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ABSTRACT

Traffic congestion remains a persistent challenge in urban areas, with roundabouts playing
a pivotal role in enhancing road safety, improving traffic flow, and minimizing congestion.
Understanding traffic dynamics before and after roundabout implementation is critical for
optimizing urban infrastructure. Traditional traffic models lack the precision to account for
the complex interactions and flow disruptions associated with roundabouts. These limita-
tions hinder accurate predictions of traffic patterns, requiring more advanced mathematical
approaches to model flow dynamics effectively. This study aims to model traffic flow around
roundabouts using Navier-Stokes and advection-diffusion equations. Specific objectives in-
clude formulating mathematical models, analyzing the influence of roundabout geometry on
traffic flow, evaluating disruption and diffusion effects, and identifying critical factors impact-
ing flow stability. The study employed fluid mechanics principles, utilizing the Navier-Stokes
and advection-diffusion equations to model traffic as a fluid-like system. Numerical simula-
tions were conducted using the Finite Volume Method and Crank-Nicolson scheme, with
Matlab R2023b facilitating sensitivity analyses to evaluate various scenarios. Findings indi-
cate that roundabouts significantly improve traffic flow efficiency by reducing congestion and
enhancing speed regulation. The geometric design of roundabouts and their capacity to han-
dle disruptions were identified as key factors influencing performance. Sensitivity analysis
revealed optimal configurations for minimizing delays and maximizing output. The integra-
tion of roundabouts enhances urban traffic dynamics by mitigating congestion and optimiz-
ing vehicle movement. Mathematical models provide a robust framework for analyzing these
effects, ensuring informed urban planning. Policymakers should incorporate advanced math-
ematical modeling in roundabout designs, emphasizing scenario-specific analyses to address
diverse traffic conditions. Future research should integrate behavioral and environmental fac-
tors to refine predictive capabilities and practical applications.
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

Traffic flow on a road can be visualized as the flow of a fluid, like water in a river. The Navier-
Stokes equations are a set of mathematical rules initially developed to describe the motion of
fluids, like air or water (Cao and Cao, 2021; Ershkov et al., 2021; Sreenivasan and Yakhot,
2021). They can also be applied to describe the motion of vehicles on the road, treating traffic
as if it were a kind of traffic fluid. Advection-diffusion equations used to model the transport
and dispersion of substances within a fluid (Gautam et al., 2022; Sun et al., 2022).

Traffic acceleration refers to the changes in speed and direction of vehicles in traffic mod-
eled using fluid dynamics principles (Kessels et al., 2019). The Navier-Stokes equations,
which describe the motion of fluids, can be used to understand how and why vehicles ac-
celerate or decelerate in traffic. Traffic flow can be treated as a two-dimensional fluid flow,
and the interactions between cars are modeled as traffic pressure similar to pressure in fluids
(Shao, 2023). The advection-diffusion equation relates the concentration of vehicles as the
variable and the diffusivity as the diffusion coefficient (Dwivedi et al., 2020). The velocity
field that the quantity is moving with is a function of time and space. The traffic pressure
arises from the interactions between vehicles when they get close together, and it affects their
movement. The traffic pressure can be calculated using mathematical models that take into
account factors such as vehicle density, speed, and the coefficient of viscous resistance (Sun
et al., 2020). The use of fluid dynamics principles to model traffic flow has led to the devel-

opment of mathematical models that can predict traffic patterns and optimize traffic control



strategies (Kachroo et al., 2018; Kang et al., 2022; Xiao and Duan, 2020). In this work, ad-
vection refers to the transport of vehicle density by the velocity field, while diffusion accounts

for spreading due to random interactions or disturbances.

1.2 Basic Concepts

Suppose the traffic density (p), traffic velocity (v = (u,v)), and diffusion coefficient (D)
as functions of both space (z,y) and time (¢), then the basic Navier-Stokes and advection-

diffusion equation for traffic flow in 2D is represented by (1.1) and (1.2), respectively.

B+ V-(ov) =0

, (1.1)
N y(v-V)v = —l—l)Vp +vViv
where V is the del operator. The Advection-Diffusion Equation in 2D
dp _ 2
E—FV-(V})) = DV~p (1.2)

The pressure p in traffic can manifest in several ways. For example, if the vehicles are close,
the space available for maneuvering reduces the space available for each vehicle to maneuver
(he et. al 2022). This can result in bottlenecking, where the traffic is held up because single
vehicles cannot change lanes, switch directions, or flow smoothly. The pressure coming
between vehicles affects their speeds and following distances [1]. In congested traffic, drivers
might have to slow down and speed up more often, and staying well behind the vehicle
in front of you is especially important in order to prevent accidents. Local conditions of
high traffic flow can impact the overall traffic flow and vice versa [Delgado, Rodriguez and
Chavez, 2021]. It may lead to pockets of congestion, where vehicles move at lower speeds
and occasionally in stop-and-go patterns. This lateral pressure between vehicles can lead to a
creation of traffic waves - fluctuations in vehicles’ density and speed. As one vehicle slows-

down the effect is passed backwards through the line of traffic causing periodic variations in



speed. Such data is vital for road planners and engineers to handle the burden of traffic. In
an effort to address traffic, the traffic stakeholders often use and utilize mathematical models
incorporating elements of fluid dynamics such as pressure to optimize traffic flow and in the
design of road systems to reduce congestion and maximise efficiency.

Viscosity v characterizes the internal friction or resistance to flow within a fluid (Khan and
Alzahrani, 2020). It is a measure of how thick or sticky a liquid is. This property determines
how easily molecules within the fluid can move past each other. High viscosity implies
greater resistance to flow, making the fluid thicker and less prone to rapid movement. Traffic
flow is analogous to viscosity as the resistance that vehicles experience when navigating
the road. Various factors, such as road surface conditions, the density of vehicles, and the
overall state of traffic influence this resistance. Viscosity in fluids results in resistance to
flow. Vehicles on the road encounter resistance to their movement (Sener and Aksu, 2022).
This resistance is particularly noticeable in congested or densely populated traffic conditions,
where vehicles may experience delays, reduced speeds, and challenges in freely navigating
the traffic stream. Similar to how high viscosity in fluids corresponds to a more crowded
and restricted flow, higher traffic density can lead to increased vehicle resistance (Suzuki and
Marumo, 2018). As the number of vehicles on a stretch of road rises, each vehicle must
contend with limited space and reduced maneuverability, contributing to greater resistance.
Higher resistance can result in lower speeds and more cautious driving behaviors (Stogios

et al., 2019). It may also affect the ease with which vehicles can change lanes or make turns.

1.2.1 Navier-Stokes Equations in Traffic Flow

The Navier-Stokes equations are foundational in fluid dynamics, representing the conserva-
tion of momentum for a viscous fluid (L.ukaszewicz and Kalita, 2016). In order to understand

these concepts, lets consider the form of the Navier-Stokes equations in fluid dynamics:

1
aa—;’—l—(v-V)v: —;Vp—i—l/VQV-i-f, (1.3)



where v is the velocity field, p is the fluid density, p is the pressure, v is the kinematic
viscosity, and f represents external forces. The following adaptations are made in order
to make equations suitable in traffic flow. The velocity field v is replaced with the traffic
velocity v along the direction of traffic flow (assumed to be 1D for simplicity). The density p
is analogous to the traffic density p(z, t), representing the number of vehicles per unit length.
The pressure p can represent the internal forces due to density variations, influencing speed
adjustments as drivers attempt to maintain safe distances. Thus, the adapted form of the

Navier-Stokes equation for traffic flow can be written as:

ov dv  10p 0%*v
a‘i‘va—x——;%—i‘V@—i‘f(l’,t), (14)

where f(x,t) may represent external influences on traffic, such as signals, road conditions,
or sudden braking. The advection-diffusion equation describes how a quantity is transported
through a medium, with advection accounting for the bulk movement and diffusion repre-
senting the spread. For traffic flow, the advection-diffusion equation can describe how the

density p(x,t) of vehicles changes over time:

82
(pv) = DL + S(a. 1), (1.5)

0 0
at
where D is the diffusion coefficient, representing the dispersion effect due to the variability
in drivers’ speeds and interactions. S(z,t) is a source term, representing sources or sinks in
the vehicle density, such as entry and exit ramps.

Advection captures the motion of vehicles along a road, while diffusion accounts for fluctu-
ations in vehicle concentration due to changes in speed or lane usage (Zhu et al., 2018). The

. . 52 . .
term % (pv) represents the advection of vehicles, whereas the term D% models the diffusive

spread of density due to random driver behaviors and other factors.



1.2.1.1 Continuity Equation

The continuity equation is a fundamental concept in both fluid dynamics and traffic flow, rep-
resenting the conservation of mass (or vehicles) within a defined segment of a road (Delle Monache,
2014). The equation expresses the fact that mass cannot be created or destroyed within a con-
trol volume, ensuring the continuity of flow. Similarly, in traffic flow, the continuity equation
ensures that the number of vehicles in a segment changes only due to the flow of vehicles

entering and exiting that segment. The general form of the continuity equation is:

dp B
§+V-(pv) =0, (1.6)

where p represents the density of the fluid, and v is the velocity vector. This equation states
that the rate of change of density p within a given volume, combined with the divergence of
the mass flux pv, must be zero. For traffic flow, a 1-dimensional model was considered where
vehicles move along a single lane. p(x,t) represents the traffic density (vehicles per unit
length), and v(z, t) denotes the traffic velocity along the z-axis. In this case, the continuity
equation reduces to:

dp 0

n + %(pfu) =0. (L.7)

The term % represents the temporal rate of change of traffic density at a given location x.
The term %(pv) represents the spatial rate of change of vehicle flow, where pv is the flow
rate or flux, indicating the number of vehicles passing through a point per unit time. a%< pv)
can be expanded using the product rule to obtain

0 v dp

- = p— - 1.8

5, (PV) = pg e, (1.8)
which highlights two contributions: changes in velocity with respect to position and changes

in density with respect to position. The continuity equation thus provides a dynamic picture



of traffic flow, showing how density variations propagate through changes in velocity and
density gradients. It is a foundational equation for any traffic flow model, as it captures how

vehicle density evolves in response to vehicle flow, congestion, and external influences.

