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CFD SIMULATION IN HOSPITAL OPERATION THEATRE ENVIRONMENT 

 
  

  By  
 
 

MUNEERAH ABS FARAJ 
 
 

April 2019 
 
 
Chairperson : Kamarul Arifin Ahmad, PhD 
Faculty  : Engineering 
 
 
In health-care facilities, pharmaceuticals, medical device production, 
laboratories, semiconductor production and the aerospace clean-room 
technology is widely implemented. The utility of the clean room allows for a range 
of benefits. The application is capable of reducing infection rates in health-care 
facilities. Hospital Operation Theatre (OT) are clean rooms which are equipped 
with sophisticated Heat Ventilation and Air Conditioning (HVAC) systems. HVAC 
system is functioned to provide Laminar Air Flow (LAF) for optimum cooling 
inside the OT, provide adequate number of Air Changes per Hour (ACH) and 
remove the air borne contamination from the surgical site. The main aim of the 
current work is to effectively test a HVAC system, which can provide adequate 
cooling with LAF and remove the contamination at the surgical site successfully. 
To archive the main aim, the CFD study need to validate with previous 
experimental work. Then parametric study need to be conduct to determine the 
optimal inlet and outlet configuration inside the OT. Next, the effect of heat load 
on the optimum airflow configuration need to be investigate using CFD software. 
Finally, the contamination particles need to be injected inside the optimum 
airflow configuration and track their movement. The parametric studies have 
considered various inlet and outlets along with the variation of their positions, 
thus effectively considering all the scenarios of Horizontal and Vertical LAF. 
From the result it can be concluded that vertical flow has superior efficiency 
compare to horizontal flow. Furthermore, the vertical flow has significant impact 
on the heat distribution inside the OT. Meanwhile, the horizontal flow has 
minimal impact on the heat distribution. Finally, the GENTRA accurately 
modeled the skin particles size density at various locations. The removal of the 
contaminants effectively from the OT shows the selected LAF for the OT works 
effectively in cooling the OT as well removes contamination. Increasing the 
contaminant particle size and density by two and three times also didn’t affect 
the contamination removal, thus the inlet velocity and positive pressure in the 
OT was enough to carry the contaminants through the outlet vents. 
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Di kemudahan penjagaan kesihatan, farmaseutikal, pengeluaran peralatan 
perubatan, makmal, dan pengeluaran semikonduktor, teknologi bilik udara 
aeroangkasa telah digunakan secara meluas. Utiliti bilik bersih memberikan 
pelbagai faedah. Pengunaannya mampu mengurangkan kadar jangkitan di 
kemudahan penjagaan kesihatan. Dewan Bedah Hospital (OT) adalah bilik yang 
bersih yang dilengkapi dengan sistem Pengudaraan Haba dan Sistem 
Pendingin Udara (HVAC) yang canggih. Sistem HVAC berfungsi untuk 
menyediakan Aliran Udara Laminar (LAF) untuk penyejukan optimum di dalam 
OT, menyediakan jumlah Kitaran Udara per Jam (ACH) yang mencukupi dan 
mengeluarkan pencemaran udara dari tapak pembedahan. Matlamat utama 
penyelidikan adalah untuk menguji sistem HVAC, yang dapat memberikan 
penyejukan yang mencukupi dengan LAF dan membuang pencemaran di 
dewan pembedahan dengan jayanya. Untuk mengesahkan matlamat utama, 
kajian CFD perlu disahkan dengan penyelidikan sebelum ini. Kemudian kajian 
parametrik perlu dilakukan untuk menentukan konfigurasi masuk dan keluar 
yang optimum di dalam OT. Seterusnya, kesan beban haba pada konfigurasi 
aliran udara yang optimum perlu disiasat menggunakan perisian CFD. Akhir 
sekali, zarah-zarah pencemaran perlu dimasukan di dalam konfigurasi aliran 
udara yang optimum dan pergerakannya di analisa. Kajian parametrik telah 
mempertimbangkan pelbagai saluran masuk dan keluar bersama dengan variasi 
kedudukan mereka, dengan itu ia berkesan mempertimbangkan semua senario 
LAF iaitu mendatar dan menegak. Hasilnya dapat disimpulkan bahawa aliran 
menegak mempunyai lebih kecekapan berbanding dengan aliran mendatar. 
Selain itu, aliran menegak mempunyai kesan yang ketara ke atas pengedaran 
haba di dalam OT. Aliran melintang pula dilihat mempunyai kesan minimum 
terhadap pengagihan haba. Akhirnya, GENTRA dengan tepat memodelkan 
kepadatan saiz zarah kulit di pelbagai lokasi. Penyingkiran bahan cemar secara 
berkesan dari OT menunjukkan LAF yang dipilih untuk OT berfungsi dengan 
berkesan dalam penyejukan OT serta membuang pencemaran. Meningkatkan 
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saiz zarah dan ketumpatan zarah oleh dua dan tiga kali juga tidak menjejaskan 
penyingkiran pencemaran, oleh itu halaju masuk dan tekanan positif di dalam 
OT cukup untuk membawa bahan cemar melalui saluran keluar. 



