk of exposure to hazard plume
during inter-monsoon season from February to May and October is negligible for the
residential area nearby. Meanwhile, the residential area R1 and R2 are affected when

the chlorine leakage occurs during Southwest and Northeast monsoon season on June to
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September and November to January, respectively. Hence, the suitable safety
evacuation route is proposed in the event of the residential area R1 and R2 are affected,
as shown in Figure 4.8 (A and B) and Figure 4.9 (A and B), respectively. In Malaysia,
the school and public hall are usually used as the safety and emergency evacuation
points when incidents occurred such as natural disasters, industrial accidents, fire and
sometimes from the structural failure. The summary of the potential affected area and
proposed evacuation point in the event accidental chlorine leaks in different seasonal

monsoon on 2014 is showed in Table 4.2.

The findings showed that a weaker wind resulted in a larger hazard zone in
comparison with a stronger wind, although the chlorine plume dispersed by a weaker
wind took longer time to reach the residential area. The following works are more
emphasized on the particular areas that are highly affected instead of the time required
to reach the residential area, hence the effect of the chlorine dispersion at lower wind
speed was discussed. During Southwest monsoon season which is from June to
September, the wind flows from south-southwest wind (200 to 210° in direction) with
the mean wind speed ranging from 1.6 to 1.8 m/s. It was observed that the chlorine
plume released from both source S1 and S2 affecting the residents live within R1 area
extremely as the leak source is located at 1.5 and 6 km southwest of R1, respectively.

However, residential area R2 is not affected.

The safety evacuation route and points in the event of the accidental release of
chlorine during June to September is shown in Figure 4.8 (A and B), whereby the
residents in R1 area should move towards the south or southwest of the residential area
R1 for safety purpose. The suitable evacuation locations such as the school in
evacuation point E1 are located around 12.6 to 24.6 km from the affected area. The
residents will be forced to evacuate within less than one hour since at the 0.014 ppm
chlorine leakage, they may feel tickling of the nose. They might be at risk to feel the
effect since the gas can reach the residential area within 16 min from the leak source if

the wind flows in the mean wind speed.
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Figure 4.8 Proposed safety evacuation route if residential area R1 is affected from
source A) S1 and B) S2.

During Northeast monsoon season from November to January, the wind flows
from the northern wind (340 to 20° in direction) with mean wind speed ranging from
1.4 to 2.4 m/s. The findings show the plume released from sources S1 and S2 move
slightly towards a southeast direction and hence affecting a major part of residential
area R2 during November and December. In January, there is no residential area
affected in the event of chlorine plume release from source S1. Meanwhile, minor part
of R2 residential area is affected when the chlorine plume is released from S2. A safety
evacuation route is needed in the event of chlorine leaks from either source S1 or S2
during the month of November to January.

The proposed safety evacuation points are towards the southwest, west and north
of the affected area as shown in Figure 4.9 (A and B). The evacuation points are located
approximately more than 5 km in radius respectively from the affected area. Since the
mean wind speed during January is higher than November and December, it took only
11.7 minutes for chlorine plume to reach residential area R2 which is located southern
direction from leak source S2. So, the residents live in residential area R2 might feel the
tickling of nose as the chlorine leakage at 0.014 ppm if they failed to evacuate their
residents. The authorities must take charge to ensure all the residents within the affected
area to move towards the evacuation point proposed as the chlorine leakage is

continuing.
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Figure 4.9 Proposed safety evacuation route if residential area R2 is affected from
leak sources A) S1 and B) S2.

Table 4.2 below summarized the potential affected area and proposed evacuation
point in the event accidental chlorine leaks in different seasonal monsoon on 2014. In
the event of residential area R1 affected during June to September, the safer place chose
as an evacuation point E1 located on south-southwest of the both leak sources since the
location of residential area R1 affected is on north-northeast area of leak sources S1 and
S2. During November to January, the safer place as evacuation points E2 and E3
located on southwest, west and north respectively from the leak sources S1 and S2.
Mostly the evacuation points represent the schools and public hall located in the free

pollutant region.
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Table 4.2

Potential affected area and proposed evacuation point in the event accidental chlorine leaks in different seasonal monsoon in

2014
Month Wind Mean wind  Chlorine Affected area Evacuation point
direction (°)  speed (m/s) leak
source
June-September 200-210 1.6-1.8 S1 R1 residential area, i.e. E1: Schools (Sekolah Kebangsaan Balok Baru,
Kampung Sungai Ular, Sekolah Kebangsaan Balok Makmur, Sekolah
Kampung Darat Sungai Ular, Kebangsaan Pelabuhan)
Kampung Baging
S2 R1 residential area, i.e.
Kampung Baru Gebeng,
Tanjung Rhu, Kampung Sungai
Ular, Kampung Darat Sungai
Ular, Kampung Baging
November- 340-20 1.4-2.4 S1 R2 residential area, i.e. E2: Schools (Sekolah Kebangsaan Sungai Ular,
January Kampung Balok, Kampung Sekolah Menengah Kebangsaan Sungai Baging,
Balok Perdana, Kampung Sekolah Kebangsaan Cherating, Sekolah
Seberang Balok, Kampung Kebangsaan Lembah Jabor) and public hall
Berahi, Kampung Selamat, Dewan Orang Ramai Balok
Kampung Balok Baru
S2 R2 residential area, i.e. E3: Schools (Sekolah Kebangsaan Sungai Ular,

