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ABSTRACT 
 

In response to rising fuel prices, limited availability, and environmental concerns, the automotive 

industry has focused on reducing aerodynamic drag to reduce vehicle consumption of fuel and 

carbon dioxide emissions. Buses are a common means of transportation, and understanding their 

aerodynamics contributes to their increased efficiency and lower drag. This study aimed to lessen 

the aerodynamic drag of the Bishoftu bus through varying windshield angles and utilizing base 

cavity configurations. Computational fluid dynamics (CFD) analysis in ANSYS 19.2 was 

conducted to evaluate the aerodynamic performance of vehicle models at various vehicle speeds. 

The SOLIDWORKS 21 was used for the creation of a 3D CAD model of baseline model and 29 

modified models. To verify the reference bus model's numerical results, wind tunnel tests were 

also conducted. Through investigated speeds for the baseline model, an average error percentage 

of 6.09% was observed between the Cd CFD findings and the wind tunnel test outcomes. This 

suggests that the numerical and experimental data have a very precise connection. The average 

drag coefficient reduction of 7.06% was achieved by base cavity application solely on the 

baseline model with a 12º base cavity angle and 0.3 times the height of the vehicle (0.3H) 

tapered base cavity depth. Additionally, the study examined the impact of windshield angle 

variation on the aerodynamic characteristics of a baseline model, finding that variations resulted 

in reduced stagnation pressure area and maximum average drag coefficient reduction of 17.12%.  

Also, lower coefficients of lift and lift forces, indicating an increase in downward force were 

exhibited through these modifications. Furthermore, the combined effect of windshield angle 

variations and base cavity configurations was studied. The minimum average drag 

coefficient(Cd) and drag force(Fd)  values of 0.4779 and 1420.97 N were achieved respectively 

by model 26 which has a 17º windshield angle,12º base cavity angle, and 0.3H tapered base 

cavity length. This modified model reduced the drag coefficient by 25.22% and drag force by 

26.6%, resulting in a maximum fuel consumption reduction of 3.66 lit/hr, and the highest 

average CO2 saved annually was 48.35 tonne/year. Finally, Multi-objective optimization was 

done through response surface methodology by giving precedence to the study's primary goal. 

The optimum dimensions were identified as an 11.54º base cavity angle, 17º windshield angle, 

and 0.3 times the height of the vehicle (0.3H) tapered base cavity length. 

Keywords: Bus, Drag, CFD, Cavity, windshield, Optimization  
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CHAPTER ONE 

INTRODUCTION  

1.1. Background of study 
 

The quest to reduce dependence on oil-based fuels has been a long-standing goal driven by the 

desire to enhance the cost-benefit dynamics of products and mitigate potential adverse 

environmental effects. The transportation industry has been a significant contributor to 

greenhouse gases, which lead to global warming. Vehicle emissions such as CO2, HC, and NOx 

are highlighted as major sources that lead to global climate change. These days, the global war 

crisis-related rise in gas prices has led to a growing desire within the motor vehicle industry for 

vehicles to use less fuel. A vehicleôs consumption of fuel is influenced by a variety of internal 

and external elements, including rolling, drag, and drivetrain losses, as well as traffic, wind, and 

the condition and slope of the road. Aerodynamic efficiency enhancement is one of the chances 

that vehicle makers use to reduce the consumption of fuel [1, 2].  

Aerodynamic efficiency is a critical aspect of vehicle design and performance. It refers to a 

vehicle's capacity to reduce air resistance or drag as it passes through the air. Higher 

aerodynamic efficiency results in less drag, better fuel efficiency, and increased overall 

performance. As a result, it became critical for automotive companies to create aerodynamically 

efficient, long-range vehicles with low polluting emissions. Vehicles that are designed with 

aerodynamic efficiency are more likely to use less fuel, emit less carbon dioxide, and have 

enhanced driving stability. It is possible to improve aerodynamic drag significantly, as it can 

account for as much as 80% of the overall motion constraints in vehicles. The most typical 

approach to increase the aerodynamics of a vehicle is to adjust the outside vehicle design. In 

general, vehicle aerodynamics is a subject of study that has obtained a lot of interest to lessen 

drag and consequently fuel consumption and emissions [1, 3]. 

Despite the rail network, buses are the most used means of public transportation worldwide. 

They have recently introduced improved engines with modern types of equipment, which 

reduces the usage of fuel significantly however it continues to cause problems while the vehicle 

is driven at high speeds. The majority of buses are known to have inefficient fuel usage, 
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especially at high speeds. As a result, efforts to improve the aerodynamics of bus forms to 

minimize vehicle fuel consumption have been continued. These enhancements aim to improve 

how buses interact with the air by lowering drag. Reduced acceleration resistance enables 

quicker speeds with the same amount of power or slower speeds with the equivalent power 

output. The bus's aerodynamically effective design minimizes drag, enhancing its fuel 

consumption. It is also essential to design a vehicle body shape that maximizes downforce and 

negative lifts with the least amount of drag force [4].   

Efforts to improve the aerodynamics of bus forms continue to evolve by focusing on minimizing 

aerodynamic drag. Several tactics and technologies are being used to optimize bus-air 

interaction, particularly at high speeds. One strategy is to improve the outside design of buses to 

reduce drag-inducing characteristics. This entails smoothing down shapes, reducing sharp edges, 

and providing a consistent flow of air around the bus. The other approach is the utilization of 

aerodynamic devices integrated spoilers, air deflectors, and optimized wheel designs to enhance 

aerodynamic efficiency. While transitioning to better aerodynamic shapes results in potential fuel 

savings, the cost and feasibility of implementing design changes are challenges raised by 

manufacturers [5]. 

The aerodynamics investigations of vehicles are performed through experiments in the wind 

tunnel or by using CFD analysis tools. In the early phases of design, before the vehicle is made 

to fulfill a specific function, a wind tunnel or a numerical approach might be utilized. Once the 

vehicle has been developed, it may be tuned and inspected on the road. Wind tunnels are 

laboratory facilities in which vehicles can be subjected to various airflow conditions. Engineers 

can replicate the airflow around a vehicle and measure the effects of forces impacting it by 

placing a prototype or a full-size vehicle inside a wind tunnel. It gives useful information for 

improving the vehicle's design and maximizing its aerodynamic performance. Due to their 

computational power and affordability computational fluid dynamics (CFD) becomes a 

commonly used method in a wide range of engineering disciplines. CFD analyzes the flow of air 

around a vehicle using numerical methods and computer simulations. It can simulate airflow, 

pressure distribution, and other aerodynamic factors by dividing the vehicle into smaller 

computing cells and solving complex mathematical equations. Engineers can use this technology 
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to observe and analyze the flow field, find areas of high drag, and optimize the vehicle's shape 

and features as a result [5, 6]. 

Among the bus transportation systems in Ethiopia Bishoftu buses are one of the most widely 

used. They are assembled locally by the Ethio Engineering group under the Bishoftu automotive 

industry. The Bishoftu bus is a Yutong commercial vehicle. The engine, chassis, and sheet metal 

for exterior body design for Bishoftu buses are imported from China and assembled in Ethiopia. 

These buses are largely utilized for transportation within the city and between cities and towns. 

They serve an important role in connecting various urban regions and outlying communities, 

providing residents and commuters with an essential method of public transit [7]. Figure 1.1. 

shows the Bishoftu bus. 

 

Figure 1.1. Bishoftu bus [7] 

Therefore the usage frequency of this bus to transport passengers in urban and intercity settings, 

and its blunt frontal shape make optimizing the aerodynamics of Bishoftu buses even more 

essential.  Improving aerodynamic efficiency can help to reduce fuel consumption, improve 

overall performance, and reduce the environmental effect of these buses in both city and intercity 

operations [7]. This research used CFD and wind tunnels for aerodynamics analysis of the 

Bishoftu bus with windshield angle variation and base cavity configurations at multiple vehicle 

speeds with the aim of drag reduction. The wind tunnel tests aimed to provide experimental data 

and validate the CFD simulations result of the reference bus model (Bishoftu bus). In addition, 



4 
 

multi-objective optimization was carried out utilizing response surface methodology (RSM). 

RSM is the method of statistical analysis for simultaneously optimizing many objectives. It was 

used to identify the optimum combination of windshield angle variation and base cavity 

configuration dimensions that would result in significant drag reduction while taking other 

important factors into account. 

1.2. Statement of the problem 
The escalation in fuel prices has become a considerable issue in the world related to the global 

war crisis [8]. When compared to other large vehicles, there aren't as many studies on the 

aerodynamics of buses, which makes them one sort of vehicle that burns a lot of fuel. Ethiopia 

has a large number of motor vehicles, most of which are imported from other countries and 

assembled in Ethiopia. However, bus manufacturers stress the bus's outside body appearance 

while ignoring aerodynamic drag [9].  

The existing Bishoftu bus design exhibits an aerodynamically inefficient frontal shape, resulting 

in increased air resistance and higher drag forces, especially at higher speeds. The bus's flat and 

blunt front surface yields a high-pressure zone on the frontal area while a zone of low pressure is 

formed at the rear of this bluff body. This creates a considerable disparity in pressure between 

the front and back ends, causing the bus to have more aerodynamic drag [10]. Most of the vehicle 

engine power is utilized to combat tractive opposition, which is comprised of rolling and 

aerodynamic resistance. At greater speeds, aerodynamic resistance takes precedence over rolling 

resistance, and the engine's maximum power is used to get over the aerodynamic barrier. As a 

result, the load on the engine rises significantly, increasing fuel consumption and CO2 emissions.  

So it becomes crucial to properly aerodynamically redesign the Bishoftu bus as the consideration 

for the aerodynamic design of this bus is less and it is closely associated with fuel efficiency and 

CO2 emission.  

Furthermore, the experimental validation of the CFD results for the aerodynamic analysis of 

buses is limited [9, 11, 12]. Base cavities as drag reduction mechanisms are applicable for SUVs 

but their intensity of drag reduction on the bus is not investigated.  Also the optimum windshield 

angle of the bus for the drag reduction needed to be studied. In addition, the amount of fuel saved 

by the implementation of these drag reduction mechanisms and thus CO2 reduction due to fuel 

save needs to be examined. Therefore, this work investigates aerodynamic forces, fuel 
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consumption, and CO2 emissions reduction of windshield and base cavity angle at a variety of 

vehicle speeds using CFD and wind tunnel. Also, multi-factor optimization using response 

surface methodology was conducted to identify the best combination of windshield angle 

variation and base cavity configuration dimensions that lead to significant drag reduction while 

considering other essential factors. 

1.3. Objectives of the study 

1.3.1. General objective 

The general objective of this thesis work was to perform CFD aerodynamic analysis on the 

impact of the base cavity configurations and windshield angle variation on the aerodynamic drag 

of the Bishoftu bus and experimental validation of the numerical results. 

1.3.2. Specific objectives  

¶ To conduct CFD aerodynamic analyses on the models at various vehicle speeds. 

¶ To validate the baseline model CFD results using a wind tunnel test.   

¶ To estimate the fuel saving and CO2 emission reduction due to the drag reduction. 

¶ To optimize the windshield angle, base cavity angle, and depth by considering multi-

objective responses using response surface methodology.  

1.4. Significance of the study 
The Bishoftu buses (yutong) are popular buses that are utilized for public transport in Ethiopia. 

This bus is also used by several government and individual companies to provide services to its 

workforce. The study provided aerodynamically effective and efficient configurations of the bus 

having reduced drag. Thus the reduction of the drag minimizes fuel consumption and 

environmental pollution. The minimization of fuel usage results in a reduction of the fuel 

expenses for the operation of this bus and contributes to the country's economy by reducing the 

foreign currency needed to import fuel. It also provides an improved comprehension of the flow 

field over the bus as well as the wake formed at the bus's back. The study may be utilized as a 

foundation for any persons, scholars, or companies involved in bus body design to minimize 

aerodynamic drag. 
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1.5. Scope of the study 
The study includes improving the aerodynamic phenomena of the Bishoftu bus through 

windshield angle and base cavity. The study analyzed the aerodynamic forces at different vehicle 

speeds. The drag reduction percentage of new configurations related to the existing model was 

studied. In addition, the amount of fuel consumption and CO2 reduction was determined. Also, 

the economic contribution due to the fuel saving was analyzed. The analysis was conducted 

using numerical and experimental tests.  The results obtained from the CFD analysis were used 

for multi-factor optimization using response surface methodology in design expert software. 