1.2.2 Momentum Equation

In fluid flow, the momentum equation is expressed by the Navier-Stokes equation (1.3). For
traffic, Eq. (1.4) was adapted, accounting for internal and external forces influencing traffic

flow.

1.2.3 The 2D Advection-Diffusion Equation in Traffic Flow

The Advection-Diffusion Equation (ADE) is a mathematical framework used to describe the
transport and dispersion of traffic density over time and space (Kundu, 2018). Originally
rooted in fluid dynamics, the ADE has been adapted to simulate the movement of vehicle
density across a two-dimensional (2D) space, such as a network of roads or urban areas with
multi-lane and multi-directional flows. The equation integrates advection, which models the
directed flow of traffic, and diffusion, which captures the spreading of traffic density due to
fluctuations in vehicle speed, lane changing, and external perturbations. The general form of

the 2D ADE is given by (Szymkiewicz and Gkasiorowski, 2021):

0
a—§+u-Vp:DV2p—I—S, (1.9)

where p(z,y, t) represents the traffic density (vehicles per unit area) as a function of the spa-
tial coordinates x and y and time ¢, u = (u, v) is the advection velocity vector, with compo-
nents u(z,y, t) and v(x, y, t) denoting vehicle speeds in the z- and y-directions, respectively,
D is the diffusion coefficient, which quantifies the rate at which traffic density spreads across
the area due to stochastic fluctuations, S(z,vy,t) represents a source or sink term that can
model the addition or removal of vehicles due to external factors such as entry/exit ramps,

intersections, or traffic signals.



The advection term, u - Vp, captures the directional flow of vehicles, where the density of
traffic is transported according to the velocity vector u. In 2D traffic models, this term is
essential for representing vehicle movement along the z- and y-axes simultaneously. For
example, in urban traffic settings, advection reflects vehicles moving along a road network
with different velocities influenced by factors such as road capacity, traffic lights, and speed

limits (Szymkiewicz and Gkasiorowski, 2021). The term u - Vp is expanded as:

u-Vp=u—+v— (1.10)

which demonstrates how density changes in each spatial direction due to advection.

The diffusion term, DV?p, represents the spreading of vehicle density due to random vari-
ations in traffic conditions. Diffusion models the dispersal of traffic density, accounting for
the effect of lane changes, minor speed variations, and external disruptions, which tend to
smoothen high-density regions. The Laplacian operator V2p in 2D is defined as:

2 2
VQp:%+g—£, (1.11)
which captures how density gradients in both directions influence the spreading of traffic.
A higher diffusion coefficient D leads to more rapid dispersion, reducing peak densities in
congested areas.

The source term S(x,y,t) allows the 2D ADE to accommodate additional complexities in
traffic flow, such as entry and exit points, or incidents that alter vehicle density. A positive
S indicates a source (e.g., vehicles entering from an on-ramp), while a negative S indicates
a sink (e.g., vehicles leaving at an off-ramp). By varying S across the traffic network, re-
searchers can model realistic conditions like intersections, bottlenecks, and disruptions that
influence the overall flow dynamics.

Numerous studies have employed the 2D Advection-Diffusion Equation to model complex

traffic patterns in urban environments (Chaari et al., 2024; Kanda et al., 2013; Matin et al.,



2023; Mollier et al., 2018). For instance, research on multi-lane roadways and intersections
uses the ADE to simulate congestion and flow distribution across networked roads (Roy et al.,
2019). The ADE’s adaptability allows it to model high-density scenarios like rush hour,
where both advection (vehicle movement along main directions) and diffusion (due to lane
changing and speed variations) play significant roles. Additionally, the ADE is instrumental
in modeling pedestrian and mixed-traffic flows, where interactions across x- and y-axes need
simultaneous consideration.

The 2D Advection-Diffusion Equation offers a versatile framework for understanding and
simulating traffic flow in complex networks. By integrating both advection and diffusion
processes, the equation provides a realistic model that accounts for both directed and random
influences on vehicle density. The inclusion of source terms further enhances its applicability
in real-world scenarios, enabling researchers to represent entry and exit points within traffic
models. The ADE thus plays a critical role in modern traffic flow analysis, offering insights

for urban planning, congestion management, and transportation policy.

1.2.4 Applications of Navier-Stokes and Advection-Diffusion Equation in Traffic Flow

The Navier-Stokes and advection-diffusion equations help model various aspects of traffic

flow:

1.2.4.1 Congestion Modeling

In traffic flow studies, congestion refers to the phenomenon where high vehicle density causes
reduced speeds, leading to periodic stop-and-go waves (Suh and Yeo, 2016). These waves are
typically observed in heavy traffic conditions, where vehicles move in short spurts followed
by abrupt halts. The Navier-Stokes equation, adapted from fluid dynamics, is employed in
traffic modeling to better capture the complex interactions of congestion. By treating high-
density traffic zones as areas of increased “pressure” (analogous to pressure in fluid flow),

the adapted Navier-Stokes equation can accurately simulate the characteristics of stop-and-



g0 waves.
In this adapted model, vehicle density p functions as a pressure-like term, influencing vehicle

velocity v. The modified Navier-Stokes equation in one dimension can be expressed as:

ov ov _ 10p 0*v
E‘FV%——;a—x—i—V@, (112)

where p = f(p) represents a pressure term dependent on traffic density, modeling the buildup
of congestion, and v is the viscosity term, capturing the tendency for vehicles to adjust their
speeds due to nearby traffic.

As traffic density p increases, the pressure p also increases, creating resistance to flow. This
higher “pressure” leads to decelerations, contributing to congestion waves that propagate
through the traffic. When density reduces, vehicles accelerate again, producing a wave-like
pattern. This cycle of deceleration and acceleration is analogous to pressure waves in fluids.
In two-dimensional models, this approach is extended by using a velocity vector v = (u, v)
to simulate traffic in both z- and y-directions (Liu, 2019). The 2D Navier-Stokes equation
becomes:

ov

1
E—F(V-V)V: —;Vp—l-l/VZV. (1.13)

This model enables a more detailed analysis of urban congestion, particularly at intersec-
tions or multi-lane roads, where stop-and-go waves are prevalent. Using the Navier-Stokes
framework, traffic engineers can simulate congestion dynamics, assess roadway capacities,

and propose interventions to reduce delays in high-density traffic networks.

1.2.4.2 Traffic Stability Analysis

Traffic stability analysis is crucial in understanding how small disturbances in traffic flow
can either dissipate over time or escalate into larger disruptions, potentially leading to traffic
jams (Tao et al., 2024). Advection-diffusion models provide a valuable framework for this

type of analysis by incorporating the effects of both advection (movement of vehicles) and
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diffusion (spread of disturbances). In traffic flow, advection represents the propagation of the
average velocity of vehicles along a road, while diffusion describes how fluctuations or minor
disturbances spread through the traffic flow.

In these models, a small disturbance, such as a vehicle suddenly braking, creates a local-
ized disruption in the traffic density and velocity (Chowdhury et al., 2000). This disruption
propagates backward through the flow as other vehicles adjust their speed in response. The
advection-diffusion model assesses whether this disturbance diminishes as it travels along
the traffic or if it amplifies (Bellomo and Dogbe, 2011). Stability in traffic flow implies that
small disturbances tend to dissipate over time, allowing the system to return to its previous,
steady-state condition. On the other hand, if the disturbance grows as it propagates, it may
lead to instability, potentially triggering stop-and-go waves or even full-scale traffic jams.
The stability analysis of traffic flow is often conducted mathematically by linearizing the traf-
fic model around a steady state and examining the resulting equations (Sun et al., 2018). The
behavior of these equations, particularly the sign and magnitude of eigenvalues in the solu-
tion, indicates the stability of the traffic flow. Positive eigenvalues suggest that disturbances
will grow, leading to unstable conditions, while negative eigenvalues imply stability.

By incorporating parameters like vehicle speed, density, and reaction times, advection-diffusion
models help predict the conditions under which traffic flow remains stable or unstable (Bel-
lomo and Dogbe, 2011). This analysis is critical for traffic management and control strategies
aimed at reducing congestion and improving overall flow efficiency. For instance, adaptive
speed limits and coordinated braking could be implemented based on insights from traffic

stability analysis to prevent minor disturbances from causing larger disruptions.

1.2.4.3 Propagation of Traffic Waves

The propagation of traffic waves is a fundamental concept in traffic flow theory, describing
how fluctuations in vehicle density and speed spread through a stream of traffic (Gazis, 1972).

Mathematical models, particularly those based on partial differential equations (PDEs), help
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simulate these density waves, providing insights into various phenomena, such as traffic
shockwaves.

Traffic waves typically form when there is a sudden change in speed among vehicles—often
caused by a vehicle braking sharply or encountering an obstacle (Perumal et al., 2021). This
abrupt change in speed leads to a localized increase in vehicle density, which travels backward
through the flow of traffic as each following driver reduces speed to avoid a collision. These
backward-propagating disturbances, or shockwaves, illustrate how traffic behaves similarly
to a fluid, where compression waves emerge due to disruptions.

In mathematical models, these shockwaves are represented through advection-diffusion equa-
tions, where advection accounts for the directed movement of vehicles and diffusion captures
the spread of fluctuations across the traffic flow (Chock, 1991). More sophisticated models,
such as the Lighthill-Whitham-Richards (LWR) model, treat traffic as a continuous flow.
They analyze conditions under which density waves either dissipate or remain persistent
based on factors like traffic density, flow rates, and vehicle speed.

The mathematical analysis of shockwaves often involves examining changes in traffic density
over time and space (Saxena and Jain, 2017). For instance, when the density reaches a crit-
ical threshold, small disturbances can amplify and sustain themselves, leading to persistent
traffic waves. Conversely, if the density is low enough, disturbances dissipate quickly, restor-
ing smoother flow. These models provide valuable insights for traffic management systems.
By simulating how density waves propagate under various conditions, engineers can design
interventions, such as variable speed limits or adaptive braking systems, to reduce the like-
lihood of shockwaves escalating into traffic jams (Yuan and Zeng, 2024). Such applications
aim to mitigate the impact of traffic waves, enhancing flow stability and reducing congestion,

especially during peak hours or in high-density traffic regions.
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1.2.4.4 Effect of Road Conditions

The effect of road conditions on traffic flow can be effectively studied by modifying specific
terms in advection-diffusion models, particularly the diffusion term D and external forces
f(x,t) (Pérez et al., 2021). In traffic modeling, these terms represent the spread of distur-
bances and the impact of external influences, respectively. By adjusting these components,
models can simulate diverse real-world conditions, including road quality, lane changes, and
intersections, which significantly affect traffic patterns.