© C
OPYRIG

HT U
PM

iv 

ACKOWLEDGEMENT 

In the beginning, i would like to thank my supervisor Assoc. Prof. Ir. Dr. Kamarul 
Arifin Ahmad, to guide me throughout the research work starting from selecting 
the title to the results. His massive knowledge, motivation and patience have 
given me more power and spirit to outrival in the research writing. I am also 
pleased to say thank you to Assoc. Prof. Ir. Dr. Kamarul Arifin Ahmad, Prof.Ir. 
Dr. Mohd Khairol and Prof. Ir. Dr. Faizal Mustapha, who made my entree simpler 
to the research facilities and laboratory and gave an opportunity to become part 
of their team. It wouldn’t have been possible to conduct this research without 
their valuable support. They all really mean a lot to me. 

In the end, i am grateful to my family, parents, siblings, friends, who always 
remembered me in their prayers for the achievement and success. I consider 
myself nothing without them. They gave me enough motivation, encouragement, 
moral support, and to accomplish my goals. 



© C
OPYRIG

HT U
PM

vii 

Declaration by graduate student 

I hereby confirm that: 
 This thesis is my original work;
 Quotations, illustrations and citations have been duly referenced;
 This thesis has not been submitted previously or concurrently for any other

degree at any other institution
 intellectual property from the thesis and copyright of thesis are fully-owned

by Universiti Putra Malaysia, as according to the Universiti Putra Malaysia
(Research) Rules 2012;

 Written permission must be obtained from supervisor and the office of
Deputy Vice Chancellor (Research and Innovation) before thesis is
published (in the form of written, printed or in electronic form) including
books, journals, modules, proceedings, popular writings, seminar papers,
manuscripts, posters, reports, lecture notes, learning modules or any other
material as stated in the Universiti Putra Malaysia (Research) Rules 2012;

 There is no plagiarism or data falsification/fabrication in the thesis, and
scholarly integrity is upheld as according to the Universiti Putra Malaysia
(Graduate Studies) Rules 2003 (Revision 2012-2013) and the Universiti
Putra Malaysia (Research) Rules 2012. The thesis has undergone
plagiarism detection software.

Signature: ____________________________  Date: _________________ 

Name and Matric No.:   Muneerah A B S Faraj (GS45086) 



© C
OPYRIG

HT U
PM

 

viii 
 

Declaration by Members of Supervisory committee 
 
 
This is to confirm that: 
 the research conducted and the writing of this thesis was under our 

supervision; 
 supervision responsibilities as stated in the Universiti Putra Malaysia 

(Graduate Studies) Rules 2003 (Revision 2012-2013) were adhered to. 
 
 

Signature: ________________ 
Name of  
Chairman of 
Supervisory 
Committee: 

Assoc. Prof. Ir. Dr. 
Kamarul Arifin Ahmad 

  

Signature: ________________ 
Name of  
Member of 
Supervisory 
Committee: 

Prof. Ir. Dr.  Mohd Khairol 
Anuar Bin Mohd Ariffin 

  

 
Signature: ________________ 
Name of  
Member of 
Supervisory 
Committee: 

Prof. Ir. Dr. Faizal 
Mustapha 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



© C
OPYRIG

HT U
PM

x 

TABLE OF CONTENTS 

Page 

ABSTRACT  i 
ABSTRAK  ii 
ACKOWLEDGEMENT   iv 
APPROVAL   v 

DECLARATION        vii 
LIST OF FIGURES       xiii 
LIST OF ABBREVIATIONS xv 

CHAPTER 

1        INTRODUCTION 

1.1   Problem Statement and Hypothesis 3 
1.2   Aims and Objectives 4 
1.3   Scope of work 4 
1.4   Thesis Organization 5 