1.6. Limitation s of the study 
The aerodynamic analysis was performed both numerically and experimentally (by wind tunnel 

testing). The 3D model of the the reference bus for the analysis was prepared by excluding small 

details like the bottom of the bus were taken as smooth. The selection of material for the CFD 

simulations was not considered, and the models were merely assessed aerodynamically. To 

acquire results in less computing time, the numerical analysis of the work has to be carried out 

on a powerful computer. The simulation time was increased due to the lack of a high-

performance computer.  

1.7. Structure of the Thesis 
The thesis is divided into a total of five chapters, each concentrating on a distinct area of the 

topic. The opening chapter provides an introduction, including the study's background, problem 

statement, objectives, scope, importance, constraints, and overall framework of the thesis. In 

Chapter 2, a complete literature review is offered, diving into the current body of information 

connected to the research issue. Chapter 3 focuses on the research methodology, describing the 

research strategy and analytical methodologies used. The results and discussions from the data 

analysis are presented in Chapter 4. Finally, Chapter 5 sums up all the major outcomes and offers 

recommendations based on the study's findings for implementation and additional study on the 

topic. 
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CHAPTER TWO  

LITERATURE REVIEW  

2.1.  Aerodynamic forces 

Aerodynamic forces have an essential part in the field of fluid dynamics and are essential for 

understanding the behavior of objects moving through a fluid medium, such as air or water. 

These forces are primarily responsible for the motion and stability of aircraft, automobiles, and 

other objects that experience fluid flow. Understanding aerodynamic forces in automotive design 

is crucial for achieving various design objectives, including fuel efficiency, stability, comfort, 

noise reduction, cooling, performance, and safety. Aerodynamic studies began with the goal of 

reducing drag, but it quickly became clear that lift and side forces were also important in terms 

of vehicle stability [13]. 

On the road, a vehicle may experience three types of fluid forces: drag, lift, and side force. The 

flow may experience either headwind or crosswind based on the yaw introduction of the 

associated velocity of the vehicle and wind. The use of experiments and computational flow 

prediction methods continue to require major advances to achieve an adequate awareness of flow 

physics. A significantly prevalent factor that contributes to raised fuel usage and decreased 

maximum acceleration of vehicles is drag force. The other aerodynamic force that pushes a body 

across a fluid in an orientation perpendicular to its motion is called lift. Side force, also known as 

lateral force or side slip force, is a force due to aerodynamics that exerts pressure diagonally to 

the axis of movement of a vehicle or object. Unlike lift and drag, which primarily act in the 

direction of motion, side force acts sideways. Modification of a vehicle configuration and 

application of various aerodynamic devices are the most implemented methods in reducing drag 

resistance, saving engine power and fuel at the same time, and giving the vehicle a steadier ride. 

In the field of aerodynamics, Cd, Cl, and Cs are coefficients used to quantify the forces of drag 

(Fd), lift (Fl), and side force (Fs), respectively. These coefficients are dimensionless values that 

allow for a standardized comparison of the magnitudes of these forces. They are determined by 

relating the forces to the dynamic pressure and the frontal area of the object [14]. The 

coefficients of drag (Cd), lift (Cl), and side force (Cs) are calculated using equations 1-3 

respectively. 
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                         Cl=
Ȣ

                                                                                                             (1) 

                         Cd=
Ȣ

                                                                                                                                             (2) 

                         Cs=
Ȣ

                                                                                                            (3) 

The coefficients of lift, drag, and side force are represented by the letters Cl, Cd, and Cs 

respectively. The air density is represented by the letter . Where the vehicleôs speed and air 

density are represented by v, and  respectively. 

2.2. Key Determinants of Drag 

Drag is an essential variable in aerodynamics that impacts the effectiveness and efficiency of 

objects going across a fluid medium. Understanding the factors that contribute to drag is critical 

for optimizing vehicle design to effectively reduce drag and enhance efficiency as a whole, and 

the consequences of drag force are the focus of this study. Several key factors that contribute to 

the magnitude of drag are the appearance and surface roughness of the body, the flow velocity, 

and the density of the air [14]. 

2.2.1. Impact of Object Shape on Drag Forces 

The magnitude of drag forces experienced by an object while moving through a fluid or air is 

directly and significantly affected by its shape. The frontal area of the object is critical because it 

determines the amount of drag caused by variations in pressure around the object. Furthermore, 

three-dimensional shapes influence friction drag, also known as skin friction, which is influenced 

by the outer layer roughness of the object and results from the forces of shear between the 

surface of the item and the fluid. The aerodynamic drag coefficients of various shapes are 

displayed in Figure 2.1. 
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Figure 2.1. Aerodynamic drag co-efficient of shapes [14] 

2.2.2. Air Flow Characteristics and Drag 

Drag is related to the motion of an object through the air, so the velocity of the air impacts the 

drag. Drag, like lift, changes with the square of the associated velocity of the object to the 

surrounding air. The level of drag that results from a given shaped object is also affected by the 

object's preference for the flow. The object's motion within the air leads to boundary layers 

forming on it. A boundary layer describes an area of low flow near the outermost layer of the 

vehicle that increases skin friction. Moreover, a low-pressure area created by flow separation at 

the back end of the vehicle adds to total pressure drag [15]. 

2.2.2.1. Boundary Layer and Its Influence on Drag 

A boundary layer is a light film of fluid that develops next to the outermost portion of a body and 

travels in a liquid medium such as air. It is important in aerodynamics because it directly 

interacts with the object's surface. It's in charge of transferring momentum and heat between the 

object and the atmosphere's fluid. The way the boundary layer behaves affects how much the 

item encounters the drag forces. Comprehending the boundary layer's behavior and 

characteristics is critical for optimizing aerodynamic design. Its formation on the flat plates is 

mostly used for understanding the development of the boundary layer. Initially, the flow moves 

towards the plate with a constant velocity of UÐ. However, when the flow encounters the plate, 

the no-slip state comes into play, causing the fluid particles in direct contact with the plate to 

come to a complete halt. Conversely, far from the flat surface, the velocity remains identical to 
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the freestream value, UÐ. Thus, a velocity variation is established in the fluid, oriented normally 

to the flow direction. This gradient gives rise to the formation of a layer near the solid wall, 

known as the boundary layer. It's critical to understand it is not a stagnant occurrence but rather a 

dynamic one. As the flow progresses along the plate, the thickness of the boundary layer 

gradually increases. Several factors influence this growth, including the detachment from the 

foremost edge and the fluid properties. Because the boundary layer is thicker at the back of the 

object, the pressure is lower there than it is in front, causing the drag force [16] [17]. The 

creation of the boundary layer can be observed in Figure 2.2. 

 

Figure 2.2. Formation of boundary layer [18] 

2.2.2.2. Laminar and Turbulent Boundary Layers  

The flow of fluid across the boundary layer is classified into two types: laminar and turbulent. 

The laminar boundary layer is distinguished by smooth, ordered flow with little mixing and little 

turbulence. The turbulent boundary layer, on the other hand, has chaotic, swirling flow patterns 

that have substantial mixing and greater levels of turbulence. The body's design, the object's 

velocity about the fluid, and the roughness of the surface are some of the elements that influence 

how they develop. The shift in form from laminar to turbulent boundary layer is influenced by 

the Reynolds number, which is a dimensionless quantity reflecting the inertial-to-viscous force 

ratio. The laminar boundary layer experiences lower skin friction drag compared to the turbulent 

boundary layer. This is because the laminar flow has less resistance to the object's motion due to 

the smoother flow and reduced mixing of air molecules. The turbulent boundary layer, 
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experiences higher skin friction drag due to the increased mixing and turbulence [16]. Figure 2.3. 

illustrates the typical turbulent as well as laminar layers at the boundary. 

 

Figure 2.3. Exemplary laminar as well as turbulent boundary layer velocity patterns [19] 

2.2.2.3. Separation of Flow 

Flow separation is a phenomenon that occurs when the fluid flow detaches or separates from the 

object's surface and as the air passes over the vehicle's surface, the velocity variation ceases, and 

the direction of the fluid reverses. Its control is also a hot topic in fundamental fluid dynamics 

and a several uses in engineering. The extent of the wake area and thus the amount of 

aerodynamic drag are determined by its location. At the base, where the airflow over the vehicle 

splits, an immense turbulence low-pressure area known as the wake forms behind the vehicle. 

This wake leads to the generation of pressure drag. Several approaches for controlling flow 

separation have been devised, either to prevent it or to minimize its impacts [20ï22]. Figure 2.4. 

shows the flow separation in flow over a cylinder. 

 

  Figure 2.4. Flow separation in flow over cylinder [18] 
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2.2.3. Air Properties and Their Influence on Aerodynamics 

The properties of air are important in aerodynamics because they influence the behavior of 

objects moving through the atmosphere. Understanding these air properties is essential for 

analyzing and optimizing the performance of various vehicles. One of the air properties that 

impacts the aerodynamic drag is air density. Higher resistance from high-density air results in 

higher drag forces, whereas less resistance from low-density air lessens drag. The viscosity and 

compressibility of the air are two additional characteristics that have a complex relationship with 

drag. Skin friction is impacted by these factors. Moreover, air pressure plays a significant role in 

aerodynamics. Changes in atmospheric pressure affect air density and can impact lift and drag 

forces. Also, air temperature is another significant property that affects aerodynamics. 

Temperature variations influence air density and viscosity. 

2.3. Aerodynamic devices  

Aerodynamic devices are essential for improving the effectiveness and efficiency of road 

vehicles. These engineering components are designed to regulate the flow of air around the 

automobile to lessen drag, increase stability, and enhance fuel economy. There are two distinct 

types of aerodynamic devices for road vehicles: active and passive. Passive devices are fixed 

components that do not require any external power or control to operate. Some common 

examples of passive aerodynamic devices include spoilers, side skirts, diffusers, and streamlined 

body components. Active devices, on the other hand, are dynamic components that can be 

actively controlled or adjusted to optimize the aerodynamic performance of the vehicle. These 

devices often require external power and control systems to operate. Some of the advantages in 

this field include increasing the aerodynamic efficiency of add-on devices and improving design 

[14, 23].  

2.3.1. Passive aerodynamic devices 

Passive aerodynamic devices play a crucial role in vehicle design to enhance aerodynamic 

performance without the need for active control systems. Examples include spoilers, which 

disrupt airflow to reduce lift and improve stability; side skirts, which streamline the airflow 

along the vehicle's profile to minimize turbulence and decrease drag; diffusers, which optimize 

airflow underneath the vehicle to create a suction effect, increasing stability and reducing drag; 

and streamlined body components.  
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Daniel et al., [24] studied the influence of vortex generators, lateral devices, and rails on the drag 

of the bus. The three drag reduction approaches were combined to create 11 different layouts for 

the examination as a whole. Wind tunnel experiments were used to estimate the variations in 

drag caused by each configuration, and CFD was used to verify the results. With the devices, the 

bus's flow behavior was changed, leading to the highest decrease in the coefficient of drag of 

8.63% and a drop in fuel usage of 3.92%. 

Devang S. Nat Hey et al., [25] investigated the impacts of various supplement devices on the 

vehicle to minimize drag. The application of a diffuser and spoiler resulted in the maximum drag 

reduction of 23.19%, although fins and other devices additionally significantly decreased drag, 

though they may have different functionalities such as enhancing speed stability by channeling 

flow at the rear. 

Martín-Alcántara et al., [26] investigated the reduction of drag resulting from the implementation 

of a multi-cavity at the rear end of the bluff body. The results show that the usage of a multi-

cavity significantly reduces the flow's randomness, resulting in a wake that is considerably less 

chaotic and almost two-dimensional.  

Naveen Koppa Shivanna et al., [27]  investigated rear cavity adjustments' impact on a Square 

Back Ahmed Body's drag and flow field topology. A notable 22.55% drag reduction was 

obtained by tapering the cavity edges at an angle of 6, mostly as a result of a large reduction in 

wake size. The change in the mean wake topology brought about by afterbody shape remodeling 

accounts for the drag reduction that is attained in every instance. 