The diffusion term D in the model represents how disturbances (like sudden braking or ac-
celeration) spread through traffic. Higher values of D imply greater “smoothing” effects,
where fluctuations in vehicle density or speed quickly dissipate across the flow (Mohamma-
dian et al., 2023). This term is sensitive to factors such as road surface quality or weather
conditions. For instance, wet or icy roads reduce traction, increasing the likelihood of erratic
vehicle behavior and reducing the natural diffusion of disturbances, as drivers tend to brake
more cautiously. By adjusting D to reflect these conditions, models can simulate how poor
road conditions might lead to more persistent traffic waves or delays.

The external force term f(x,t), on the other hand, represents location-specific factors or
events affecting traffic, such as intersections, traffic signals, or on-ramps (Rios-Torres and
Malikopoulos, 2016). At intersections or lane changes, vehicles must often decelerate or
accelerate, creating local disturbances. By modeling f(z,t) as a periodic function (e.g., to
represent traffic lights) or a spatially varying factor (e.g., representing a road narrowing),
the influence of these factors were considered during the formation and dissipation of traffic
waves. At intersections, for example, stopping and starting cycles can create recurring density
waves that propagate upstream, impacting traffic flow beyond the immediate area.
Incorporating these road conditions into traffic models allows transportation planners to pre-
dict how traffic flow will respond to specific roadway designs or conditions (Boukerche et al.,
2020). It enables the design of interventions like optimized signal timings, lane configu-

rations, and road maintenance strategies to minimize traffic disruptions. Ultimately, these
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models contribute to better traffic management by anticipating and mitigating conditions that

could lead to congestion or instability in traffic flow.

1.2.5 Navier-Stokes Equation Analog for Traffic

We derive a fluid dynamics equation representing traffic flow dynamics, incorporating accel-
eration and deceleration terms.
ov

1
n + (v V)V =—=Vp+ vV*V + Fopstacte (1.14)
P

where v is the velocity vector in 2D (v,, vy), — %Vp is the pressure gradient force contribution
to the motion of the fluid, V is the del operator, p is the pressure term, v is the kinematic
viscosity, V? is the Laplacian operator, F y.cc represents external forces. In this study the
external force as a vehicle package within the round-about due to mechanical failure was
considered. This external force is considered repulsive and increases as vehicles get closer to
obstacles. This can be modelled as

r

F obstacte = Kobs - W (115)

Therefore, the study model equation can be written based on (1.14)-(1.15) as

ov

1
— 4+ (V- V)V = —=Vp+ vV + Koy -
p

— (1.16)
[l

ot

The description of parameters in Eq. (1.15) and Eq. (1.16) are described in Table 1.2.

1.2.6 Modified Advection-Diffusion Equation for Traffic Flow

Modeling the flow of traffic in a roundabout, especially under conditions like accidents or
traffic jams, involves adapting the advection-diffusion equation. These modifications should
consider the unique characteristics of traffic flow in a roundabout, including the circular mo-

tion, interactions between vehicles, and the potential for disruptions such as accidents or
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Table 1.1: Parameter descriptions for (1.16)

Symbol | Description Units
Fousacle | Obstacle force vector N (newton)
Kobs Obstacle force constant N/m

r Vector from vehicle to obstacle | m

v Velocity vector in 2D (v, vy) m/s

\V4 Del operator / Gradient m~!

P Pressure term N/m? (Pa)
v Kinematic viscosity m?/s

V2 Laplacian operator m~?2

F External force vector N (newton)
t time sec

congestion. The advection-diffusion equation describes how a quantity (in this case, traf-

fic density or flow) is advected (transported) and diffused (spread out) in a medium. In the

context of traffic flow in a roundabout, this equation can be modified to account for circular

motion and potential disruptions as in Eq. (1.17):
dp

L 4+v-Vp=DV*p+S

7 (1.17)

The description of parameters are described in Table 1.2.

Table 1.2: Parameters description for (1.17)

Symbol | Description

p traffic density.

v Velocity vector, accounting for the circular flow in the roundabout.

D Diffusion coefficient, representing the spreading or dispersion of traffic.

S Any additional terms accounting for disruptions, such as accidents or traffic jams.

1.2.7 Proposed Navier-Advection diffusion equation for modelling traffic flow

Combining the Navier-Stokes Equation (1.16)) and the modified advection-diffusion Equa-
tion (1.17)) into a single equation requires integrating both equations and incorporating rel-
evant terms. To simplify, let’s assume the 2D scenario mentioned earlier. The combined

equation can be expressed as follows:
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B

P N Vp=DV*%+ 8

ot
. X 2 . (1.18)
— + (V- V)v=—=Vp+1vVV+ kops—,
or TVVVE el

Equation (1.18) captures the interaction of traffic density, velocity, diffusion, external forces,

and obstacle forces. The specific values of parameters and terms might will need further

calibration to suit the traffic flow modeling.

1.2.8 Basic Assumptions

Several assumptions were made to simplify the mathematical representation and facilitate the

simulation process, as outlined below:

(1) Steady-state conditions were assumed, particularly in the analysis of the long-term

(i)

(iii)

(iv)

behavior of traffic flow. This implied a constant average flow rate over time.

Traffic was considered homogeneous, meaning all vehicles were assumed to be similar

in size, speed, and behavior. This simplification enabled a more generalized represen-

Traffic flow was primarily modeled in one dimension along the road axis. This simpli-
fication was appropriate for analyzing traffic behavior on straight-road segments and
reduced the complexity of the governing equations. However, in this study, a two-
dimensional (2D) approach was adopted to better capture the dynamics of traffic flow
at roundabouts. This study models a single-lane modern roundabout, commonly ap-

plied in suburban arterial intersections.

The road geometry, apart from the roundabout itself, was assumed to remain constant.

Variations in curvature or slope along the studied segment were considered negligible.
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1.3 Problem statement

The design and implementation of roundabouts in urban traffic management are crucial com-
ponents for enhancing road safety, improving traffic efficiency, and minimizing congestion.
Understanding the dynamics of traffic flow before and after roundabouts is essential for ef-
fective transportation planning and infrastructure development.

Traditional traffic models often face limitations in representing the dispersion and movement
of traffic density under various conditions (Pinto et al., 2020; Ravish and Swamy, 2021).
The use of advection-diffusion equation offers platform for addressing these challenges by
describing the transport and spreading of traffic density. Additionally, the increasing com-
plexity of urban road networks and the growing demand for efficient traffic management
necessitate a detailed understanding of traffic dynamics before and after the implementation
of roundabouts. Traditional traffic models often fall short in capturing the intricate inter-
actions and the impact of geometric changes, such as the introduction of roundabouts, on
traffic flow (Campi et al., 2023; Demir and Demir, 2020; Zhou et al., 2021; Zura, 2022). This
study aims to address these limitations by employing advanced mathematical models based
on the Navier-Stokes and advection-diffusion equations to simulate and analyze traffic flow
dynamics in the vicinity of roundabouts.

Traffic flow modeling, particularly in roundabouts, requires a thorough understanding of fluid
dynamics, mainly through applying Navier-Stokes and advection-diffusion equations (Albi
et al., 2019). These equations, fundamental in fluid mechanics, can be used in traffic flows
to predict patterns and behaviors resulting from changes in traffic infrastructure, such as
roundabouts. However, the complexity of traffic flow, characterized by nonlinear and chaotic
behaviors, poses significant challenges to directly applying these equations. Empirical vali-
dation and calibration of these models are crucial to ensure their relevance and applicability
to real-world scenarios. Given the critical role of roundabouts in urban planning, there is a
need for more research in this area to develop more sophisticated models that can predict

traffic flow changes with higher accuracy. This research contributes to traffic engineering by
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providing a methodological framework for fluid dynamics in traffic flow modeling.

1.4 Objectives

1.4.1 Main Objective

The main objective of the study is to model traffic flow before and after roundabout using

Navier-stokes and advection-diffusion equations.

1.4.2 Specific Objectives

The specific objectives of the study were to:

(1) To formulate equations to model traffic dynamics around roundabouts.

(i) To investigate the specific influence of roundabouts on traffic flow patterns and vehicle

velocity.

(i11) To evaluate the influence of disruption and diffusion on traffic flow patterns on a round-

about.

1.5 Significance of the study

This study aims to critically assess the effectiveness of roundabouts as pivotal traffic control
measures, offering a valuable contribution to optimizing vehicle movement and alleviating
congestion. The research will delve into the intricate dynamics of traffic flow by employ-
ing sophisticated mathematical models based on the Navier-Stokes and advection-diffusion
equations. This exploration, explicitly considering the influence of roundabouts, holds the
potential to advance mathematical models associated with traffic flow modeling. The study
will provide crucial insights for urban planners and traffic engineers, shedding light on the

implications of integrating roundabouts into road network design. This information will play
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a key role in facilitating informed decision-making for upcoming infrastructure projects, con-
tributing to developing safer and more efficient road networks.

A comprehensive assessment of the impact of roundabouts on the safety and efficiency of
traffic flow will be undertaken. This evaluation is crucial in addressing the need for a bal-
anced approach in urban transportation planning, where safety and efficiency are paramount
considerations. The research will also delve into the adaptability of the proposed mathemat-
ical model under various conditions. This includes exploring its responsiveness to different
roundabout designs, varying traffic volumes, and environmental factors. The study aims to
provide a versatile and applicable model that can be effectively employed in diverse real-

world scenarios, ensuring its relevance and utility for transportation planning professionals.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

The chapter presents beginning with theoretical review followed by empirical review. The
empirical review contain existing studies on modelling traffic flow via fluid mechanics con-

cepts. Subsequently, summary of the literature gap is presented.