2       LITERATURE REVIEW 

2.1   Introduction 6 
2.2   Overview 6 
2.3   Room Layout 8 
2.4   CFD Simulation 11 
2.5   Issues and Recommendations 23 
2.6   Summary 23 

3       METHODOLOGY 

3.1   Overview 25 
3.2   Flowchart of Thesis 25 
3.3   Numerical Methodology 27 

3.3.1      Reynolds Average Navier Stokes (RANS) 28 
3.4   Validation Study 29 

3.4.1      Domain Details 29 
3.4.2      Grid Independence Study 30 

3.5   Parametric study 32 
3.5.1      Geometrical Design using Solid Works 32 
3.5.2      Boundary Conditions 34 
3.5.3      Grid Generation and Convergence Criterion 35 
3.5.4      Case setup for Parametric Study 35 
3.5.5      Horizontal Inlet 36 
3.5.6      Vertical Inlet 38 



© C
OPYRIG

HT U
PM

xi 

3.6   Case setup for Particle Tracking 40 
3.7   Contamination Modelling 40 

3.7.1      Heat Source 41 
3.7.2      Numerical Setup 42 

4        RESULTS AND DISCUSSION 

4.1   Parametric Study 44 
4.1.1      Overview 44 
4.1.2      Validation Study 44 
4.1.3      Horizontal airflow 45 

Case 1: Velocity and Temperature Distribution 45 
Case 2: Velocity and Temperature Distribution 49 
Case 3: Velocity and Temperature Distribution 53 

4.1.4      Vertical airflow 57 
Case 4: Velocity and Temperature Distribution 57 
Case 5: Velocity and Temperature Distribution 59 
Case 6: Velocity and Temperature Distribution 62 

4.2   Contaminant Flow Analysis 65 
4.2.1      Overview 65 
4.2.2      Velocity Distribution 66 
4.2.3      Temperature Distribution 67 
4.2.4      Contaminant Removal 68 
4.2.5      Effect of Change in Contaminant Particle Density  69 

4.3   Summary 70 

5        CONCLUSION AND RECOMMENDATION 

5.1   Overview 72 
5.2   Conclusions 72 
5.3   Recommendation for future work 73 

REFERENCES 74 

BIODATA OF STUDENT       84 

LIST OF PUBLICATIONS 85 



© C
OPYRIG

HT U
PM

xii 

LIST OF TABLES 

Table Page 

2.1 Summarises few of the CFD studies conducted in relation 
to OR 

21 

3.1 Total Heat inside the OT 33 
3.2 Total Heat output 40 



© C
OPYRIG

HT U
PM

xiii 

LIST OF FIGURES 

Figure Page 
1.1 
1.2 
1.3 
2.1 

2.2 

2.3 
2.4 
2.5 
2.6 
2.7 
2.8 

2.9 
2.10 
2.11 
2.12 

2.13 

2.14 

2.15 
2.16 

2.17 
3.1 
3.2 
3.3 
3.1 
3.5 
3.6 
3.7 
3.8 
3.9 
3.10 
3.11 
3.12 

Parameters to maintain IAQ of OR [9] 
Typical OR ventilation system layout [1] 
UCV Operation Theatre [1] 
(a) side view of the OR (b) Top view case 1 (c) Top view Case 
2 
Case 1 temperature distribution (a), (c) and case 2 temperature 
distribution (b), (d) 
Cross flow ventilation 
Impinging flow ventilation 
Isolation room Ventilation system [53] 
Schematic of the OR [58] 
Architectural and HVAC requirements Kameel and Khalil [61]  
Design (a) single diffuser and Design (b) Four separate plenum 
diffuser Huzayyin and Khalil [46] 
Parametric design layout of OR Kameel et al., [66] 
Flow variables in OR Khalil [68] 
Completely perforated ceiling design Khalil [72] 
Literative cross comparison methodology between the 
experiment and simulation Balocco et al., [81] 
Location of PIV images taken along with veclocity vectors above 
the patient 
Case 1 Staff configuration (left) and Case 2 Staff configuration 
(right) 
Hex meshing of OR with staff Sadrizadeh and Holmberg [89]  
Velocity vectors and contours of upright and bending posture of 
staff 
Various Shapes of surgical lights investigated [95] 
Flow chart of the current study 
Flow chart of the parametric study 
Flow chart of the numerical methodology 
(a) Hospital OT setup Romano et al., [105]. (b) Current setup  
Low Density Grid 
Medium Density Grid 
High Density Grid 
Result from different mesh 
Basic hospital room OT 
Three-dimensional view of the hospital room OT 
Various heat sources in the OT 
OT with two inlets and two outlets 