M. Lorite-DËēeza et al., [28] examined the reduction of drag on a three-dimensional blunt body in 

a crosswind with various base cavities. Furthermore, a significant base pressure recovery that 

results in a 9.1% diminution of drag is caused by the smaller near wake, which is caused by flow 

reorientation and the shorter distance between the curved cavity's back edges. 

Kim et al., [29] have attempted to reduce drag on tractor-trailers with additive aerodynamic 

devices. The flow regulating mechanisms, containing gap fairing, cab roof fairing, boat tail, and 

side skirt hosted to minimize the drag force applied on commercial vehicles. In the study, the 

effect of applying multiple drag reduction devices was investigated through the subsonic wind 

tunnel with an error in measurement of side force and drag being less than 2% with varying yaw 

angles between 0°-15°. For the tractor-trailer model (1:15), Particle Image velocimetry(PIV) was 

performed in an experimental-type wind tunnel. The authors found the result which shows the 
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integrated aerodynamic device significantly changes the flow arrangement of the vehicle, 

causing a decrease in air resistance and sideways force coefficient by 26.5% and 5.3%, 

respectively, relative to the standard tractor-trailer. Therefore, the application of an additional 

flow control mechanism greatly reduces the transport costs, which are generally used up by the 

fuel costs of heavy vehicles.  

Chowdhury et al., [30] studied the drag created by deflectors that were used in the Asian 

subcontinental bus. Two deflectors, similar to those found in Bangladesh and Pakistan, were 

employed with a 1/8 scale model. The base truck was measured first without the deflector and 

then with both deflectors at speeds between 40 and 120 km/h with a yaw angle of 0° in a wind 

tunnel. The outcome presents that the use of aerodynamic deflectors reduces air resistance by 

12%, but the deflectors used in these countries increase drag by 22% and 56%, respectively. The 

outcomes are plotted in Figure 2.5. 

 

 Figure 2.5. The relationship between wind speed and drag coefficient (Cd) [30] 

Kim et al., [31] studied flow control devices used to lessen the aerodynamic drag bluff body 

vehicles. The aerodynamic effects of modified Cab-roof fairing (CRF) models were inspected 

through a wind tunnel having a vehicle model ratio of 1/8 tests to achieve a practical blockage 

ratio and later by numerical simulation. Large Eddy Simulations (LES) were utilized to identify 

flow characteristics and particle image velocimetry (PIV) flow field measurements were also 

made in conjunction with and without CRF to assess the variations in flow characteristics 

surrounding the front of the vehicle. By mounting the CRF on the vehicle model, drag was 
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reduced by 15.05%; moreover rounding the lateral edges of the CRF 2D increased drag reduction 

by 15.97%. 

Özcan et al., [32] investigated exterior configurations and aerodynamic improvement of a 

simplified Bus model by Computational Fluid Dynamics. The leading windscreen angle, front 

diffuser angle, back diffuser tilt, and back and front top fillet [bending] were the four 

aerodynamic devices that were examined. All mechanisms except the diffuser angle all improve 

aerodynamics. The most influential vehicle reduction mechanism on a conceptual vehicle 

design was the front windshield angle, capable of diminishing drag coefficients by up to 51%. 

On the other hand, an adverse aerodynamic effect was shown when the rear diffuser inclination 

was employed.  

Cihan Bayindirli and Mehmet Celik [33] studied the non-smooth surface plate impact on the 

reducing flow separation. Its use on the minibus frontal roof area was found to reduce the 

coefficient of drag with an average of 1.03%. resulting in the  0.5% minimization of fuel usage. 

2.3.2. Active aerodynamic devices 

Some of the active aerodynamic devices that are used for the drag reduction of vehicles include 

base bleed, active rear spoilers, active grille shutters, and active air dams.  Base bleed involves 

injecting gas or combustion products into the vehicle's base region, minimizing the low-pressure 

wake and improving aerodynamic efficiency. Active rear spoilers adjust their position based on 

vehicle speed and yaw angle to optimize airflow, reducing drag and enhancing stability. Active 

grille shutters automatically open or close to regulate airflow through the engine compartment, 

reducing turbulence and improving aerodynamics. Active air dams dynamically adjust their 

position to extend downwards at higher speeds, reducing airflow underneath the vehicle and 

minimizing drag. Several studies have investigated the effectiveness of active aerodynamic 

devices in reducing drag for vehicles. 

Base bleed was used in the study by G. Sivaraj1 et al., [34] to minimize aerodynamic drag and 

usage of fuel in road vehicles. According to the results of the experiment, installing base bleed at 

an optimal location on the car's front and rear sides enhances efficiency and reduces drag 

coefficient by 6.18%. Soo-Whang Baek and Sang Wook Lee., [35] researched vehicle drag 

reduction using rear blowing. A 6% reduction in drag was obtained with just the roof blown, and 

a 7.5% reduction in drag was obtained when the vehicle's roof and sides were blown at the same 

speed as the vehicle's speed. 
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Raghav Tandon et al., [36] investigated the aerodynamics of a passenger vehicle to minimize 

drag through an active grille shutter and an active air dam. The use of active devices resulted in a 

12.23% decrease in drag. Ahsan Mahim., [37] performed a computational analysis on the 

minimization of the drag on the rear wing of a Formula Student Car. The drag reduction system 

(DRS), a system with active controls that enables the angle of attack (AoA) of the wings to be 

adjusted, was used. Drag reduction was determined to be 78%. 

Bayindirli & Celik., [6] examined the active and passive flow control systems that were 

employed to regulate the flow around the vehicle. Six distinct free flow velocities between 

3.8×10
3
 and 7.9×10

3
 Re were used for the CFD simulations. The bus model was created using 

Solid Works, and three different lengths (L/H) of flow control rods with diameters of ten, twenty, 

and thirty millimeters mm, were attached to the forefront surface of the bus. CFD study 

implemented at the indistinguishable test circumstances for the smallest drag coefficient model. 

CFD analyses performed in the Fluent program validated the experimental outcome with an error 

tolerance of 1.81%. Additionally, intricate distributions of pressure and bus model flow patterns 

were detected. The simplified layout of the experiment's PIV measuring setup is shown in Figure 

2.6. 

 

Figure 2.6. Schematic representation of the PIV measurement experimental setup  [29] 

Gurlek et al., [38] worked on visualizing the flow structure of a bus model using a laser-based 

PIV system to gain a further understanding of the vortical flow mechanisms. To achieve less than 

0.5% free stream turbulence, a free surface water channel was used. The model was a quarter of 

a typical bus, with a top speed of 90 km/h. According to the findings, the wake flow region is 
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about the bus model's height multiplied by 0.95. The peak turbulence magnitudes, as well as the 

lower and top-body shear layers, were discovered in horizontal and vertical measuring planes. 

2.4. Aerodynamics Effect on Fuel Consumption 

Aerodynamic drag accounts for 50-60% of fuel usage in automobiles on major expressways. The 

current crucial urgings for low drag around the world are fuel economy and, increasingly, 

climate change. The increasing cost of fuel and the effects of global warming have prompted 

researchers to examine various aerodynamic configurations to reduce the utilization of fuel and 

drag force. The energy needed to counteract drag corresponds to the cube of the vehicle's free 

stream velocity, suggesting that a massive amount of fuel is spent [39]. The average real-world 

CO2 emission of all light commercial vehicles is shown in Figure 2.7. 

 
Figure 2.7. Average real-world and CO2 emission of all light commercial vehicles [40] 

Tafesse et al., [12] worked on improving the aerodynamics of the ISUZU bus mostly 

manufactured in Ethiopia. The authors compared the aerodynamic drag of the existing 

configuration and the modified one obtained from CFD analysis. The amount of fuel usage and 

CO2 emissions were also calculated. The modified Bus body was developed using CATIA and 

Pheonix software to conduct the CFD analysis for the speed range of 80 to 120 km/hr. This 

investigation reveals the possibility of lowering drag, consumption of fuel, and carbon dioxide 

emissions in the Isuzu bus's configuration. When contrasted to model 1, model 2 achieves fuel 

redemption of 5.17 L/h and a reduction of 52.1 tons of CO2 emissions annually at a speed of 120 
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km/hr. The CFD outcome shows the variation of pressure and velocity over the back and the 

vehicle's leading sides have a significant impact on its total drag.  

H.Yesfalgn Damisse and N. Ramesh Babu [9] worked to minimize the aerodynamic drag of 

domestic buses to reduce fuel consumption. The baseline model (Yutong bus) was modified in 2 

more models using software and their aerodynamic behavior was analyzed by CFD. Outer 

volume meshed with coarse elements. The authors conduct the research only by considering the 

direct wind conditions at 3 various vehicle speeds of 85, 100, and 115 km/hr. It was observed 

that the minimum drag force was achieved with the average 0.35 Cd value and fuel consumption 

reduction of about 22.8% at a speed of 85 Km/h. 

Jadhav & Chorage [5] conducted research to diminish bus aerodynamic drag for fuel economy. 

Modifications to the Volvo B11R were made by designing the bus per code AIS-52 without 

disturbing the fundamental body of the bus. The Volvo bus model has been created in CATIA 

and analyzed in ANSYS for speeds varying from 80 to 123 kmph and drag was calculated 

accordingly. Pressure-affected area and velocity distribution were also implemented on both 

models to get accurate data. The result shows a drag lessening of 36.61% and 13.7% fuel saving 

was achieved at 120 kmph without changing the structural integrity of the bus. 

Belachew et al., [41] researched minimizing the aerodynamic drag of the locally made FSR Isuzu 

bus by improving the frontal body configuration. The authors consider modeling, discretizing, 

and assessing drag force lessening, burnt gas minimization, and fuel consumption reduction of 

the model bus. Four new configurations were simulated using CFD to detect the optimum 

aerodynamically effective configuration. The result shows maximum drag coefficient reduction 

has been achieved for the fourth model where it reduced from 0.5451 the model to 0.4141, thus 

the 24.03% fall in Cd is achieved at 80 kmph. Concerning this, the drag force lessening from 

581.07 N to 441.43 N has been achieved in this work, which in return thus reduces energy 

necessity by 3447.56 kW (17.87%). Model 4 modification minimized fuel consumption by 

0.256296gal/hrs and reduced CO2 emissions by 17.87%. According to the study, reducing the 

frontal body design area and adding a curved device that minimizes drag leads to an overall 

decrease in aerodynamic drag. 

Bekele et al., [42] examined the aerodynamics of a locally formed body of Isuzu Midibus 

available in Ethiopia with a miserable aerodynamic body configuration that looks like a blunt 

rectangle. The authors develop the 1:20 scale model in SolidWorks and perform the analysis by 
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utilizing the CFD/ANSYS Fluent modeling of the realizable k-epsilon turbulence. Four models 

have been developed by improving the rear spoiler. The study result reveals that the improved 

aerodynamic configuration of the model resulted in a 54.35% decrease in the drag coefficient, 

resulting in a 32.61% reduction in energy consumption. This minimization of fuel consumption 

has a positive environmental effect. 

Peng et al., [43] studied a tractor cab modified to reduce drag. The parametric cab design in this 

study was inspired by the cheetah's outer hull to minimize drag on the tractor-trailer. The angle 

between the A-pillar and the flat plane was set between 120° to 135° and the baseline of the cab 

was set between 400-500 mm. The optimum drag reduction was obtained in a 500 mm-125° cab 

design with a reduction in drag coefficient by 8.49% and a 3.18% fuel consumption reduction. 

The vortex made over the protruding portion acted as a óvortex cushionô to accelerate the flow, 

which reduces the aerodynamic drag. 

Al -Garni & Bernal [44] investigated the aerodynamics of pickup trucks using an open return 

wind tunnel, precise flow field measurements using the PIV system at Reynolds numbers, and 

unsteady and mean pressure measurements. The authors obtain and analyze the numerical system 

results in comparison between CFD and the experimental model. The mean pressure results 

exposed that the pressure outside the rear door was higher than inside the rear door advising that 

the tailgate minimizes the aerodynamic drag and fuel consumption.  