2.2 Theoretical review

The use of Navier-Stokes and advection-diffusion equations in modeling traffic flow before
and after a roundabout is complex and specialized (Woodward et al., 2022). The governing
equations are included in the numerical fluid dynamics (CFD) analysis, which is applied to
the analysis of fluid flows, including traffic flow. The Navier-Stokes equations are essential
in the modeling of fluid substances, and the advection-diffusion equations are employed in
the transport of a quantity by the flow of a fluid substance [1], [2]. These equations are
adequate to simulate the motion of vehicles in a traffic flow. However, the specific use of
these equations to traffic flow around a roundabout would involve a detailed knowledge of
the roundabout and traffic dynamics and the physical characteristics of such a facility. The
search results give hints on the use of Navier-Stokes and advection-diffusion equations in
various fluid flows applications such as urban air pollution dispersion and two-phase flows.

Management of the traffic flow is one of the major characteristics of urban planning and trans-
portation engineering which plays a vital role in order to make the road network safe, effec-

tive, and sustainable (Haque et al., 2013). This includes incorporating roundabouts, circular
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intersections that can be used to control traffic and allow vehicles to move more smoothly.
The modeling of traffic before and after the implementation of roundabouts becomes a crit-
ical methodology to gain an understanding of the impact of such geometric changes on the
vehicle behavior and on traffic flow overall.

Finally, roundsabouts, which have proven to be an effective way to reduce the amount of traf-
fic congestion and the chances of serious accidents compared to signalized intersections, have
emerged as one of the focus points of modern traffic management (for a review on 40 years
of research on roundabouts see Aziz et al. (2018)). Besides their physical changes, these
changes also entail new rules and new factors for drivers to take into account at the intersec-
tions. Traffic modeling serves as a powerful tool for predicting, analyzing, and optimizing
vehicle behavior on road networks (Alghamdi et al., 2022). Through mathematical equations
and simulations, traffic engineers can gain insights into how changes, such as roundabout
introductions, influence parameters like traffic density, vehicle speed, and overall flow effi-
ciency.

Studying traffic dynamics before and after roundabout installation enables a comparative
analysis of the road network’s performance (Demir and Demir, 2020). This approach iden-
tifies potential bottlenecks, improvements in traffic flow, and changes in driver behavior re-
sulting from the roundabout’s presence. Key considerations in modeling include assessing
traffic density and flow patterns to understand vehicle movement through the network, ac-
counting for roundabout geometry, analyzing driver behavior changes, and evaluating safety

implications, including accident frequency and severity.

2.3 Empirical Review

The current state of traffic before and after a roundabout shows significant improvements in
traffic flow and safety in the advent of new road technologies (Deluka Tibljas et al., 2018).
Roundabouts are designed to promote a continuous, circular flow of traffic, reducing delays

and congestion on approaching roads (Davidovi€ et al., 2021). Mohebifard and Hajbabaie
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(2021); Zakeri and Choupani (2021) noted that increasing the number of lanes in and out of
roundabout increases, the average delay was reduced from 28 seconds before the roundabouts
to 13 seconds after, with a maximum delay reduced from 118 seconds to 40 seconds. Ad-
ditionally, traffic volumes increased, but the number of annual crashes dropped significantly,
and injury crashes were reduced as lanes in roundabouts were increased. However, these
observations have not been supported by mathematical modelling concepts due to a lack of
such studies depicting similar scenarios.

Damaskou et al. (2022) posits that the effectiveness of a roundabout can be impacted by fac-
tors such as the design of the roundabout, driver confusion, and the presence of traffic light
intersections too close to the roundabout exits. Dangers and traffic jams arise because of the
distraction from the flow of traffic caused by the driver attempting to understand the signal
that will control the traffic circle or because of break in continuity of the traffic circle. It is im-
portant that roundabouts are designed correctly and that drivers understand how to use them to
gain the most from them and ensure safety. In order to prove that the well-designed circles can
really improve traffic flow, decrease the delays and also make robust enough environment for
the traffic, the proposed study consists of modeling the traffic flow before and after the circle.
However, other factors of signalised intersections that affect their effectiveness, such as driver
behavior and the configuration of surrounding intersections have usually been marginalised in
studies (cheah2022modeling; kabanga2022evaluating; kalavsova2020comparison). The pro-
posed study introduces such factors as external forces and assesses the impact of the model.
In their work, Shao et al. (2023) derived a two-lane traffic model of complete RNN, which
considers the mass conservation law and acceleration equation. The fundamental traffic flow
characteristics on two lanes were examined through the elementary waves derived success-
fully. The Riemann problem in the 1-D case was solved which gave a constructive under-
standing of the traffic wave behaviour. A Godunov-type numerical scheme with exact Rie-
mann solver was developed. Basically, the study was concerned with the one-dimensional

representation, but it was recognized by the authors that they could further increase the ap-
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plicability of the method to the multi-dimensional situation according to real road networks.
The study did not simulate the reality of traffic flow, but did have to include more problems
such as different traffic conditions and driver characteristics. However, it is still possible to
extend further the understanding of the applicability of the model in a wide variety of traf-
fic conditions, taking into account the road geometries, intersections and including realistic
driver behaviour aspects.

Kang et al. (2022) highlighted the inadequacy of existing traffic flow models, often relying on
constant coefficient differential models, which exhibit poor adaptability to dynamic changes.
To address this, the study simplified and refined a viscoelastic traffic flow model, introduc-
ing a fractional viscoelastic traffic flow model. Incorporating the Bass model’s principles
and leveraging fractional calculus in viscoelastic fluids, the study introduced conformable
fractional derivatives and the fractional grey model, resulting in a fractional grey viscoelas-
tic traffic flow model capturing time-varying characteristics. While the study successfully
surpassed traditional models’ limitations, gaps exist. It focused on the model introduction
and application without addressing real-world complexities like varying road conditions and
driver behaviours. A literature gap emerges, urging a deeper understanding of traffic flow
models’ interaction with real-world scenarios, considering factors such as road geometries,
intersections, and diverse driver behaviours for enhanced practical applicability and adapt-
ability.

Sun et al. (2020) introduced a car-following model incorporating driver memory and de-
rived a corresponding macroscopic traffic flow model, preventing the wrong-way travel phe-
nomenon. Driver memory, considering past traffic conditions and headway, introduced a
viscosity parameter in the macroscopic traffic flow equation, proportional to a unique quan-
tity defined by delay time and kinematic wave velocity at jam density. Conducting linear and
nonlinear stability analyses using the perturbation method, the study found that macroscopic
models derived from microscopic models, with driver memory and viscosity parameters, are

more realistic than those directly based on Navier—Stokes equations. However, lacking em-
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pirical validation and practical applications with real-world traffic data, the study’s utility is
limited. A literature gap exists, urging further empirical validation and diverse application
scenarios to comprehensively understand the proposed models’ practicality and limitations
in real-world traffic situations.

Cheah and Yeak (2022) modelled roundabouts, starting with a three-arm roundabout vali-
dated against an existing model and expanding to a four-arm roundabout. The study em-
phasized the modern intelligent transportation system’s need for effectiveness in handling
non-linear, time-varying, and congested traffic flow. The roundabout was modelled as a 2x2
junction circuit with a main and secondary lane, rotating clockwise. Mathematical modelling
employed one-dimensional hyperbolic conservation laws represented by non-linear partial
differential equations. The study utilized the Godunov method and Courant-Friedrichs-Levy
condition for computation, stability, and accuracy. Optimization for Total Travel Time and
Total Waiting Time with various parameters provided results for roundabout assessment.
Comparisons with existing models showed higher but reasonable readings, suggesting the
model’s flexibility and realism. The study, while comprehensive, lacks specific details on
real-world validation and application scenarios. A literature gap exists in exploring the
model’s adaptability to diverse traffic conditions and geometries.

Kabanga et al. (2022) addressed the critical role of roundabouts in the traffic network and
emphasizes the need for effective management to improve traffic flow. The study is ded-
icated to mathematically modelling traffic dynamics at circular roundabouts, conducted in
two parts. Firstly, a model for a circular roundabout with four entry and exit lanes was devel-
oped, analyzing its performance under various factor levels. Secondly, parameters enhancing
roundabout efficiency, such as the roundabout radius (r), turning movement gradient 6, and
the number of connected lanes (n), were explored using a fluid flow analogy. The effective
roundabout design, crucial for maximum vehicle throughput capacities, was evaluated. Nu-
merical analysis in MATLAB with periodic boundary conditions provided insights into the

parameters’ effects on traffic velocities. While the research contributes valuable information
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for road engineers, it lacks specific details on real-world validation and broader application
scenarios. A literature gap exists in exploring the model’s adaptability to diverse traffic con-
ditions and geometries.

Storani et al. (2021) compared a hybrid traffic flow model, combining the macroscopic cell
transmission model with the microscopic cellular automata, with benchmark macroscopic
and microscopic models. Three applications were considered: a link with a signalised junc-
tion, a signalised artery, and a grid network with signalised junctions. The hybrid model
was compared to the Kraufl model, intelligent driver model, cellular automata, Cell Trans-
mission Model, and Cell Transmission Model with dispersion. Numerical simulations indi-
cated that the hybrid model produced acceptable results, showing behaviour similar to mi-
croscopic models, particularly in terms of travel times. However, it exhibited lower values
of queue propagation compared to microscopic models, aligning more closely with the en-
hanced macroscopic cell transmission model and the cell transmission model with dispersion.
The study validates the model by analysing wave propagation at the boundary region. Despite
the contributions, the research lacks a detailed exploration of real-world applications and a
comprehensive literature review on hybrid traffic flow models. A literature gap exists in un-
derstanding the adaptability of the hybrid model to diverse traffic scenarios and the practical
implications of its results in real-world traffic management.

Zhang et al. (2018) developed an urgent-gentle class traffic flow model (UGM) with vis-
coelastic and ramp effects to estimate travel time on a ring road. The traffic flow is categorized
into urgent and gentle classes based on the urgency of reaching the destination. The urgent
class has time-sensitive demands, while the gentle class doesn’t. For the sake of simplicity,
the proposed model assumes that both classes have the same instantaneous speed. Validation
is performed in the form of the Navier-Stokes-like model but extended for this purpose. Nu-
merical simulations on an 80 km ring road with initially assumed jams show the important
influence of on/off ramp flows on traffic flow patterns, as in case of initially assumed jams.