Kampung Berahi, Kampung
Selamat, Balok Perdana,
Kampung Seberang Balok

Sekolah Kebangsaan Lembah Jabor, Sekolah
Kebangsaan Balok Makmur)
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5.1

CHAPTER 5

CONCLUSION AND RECOMMENDATION

Conclusion

The CFD prediction with SAS model on the air flow over hill terrain was

successfully performed. An experimental measurement of wind flows past the scaled-

down terrain model was carried out using PIV and compared with the CFD simulation.

The effect of terrain surface and wind condition (i.e. wind speed and directions) to the

chlorine gas dispersion was successfully studied. The safety evacuation route in the

event of the accidental release of chlorine was well identified. The major findings of

this work are outlined as follows:

The velocity data was excellently predicted by using SAS model with the error
ranging 1.5 to 2.6% from the PI\VV measured data. A correct flow features around
the hill H2 (Bukit Pengorak) was successfully obtained. In addition, the effect of
hill terrain was successfully captured by the SAS model, as shown in the vector
plot map. Hence, the validated topographical model can be used to evaluate the
combined effect of surface terrain, wind direction and speed on the pollutant
dispersion around Gebeng industrial area.

The terrain surface and wind condition (i.e., wind speed and direction) gave
significant effect to the chlorine dispersion around Gebeng industrial area. The
lower concentration level of the chlorine plume (i.e., 0.014 and 0.35 ppm) was not
affected by the hill because it can easily push by the wind flow due to its lower
density. Whereas, the chlorine plume concentration level at 1 ppm was
accumulated at the windward side of hill and the plume (30 ppm) only moves less

than 1 km from the leak sources. The chlorine plume is larger when the wind is
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weaker meanwhile in the stronger wind, the chlorine plume is getting smaller. The
plume took shorter time to reach the residential area when it dispersed by the
stronger wind. In the effect of wind directions, residential area R1 (i.e., Kampung
Baru Gebeng, Tanjung Rhu, Kampung Sungai Ular, Kampung Darat Sungai Ular
and Kampung Baging) was affected during June to September where the wind is
in southwest directions meanwhile the residential area R2 (i.e., Kampung Selamat,
Kampung Berahi, Kampung Balok, Kampung Seberang Balok Kampung Balok
Baru and Kampung Balok Perdana) was affected by the northern wind during

November to January.

iii.  The safety evacuation route in the event of accidental chlorine leak was proposed
based on the prediction results. In the event of leakage happened during south-
westerly wind where R1 was mostly affected, Sekolah Kebangsaan Balok Baru,
Sekolah Kebangsaan Balok Makmur, Sekolah Kebangsaan Pelabuhan was
proposed as an evacuation point. During November to January, Sekolah
Kebangsaan Sungai Ular, Sekolah Menengah Kebangsaan Sungai Baging,
Sekolah Kebangsaan Cherating, Sekolah Kebangsaan Lembah Jabor and also
Sekolah Kebangsaan Balok Makmur was proposed as an evacuation point for the
residents in area R2.

5.2 Recommendation

This work used the terrain that created by using Sandbox from contours tools.
The terrain generated on TIN structure can be study by using different tools (i.e.,
smoove, stamp, add detail, flip edge) to sculpt or do some minor adjustments on terrain
to be the most accurate model to the actual terrain. The study on this different model

will focus more on the best tools for designing the terrain.

The present work emphasized on the effect of terrain surface and wind condition
on the chlorine gas dispersion. Other factors such as the atmospheric stability,
temperature, humidity and ground roughness should be studied for better understanding

on flow field measurement.

The wind flow moving over a complex terrain is subjected to a highly turbulent
flows consisting of trapped lee waves, vertically propagating wave and rotors. All these

waves may affect the chlorine gas dispersion mechanism. Rotor is a low level vortex
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generated in the lee side of hill. It can lead to a potential aeronautical risk due to the
strong lower tropospheric (up to 10 km from the earth surface) turbulence and shear.
Hence, it is important to study the detail mechanism of chlorine gas dispersion under
influence of terrain surface induced turbulence.
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APPENDIX A
PIV MEASUREMENT SETUP

Figure A.1 shows the real figure for the PIV measurement setup and Figure A.2

shows the Fog generator in the field experiment.
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Figure A.2 Fog generator
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