2.5. Numerical Models 
In most cases, numerical research is more cost-effective and produces better results than 

experimental studies because vehicle aerodynamics the variables vary throughout the wind 

tunnel but stay constant in CFD. CFD is a subset of numerical modeling that concentrates on 

simulating fluid flow as well as associated phenomena. It gives the solution to the flow's 

governing equations under certain initial and boundary conditions. The three basic principles of 

conservation of mass, momentum, and energy are represented by the equations that govern fluid 

motion. In fluid dynamics, especially when studying vehicle aerodynamics, the momentum and 

continuity equations of the Navier-Stokes equations which do not contain the energy equation 

are utilized [45]. 

¶ Continuity Equation (Conservation of Mass): 

           ​  ό  π                                                                                                                          (τ) 

¶ Momentum Equations (Conservation of Momentum): 
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Where: 

ü u represents the velocity vector (u, v, w) in the x, y, and z directions, 

respectively. 

ü p represents the pressure. 

ü ɟ is the fluid density. 

ü ɜ is the kinematic viscosity. 

ü g represents the acceleration due to gravity. 

The Navier-Stokes equations express mass and momentum conservation in fluid flow at all 

points in space and time. They reflect the fluid's entire, unaveraged behavior, including all 

fluctuations and turbulent features. Although the Navier-Stokes equations can theoretically 

depict turbulence, solving them directly for all turbulent scales is computationally challenging 

for the majority of practical applications. The Navier-Stokes equations are particularly 

computationally difficult to solve for the reason they involve solving all turbulence scales, which 

can be extremely complex and computationally costly. A turbulent flow can be calculated using 

three fundamental methods: Reynolds Averaged Navier Stokes Simulation (RANS), Large Eddy 

Simulation (LES), and Direct Numerical Simulation (DNS). DNS solves the entire set of 

unstable Navier-Stokes equations numerically, but it is too expensive and impractical for 

industrial flows. Though less costly than DNS, LES still requires too much work and computer 

power for most real-world uses. LES resolves certain turbulence completely and resolves the 

filtered N-S equations. Reynolds averaged navier stocks are thus required and widely applicable 

in CFD. By averaging the equations over time and modeling the unresolved turbulence, RANS 

equations give a computationally less expensive approach. Navier-Stokes equations that have 

been simplified are known as Reynolds-averaged Navier-Stokes equations, or RANS. The 

steady-state solution and the time-dependent variations in the system that cause turbulence in 

various flow zones have been distinguished in the RANS equations. 

2.5.1. Turbulence modeling 

Reynolds Averaged Navier-Stokes Equations (RANS) are used in combination with turbulent 

models to address the difficulty containing Reynolds stress which resulted from the time-

averaging process. The development of turbulence models has grown considerably in the past 
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few decades due to providing reliable numerical solutions for fluid dynamic problems that 

involve intricate flows that are turbulent. CFD software uses a variety of approximate equations 

to precisely describe and simulate the flow fields within and around complicated objects. CFD 

software allows for a variety of turbulence models to model various fluid phenomena under 

various circumstances and presumptions. It desires to solve turbulent flows by using fully closed 

numerical resolutions to the Reynolds equations. Turbulence models of various types are used in 

CFD simulations using the Reynolds-Averaged Navier-Stokes (RANS) framework. k-epsilon 

models, k-omega models, and Reynolds Stress Models (RSM) are some of the RANS-based 

turbulence models used in vehicle aerodynamics [46]. 

2.5.1.1. k-epsilon turbulence model 

The k-epsilon turbulence model is widely in CFD simulations, particularly for external flow 

analysis. It provides a solution to a couple of transport equations, one for turbulent kinetic energy 

(k) and the other for dissipation rate (epsilon). Equations 6 and 7 show the condensed equations 

for the k-epsilon turbulence model [47]. 

The equation for turbulent kinetic energy (k): 

            ​  ”όὯ  ​  ‘   ​Ὧ  ὖ ɀ ‐                                                 (φ) 

The equation depicts the development of turbulent kinetic energy (k) over time. The terms in the 

equation represent the time rate of change of k, k advection by the mean flow, turbulent diffusion 

of k, Pk is the resultant output of k by mean flow gradients., and dissipation of k (Ů). 

Equation for turbulent dissipation rate (epsilon): 

         ​  ”ό‐  ​  ‘   ​‐      
 ͅ 

                                  (χ) 

The equation governs the development of the turbulent dissipation rate (epsilon). It includes 

terms representing the time rate of change of epsilon, advection of epsilon by the mean flow, 

turbulent diffusion of epsilon, production of epsilon by turbulent kinetic energy gradients, and 

destruction of epsilon due to its dissipation. 

In these equations: 

¶ The fluid's density is indicated by the symbol ɟ. 

¶ t denotes time. 

¶ u is the vector of velocity. 

¶ ɛ is the dynamic viscosity. 
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¶ ɛt is the turbulent viscosity, which is related to k and epsilon through empirical formulae. 

¶  ɳrepresents the gradient operator. 

¶ Pk is the term that signifies the generation of turbulent kinetic energy and is influenced by 

the gradients in the mean flow. 

¶ Ů refers to the rate at which turbulent kinetic energy dissipates. 

¶ ůk, ů_Ů, C_Ů1, and C_Ů2 are model constants. 

According to the k-epsilon turbulence model, the turbulent viscosity the turbulent kinetic energy, 

and the dissipation rate are directly proportional. It provides a projection of the impacts of 

turbulence on the mean flow and predicts the energy cascade across major eddies to minor 

eddies. Compared to other turbulence models, it has several benefits that make it a popular 

option for a variety of engineering computations. It is useful for a variety of applications due to 

its ease of use and computational efficiency, as it only requires the solution of two transport 

equations. The model is appropriate for a variety of engineering challenges because of its 

resilience and versatility, which allow for accurate forecasts for a range of flow regimes, 

including high and low Reynolds number flows. The k-epsilon model's reliability is further 

increased by the thorough calibration and validation of the model against experimental data. 

There are various forms or variations of the k-epsilon turbulence model, each having unique 

properties. Some commonly used types of the k-epsilon turbulence model are discussed as 

follows. 

1. Standard k-epsilon Model: The most fundamental variant, known as the standard k-

epsilon model, is frequently employed in simulations of engineering. It uses basic 

algebraic relations for turbulence quantities and assumes that turbulence is isotropic. 

2. RNG (Renormalization Group) k-epsilon Model: The RNG k-epsilon model adds terms 

from the renormalization group theory to the standard model to improve it. The accuracy 

of the model is increased by these extra factors, especially when anticipating flows with 

unfavorable pressure gradients and splitting flows. 

3. Realizable k-epsilon Model: To ensure that the model's predictions can be physically 

realized, the realizable k-epsilon model imposes constraints, that overcomes certain of the 

conventional model's shortcomings. For intricate flows with significant streamlined 

curvature or swirling motion, it offers increased precision. 
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These are some of the frequently used variations of the k-epsilon turbulence model, each with 

differing degrees of accuracy and applicability for specific flow conditions.  Because of its 

advantageous properties, the realizable k-epsilon variant differs from the previously mentioned 

k-epsilon turbulence models. It guarantees the significance and veracity of predicted turbulence 

quantities with improved physical realizability, particularly in flows with considerable 

streamlined curvature or whirling motion. The realizable model operates rather well in complex 

flow situations, such as detachment and adverse pressure gradients. 

2.5.1.2. k-omega turbulence model 

In simulations of computational fluid dynamics (CFD), the k-omega turbulence model is an 

additional popular model. Like the k-epsilon model, it solves two transport equations, but for the 

particular dissipation rate (omega) and the turbulent kinetic energy (k). The simplified equations 

of the k-omega turbulence model are expressed in Equations 8 and 9. 

The equation for turbulent kinetic energy (k): 

          ​  ”όὯ  ​  ‘   ​Ὧ  ὖ  ‍”‫Ὧ                                    (ψ) 

The equation describes the evolution of the turbulent kinetic energy (k) over time.  

The equation for the specific dissipation rate (omega): 

       ​  ”ό‫  ​  ‘  ​‫  ‎”‫ϳ                                                   (ω) 

The equation governs the evolution of the specific dissipation rate (omega).  

Where 

¶ ɟ is the density of the fluid. 

¶ t is time. 

¶ u is the velocity vector. 

¶  ɳÅ (ɟuk) represents the divergence of the convective term for turbulent kinetic energy. 

¶ ɛ is the dynamic viscosity of the fluid. 

¶ ɛ_t is the turbulent viscosity. 

¶ ů_k and ů_ɤ are turbulence model constants. 

¶  ɳÅ [(ɛ + (ɛ_t/ů_k)) kɳ] represents the diffusion term for turbulent kinetic energy. 

¶ P_k is the production term for turbulent kinetic energy. 

¶ ɓ is a turbulence model constant. 
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¶ ɤ is the specific dissipation rate of turbulent kinetic energy. 

¶  ɳÅ (ɟuɤ) represents the divergence of the convective term for a specific dissipation rate. 

¶  ɳÅ [(ɛ + (ɛ_t/ů_ɤ)) ɤɳ] represents the diffusion term for specific dissipation rate. 

¶ ɔ is a turbulence model constant. 

Rustan Tarakka et al., [48] evaluated the impact of the turbulence model in the computational 

study of active control of flow on the aerodynamic drag of the Van model. The outcome shows 

that the k-epsilon realizable turbulence model is the one that most closely matches the results of 

the experiment. 

2.5.1.3. Reynolds Stress Models (RSM) 

Reynolds Stress Models (RSM) are advanced turbulence models employed in CFD simulations 

to capture the effects of turbulent fluctuations in the flow. Reynolds stresses are the primary 

parameters that reflect the turbulent fluctuations in the flow, and RSMs directly model them in 

contrast to more basic turbulence models like the k-epsilon or k-omega models. Further transport 

equations are calculated for each of the Reynolds stresses' parts in RSMs. Based on the creation, 

diffusion, and dissipation of the Reynolds stresses, these transport equations depict how those 

stresses changed over time. The transport equations for the Reynolds stresses can be written as 

follows: 

Transport equation for turbulent kinetic energy (k): 
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Here, ɟ is the fluid density, t is time, u is the velocity vector, x_i represents the spatial 

coordinates, Pk represents the production of turbulent kinetic energy, Ů represents the turbulent 

dissipation rate, ũk represents the turbulent viscosity, and S represents the source terms. 

Transport equation for Reynolds shear stress (Ű_ij): 
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In this equation, P_ij represents the turbulence production term, Ů_ij denotes the turbulence 

dissipation term, and ũŰ_ij represents the turbulent diffusion coefficient for the Reynolds 
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stresses. The term T_ij corresponds to the additional stresses due to the mean velocity gradients 

and is often referred to as the turbulent transport term. 

2.6. Experimental Approach: Wind Tunnel Testing for Vehicle Aerodynamics 

Analysis 
Experimental approaches are crucial for understanding and optimizing the aerodynamic 

characteristics of vehicles, as they provide valuable insights into the flow behavior and forces 

acting on vehicles. Wind tunnel testing, on-road testing, coast-down testing, and track testing are 

some of these experimental techniques. Aerodynamic testing on actual vehicles while they are 

being driven on public roads or specially designed test tracks is known as "on-road" testing. 

Coast-down testing uses an analysis of the rate of deceleration to estimate aerodynamic drag. 

The method of testing and evaluating vehicles on a closed course is known as "track testing." 

Through the examination of data gathered from on-track trials, scientists can learn more about 

the flow patterns, drag, lift, and aerodynamic forces surrounding the vehicle. One popular 

experimental method for analyzing vehicle aerodynamics is wind tunnel testing. Because wind 

tunnel testing can employ smaller models, they are less expensive and simpler than other 

experimental tests. A full wind tunnel test, however, may be more expensive than a road test [14, 

49].  

Despite its advantages, wind tunnel testing has limitations. Scale effects, wall interference, and 

blockage effects can influence the accuracy of the results. Reynolds number matching, which 

ensures similarity between the wind tunnel conditions and real-world conditions, is a critical 

consideration. In a small-scale test, it is exceedingly challenging to match the Reynolds number 

between the prototype and the model. The dimensionless analysis demonstrates that the 

Reynolds numbers in both scenarios must match to guarantee the dynamic similarity between the 

flows.  While these techniques can be more cost-effective than standard wind tunnel testing, they 

can also boost Reynolds numbers. It is simpler, less expensive, and faster to use the Reynolds 

number independence rather than attempting to raise the Reynolds number in the wind tunnel 

[50]. The Reynolds number is given in Equation 12. 