The behavior of the urgent density fraction is seen to be different from that of traffic den-
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sity and speed in that, during propagation, it moves at the local traffic speed. The average
travel time is found out to be more as the initial ring road density is increased, this brings
out the importance of rational management of road functioning. Despite these contributions,
the research lacks an investigation of real-world applications and an extensive literature re-
view about traffic flow models with urgent-gentle class distinctions. A literature gap exists
regarding the understanding of the practical implications of the model proposed with respect
to different traffic scenarios and the potential to be applied in traffic management.

Xue et al. (2019) introduced a full angular velocity difference model, considering angular
velocity and displacement on curved roads. It deduces the transformation relation from mi-
croscopic angular variables to a macroscopic continuum traffic flow model on curved roads.
The critical condition for steady traffic flow is obtained, and the stability condition is com-
pared with microscopic and lattice hydrodynamic traffic models. The KdV-Burgers equation
describing density waves near the neutral stability line is derived through nonlinear analy-
sis. Numerical simulations validate the macroscopic traffic model, showing that the radius
of curved roads significantly influences traffic jam formation. Traffic flow instability leads
to local clustering effects and stop&go traffic jams. This paper notes that the unstable re-
gion shrinks with the strength of angular velocity difference. But there are no practical
applications, real-life verifications, and comparisons with other models of traffic flows in
the research. There is a literature gap in the comprehension of the wider implications of
the proposed model and its practical application in the different traffic conditions and road
geometries.

The article by Chiotis and Kolky (2019numerical) is dedicated to the modern problem of the
distribution of transport flows due to the increase in the number of vehicles. Macroscopic
(hydrodynamic) models, which are in existence since the 50s, describe the transport flow as
a compressible liquid, which can be modeled by the Navier-Stokes equation. Hydrodynamic
models are suggested by scholars, combining the transport flow and incompressible fluid dy-

namics. Oskolkov equation on a geometric graph taking length and width of the edges is used
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to model a traffic flow. The values are considered to be dimensionless but it is advantageous
to present them in a linear metric scale and the count of lanes across the traffic. The Oskolkov
model leads to a non-classical multipoint initial-final value condition, which has been stud-
ied by the theory of Sobolean equations. Nevertheless, the study requires additional practical
implementation or testing in real-life traffic conditions. There is a literature gap regarding the
wider implications and utility of the Oskolkov model when it is applied in a different range
of traffic conditions, road geometries and how it compares with other traffic flow models.

The vehicle traffic, which is akin to self-propelled particles, was examined using a gener-
alized car-following model with multiple look-ahead by the author of the article by Qiu
et al. (2013). A second-order nonlocal hydrodynamic model was constructed by assum-
ing no skewness in velocity distribution and using an iterative procedure. Unlike two-phase
fluid-dynamic models with a fundamental diagram, this model features microscopically de-
termined relaxation time parameters. Although the rigour is slightly reduced compared to
previously studied Navier—Stokes-like traffic flow models, the model successfully reproduces
the phase transition from free flow to synchronized flow and from synchronized flow to wide-
moving jam. It also uncovers the catch effect of synchronized flow. Simulations indicate that
nonlocality in relaxation time and steady velocity, even without nonlocality in viscosity (ve-
locity variance), provides an alternative explanation for synchronized flow. However, the
study lacks empirical validation in real-world traffic scenarios, leaving a literature gap in

understanding the practical implications and limitations of the proposed model.

2.4 Summary of Literature and Gap

Despite advancements in traffic flow modeling—such as multi-lane and fractional-order mod-
els, recent studies (e.g., Shao (2023), Kang et al. (2022), Sun et al. (2020)) often lack em-
pirical validation and practical application under real-world conditions. Models focused on
roundabouts (Cheah and Yeak (2022), Kabanga et al. (2022)) provide useful simulations

but fall short in capturing complex geometries and dynamic traffic behaviors. This consis-
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tent absence of real-world adaptability, especially for non-linear flow conditions in round-

abouts, highlights a persistent literature gap. To address this, the present study proposes

a fluid dynamics-based approach, leveraging Navier-Stokes and advection-diffusion formu-

lations—to simulate traffic flow more realistically. This enhances predictive accuracy and

supports informed decision-making in traffic management and infrastructure design under

varied operational and environmental conditions. Summary of literature gap is presented in

Table 2.1.
Table 2.1: Summary of Literature Review
Author Research Findings Literature Gap
Deluka  Tibljas | New road technologies and round- | Lack of mathematical modeling to

etal. (2018)

about designs improve traffic flow
and safety and reduce delays and

congestion.

support findings on roundabouts’
effectiveness in improving traffic

flow.

Davidovi¢ et al.

(2021)

Roundabouts facilitate continuous,
circular traffic flow, reducing delays

on approaching roads.

Need for sensitivity analysis to
identify parameters that enhance
roundabouts’ traffic management

capabilities.

Mohebifard
and  Hajbabaie
(2021);  Zakeri
and  Choupani

(2021)

Increasing lanes in roundabouts sig-
nificantly reduces average delays
and maximum delays; traffic vol-
ume increased while annual crashes

decreased.

No mathematical model demon-
strating roundabouts’ influence on
traffic patterns and vehicle speed

with lane changes.
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Author

Research Findings

Literature Gap

Damaskou et al.

(2022)

Roundabout effectiveness is af-
fected by design, driver confusion,
and nearby intersections; disrup-

tions can lead to congestion and ac-

cidents.

Lack of sensitivity analysis for
identifying factors in roundabout
design that impact flow stability and

safety.

Cheah and Yeak
(2022); Kabanga
et al. (2022);

KalaSova et al.

(2020)

Proposed studies aim to model traf-
fic flow before and after a round-
about, including driver behavior

and nearby intersections.

Requires sensitivity analysis on
how factors like driver behavior
impact roundabout effectiveness in

managing flow.

Shao (2023)

Developed a two-lane traffic model
capturing elementary waves to un-
derstand traffic wave behavior, pri-

marily in 1-D scenarios.

Model lacks application to

roundabout-specific dynamics
and multi-dimensional traffic flow

interactions.

Kang et al. (2022)

Introduced a fractional viscoelastic
traffic model improving adaptabil-
ity to time-varying conditions using

fractional calculus.

Limited applicability to real-world
roundabout dynamics and sensitiv-
ity to key parameters for round-

about flow.

Kabanga et al
(2022)

Explored roundabout dynamics
with four entry/exit lanes; evaluated
parameters like radius, gradient,

and lane count for effective design.

Requires sensitivity analysis on key
parameters affecting traffic effi-
ciency and safety in roundabout

scenarios.
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Author

Research Findings

Literature Gap

(2021)

Storani et al.

Developed a hybrid traffic flow
model combining macroscopic and
microscopic features; showed ef-
fectiveness in queue propagation

and travel times.

Requires exploration of adaptability
and application to complex round-
about scenarios with real-world

data.

(2018)

Zhang et al.

Proposed a two-class model for ur-
gent and gentle traffic flow, evalu-
ating time-sensitive dynamics and

travel time impact on ring roads.

Lacks application to roundabout
flow management and does not as-
sess key roundabout parameters on

traffic patterns.

Xue et al. (2019)

Introduced angular velocity differ-
ence model for curved roads, deriv-
ing stability and density wave con-

ditions. Validated via simulations.

Model not applied to roundabouts;
lacks analysis of specific round-
about geometries and their impact

on traffic flow.

following model with nonlocal
hydrodynamic characteristics,
capturing transitions in traffic flow

states.

Konkina (2019) Utilized hydrodynamic models | No exploration of application to
with Oskolkov equation on ge- | roundabouts and requires sensitiv-
ometric graphs for traffic flow | ity analysis for critical roundabout
modeling, relating flow to incom- | parameters.
pressible fluid dynamics.

Qiu (2013) Developed a generalized car- | Lacks empirical validation for

roundabout scenarios and impact
on flow under diverse roundabout

configurations.

The study addressed a critical gap in existing traffic flow research, particularly the lack of re-

alistic and adaptable models capable of simulating roundabout traffic systems under diverse
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operating conditions. Previous models, including those by Shao (2023), Kang et al. (2022),
and Sun et al. (2020), were largely limited to one-dimensional analyses and lacked empirical
validation, making them inadequate for capturing the nonlinear and dynamic behaviors char-
acteristic of complex intersections. Similarly, studies focusing on roundabouts, such as Cheah
and Yeak (2022) and Kabanga et al. (2022), offered valuable insights through simulations but
did not incorporate the multi-directional nature of traffic flow or the geometric intricacies of
circular junctions. To bridge this gap, the present study employed a two-dimensional fluid
dynamics-based approach using the Navier—Stokes and advection—diffusion equations to sim-
ulate realistic traffic behavior at roundabouts. This approach enhanced the representation of
spatial interactions, lane-changing dynamics, and flow stability while maintaining adaptabil-
ity to varying road, weather, and driver conditions. Consequently, the study contributed to
bridging the divide between theoretical modeling and practical traffic management applica-
tions by providing a more comprehensive and realistic simulation framework for roundabout

traffic flow analysis.
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CHAPTER THREE

METHODOLOGY

In this chapter, the methodology of the research is discussed. The governing equations are

formulated and derived. This study employed a two-dimensional

3.1 Finite Volume Method

Applying the QUICK scheme to solve the given system of Eq. (1.18) using the finite vol-
ume method (FVM) is performed by discretizing the equations in space using finite volumes
and apply the QUICK scheme to the convective terms. The FVM combined with the QUICK
scheme is particularly suitable for modeling traffic flow in complex geometries such as round-
abouts. In such environments, sharp spatial gradients in vehicle density and velocity often
occur due to merging, diverging, and circulating traffic patterns. The FVM ensures local
conservation of mass and momentum by integrating the governing equations over control
volumes, which is critical in traffic modeling where vehicle conservation is essential. Mean-
while, the QUICK scheme offers higher-order accuracy for convective terms while minimiz-
ing numerical diffusion, which is crucial for capturing sharp transitions in traffic density, such
as the onset of congestion or clearing of jams. This combination provides a robust and accu-
rate numerical framework capable of resolving the nonlinear and advective-dominated behav-
ior characteristic of vehicular flow dynamics, especially in regions influenced by geometry-
induced disruptions like roundabouts. Therefore, the approach enhances predictive reliability
and supports better-informed infrastructure planning and traffic management decisions. Sup-

pose a 2D grid with cell centers (4, j) and face velocities (u, v) is used (see Figure 3.1). The
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cell size is Az = Ay = 1. There is no strict restriction on (Ay), but stability is improved for
smaller step sizes. The condition (Az > %) was derived based on CFL condition for stability.
Boundary conditions were set as periodic for (p), and inflow/outflow for (v). Initial condition
for (p) assumed uniform density at (t =0 ). The control volume averages are represented by

pi; and v; ;. Applying the QUICK scheme on the density equation yields:

Control Volume

] | ™

Figure 3.1: Control volume depicting the grid cells
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The QUICK scheme is also applied to the convective term:
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ﬁ (ViJr%,jp'H»%,j Z**,_]plff ) + Ay ( ,j+%pi,j+% jf—pljff)
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The QUICK scheme is also applied to the velocity equation to yield:

Av; ; 1 2 2
A T Ag (Vi-i-%,j Vi—%,j)+(vi,j+%vi7j+% Vij—1Vij- 2)

— Ly 2y - bl
== (pz+1,j pz’J) + vV Vi + kobs Tee i1l

(3.3)

Applying the QUICK scheme to the convective term in the velocity to yield:
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3.2 Crank-Nicolson for Time Step

Applying Crank-Nicolson for the time step in Equation (3.1) yields:

b bJ n n+1 n n+1 n
At 2Az [V G PRy —vin T pi—%a‘)}
- n n+1 n n+1 n .
- 2Ay [Vi’”%(’o g+t TP J+2) Vi,jf%(pi,j—% T 'Omfé)} 3-5)
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Applying Crank-Nicolson for the time step in Equation (3.2) yields:
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Applying Crank-Nicolson for the time step in Equation (3.3) yields:
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Applying Crank-Nicolson for the time step in Equation (3.4) yields:
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Equations (3.5)—(3.8) define the discretized form of the proposed Navier—Advection—Diffusion

(3.8)

+1)2 2
[Vvi ) = V(viiy,)’]
system using Crank—Nicolson temporal integration. This approach ensures second-order ac-
curacy in time while maintaining numerical stability under moderate CFL conditions. The
resulting scheme is suitable for simulating nonlinear traffic behavior in high-gradient envi-

ronments like roundabouts.
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3.3 Non-dimensionalization and Proposed Equation

Summing Equations (3.5)-(3.8) yields,

n+1 n+1 v
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The non-dimensionalization of variables is presented in Table 3.1

Table 3.1: Non-dimensionalization of variables

Variable Non-dimensionalized form
Density P = pop

Velocity v=Uv

Length r=Lz,y= Ly

Time t = 55

Pressure p = poU?p

Reynolds number | Re = %

Strouhal number | St = 57

Substituting the variables in Table 3.1 in Equation (3.9) yields,
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Equations (3.10) is the proposed model equations for predicting the traffic flow before and

after roundabout. These equations are subjected to the following boundary conditions:

(z,y,8) >0
v(z,y,0) =0 (3.11)
Az > 1

The boundary conditions for (p) was assumed to be no-flux at the roundabout exits. The

initial condition for (p) was a uniform distribution across the domain.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

The study has formulated equations to model traffic dynamics around roundabouts, thus,
Chapter 4 examines the influence of roundabouts on traffic performance, focusing on traf-
fic flow patterns, vehicle speed, and congestion levels based on Equation (3.10) and Table
4.1. Values in Table Table 4.1 were assumed based on typical lane capacity limits used in
urban modeling. It begins by analyzing how roundabouts impact traffic flow, emphasizing
their role in facilitating smoother and more continuous movement compared to conventional
intersections. The discussion then shifts to vehicle speed, exploring how roundabout design
elements, such as geometry and lane configurations, regulate speed, balancing efficiency and
safety. The chapter also evaluates the effects of roundabouts on congestion, highlighting
their capacity to reduce bottlenecks and enhance traffic throughput in busy areas. A sensitiv-
ity analysis identifies key factors such as traffic volume and driver behavior, offering insights
into optimizing roundabout performance for improved urban traffic management. Later sec-

tions of the chapter discusses the results linking to the existing studies.

Table 4.1: Optimal Values of Parameters used

Parameter Description Value Range Value used Source

D Diffusion coefficient - 0.1 (Azam et al., 2014)
dt Time step size - 0.01 Assumed

dx Spatial x-step size > 1/2 - 1 Assumed

dy Spatial y-step size > 1/2 - 1 Assumed

t final Simulation time - 1 Assumed

S Source term for disruptions - 0.05 Assumed
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4.2 Numerical Simulation

4.2.1 Traffic flow patterns and Vehicle Speed
4.2.1.1 Traffic Density against Number of Lanes

The study investigate the relationship between traffic density and the number of lanes in

roundabout. The results are presented in Figure 4.1.

Traffic Density (p) vs Number of Lanes in Roundabout Traffic Density () vs Number of Lanes in Roundabout

Average Traffic Density (p)
Average Traffic Density ()

Number of Lanes Number of Lanes

(a) Traffic density against 3 lanes in a (b) Traffic density against 4 lanes in a
roundabout roundabout

Traffic Density () vs Number of Lanes In Roundabout - Traffic Density (o) vs Number of Lanes in Roundabout
(c) Traffic density against 5 lanes in a (d) Traffic density against 10 lanes in a
roundabout roundabout

Figure 4.1: Traffic density against number of lanes in a roundabout

Figure 4.1 illustrate the relationship between traffic density (p) and the number of lanes in
roundabouts, with specific cases shown for 3 (Figure 4.1a), 4(Figure 4.1b), S(Figure 4.1c),
and 10 (Figure 4.1d) lanes. Across all figures, a consistent decrease in traffic density is
observed as the number of lanes increases, indicating that adding lanes reduces congestion
within the roundabout. However, the rate of decrease in traffic density diminishes as the
number of lanes increases, suggesting diminishing returns in terms of congestion reduction.
For instance, the change in traffic density from 1 to 3 lanes is more articulated than the change

from 8 to 10 lanes, highlighting a potential point of diminishing returns.
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In comparing the different lane configurations, the graph for 3 lanes (Figure 4.1a) shows
a sharp decrease in traffic density initially, indicating significant benefits of adding lanes at
lower lane counts. Similarly, for 4 lanes (Figure 4.1a), the pattern persists, although the curve
becomes slightly less steep, reflecting reduced baseline congestion. For 5 lanes (Figure 4.1a),
the curve flattens further, showing that the marginal benefits of additional lanes decrease as
the lane count increases. Finally, for 10 lanes (Figure 4.1a), the curve is the flattest, demon-
strating minimal impact of adding further lanes beyond a certain threshold. This trend can be
attributed to the increased capacity of the roundabout with additional lanes, allowing more
vehicles to pass through simultaneously and reducing congestion. However, the diminishing
returns suggest that beyond a certain number of lanes (likely between 5-6 lanes based on
Figure 4.1), the improvements in traffic flow become negligible. This could be due to factors
such as geometric constraints of the roundabout.

These results imply that there may be an optimal number of lanes for roundabout design,
balancing the benefits of reduced congestion with the costs of construction and maintenance.
Figure 4.1 suggest that roundabouts with 4-6 lanes may provide the most efficient balance be-
tween improving traffic flow and maintaining manageable infrastructure. Beyond this range,
the additional lanes may not justify the associated costs. Figure 4.1 demonstrates a negative
correlation between the number of lanes in a roundabout and the average traffic density, with
diminishing returns evident as the number of lanes increases. Although Figure 4.1 shows
optimal range around 5-6 lanes, further increase offers diminishing returns due to geometric
constraints

Figure 4.3 and Figure 4.2 show the relationship between traffic density (p) and the number of
lanes in a roundabout, considering variations in the x-direction (denoted as 7) (how traffic flow
changes with lanes) and the y-direction (denoted as j) (how lanes are added geometrically
to a roundabout). Figure 4.2 the traffic density decreases consistently as the number of lanes
increases in the j-direction. This indicates that expanding the roundabout in the y-direction

effectively reduces traffic congestion. However, the rate of decrease in density is non-linear,
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Figure 4.2: Variation of traffic density as number of lanes increases geometrically () to
a roundabout.

suggesting diminishing returns beyond a certain threshold of lanes. For smaller values of 7,
the density is relatively higher, pointing to a more congested traffic scenario when the number
of lanes is limited. As j increases, the surface flattens, indicating a point of saturation where

further lane additions have minimal impact on reducing traffic density. This also indicate a

more uniform flow.
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Figure 4.3: Traffic density against number of lanes and how traffic flow changes with
lanes (7) in a roundabout.

Figure 4.3 a similar pattern is observed, that is the traffic density decreases with an increasing
number of lanes in the z-direction. The steep decline in p for lower values of ¢ highlights the
significant impact of initial lane expansions in reducing congestion. However, as the number
of lanes increases, the slope of the surface becomes gentler, again emphasizing diminishing
returns with higher lane counts. For large values of ¢, the traffic density stabilizes, indicating
a limit to the improvements achievable through additional lanes.

Comparison of Figure 4.3 and Figure 4.2, it is evident that the trends are consistent across
both the z- and y-directions. The symmetry suggests that the impact of lane additions is
isotropic, meaning that expansions in either direction contribute similarly to reducing traffic
density. This highlights the importance of balanced design in roundabout construction, where
both the x- and y-directions are expanded to optimize traffic flow.