1 
2 
3 

7 

8 
9 
9 
10 
11 
12 

13 
13 
14 
15 

16 

17 

18 
19 

19 
20 
24 
25 
25 
28 
28 
29 
29 
30 
31 
32 
33 
34 



© C
OPYRIG

HT U
PM

xiv 

3.13 
3.14 
3.15 
3.16 
3.17 
4.1 
4.2 
4.3 
4.4 
4.5 
4.6 
4.7 
4.8 
4.9 
4.10 
4.11 
4.12 
4.13 
4.14 
4.15 
4.16 
4.17 
4.18 

OT with two inlets and four outlets 
OT with four inlets and four outlets 
OT with central vertical inlet and eight outlets 
OT with entire ceiling inlet and eight outlets 
OT with entire ceiling as inlet and floor as outlet 
Result comparison with experimental and numerical 
(a) front (b) side and (c) top view of velocity distribution 
(a) front (b) side and (c) top view of temperature distribution 
(a) front (b) side and (c) top view of velocity distribution 
(a) front (b) side and (c) top view of temperature distribution 
(a) front (b) side and (c) top view of velocity distribution 
(a) front (b) side and (c) top view of temperature distribution 
(a) front (b) side and (c) top view of velocity distribution 
(a) front (b) side and (c) top view of temperature distribution 
(a) front (b) side and (c) top view of velocity distribution 
(a) front (b) side and (c) top view of temperature distribution 
(a) front (b) side and (c) top view of velocity distribution 
(a) front (b) side and (c) top view of temperature distribution 
OT setup 
(a) side view and (b) top view of Velocity distribution 
Temperature distribution 
Particle movement 
Gentra Input file with particle size 2x and 3x 

35 
35 
36 
37 
37 
42 
44 
46 
48 
50 
52 
53 
55 
56 
58 
59 
61 
62 
63 
64 
65 
66 
66 



© C
OPYRIG

HT U
PM

xv 

LIST OF ABBREVIATIONS 

ACH Air changes per hour 
ANN Artificial Neural Network 
ASHRAE American Society of Heating Refrigerating and Air-

conditioning Engineers 
BL Boundary Layer 
CFD Computational Fluid Dynamics 
DES Direct Eddy Simulation 
DNS Direct Numerical Simulation 
HEPA High-Efficiency Particulate Air 
HPC High Performance Computing 
HTM Health Technical Memorandum 
IAQ Indoor Air Quality 
LAF Laminar Air Flow 
LES Large Eddy Simulation 
ORs Operating rooms 
OT Operation Theatre 
PIV Particle Image Velocimetry 
RANS Reynolds Averaged Navier Stokes 
RNG Re-Normalisation Group  
SIMPLE Semi-Implicit Method for Pressure-Linked Equations 
SLE Straight Leading Edge 
SMA Shape Memory Alloys 
SPIV Stereo Particle Image Velocimetry 
SSI Surgical Site Infection 
SST Shear Stress Transport 
UCV Ultra Clean Ventilation 
UVGI Ultraviolet Germicidal Irradiation 



© C
OPYRIG

HT U
PM

xvi 

LIST OF SYMBOLS 

units 
2D Two Dimensional 
3D Three Dimensional 
G Generation Term N/m3 
K Turbulent Kinetic Energy m2/s2 
KL Laminar Kinetic Energy 
Re Reynolds Number 
Reθ Transition Reynolds Number 
S Source Term N/m3 
δ Boundary layer thickness m 
ε Turbulence Dissipation Rate m2/s3 
ω Specific Dissipation Rate 1/s 



© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

1 

CHAPTER 1 

INTRODUCTION 

Hospital consists of various departments such as OR, obstetrics, isolation, 
pathology, radiology, sterile service department etc., [1]. Each of these 
departments need specialised HVAC design to meet their specific requirements.  
HVAC in an OR is for the sole purpose of maintaining the Indoor Air Quality (IAQ) 
by minimizing  infection and comfort of patient and staff [2, 3]. The design and 
maintenance of a clean operating room depends on the following factors, 
establishing the location of air intake, type of humidifier used, air cleaning, 
temperature and humidity inside the OR [4-7]. As per the recommended US 
department of health guidelines, the OR should have positive pressure and 
greater than 15 Air changes per hour ACH Sehulster et al., [8]. Lower and higher 
humidity levels affect the human comfort. Khalil [9] discussed the importance of 
effective HVAC design Figure 1, to obtain the required conditions inside OR to 
maintain the humidity for better IAQ. Khalil [10, 11]. 

Figure 1.1: Parameters to maintain IAQ of OR [9] 

The OR is equipped with large inlet and outlet vents for effective air changes. 
Air changes per hour (ACH) are carried out to reduce the effect of contaminants. 
A detailed guideline in designing of HVAC facility is provided in the, ASHRAE 
HVAC design manual for hospitals and clinics, [2] and ANSI/ASHRAE/ASHE 
Standard 170-2008 [12]. Figure 2 shows the ventilation system design of a 
typical OR.  Lavy et al., [13] furthermore discussed the importance of designing 
energy efficient HVAC design. The energy requirement of hospitals in general is 
huge and in particular the OT, requirement is maximum compared to other areas  
[14-16]. The effect secondary infection due to transport of contaminants in the 
ventilation is system is discussed by [17- 29]. The effect of clothing on the 
thermal conditions of the surgical teams is reported in [30-34]. A brief review on 
the IAQ of OR’s is discussed in [35- 41].  
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Figure 1.2: Typical OR ventilation system layout [1] 
 
 
Two ventilation designs are considered 1. Cross flow 2. Impinging or vertical 
flow. The aim is to have Laminar Air Flow (LAF) to prevent the mixing of 
contaminants. The cross-flow system is one where in the diffuser is located on 
one wall and the exhaust vents are located on the other. In case of impinging or 
vertical flow, the diffuser is located on top of the operating table. Both the designs 
provide Ultra Clean Ventilation (UCV) as shown in Figure 3 and are equipped 
with High-Efficiency Particulate Air (HEPA) filters Dharan and Pittet [5]. In 
Plenum ventilation, the clean air is forced in columns from various overhead 
locations. Air quality has to be maintained in the OR’s to reduce the infection to 
the patient and OR staff [42]. It has been a concern that blood borne pathogens 
from infected patients may affect the health of OR staff. The primary sources of 
bacteria are skin scales, facial hair, ears and clothing from the patient as well as 
the staff Owers et al., [9] and Drake [10]. Kamar and Kamsah [43] conducted 
experimental studies to measure the contamination inside the OR.  Woloszyn et 
al., [44, 45] also conducted experimental and numerical tests to find the 
contamination distribution due to medical equipment and staff movement. 
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Figure 1.3: UCV Operation Theatre [1] 
 
 
Study by Balaras et al., [31] considering 20 OR’s in 10 hospitals in Greece with 
focus on the temperature, humidity and ventilation inside the OR, showed that 
the majority of the audited hospitals did not meet the health standard 
requirements. This shows the importance of HVAC auditing of hospitals is the 
need of the hour. An efficient design to control the airflow movement, in an 
operating room can be achieved through CFD. CFD studies in HVAC design are 
helping in energy efficient design by providing better solution for wall insulation, 
avoid leak in piping and duct system Huzayyin and Khalil [46] and Colquhoun 
and Partridge[47]. The four interrelated parameters which need to be considered 
for HVAC design in an OR are airflow, thermal comfort, contamination/aerosol 
control and heat dissipation. A review article by Chow and Yang [41] on the 
design of HVAC system for OR discusses the importance of LAF. Melhado et 
al., [35] conducted an in-depth review considering the effect of two different 
ventilation systems. 1. Conventional 2. LAF (cross flow and vertical), they also 
report of a combined system, where in LAF is combined with linear system to 
create two zones in an OR. They concluded that LAF ventilation was most 
effective in preventing the contamination. The above reviews are clearly showed 
that CFD application is currently needed in OR/OT research. The current review 
gives an in-depth insight into the studies implementing CFD in designing of OR 
 