ὙὩ   
”  ὠ  ὒ
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Where 

¶ Re is the Reynolds number 
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¶ ɟ is the density of the fluid (1.225 kg/m³) 

¶ V is the velocity of the fluid relative to the object 

¶ L is a characteristic length of the object (such as its characteristic dimension or length) 

ɛ is the dynamic viscosity of the fluid (1.81 x 10 
-5  

Pa·s or kg/(m·s). 

 

Figure 2. 8. Reynolds number independence [51]  

At low Reynolds numbers, the drag coefficient (Cd) has a strong relationship with the Reynolds 

number; however, beyond a certain Reynolds value, the coefficient remains constant. 

Irrespective of the nature of the boundary layer, the sharp-edged entities tend to generate flow 

separation and are indifferent to the Reynolds number. Thus, Reynolds number independence 

can be utilized to calculate the drag coefficient of blunt bodies like trucks and buses[51]. 

By using the passive flow control method, Cihan Bayēndērlē [52] investigated the drag force of 

the 1/33 size bus model. The Reynolds numbers in which the experiments were conducted 

ranged from 3.8×10
5
 to 7.9×10

5
. Except for the moving road, similar circumstances were offered 

in experimental investigations. The model bus was created on a 3D printer by scanning three 

dimensions to fulfill the geometrical similarity requirements. The dynamic matching criteria 

were based on Reynolds number independence. The CFD program was used to do a flow study 

to see the flow structure surrounding the bus. Wind tunnel findings are supported by the 

numerical results. 

Agrewale & Maurya [53] analyzed the aerodynamic behavior of a flat solar panel mounted on a 

minibus model under the platooning effect. The authors investigate the impact of flat solar panels 
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on the coefficient of drag using numerical analysis. To validate numerical results, the wind 

tunnel test is performed on a scaled-down model and the results obtained from both analyses are 

close.  Also, a numerical analysis has been carried out by these authors with the arrangement of 

vehicles in a platoon, considering distances between them from 3 to 12 m for a range of speed 

from 80ï120 kmph. In addition, the authors investigate aerodynamic properties by considering 

the change of yaw angles from 6ï18° for a designated detachment distance at 80 kmph. The 

result shows important variations in drag and lift coefficient under platooning conditions. 

2.6.1. Wind Tunnel Configurations 

A. Open Circuit  

The basic wind tunnel design usually comprises a fan or blower that pulls air in from the 

surrounding area. After passing through the test part and being accelerated, the air is released 

into the environment. These wind tunnels are affordable and useful for many different purposes. 

Nevertheless, the reproducibility of results may be impacted by fluctuations in the surrounding 

environment, such as shifts in humidity and temperature. In comparison to closed-circuit wind 

tunnels these wind tunnels have less control over the flow conditions [54]. Figure 2.9 depicts the 

open circuit wind tunnel's configuration. 

 

Figure 2.9. Open Circuit Wind Tunnel Simplified Design [55] 

B. Closed Loop  

By creating a closed loop, the closed-circuit wind tunnels keep the air in the system constantly 

circulating. They are made up of a diffuser, contraction section, test section, settling chamber, 

fan, and other parts. Better control overflow conditions and a more steady, consistent airflow are 

provided by closed-circuit wind tunnels. In-depth aerodynamic testing benefits greatly from their 

ability to enable greater velocities. But because of their intricate design and extra parts, closed-

circuit wind tunnels are typically more expensive to build and operate. For many aerodynamics 
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research and development projects, closed-circuit wind tunnels are the favored option because of 

their superior control and consistent outcomes, even with their higher cost [54]. Figure 2.10 

depicts the closed loop wind tunnel's configuration. 

 

Figure 2.10. Closed Circuit Wind Tunnel Simplified Design [56] 

2.7. Influence of Vehicle Speed on Aerodynamic Forces and Drag 

The drag that results from the aerodynamic forces experienced by a vehicle is largely dependent 

on its speed of travel. Enhancing vehicle performance, energy efficiency, and comprehensive 

vehicle design requires an awareness of how vehicle speed affects aerodynamics. Aerodynamic 

drag is a sort of resistance that an object experiences when traveling through the air.  When 

compared to other forces operating on the vehicle, including rolling resistance, the impact of 

drag is negligible at lower speeds. Drag, however, contributes more and more to the overall 

resistance as speed rises. As the vehicle accelerates, the flow becomes increasingly turbulent, 

increasing drag because of a large pressure variation between the vehicle's front and back, which 

results in a larger wake area and more substantial drag forces. At low speeds, the airflow remains 

mostly undisturbed, and the drag is mostly determined by the vehicle's frontal area and 

shape[57]. At roughly 60ï70 km/h, the aerodynamic drag force for medium-sized European 

passenger vehicles overrides the rolling resistance force, as shown in Figure 2.11. 
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Figure 2.11. A typical passenger vehicle's rolling resistance force and aerodynamic drag force 

[58] 

2.8. Impact of aerodynamic drag on Vehicle emissions 

The regular passenger vehicle discharges a total of 4.6 metric tons of CO2 annually. According to 

a vehicle's kind of fuel, fuel efficiency, and annual mileage, this figure may change. The amount 

of carbon in a gallon of gasoline determines how much CO2 is produced during combustion. 

When a fuel undergoes combustion, the majority of its carbon is usually released as CO2. Carbon 

monoxide and hydrocarbons, which are released in very minute amounts, are swiftly transformed 

into CO2 in the environment. Fuels differ in their carbon concentration, and some variance within 

every category of fuel is typical. Per gallon, diesel produces roughly 15% more CO2. It's also 

evident that lowering a vehicle's aerodynamic drag is necessary to reduce the release of 

greenhouse gases. Furthermore, it was observed that road vehicles were responsible for more 

than 30% of greenhouse gas emissions, mostly as a result of burning fuel. Furthermore, the 

engine's productive power was primarily used to overcome rolling resistance (32%) and 

aerodynamic drag (53%); only auxiliary equipment (9%), and the drivetrain (6%), accounted for 

the remaining energy [59].  

Harun Chowdhury et al., [60] examined the consequence of vehicle aerodynamics on energy 

usage and emissions of greenhouse gases. The investigators identified that when speeds 

increased, so did fuel consumption, resulting in a rise in CO2 emissions. CO2 emissions as a 

function of speed are seen in Figure 2.12. 
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Figure 2. 12. Speed-related changes in CO2 emissions [60] 

2.9. Multi -Objective Aerodynamic Design Optimization with Response Surface 

Methodology 

Aerodynamic design optimization techniques are critical for obtaining effective and economical 

aerodynamic performance in a variety of engineering applications such as road vehicles, aircraft, 

and wind turbines. These methods employ advanced computational tools and optimization 

algorithms that methodically enhance a design's aerodynamic properties while taking into 

account several competing objectives. Furthermore, Response Surface Methodology (RSM) is a 

useful tool in the design optimization process [61]. 

Aerodynamic design optimization approaches rely heavily on multi-objective optimization. 

Engineers can examine trade-offs and establish a set of ideal solutions simultaneously 

considering numerous objectives such as decreasing drag, maximizing lift, maintaining stability, 

and improving other performance indicators. This front reflects the best compromise solutions, 

with design possibilities based on unique needs and goals[62]. RSM plays a critical role in 

aerodynamic design optimization in this endeavor. RSM is a statistical technique for analyzing 

and modeling complex interactions between input variables (factors) and output responses. 

Engineers can effectively design experiments, collect data, and fit response surface models by 

using software tools such as Design Expert.  
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These models approximate the relationships between the input factors and the output responses, 

enabling prediction and optimization of the system behavior. By utilizing RSM in conjunction 

with multi-objective optimization techniques, engineers can enhance the aerodynamic design 

optimization process. The integration of RSM with multi-objective optimization techniques 

provides a comprehensive approach to aerodynamic design optimization. RSM facilitates the 

understanding of relationships between factors and responses, while multi-objective optimization 

enables the consideration of multiple objectives simultaneously. The use of multi-objective 

optimization techniques and Response Surface Methodology (RSM) in tools such as Design 

Expert improves the aerodynamic design optimization process. Engineers can use this integrated 

method to assess numerous objectives, explore trade-offs, and seek optimal solutions by fitting 

response surface models. Designers can achieve improved aerodynamic performance and make 

informed judgments based on individual requirements and priorities by employing RSM and 

multi-objective optimization [63]. 

2.10. Literatur e summary and gap  

Aerodynamic drag is a very significant variable in a vehicle's fuel consumption, power loss, and 

emissions. The wake that occurs behind bluff bodies and the stagnation pressure at the vehicle 

front has been recognized as a cause for the development of a larger drag coefficient. It has been 

shown that a vehicle's external configuration characteristics possess a significant function in 

lowering the impact of drag in a vehicle. The literature emphasizes the significance of CFD in 

vehicle aerodynamics analysis. One of the most commonly employed turbulence models in CFD 

simulations was the k-epsilon turbulence model. However, the realizable variant offers 

advantageous properties for capturing turbulence phenomena accurately. Another approach to 

vehicle aerodynamic analysis is the Experimental Approach, specifically Wind Tunnel Testing. 

This method allows researchers to study and analyze the aerodynamics of physical full-scale and 

prototype vehicle models within a wind tunnel. 

Also, it was obvious that the drag experienced by a vehicle due to aerodynamic forces is 

predominantly influenced by its speed of travel. Its magnitude with the rise of vehicle speed and 

it overrides the rolling resistance force at roughly 60ï70 km/h. Related to this lowering 

aerodynamic drag is crucial for reducing greenhouse gas emissions. The aerodynamic devices 

and body streamlining are identified as the drag reduction methods.  Also, multi-objective 

optimization plays a vital role in achieving optimal aerodynamic design solutions. 
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However, there are several gaps in the literature. Existing research primarily focuses on external 

body streamlining as a drag-reduction mechanism which does not consider the internal space of 

the buses and the driver visibility. It was noticed that many researchers have not attempted much 

to detect detailed pressure and velocity distributions on the wake region. Mostly CFD flow 

analysis is used in these examined papers which may not give more accurate aerodynamic flow 

parameters. It was noticed that base cavities minimize the wake and intensify the higher base 

pressure distribution. Table 2.1. presents the summary and gaps of some literature. 

Table 2.1. Summary and gap of some works of Literature 

No. Author Name Methodology Findings Gap 

1. Daniel Garcia-

Ribeiro et al 

(2023) 

¶ Experimental 

and CFD 

analysis 

¶ vortex 

generators, 

lateral devices, 

and rails 

Maximum decrease of 

8.63% in the drag 

coefficient 

¶ Multi -objective 

Optimization 

2. Özcan et al 

(2023) 
¶ CFD 

¶ Exterior design 

modification(taperin

g) 

Maximum Cd 

reduction of 51% 
¶ Experimental test 

¶ Multi -objective 

Optimization 

3.  Koppa 

Shivanna et al 

(20210 

¶ CFD 

¶ Rear cavity 

Drag reduction of 

22.55% 
¶ Experimental test  

¶ Multi -objective 

Optimization 

4.  Dawit T. et al 

(2021) 
¶ CFD 

¶ Body 

streamlining 

Maximum drag 

coefficient reduction 

of 16.782 

¶ Experimental 

validation 

¶ Optimization 

5.  Belachew et 

al. (2021) 
¶ CFD 

¶ Frontal body 

modifications 

Cd reduction 24.03% ¶ Experimental test 

¶ Multi -objective 

Optimization 

6.  Cihan 

Bayindirli 

and , Mehmet 

Celik (2023) 

 

¶ CFD and 

Experimental test 

¶ non-smooth surface 

plate 

 

Decreased  the drag  

coefficient  by  an  

average  of 

1.03%. 