Figure 4.2 exhibits a prominent inverted wedge shape for moderate values of j. This re-
gion corresponds to an optimal balance between lane expansion and traffic density reduction,
where congestion is effectively mitigated without over-expanding the roundabout. The sharp

decline in density at lower values of j reflects the significant impact of initial lane additions.
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However, as j increases beyond the wedge region, the surface flattens, indicating diminish-
ing returns from additional lanes. This suggests that further expansion in the y-direction may
not yield significant benefits in reducing traffic congestion. Figure 4.3 shows an inverted
wedge-shaped region appearing for moderate values of 7. This wedge signifies the optimal
configuration where lane expansion in the z-direction achieves the greatest reduction in traf-
fic density. Beyond this region, the slope of the surface decreases, showing that additional
lanes provide limited improvements to traffic flow. The inverted wedge regions observed in
both plots represent the most efficient configurations for lane expansion. In these regions,
traffic density is minimized, and the benefits of adding lanes are maximized. Beyond the
wedge-shaped regions, the diminishing returns indicate that over-expanding the roundabout
in any direction would lead to unnecessary costs without substantial gains in reducing traffic

congestion.

4.2.1.2 Traffic Density against Velocity

Traffic Density p against Velocity
T T

T
4
1

Average Traffic Density p
T
’
1

T
i
1

Velocity

Figure 4.4: Traffic density against traffic velocity (m/s) in a roundabout.

Figure 4.4 represents the relationship between traffic density (p) and velocity (v) in a round-

about, revealing an inverse correlation between these variables. At low velocities (v < 10),
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traffic density is high, indicating congestion where vehicles are closely packed, likely due to
merging conflicts or insufficient gaps at the roundabout entrance. Conversely, at high veloci-
ties (v > 15), traffic density decreases significantly, representing free-flow conditions where
vehicles move with minimal interaction. This behavior aligns with fundamental traffic flow
theory, where increased speeds allow vehicles to spread out, reducing density.

The curve exhibits a nonlinear and continuous decline in density as velocity increases, with
a critical transition zone observed between v = 10 and v = 15. In this region, the de-
crease in traffic density becomes clearer, indicating a shift from congested to free-flow traffic
states. This transition likely reflects a critical velocity range where the roundabout’s capacity
to manage traffic shifts dynamically. The smooth nature of curve suggests that the relation-
ship is governed by continuous traffic flow dynamics reminiscing that of Equation (3.10).
The observations suggest that high traffic density and low velocity typically occur during
congestion, potentially caused by high vehicle volumes or suboptimal roundabout geometry.
On the other hand, low traffic density and high velocity correspond to efficient traffic flow,
commonly observed during off-peak hours or with well-designed roundabout features. The
findings imply that maintaining moderate velocities within the roundabout can help reduce

congestion and improve overall flow efficiency.

4.2.1.3 Traffic Density against Velocity and Spatial Changes

Equation (3.10) is used to study the relationship between traffic density (p), velocity (v), and

the variations in both spatial (Ax) and temporal (Ay) changes within a roundabout.



44

p against Velocity and Ay

=)
£ 062

Traffic Densi

Traffic Velocity YT, Ay

Figure 4.5: Traffic density against traffic velocity (m/s) and temporal change Ay in a
roundabout.

Figure 4.5 explores the relationship between traffic density, velocity, and temporal change
(Ay). It reveals that traffic density decreases significantly as Ay increases, indicating that
larger time intervals between vehicles allow for smoother transitions and reduced congestion.
At lower velocities, traffic density is highest when Ay is minimal, corresponding to closely
packed vehicles entering or navigating the roundabout. As velocity increases, traffic density
drops sharply, particularly at higher values of Ay. This suggests that vehicles with larger
temporal gaps can maintain higher velocities while reducing density. However, at very low
velocities combined with small Ay, congestion remains evident, highlighting the need for

improved time-based coordination, such as adjusting entry times into the roundabout.
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p against velocity and Az
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Figure 4.6: Traffic density against traffic velocity (m/s) and spatial change Az in a
roundabout.

Figure 4.6 shows traffic density as a function of velocity and spatial change (Az). At lower
velocities, traffic density (p) tends to be higher, especially when Ax is small. This behavior
suggests that closely spaced vehicles result in greater congestion, as the spatial distance (Ax)
between vehicles is reduced. As Ax increases, traffic density decreases gradually, reflecting
improved spacing between vehicles that facilitates smoother flow. There is a pronounced
decline in traffic density as velocity increases, regardless of Ax. This aligns with the expec-
tation that higher velocities correlate with lower densities due to reduced interactions among
vehicles. The gradual reduction of p with increasing Ax indicates that managing the spac-
ing between vehicles in a roundabout is critical for alleviating congestion and maintaining
efficient traffic flow.

Figures 4.5 and 4.6 reinforce the inverse relationship between traffic density and velocity,
a fundamental principle of traffic dynamics. They also emphasize the importance of both
spatial and temporal changes in mitigating congestion. Sufficient spacing between vehicles
enhances the roundabout’s efficiency by allowing for better maneuvering. Increasing time

gaps between vehicles reduces the likelihood of congestion by minimizing vehicle interac-
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tions. Figures 4.5 and 4.6 highlight that maintaining an optimal balance of velocity, spatial
spacing, and temporal intervals is essential for efficient roundabout operations.
4.2.2 Traffic flow on Disruption and Diffusion

Figures 4.8 and 4.7 illustrate the relationship between velocity (V') and the number of lanes

(V) in roundabouts, alongside two critical factors: disruption (S) and diffusion (D).

Velocity against N and S

Velocity

Disruption (S) L Number of Lanes (N)

Figure 4.7: Traffic velocity (m/s) against number of lanes and traffic disruption (.5).

Figure 4.7 which examines velocity as a function of the number of lanes and disruption, it
is evident that velocity increases as the number of lanes rises. This trend suggests that more
lanes provide greater capacity and maneuvering space, reducing congestion and enhancing
traffic flow (see also Figure 4.1a). However, the level of disruption significantly impacts
velocity. Higher disruption values, potentially caused by factors such as lane-changing con-
flicts, external interferences, or abrupt stops, lead to reduced velocities. Conversely, as dis-
ruption decreases, the velocity improves across all lane configurations. Thus, the importance

of minimizing disruptions in roundabout design to maintain efficient traffic flow.
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Velocity against N and D

Velocity

Number of Lanes (N)

Figure 4.8: Traffic velocity (m/s) against number of lanes and traffic diffusion (D).

Figure 4.8 shows the relationship between velocity, the number of lanes, and diffusion. Sim-
ilar to Figure 4.7, velocity increases with the number of lanes, indicating that higher lane
capacity positively influences traffic movement. Diffusion, representing randomness in vehi-
cle behavior or spacing, negatively impacts velocity. As diffusion increases, traffic becomes
more dispersed or erratic, leading to reduced velocities. Lower diffusion values correspond
to more orderly traffic patterns, which enhance flow efficiency. This suggests that managing
driver behavior and promoting uniform lane usage through measures such as clear signage
and lane guidance could mitigate the effects of diffusion. Figures 4.8 and 4.7 show that both
disruption (.5) and diffusion (D) are shown to negatively affect velocity. However, their im-
pact diminishes as the number of lanes increases, emphasizing the importance of adequate
lane capacity in roundabout design. To optimize traffic flow, it is essential to reduce both dis-
ruption and diffusion through thoughtful design strategies, while ensuring that roundabouts
are equipped with sufficient lanes to handle varying traffic conditions effectively. Figure 4.9
illustrates the relationship between traffic density (p), velocity (V'), and disruption (5) in a

roundabout.
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Traffic Density p against Velocity and Disruption S

Traffic Density p

Disruptions (S) 07 " oos Velocity

Figure 4.9: Traffic density against velocity and traffic disruption (5).

Figure 4.9 shows that traffic density decreases as velocity increases, indicating an inverse
relationship. When vehicles move at higher speeds, they occupy less space per unit length
of the roundabout, resulting in reduced density. Conversely, at lower velocities, vehicles
are spaced closer together, leading to higher density. This trend suggests that maintaining
optimal velocity is crucial for managing traffic density and ensuring smoother movement
within the roundabout. Disruption (.5), on the other hand, has a direct relationship with traffic
density. Greater disruptions (because of conflicts in changing lanes, external disruptions,
sudden braking, etc.), result in decreased vehicle velocity and higher traffic density. With
disruptions growing, the vehicles are likely to occupy a small area which leads to congestion
and reduces the efficiency of the roundabout. Conversely, at low levels of disruption, the level
of traffic density will be manageable at different velocities, and it is important to minimize
levels of disruption to enhance efficiency of traffic flow. The interplay between speed and
disturbance on the traffic density is also visible. The level of disruption is relatively low
at low levels, despite different velocities in the traffic. As the level of disruption increases
however, there is a significant increase in traffic density particularly at low velocities. This

implies that slow speed and high disorder aggravates congestion in the roundabout and it is
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of utmost importance to consider both in ensuring that there is optimum traffic flow.

4.3 Discussion

4.3.1 Traffic Flow Patterns and Vehicle Speed
4.3.1.1 Traffic Density against Number of Lanes

The study investigated the relationship between traffic density (p) and the number of lanes in
roundabouts. Figures 4.1, 4.3, and 4.2 illustrate a consistent trend: as the number of lanes
increases, traffic density decreases. This aligns with Deluka Tibljas et al. (2018) and Davi-
dovic et al. (2021), who emphasized the benefits of increased lane counts in reducing conges-
tion at roundabouts. Similarly, Mohebifard and Hajbabaie (2021) and Zakeri and Choupani
(2021) observed significant reductions in traffic delays and congestion with additional lanes
in roundabouts.

However, the results from this study highlight a diminishing rate of reduction in traffic density
as lanes increase. For example, while initial lane expansions (e.g., from 1 to 3 lanes) result
in steep declines in density, further additions (e.g., beyond 8 lanes) show minimal improve-
ments. This phenomenon is supported by Kabanga et al. (2022), who noted that geometric
constraints and other parameters influence roundabout efficiency. Similarly, Damaskou et al.
(2022) cautioned that the effectiveness of roundabouts is not solely a function of lane count
but also depends on design considerations and driver behavior.

The inverted wedge-shaped regions observed in Figures 4.3 and 4.2 further emphasize op-
timal configurations for lane expansion. These results are consistent with Kabanga et al.
(2022) and Cheah and Yeak (2022), who identified similar optimal designs for maximizing

throughput while minimizing costs.
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4.3.1.2 Traffic Density against Velocity

Figure 4.4 demonstrates an inverse relationship between traffic density (p) and velocity (v),
with high density corresponding to low velocities and vice versa. This aligns with fundamen-
tal traffic flow theories as discussed by Shao (2023), who modeled traffic wave dynamics to
reveal similar behavior. The critical velocity range (10 < v < 15) observed in the results
represents a transition zone from congested to free-flow conditions, a finding consistent with
Sun et al. (2020).