 
1.1 Problem Statement and Hypothesis 
 
Surgical Site Infection (SSI) is mostly caused by the contamination inside the 
OT during an operation. It is associated with increased postoperative length of 
stay, increase costs, hospital re-admission rates and the use of antimicrobial 
agents. There are many aspects that could influence this type of infections: 
factors related to the patient, factor related to the surgical site and others related 
to the ventilation system of the OT environment. The main source of 
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contamination is the staff and patient, and the contaminant can be skin, hair or 
blood. The contamination on surgical site is an unavoidable reason for the 
occurrence of SSIs. Hence, the design an effective HVAC system is crucial to 
remove the contaminants from the OT environment. 
 
 
Based on the previous work, CFD can simulate the movement of the 
contaminants inside the OT. This simulation can provide information about 
effectiveness of contaminants removal. Another important issue is thermal load 
inside the OT. This affects the movement of air as well as the IAQ. Other than 
that, the setup of the numerical method to simulate the contamination is also 
important. Most of the publications considered k-ε turbulence models, new low-
transition Reynolds number turbulence models, such as Transition-SST and K-
KL-ω may be more accurate Aftab et al., [104]. Beside the turbulence models, 
the setup of the contaminants inside the coding should be done accurately. The 
properties of the contaminants can be inserted into the codes.  
 
 
In the current work, the author will focus on twofold. Firstly, the author will 
simulate and optimize the arrangement of the inlet and outlet of the air 
conditioning system. The purpose of this simulation is to check the effectiveness 
of the arrangement in removing the contaminants. Secondly, the author will 
optimize the best CFD setup for the proposed work.  
 
 
1.2 Aims and Objectives 
 
Hospital OT’s are highly clean and exceptionally well-maintained rooms. The 
main issue in an OT is the Surgical Site Infection (SSI), which is the leading 
complication of implant or orthopaedic surgeries. The main aim of the current 
work is to effectively test a HVAC system, which can provide adequate cooling 
with LAF and remove the contamination at the surgical site successfully. 
 
 
To achieve the above aim, four objectives must be achieved as described below 

 To validate the CFD study with previous experimental work. 
 To conduct a parametric study to determine the optimal inlet and outlet 

configuration inside an OT.   
 To investigate the effect of heat load on the optimum airflow 

configuration using   CFD.  
 To inject contamination particles and track their movement inside the 

optimum airflow configuration.  
 

 
1.3 Scope of work 

 

The current work considers several important limitations. The first limitation is 
the design of the OT will be based on Kuwait requirement. Therefore, the size, 
number of people inside the OT, number of inlet and outlet will be following their 
standard. For example, the number of people inside the OT will be fixed to three 
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people only where two are the hospital staff and one of them is the patient. 
Another example is the number of inlet and outlet will also be fixed with 
maximum of four inlet and eight outlets.  
 
 
The second limitation is the general setup of the CFD simulation. The first setup 
is the flow will be treated as turbulence flow with maximum speed of 3 m/s. The 
second setup is the size of the contaminants is fixed at 1x10-5 m. The heat will 
come from two sources namely the lamp and the human body. The heat from 
the lamp is fixed at 300 W and the heat from human body is fixed at 100 W.  
 
 
1.4 Thesis Organization 

 

Chapter 1 introduces to the background of HVAC in hospital OT’s. The thermal 
comfort, Indoor Air Quality (IAQ), and other aspects related to OT. It also 
highlights the motivation for the study, outlining the scope and objectives of the 
research. 
 
 
Chapter 2 summarises the literature available on CFD studies related to hospital 
OT. A detailed in-depth review has been carried out in this chapter. The chapter 
deals with various studies incorporating CFD to study the different parameters 
inside the OT environment. 
 
 
Chapter 3 deals with the numerical methodology used for conducting the 
validation study. It also includes the numerical methodology followed to carry out 
the parametric study.  
 
 
Chapter 4 reports the numerical results. The validation and verification of the 
numerical results is reported. The results of the parametric study are also 
discussed.  
Chapter 5 discusses the particle tracking mechanism implemented in the study. 
The results show the motion of various particles and their elimination from the 
OT. 
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