 

¶ Multi -objective 

Optimization 

 

Also, the visualization of the wake structure available is usually restricted to one or a small 

number of planes and does not cover a larger range of base cavity dimensions. Most of the effect 

of the base cavities aerodynamic investigations are performed on SUV vehicles and their effect 

on buses is not investigated. Even for t SUV vehicles, the optimization of base cavities was not 

https://journals.sagepub.com/doi/abs/10.1177/09544070221098209#con1
https://journals.sagepub.com/doi/abs/10.1177/09544070221098209#con1
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done by considering multiple factors and multiple outputs or responses. The optimum windshield 

angle of the buses was not done by considering multiple objectives even though the optimum 

windshield angle differs from vehicle to vehicle. Also, the joint effects of the base cavity and 

windshield angle variations were not investigated. The fuel consumption reduction and CO2 

emission related to the application of the base cavity and windshield angle variation are not 

studied 

To address these gaps, this study investigated rear cavities of different geometries and 

windshield angles at different vehicle speeds. The analysis was done by employing the CFD and 

also experimental wind tunnel test was performed to validate the CFD result of the Baseline 

model. The amount of fuel and CO2 saved due to the aerodynamic drag improvement of the 

Bishoftu bus was analyzed. Finally, multi-factor optimization using response surface 

methodology was conducted. 
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CHAPTER THREE  

MATERIALS AND METHOD S 
 

In this study numerical simulation, experimental test, and optimization of Bishoftu bus and 

different modified bus configurations were performed. The scaled models were prepared in the 

SOLIDWORKS CAD software and a 3D printer was used for printing the 3D models. 

Windshield angle and base cavity configuration aerodynamics drag reduction mechanisms at 

different dimensions were implemented in this research work. For the baseline model and 

modified models, the computational fluid dynamics (CFD) aerodynamic analysis in ANSYS 19.2 

was done. In the CFD analysis, three phases were involved those are preprocess, solver, and 

post-processing. Generating a virtual wind tunnel, setting up boundary Conditions, and mesh 

generation were steps done in the pre-processor stage. Also, a mesh independence test for the 

full -scale baseline model and 1/60 
th 

scaled-down baseline model to check whether the results 

were dependent on the mesh sizes or not was conducted. The Realizable k-epsilon model that 

was designed to deal with the well-known shortcomings of customary k-epsilon Models was 

used in this study. Flow visualizations like velocity contours, pressure contours, velocity vectors, 

and streamlines were plotted in the post-processor phase intended to comprehend how the flow 

behaves around the models.  

To verify the CFD findings of the baseline model the wind tunnel test was done. The scaled-

down 3D model of the baseline model was prepared and printed in the 3D printer. Acrylonitrile 

butadiene styrene (ABS) material had been utilized to print the 3D model of the baseline model. 

Multi -objective optimization using response surface methodology in design expert software was 

conducted. The factors considered were windshield angle, base cavity angle, base cavity length, 

and vehicle speed. The responses such as coefficient of drag and lift, drag and lift force, amount 

of fuel saved, and CO2 saved were considered with a variety of objectives. The methodology's 

flow chart is displayed in Figure 3.1. 
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Figure 3.1. Flow chart of the methodology 
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3.1. Benchmarking the Baseline Model 

It is a popular bus in Ethiopia, and it is employed as a service and public transportation by 

various government and private companies. Bishoftu city buses are buses that operate within the 

city and between the city and surrounding towns and many people are using these buses for 

transportation. They are used in Cities like Addis Ababa, Dire Dawa, Bishoftu, Mekelle, Jimma, 

and Bahirdar. In addition in Addis Ababa a Bus Rapid Transit system is under development and 

construction [64]. This BRT system includes exclusive bus lanes and busways that allow buses 

to operate at higher speeds [65]. Overall the above reasons make the study of aerodynamic 

performance on this Bus more important as the operation of this bus at high speed makes them 

consume more fuel and emit increased emissions related to their aerodynamic efficiency.  

Table 3.1. Baseline Bus specifications [7, 66] 

ZK6118HGA Overall dimension 

Length (mm) 11687 

Width (mm) 2500 

Height (mm) 3300 (to the A/C) 

Interior Height (mm) >1900 

Wheel Base (mm) 5800 

Tread Front/Rear (mm) 2020/1860 

Front/Rear Overhang (mm) 2590/3300 

Min Ground Clearance (mm) 190 

Diffuser angle (º) 10 

Approach / Departure Angle (º) 7/7 

Weight (kg) 12750 

Gross Vehicle Weight (kg) 18000 

Front/ Rear Axle (kg) 6500/13000 

Max. Speed (km/hr) 100 

Min. turning diameter (m) 24 

Front fillet 40 mm at top and 60mm side 

Back fillet 40mm 

Fuel Tank Capacity 300 L 
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ENGINE 

Engine WEICHAI Engine 10.290 

Max Power 290 HP @ 2200 rpm 

. Max. Torque 1160NM @ 1200 ï 1600 RPM 

WP Position of the Engine Rear Mounted 

Type of fuel Diesel 

Emission Standard Euro III 

3.2. Baseline geometry  

SOLIDWORKS CAD software was used in this study to create the 3D model of the Bishoftu 

bus. The model was generated based on the specified bus model specifications from the 

manufacturer presented in Table 3.1. The underbody of the bus was kept flat and a cooling air 

passage for the 3D model preparation. However, the side mirrors and AC units mounted on the 

Bishoftu bus were included in preparing its CAD model. The developed 3D model of the 

baseline model isometric and front views are shown in Figure 3.2. and 3.3. The details 

dimensions of the baseline model are shown in Appendix A. 

 

Figure 3.2. Isometric view of baseline 3D model 
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Figure 3.3. Front view of the baseline model 

3.3. Drag Reduction Mechanisms Applied to Baseline Model 

Multiple drag reduction approaches were used in this study, and their aerodynamic effectiveness 

was studied using CFD and wind tunnels. The study analyzed 29 modified models of 

aerodynamics performance on the Bishoftu bus baseline model. The first strategy utilized in this 

study to reduce drag was to raise the pressure distributions at the low-pressure base caused by 

suction on the surfaces that face back, particularly in the separated flow areas at the bus's base.  

Reducing the drag at the back end concentrates on building up the base's pressure. The intended 

base pressure distribution was increased by using base cavity designs. The base cavity lengthens 

the recirculating zone at the back of the vehicle, allowing for pressure recovery while 

symmetrizing the flow and reducing asymmetry-related drag. The basic cavity configuration that 

was employed was the tapered base cavity which reduces the drag more than the straight cavities 

[67]. It was applied to the top rearward and sideward edges, leaving the bottom rearward at a 0-

degree diffuser angle because the bottom rear end of the baseline already had a tapered diffuser. 

The optimal dimensions of a base cavity vary depending on the vehicle model. The effectiveness 

of a base cavity is determined by several factors, including cavity geometry, Reynolds number, 

and angle of attack [67] [68]. Howell et al., [69] studied the reduction of the bluff body drag 

using base cavities and found an optimal base cavity depth at 45 percent of the model height that 

achieves a 0.027 decrease in drag coefficient, however, Evrard et al., [70] agree with Howell et 

al., [69] on drag coefficient mitigation intensity while the optimum base cavity depth was 27% 

model height. Howell et al., [71] examined solid wall cavities on a 25% Windsor model. The 

authors identified from the result the finest cavity length of 35% of the height of the model with 
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a drag coefficient reduction of 0.03.  Therefore, itôs important to consider the specific geometry 

and design of each vehicle when designing an effective base cavity. A variety of base cavity 

lengths was used in this study as a balance between practicality and drag reduction and also 

includes the minimum length which has not been studied yet. The base cavity lengths studied in 

this study as non-dimensionalized depth associated with vehicle height to carry out the 

parametric study were 0.1 times base model height (0.1H), 0.2 times base model height (0.2H), 

and 0.1 times base model height (0.3H). Figure 3.4 illustrates the base cavity length 

representation on the modified bus model. 

 

Figure 3.4. Base cavity length depiction on the modified bus model 

In addition, the optimum angle of the tapered cavity differs from model to model and studies 

suggest the tapered base cavity has more drag reduction capacity when compared to the straight 

base cavities. Magnus Urquhart et al., [67] studied drag reduction of a square-back vehicle model 

by employing the base cavity, the acquired result indicates that the base cavity with a 0º diffuser 

and 14º side- and roof-tapering produced a higher value of 0.051. Adam Abikan et al., [72] 

investigated the impact of the tapered and straight cavities on the bluff bodies the authors stated 

that 41 %  drag reduction is achieved at a 9-degree base cavity angle. Naveen Koppa Shivanna et 

al., [73] studied the alteration of the rearward cavity on a Square Back Ahmed Body's drag and 

flow zone structure. The study reveals tapered cavity at 6Ǔ, having an almost flawlessly 

symmetrical wake, led to a notable 22.55% drag reduction. So the previous studies show 

different optimum base cavity angles from 6º-14º for the models that have different designs. 
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Therefore, in this study, the angles of the base cavity 5º,12º, and 20º were studied to analyze the 

implications of the base cavity angle on the overall minimization of the drag of the Bishoftu bus. 

These angles were studied by considering the minimum and maximum optimum base cavity 

angles for other vehicle models.  Also, their impact on the structure of the wake and base 

pressure distribution was studied in CFD. A parametric investigation was conducted to determine 

the optimal base cavity angle "Ŭ," taking into account minimum angles of 5Ü and higher angles of 

20º. Figures 3.5. and 3.6. shows the base cavity angle representations on the roof end and sides 

of the modified models at the base. 

 

Figure 3.5. Base cavity angle representations on the roof of the modified bus model 

 

Figure 3.6. Base cavity angle representations on sides of the modified bus model 
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Brown et al., [74] demonstrated that as the base cavity wall thickness increases, the configuration 

tends to the reference base model with the same allied flow field, and they recommend the 

minimum base cavity thickness. Varney [75] recommends the minimum base cavity thickness of 

0.01H non-dimensionalized cavity wall thickness as vehicle height. Therefore in this study, this 

base cavity thickness was adopted that was suitable to taste more angles of the base cavity. Table 

3.2. shows the baseline bus model with different base cavity dimensions. 

Table 3.2. Baseline bus model with different base cavity dimensions 

Models Base cavity angle (º) Base cavity length 

M1 5 0.1H 

M2 5 0.2H 

M3 5 0.3H 

M4 12 0.1H 

M5 12 0.2H 

M6 12 0.3H 

M7 20 0.1H 

M8 20 0.2H 

M9 20 0.3H 

The other method employed in this study for improvement of the aerodynamic performance was 

varying windshield angle. This is to lessen the pressure drag caused by stagnation on the bus's 

frontal body. Bayēndērlē et al., [76]  investigated the impact of changes in windshield angle in 

conjunction with a bus's coefficient of drag. The authors noted that modifying the windscreen 

angle can reduce the coefficient of drag. The optimum windshield angles for the various vehicle 

models are different and the optimum angle of specific vehicles needs to be investigated [77ï79].  

The existing doorway location of the Bishoftu bus doesnôt allow a windshield angle variation of 

more than 17º because it hurts the design [66].  Also, the higher windshield angle causes 

visibility degradation due to the veiling glare caused by the reflection of the sun-illuminated, 

reducing drive visibility distance and internal occupant spaces [80]. Therefore, in this study, the 

maximum baseline model windshield angle variation of 17º and windshield angle of 9º that was 

at the middle of the windshield angle of the Bishoftu bus (0º) and the maximum windshield angle 
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of 17º were studied. Table 3.3. shows the dimensions of the models modified with windshield 

angle only. Figures 3.7. and 3.8. show modified models 10 and 11 respectively. 

 Table 3.3. The modified models with only windshield variation from the baseline model 

Models  Windshield angle Base cavity angle Base cavity length 

M10 9 - - 

M11 17 - - 

 

 

Figure 3.7. Baseline model modified with 9º windshield angle 

 

Figure 3.8. Baseline model modified with 17º windshield angle 
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The windshield angles and base cavity dimensions of modified models that have both 

modifications are shown in Table 3.4. 