The study also suggests that maintaining moderate velocities can mitigate congestion, a con-
clusion supported by Damaskou et al. (2022), who emphasized the role of proper design and

speed regulation in enhancing roundabout efficiency.

4.3.1.3 Traffic Density against Velocity and Spatial Changes

Figures 4.5 and 4.6 highlight the combined effects of velocity (v), spatial changes (Ax), and
temporal changes (Ay) on traffic density (p). The results show that both larger spatial gaps
(Ax) and time intervals (Ay) correlate with lower traffic densities, reinforcing the findings of
Storani et al. (2021), who used hybrid models to demonstrate that adequate spacing reduces
congestion.

The results also echo Kang et al. (2022), who argued that traditional constant-coefficient
models fail to capture the dynamic interplay of spatial and temporal factors. The gradual
decline in density with increasing Ax and Ay underscores the importance of managing these
parameters for efficient traffic flow, as observed in both macroscopic and hybrid modeling
approaches.

The findings of this study align with the broader body of literature, which emphasizes the im-
portance of lane count, velocity management, and spatial-temporal dynamics in optimizing
roundabout performance. Studies by Cheah and Yeak (2022) and Kabanga et al. (2022) have
shown that modeling traffic flow in roundabouts requires incorporating real-world complex-

ities, such as driver behavior, geometric constraints, and entry/exit dynamics. These aspects
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are critical in achieving realistic and practical insights into traffic management.
Additionally, the diminishing returns observed in traffic density reduction with increased
lanes highlight the importance of balancing construction costs and traffic benefits, as sug-
gested by Zakeri and Choupani (2021). The transition zones in Figures 4.4, 4.6, and 4.5 align
with Sun et al. (2020)’s emphasis on critical velocities and optimal configurations.

The results of this study suggest that roundabouts with 4—6 lanes may offer the most efficient
balance between reducing congestion and minimizing costs. Beyond this range, the benefits
diminish, as also noted by Kabanga et al. (2022). The critical transition zones observed in
velocity and density relationships emphasize the need for proper design and regulation to

optimize flow conditions, corroborating Damaskou et al. (2022).

4.3.2 Traffic flow on Disruption and Diffusion

Figures 4.8 and 4.7 illustrate the complex interactions between velocity (V7), the number
of lanes (/V), disruption (5), and diffusion (D) within roundabout systems. The observed
trends align with established findings that roundabouts promote improved traffic flow and
reduced delays compared to traditional intersections. For example, Deluka Tibljas$ et al.
(2018) and Davidovi¢ et al. (2021) highlight the role of roundabouts in enhancing traffic
efficiency through their continuous circular flow design.

In Figure 4.7, velocity increases with the number of lanes, emphasizing the benefits of in-
creased capacity and maneuverability in reducing congestion. These results echo findings
by Mohebifard and Hajbabaie (2021) and Zakeri and Choupani (2021), who demonstrated
that adding lanes reduces average and maximum delays while significantly improving traf-
fic safety. This improvement in velocity is critical as increased lane capacity mitigates the
negative impacts of disruption (5, aligning with Damaskou et al. (2022)’s emphasis on min-
imizing driver confusion and external interferences to enhance roundabout performance.
Higher disruption values lead to reduced velocities across all lane configurations, as shown

in Figures 4.7 and 4.8. This finding resonates with Cheah and Yeak (2022), who modeled



52

roundabouts under non-linear and congested traffic conditions, emphasizing the importance
of addressing disruptions. Furthermore, the negative relationship between disruption and
traffic flow efficiency suggests the critical need for design strategies that minimize abrupt
stops and lane-changing conflicts, as corroborated by Kabanga et al. (2022).

Figure 4.8 highlights that higher diffusion—reflecting randomness in vehicle behavior—Ileads
to reduced velocities. This underscores the need for measures that promote uniform lane
usage and orderly driver behavior, as identified by Sun et al. (2020). Such strategies may
include implementing clear signage and lane guidance to enhance traffic flow efficiency and
mitigate the effects of diffusion.

The inverse relationship between traffic density and velocity in Figure 4.9 aligns with funda-
mental traffic flow principles, as modeled by Shao (2023). Lower velocities lead to higher
densities due to closer vehicle spacing, while higher velocities reduce density as vehicles
occupy less space per unit length. This relationship underscores the necessity of optimiz-
ing velocity to manage traffic density effectively, a concept also supported by Storani et al.
(2021), whose hybrid traffic flow model demonstrated similar dynamics.

The combined analysis of Figures 4.8, 4.7, and 4.9 reveals the critical role of minimizing both
disruption and diffusion while ensuring adequate lane capacity in roundabout design. These
findings align with Kang et al. (2022)’s assertion that traditional models often fail to adapt to
dynamic traffic changes and require extensions to capture real-world complexities. Although
this study provides valuable insights, there remains a gap in empirical validation and real-
world application scenarios, as identified by Cheah and Yeak (2022) and Storani et al. (2021).
Future work should focus on validating these models using diverse traffic geometries and

realistic driver behaviors to ensure their practical applicability.
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CHAPTER FIVE

SUMMARY, CONCLUSION AND RECOMMENDATIONS

5.1 Introduction

The chapter presents a summary of the study findings. Conclusion are also provided. Rec-

ommendations form the later part of the chapter.

5.2 Summary

5.2.1 Traffic Flow Patterns and Vehicle Speed

The study explores the relationship between traffic density (p) and lane count in roundabouts,
highlighting critical insights into optimizing traffic flow and roundabout design. Figures
4.1, 4.3, and 4.2 reveal that increasing lane numbers reduces traffic density, aligning with
Deluka Tibljas et al. (2018) and Davidovi¢ et al. (2021), who emphasize roundabout effi-
ciency in minimizing congestion. This trend is particularly pronounced in initial expansions
(e.g., 1 to 3 lanes), but the rate of density reduction diminishes with further lane additions,
consistent with Kabanga et al. (2022) and Damaskou et al. (2022), who highlight geometric
and behavioral constraints.

The inverted wedge-shaped regions in Figures 4.3 and 4.2 indicate optimal lane configu-
rations for balancing efficiency and costs, echoing findings from Cheah and Yeak (2022).
Figure 4.4 demonstrates an inverse relationship between traffic density and velocity (v), with
critical velocity (10 < v < 15) marking the transition from congested to free-flow condi-

tions, supporting fundamental traffic flow theories and findings by Shao (2023) and Sun et al.
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(2020).

Figures 4.6 and 4.5 illustrate the impact of spatial (Ax) and temporal (Ay) factors on density,
showing that larger gaps correlate with reduced congestion. This aligns with Storani et al.
(2021) and Kang et al. (2022), who emphasize the importance of capturing dynamic spatial-
temporal interactions in traffic models.

The study concludes that roundabouts with 4-6 lanes achieve an efficient balance between re-
duced congestion and construction costs, consistent with Zakeri and Choupani (2021). Tran-
sition zones and critical velocities emphasize the importance of proper design, regulation,

and modeling to optimize traffic flow and manage roundabout efficiency effectively.

5.2.2 Traffic flow on Disruption and Diffusion

The study examines the relationship between velocity (V'), the number of lanes (/V), disrup-
tion (.5), and diffusion (D) in roundabouts, highlighting their impact on traffic flow. Figures
4.7 and 4.8 show that increasing the number of lanes enhances velocity, aligning with findings
by Mohebifard and Hajbabaie (2021) and Zakeri and Choupani (2021), who observed reduced
delays and improved safety with greater lane capacity. Disruption negatively affects velocity
across all lane configurations, emphasizing the need to minimize lane-changing conflicts and
external interferences, as noted by Damaskou et al. (2022) and Kabanga et al. (2022).
Diffusion, reflecting erratic vehicle behavior, also reduces velocity, reinforcing the impor-
tance of measures such as clear signage to promote orderly traffic, as highlighted by Sun
et al. (2020). Figure 4.9 further illustrates an inverse relationship between traffic density and
velocity, consistent with fundamental traffic flow principles and Shao (2023)’s hybrid model
dynamics.

The combined findings stress the importance of addressing both disruption and diffusion
while ensuring sufficient lane capacity to optimize roundabout performance. Despite these
insights, gaps in empirical validation and real-world application remain, as noted by Cheah

and Yeak (2022) and Storani et al. (2021).
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5.3 Conclusion

This study successfully addressed the challenges of modeling traffic flow around roundabouts
by employing the Navier-Stokes and advection-diffusion equations. Through advanced fluid
mechanics principles, the research explored the complex dynamics of traffic density, velocity,
and diffusion before and after roundabout implementation.

The findings align with the study’s objectives, which aimed to develop mathematical models,
evaluate the effects of roundabout geometry, and analyze the role of disruptions on traffic
flow. The results demonstrate that roundabouts enhance efficiency and safety by reducing
congestion and enabling smoother vehicle movement. Sensitivity analyses highlighted criti-
cal factors such as geometric design, traffic volume, and external disruptions. These elements
play a decisive role in determining the overall performance of roundabouts, offering action-
able insights for improving urban infrastructure.

The study contributes significantly to the field by bridging the gap between traditional models
and real-world complexities. It underscores the importance of incorporating advanced math-
ematical frameworks in urban planning to optimize traffic flow. The proposed models proved
effective in simulating traffic patterns and identifying parameters critical for designing effi-
cient roundabouts. While cost reduction is a possible benefit, this was not explicitly studied

in this research.

5.4 Recommendations

Policymakers, urban planners, and engineers should integrate these findings into roundabout
design and implementation processes. Emphasis should be placed on conducting scenario-
based sensitivity analyses to tailor designs to specific traffic conditions. Future research
should extend the models to incorporate driver behavior, environmental factors, and multi-
modal traffic systems for enhanced applicability. It is also recommended to evaluate traffic

behavior using real-time traffic sensor data. This would strengthen their practical utility,



ensuring that the designs are adaptable and effective across diverse urban settings.
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