Table 3.4. Modified models with base cavity and windshield angle 

Models Windshield angle ( º ) Base cavity angle( º ) Base cavity length 

M12 9 5 0.1H 

M13 9 5 0.2H 

M14 9 5 0.3H 

M15 9 12 0.1H 

M16 9 12 0.2H 

M17 9 12 0.3H 

M18 9 20 0.1H 

M19 9 20 0.2H 

M20 9 20 0.3H 

M21 17 5 0.1H 

M22 17 5 0.2H 

M23 17 5 0.3H 

M24 17 12 0.1H 

M25 17 12 0.2H 

M26 17 12 0.3H 

M27 17 20 0.1H 

M28 17 20 0.2H 

M29 17 20 0.3H 

3.4. Numerical setup 

The numerical simulation in this study was performed via the commercial tool ANSYS 19.2 

software. The finite volume approach is the basis of the program's numerical formulation. The 

Navier-Stokes equations, which are conservation equations, are the fundamental equations in 

fluid mechanics. These are the laws for the mass and momentum equation. The solver computes 

the velocity and the acceleration using these equations. The pattern of pressure distribution is 

used to compute the drag and lift forces. The simulation using computational fluid dynamics has 

three general phases [81, 82]. Those are: 
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¶  Pre-processor: generating Virtual Wind Tunnel, setting up boundary Conditions, and 

mesh generation 

¶  Solver stage: Solution method, control, and initialization 

¶  Post-processor:- Creating the velocity and pressure contours and vectors 

Figure 3.9. shows the CFD solution procedure. 

 

Figure 3.9. CFD solution procedure [82] 
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3.4.1. Design of Virtual Wind Tunnel 

The size of a virtual wind tunnel in CFD can differ depending on the particular application and 

the level of detail required in the simulation. CFD allows for virtual wind tunnels to be created, 

which can be much larger or smaller than physical wind tunnels. The virtual wind tunnel's 

dimensions must be sufficient to encompass all pertinent flow characteristics. The virtual wind 

tunnel has an upstream length of three times the bus length, a downstream length of five times 

the bus length, a width of three times the bus width on the side, and a height of three times the 

bus height on the top. An inner box can be employed to regulate the volume mesh adjacent to the 

bus. This box should be about a vehicle length in the wake and half a bus length in front, sides, 

and top.  The body of influenceôs small region around the bus body is drawn for its importance in 

capturing flow features around the bus body and getting good boundary conditions [81]. The 

dimensions of the enclosure and the inner box are tabulated in Table 3.5. The enclosure and the 

inner box that were created for the baseline model analysis are illustrated in Figure 3.10.  

Table 3.5. Computational domain and inner box dimensions 

Computational domain dimensions 

Upstream length (m) Downstream 

length(m) 

Width (m) Height (m) 

35 58.35 7.5 9.9 

    

Inner box dimensions 

Upstream length (m) Downstream 

length(m) 

Width (m) Height (m) 

5.835 11.67 5.835 5.835 
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Figure 3.10. Baseline model in the Enclosure and inner box 

For the scaled model CFD analysis, the size of the enclosure used was identical to the 

dimensions of the measurement section of the wind tunnel available at the Jimma Institute of 

Technology. The measuring portion of the wind tunnel has a length of 450 mm and a cross-

section area of 292 x 292 mm
2
 [83]. Figure 3.11. depicts the enclosure generated for the 1/60 

th 

scaled-down model of the baseline model. 

 

Figure 3.11. Enclosure for scaled-down baseline model 

3.4.2. Mesh generation 

In the present investigation, polyhedral meshes were utilized to discretize the computational 

domain, which was initially tetrahedral and subsequently transformed to polyhedral to lower the 
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cell count and hence the amount of time needed for computation. An irregular polyhedral grid 

produced plausible outcomes for a ground vehicle outside fluid flows as well [84]. Mesh 

refinement was employed in the current investigation to regulate the number of elements located 

inside the control zone. The goal was to improve calculation correctness (and thus element 

density) in areas where fluid flow comes into contact with bus body significant faces. The 

method chosen for mesh refinement for this study to particularly manage mesh size was based on 

interior boxes formed surrounding the vehicle and in the wake area [85]. The box was created in 

the design module. The proximity and curvature advanced size function was used to 

progress from the smallest size elements close to and surrounding the bus's curvature to enlarge 

the element's size distant from the bus and approaching the walls. High Smoothing was 

employed to upturn the amount of smoothing iterations while enhancing the quality of elements 

by relocating nodes and elements close to each other. The element edge length was grown by 

12% in each consecutive layer of the mesh using the default growth rate of 1.2. The default 

curvature normal angle of 18 was used, as was the greatest angle that a single element could 

span, and the curvature minimum size was 6mm. The defeature size was maintained at 3mm. 

Parameters that included aspect ratio and skewness were checked to ensure the correctness of the 

created mesh. The specifics of the mesh generated are illustrated in Appendix B. Figure 3.12. 

demonstrates the unstructured tetrahedral grid before it was converted to the polyhedral mesh. 

 

Figure 3.12. Unstructured tetrahedral mesh  
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Figure 3.13. depicts the polyhedral mesh that resulted from the conversion of the tetrahedral 

mesh for the baseline model. The tetrahedral grid was transformed into a polyhedral grid to 

improve accuracy as well as minimize total cell count, which was intended to lower the total 

amount of time necessary for computation. 

 
Figure 3.13. Generated polyhedral mesh 

Figure 3.14. shows the unstructured mesh that was generated for the scaled baseline model. The 

generated mesh has a 2224004 element number and a 401004 node. This mesh was also 

converted to polyhedral mesh. 

 
Figure 3.14. Scaled baseline model unstructured tetrahedral mesh 
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3.4.2.1. Mesh independency test 

For CFD simulations to produce accurate and trustworthy results, meshing is essential. A grid 

neutrality test has been conducted to guarantee that the solution is grid-independent. It is a 

technique for determining whether or not the findings of the simulation are independent of the 

underlying grid. Numerous grid independence investigations are carried out to minimize 

numerical difficulties like inaccurate outcomes and poor mesh quality. Verifying anticipated data 

estimations based on CFD has been one of the key concerns in choosing an advanced 

engineering strategy in recent years [86][87]. The result check process via a grid-based 

independent study was crucial in giving satisfying results because one of the purposes of this 

study was to minimize vortices creation on the bus's zones of flow separation employing various 

drag reduction tactics. The final mesh for the study was identified through a mesh independency 

investigation based on the baseline model's drag coefficient at the 60 km/hr speed of the vehicle. 

The study considered seven mesh cases, with a total number of cells ranging from 500000 

thousand to 2.3 million tetrahedral mesh. The tetrahedral mesh generated for all cases was 

converted to the polyhedral mesh. The mesh cases are shown in Table 3.6. 

Table 3.6. Mesh cases for full-scale baseline model 

 

Case  Body 

sizing 1 

Body 

sizing 2  

Face 

sizing 

Tetrahedral mesh Polyhedral mesh 

Node Element 

number  

Node Element 

number 

Case 1 900 700 150 96761 520935 761504 125813 

Case 2 850 650 130 119691 647729 933542 153004 

Case 3 800 600 100 165446 895280 1262608 202453 

Case 4 750 550 80 229620 1245920 1729688 274679 

Case 5 700 500 70 292618 1594057 2174233 341447 

Case6 650 450 60 385467 2105659 2618778 408215 

Case 7 600 400 55 426390 2350385 30633323 474983 

 

Figure 3.15. illustrates the element number contrasting the tetrahedral mesh and polyhedral mesh 

for the various mesh cases. The result shows the polyhedral element numbers for all mesh cases 

are minimal compared to the tetrahedral meshes.  



50 
 

 
Figure 3.15. Element numbers Comparison between tetrahedral and polyhedral mesh 

Figure 3.16. demonstrates the grid independence test outcomes for a variety of mesh cases 

concerning the coefficient of drag of the baseline model at 60 km/hr. The percentage differences 

between consecutive cases are as follows: The distinction across Cases 1 and 2 was -0.54%, 

between Case 2 and Case 3 was -0.54%, between Case 3 and Case 4 was 0.78%, between Case 4 

and Case 5 was 1.12%, between Case 5 and Case 6 was 0.94%, and between Case 6 and Case 7 

was 0.33%. These percentage differences represent the changes in the Cd values from one case to 

the next. It was discovered that Case 7 has the smallest percentage difference in Cd values when 

compared to its prior case, indicating a relatively minimal shift in Cd. So it is evident that the 

percentage difference of consecutive cases doesnôt show a distinct trend of increment and 

decrement. That suggests the Cd result is not significantly dependent on the mesh. Therefore 

mesh case 7 was used for the reference model and the modified model CFD analysis. Compared 

to the previous mesh scenarios, it is probably going to feature more number elements, which 

provides a better representation of the flow phenomenon being studied. Mesh case 7 was used in 

the analysis of the all modified models. Figure 3.16.  depicts mesh independence test results of 

the full -scale baseline model. 
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Figure 3.16. Mesh independence test 

In addition, the mesh independence test was also conducted for the scaled-down model of the 

baseline model. Six cases were included starting from course mesh to fine mesh. As a result, the 

percentage disparities between consecutive outcomes are -0.5474%, -0.4815%, 2.08%, 1.42%, 

and 0.43% respectively. It is evident from the percentage differences that no obvious pattern or 

trend exists. The percentage of differences varies as values rise and fall. This shows that there 

not be a major mesh dependence for the variable (Cd). Therefore mesh case 6 was used for the 

scaled model simulation. Figure 3.17. depicts the mesh independence test result of the scaled-

down model. 

 

Figure 3.17. Mesh independency test for scaled-down baseline model 
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3.4.3. Boundary Conditions 

The boundary conditions are an especially significant component in the mathematical simulation 

of CFD-based studies. As a result, in CFD-based situations, boundary condition requirements are 

essential because reliable conditions can only deliver adequate outcomes. It was defined as inlet, 

outlet, wall, and bus, through the option of named selection. In this study, the analytical solver 

was pressure-based, with a constant time and absolute velocity formulation. The density of the 

air flowing over the bus was 1.225 kg/m3 and the viscosity was 1.7894 105 kg/(ms). The 

pressure needed for the operation was set at 101,325 Pascal, which is a typical static value acting 

upon the bus's environment of operation (atmospheric pressure) [85]. The velocity inlet had 

values of 16.67 m/s, 22.23 m/s, and 27.67 m/s. The exit was a pressure outlet having a gauge 

pressure of 0 Pascal. The bus and the wall were each regarded as fixed walls with no-slip 

features. Figures 3.18.-3.21. show bus, velocity inlet, pressure outlet, and side wall boundary 

conditions as applied in fluent. The boundary settings of all applied conditions are tabulated as 

displayed in Table 3.7.  

 

Figure 3.18. Bus boundary Conditions as applied in Fluent 
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Figure 3.19. Velocity inlet boundary Conditions as applied in Fluent 

 

Figure 3.20. Pressure outlet boundary Conditions as applied in Fluent 
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Figure 3.21. Sidewall boundary Conditions as applied in Fluent 

Table 3.7. Boundary condition settings 

Boundary Boundary conditions  value 

Velocity Inlet 

 

Constant velocity 60 km/hr,80 km/hr,100 km/hr 

Turbulent intensity 5% 

Turbulent viscosity ratio 10 

Pressure outlet 

 

Gauge pressure 0 (pa) 

Pressure profile multiplier 1 

Backflow direction 

specification method 

Normal to boundary 

Turbulent intensity 5% 

Turbulent viscosity ratio 10 

Wall zones Wall motion Stationary wall 

Shear condition  No slip 

Roughness models Standard  

Bus No slip ïstationary wall  

 Fluid Type Air  

Density ɟ = 1.225 (kgùm
3
 ) 

Kinematic viscosity v = 1.7894×10
-5

 (kgù(mĀs) 
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3.4.4. Turbulence model 
The precision of CFD calculations involving turbulent flow is greatly reliant on the 

characteristics of the turbulence modeling. The Realizable k-epsilon Model was designed to deal 

with the well-known shortcomings of customary k-epsilon models. Applications of this model in 

the industrial setting demonstrate that satisfactory results are obtained within 2-5% for integral 

quantities (e.g., drag coefficient). The dissipation rate transport equation has been derived from 

the equation for mean-square vorticity fluctuation transport, and a new equation for turbulent 

viscosity is used by this model. The conventional and RNG K-Epsilon models cannot satisfy this, 

hence the realizable model is significantly more precise [81]. Therefore, the Realizable k-epsilon 

model was employed since it best matches the experimental results. The represented transport 

equations for k and  in the realizable k - ‭ model are: 

        ‘ ὋὯ Ὃὦ ‭ ὣά ὛὯ                                   (13) 

            

  ‘ ὅὛ ὅ
Ѝ

ὅ ὅ Ὃὦ ὛὯ                         ρτ 

Where ὋὯ denotes the creation of turbulent kinetic energy caused by mean velocity gradients. Ὃὦ 

symbolizes the formation of turbulent kinetic energy as a result of buoyancy, 

and the fluctuating dilation in compressible turbulence which leads to the total dissipation rate is 

represented by  ά. ╢ and ╢▓are source terms defined by the user. „  and „ are 

the turbulent Prandtl numbers for k and its dissipation (). All of the formerly mentioned 

governing equations, boundary conditions, and numerical integrations were used in the CFD 

study of the rest of the modified bus models. 

3.4.5. Solution method, control, and initialization 

The coupled scheme solution mechanism for pressure-velocity coupling that has a quicker time-

to-solution and greater stability was used. Second-order upwind was used to quantify the 

pressure, momentum, turbulent kinetic energy, turbulent dissipation rate, and spatial 

discretization gradient because it yielded more precise outcomes than first-order upwind [88].  

Drag and lift  monitors were built beneath the monitors. The solution was initiated using the 

standard initialization procedure. The standard initialization technique was utilized to begin the 

process of solving the problem. Levels of 1E-5 are regarded as well converged in CFD, while 
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residual levels of 1E-4 are regarded to be somewhat converged [89]. To achieve an 

acceptable solution, in this study the convergence criteria for residual of all the solving 

parameters were set to 10
-5

.  

3.4.6. Post processor 

CFD has been known for producing sharp graphic images typically presented in magnificent and 

superbly colored results, the ability to effectively show computational outcomes. The various 

ways that outcomes from CFD are graphically represented are data reports, X-Y graphs, vector 

plots, and contour plots [82]. In this study, all the above mechanisms were used to visualize the 

flow around the baseline model and the modified models. Also, quantitative results were 

presented from the data report of the CFD post. 

3.5. Experimental validation of numerical analysis 

In a wind tunnel, the numerical analysis of the baseline model result was validated 

experimentally. This validation was carried out using an actual test on the baseline model's 

scaled 3D model. The study establishes validity by contrasting numerical computational fluid 

dynamics (CFD) findings with experimental outcomes. 

3.5.1. 3D Model Preparation 

The process of creating tangible, graspable objects from three-dimensional models is known as 

three-dimensional printing. Because layers upon layers of material are "added" to the 3D model 

until the object is fully formed, it is also known as additive manufacturing [90]. In the lab at 

Jimma University Institute of Technology, a 3D model of the baseline model (Bishoftu bus) was 

printed at a ratio of 1:60 to the full-scale baseline model. The three-dimensional fused filament 

fabrication (FFF) printing process which uses high temperatures to fuse the filament of plastic 

material to the printing surface and then filament solidifies was the method used by the printer. 

In Figure 3.22., the printer is displayed.  



57 
 

 

Figure 3.22. FlashForge 3D printer 

In this study, to print the 3D model of the baseline that was used for the experimental test the 

acrylonitrile butadiene styrene (ABS) material was used. ABS is the most common 3D printing 

filament. It is highly beneficial in resilient plastic goods that must withstand high temperatures. 

Also, it is a thermosetting polymer composed of three different monomers: acrylonitrile, 

butadiene, and styrene. Because of its flexibility, moldability, and strength, it is now widely 

employed in a wide range of sectors. ABS filament is a popular general-purpose printing 

material [91]. The ABS material that was used for this study is shown in Figure 3.23. as itôs 

mounted on the 3D printer. 

 

Figure 3.23. ABS mounted on the 3D printer  
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Listed below are some of its properties: 

¶ It can withstand high temperatures and has a high heat tolerance.  

¶ ABS-printed parts are extremely tough and can withstand multiple impacts.  

¶ It has a high impact resistance even at low temperatures. 

¶ ABS filaments have a very good melt flow. 

¶ High abrasion and strain resistance. 

Table 3.8. Properties of acrylonitrile butadiene styrene [91] 

Impact strength 200-215 J/m 

durability against UV Average 

Density 1.03-1.14 g/mL 

Conductivity of heat 0.17- 0.23 W/mK 

Yield intensity 2.96-48 MPa 

Flexural strength 2400 MPa 

Tensile strength 2.96-43 MPa 

Specific heat capacity 1.60-2.13 kJ/(kg·K) 

Young modulus 1.79-3.2 GPa 

The three steps used in the 3D printing process were[92]:  

¶ Creating a 3D model in CAD 

¶ Exporting and slicing the three-dimensional model 

¶ Construct the 3D model. 

The 3D model was created in SOLIDWORKS CAD software and converted to STL. File format. 

The STL file from CAD software was used in the FlashPrint slice software, which reads 3D 

models and converts them into instructions for the 3D printer. To aid the model in staying firmly 

on the platform, a raft was added.  Supports were also added to create a supporting part for the 

print model. Figure 3.24. shows the model that was to be printed in a virtual 3D printer. 
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Figure 3.24. Model in the Flash print software 

The build time that was needed to print the scaled-down baseline model was 4 hr 19 min. Figure 

3.25. shows a Printed 3D baseline model in the 3D printer that the phenomena at the end of the 

print process. Finally, the supports and raft were genuinely removed from the 3D print of the 

baseline model. The printed scaled baseline prototype is illustrated in Figure 3.26. 

  

Figure 3.25. Printed 3D baseline model in 3D printer 
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 Figure 3.26. The printed 3D model of the Bishoftu bus   

3.5.2. Experimental setup   

The experimental test on the 3D-printed scaled baseline Bishoftu bus was carried out in the 

Jimma Institute of Technology's HM 170 wind tunnel, an open, subsonic wind tunnel having a 

rectangular measurement-section profile. These experiments' main objective was to assess the 

aerodynamic forces on a Bishoftu bus model based on CFD. The wind tunnel is divided into 

three sections: the power section, which sets up an external blower for the tunnel's air supply; the 

test section, which contains some equipment; and the diffuser, which uses an aluminum 

honeycomb to provide steady airflow. The test section's air velocity is established using 

Bernoulli's principle [83]. So in this research aerodynamic force on the bus was determined by 

mounting the vehicle 3D print on the force balance of the wind tunnel. Since increasing the 

Reynolds number in the wind tunnel is expensive and not possible in the low-scale wind tunnels 

the Reynolds number independence approach was followed for the scaled model test in this 

research. The wind tunnel that was used to analyze the scaled baseline model is depicted in 

Figure 3.27. 
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Figure 3.27. Wind tunnel (Mechanical Engineering Laboratory, JIT) 

                                                                                                                                                

                                                                                                                                       

  
1. Funnel    

2. Flow straightener  

3. Jet         

4. Static pressure 

measurement 

5. Measurement section    

6. Diffuser 

7. Axial fan 

          8. Downstream guide  

         9. A guard  in front of a 

fan 

       10. A guard  behind  of fan                                                          

Figure 3.28. Schematic layout of the HM 170 academic wind tunnel [83] 
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The Schematic layout of the HM 170 academic wind tunnel is illustrated in Figure 3.28. The 

streamlined funnel draws in air from the surrounding environment. The flow adjuster that has a 

honeycomb tubular arrangement removes unwanted crosswise flow elements. The compressed 

air leaves the flow adjuster in a parallel manner and gains speed to nearly 3.3 times the initial 

velocity via the jet. At the entry to the testing area, the constant pressure is obtained downstream 

of the jet. The flow velocity is determined from the pressure differential between the flow and 

the ambient pressure under the presumption of almost lossless flow. As indicated in Figure 3.28., 

the air passes via the test area (a fixed area). Following the measuring unit, the flow is slowed 

down in a diffuser, and a fraction of the pressure drop needed to speed up the air in the jet is 

regained. The diffuser angle has been utilized to avoid flow separation. The lateral guide of an 

axial fan pulls air from the diffuser and delivers it out into the environment. A cover placed in 

front of the fan protects it from unwanted matters [83]. 

3.5.3. Testing procedure  

The wind tunnel experiments were carried out by fastening the bus 3D   model in the test 

section and calibrating the force-measuring amplifier apparatus with two sensitivity settings. A 

model holder was used to secure the models. It was linked to the round rod, which was 

connected to the force transducers, which measure the forces applied to the model. Figure 3.30 

depicts the scaled-down Bishoftu bus prototype placed inside the wind tunnel.  

To calibrate the measuring equipment, 2 radial dials were manipulated till the readings of the lift 

and drag reflect zero as feasible. Because the buttons are easily affected by even minor changes, 

it was difficult to make the numbers on the shows precisely zero. The calibrated force display 

amplifier is shown in Figure 3.31. The enclosure's cover was securely fastened before initiating 

the wind tunnel's motor to keep the technician safe and the cover from being damaged. The wind 

tunnel's speed was reduced after turning on the motor. Performing the test slowly and gradually 

increases the pace, obtaining readings at every rise in speed, and then conducting the test five 

times to obtain precise outcomes [93]. The test was performed five times to collect a sufficient 

amount of information for evaluation and to produce an average value. To Obtain a good result 

an average value of five test results was taken. Figure 3.29. illustrates the flowchart of the test 

procedure. 
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Figure 3.29. Test procedure [94] 

 

 

Figure 3.30. Installed scaled-down Bishoftu bus model in the wind tunnel 

Securing the baseline model in 

the windtunnel 

Calibrating the force measuring 

Closing the enclosureôs lid for safety 

Starting the windtunnelôs motor 

Begin the test at a low speed 

Repeating the test five times 

Analyzing the obtained data for further analysis 
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Figure 3.31. Calibrated force display amplifier 

Before proceeding to the test the measurement test section was checked that it closed properly. If 

not, there is a chance that the measurement section will suddenly open while the device is in use. 

The model has been evaluated at various speeds ranging from 11.2 to 26 m/s at a zero yaw angle 

and the blockage ratio was 2.11% which was acceptable [95]. The model mounted in the closed 

test section is demonstrated in Figure 3.32. 

 

 
Figure 3.32. 3D model of the Bishoftu bus mounted in the closed test section 
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3.6. Percentage reduction in Fuel Consumption and foreign currency Saved 

The power saved due to the reduced drag force can be used to estimate the amount of fuel saved. 

[96]. Equation 15. can be used to estimate the power savings on the modified bus model 

compared to the reference bus model. 

   0 &$ ÂÁÓÅÌÉÎÅ ɀ &$ ÍÏÄÅÌØ  Ø 6ÂÕÓ                                                              (15) 

Fuel conserved due to the decrease in drag force: 

          
      

 ”ὪόὩὰ  ὩὲὫὭὲὩ                                                                                    16) 

 

Where ὗὒὌὠ is the lower heating value of diesel fuel ”ὪόὩὰ is the fuel density at ambient 

temperature and  ὩὲὫὭὲὩ is the thermal efficiency of the diesel engine.   

The amount of money saved was also estimated depending on the amount of fuel saved and its 

current price in Ethiopia. Then it was converted to foreign currency and economic contribution 

was stated. 

3.7. Reduction in Carbon Dioxide (CO2) 
The following analytical formulae can be used to estimate the amount of carbon dioxide (CO2) 

released generated from burning diesel fuel [96]: 

ὅὕ ὩάὭίίὭέὲά άὅὕ ὕὊ
ττ

ςς
                                                                                 ρχ 

Where,  

¶ mf stands for the amount of fossil fuel burned or activity Level of fuel consumption  

¶ Í#/ for carbon content is 0.77 tons/m
3
 or 0.77 kg/liter 

¶ Fossil fuel oxidation factor (OF) 1 (complete combustion) 

3.8. Multi -objective Optimization using RSM in Design Expert software 
 

RSM is a set of mathematical and statistical mechanisms for modeling and analyzing issues 

involving multiple factors. It is commonly used in areas such as formulation and product 

development, as well as improving existing designs [61]. The response surface method 

desirability function (RSM/DFA) based design of experiment (DOE) method was used in this 

study to optimize the base cavity dimensions and windshield angle. As input parameters, the 

three significant variables windshield angle, vehicle speeds, and base cavity depth and angle 

were chosen. During each experimental run, the output responses such as the coefficient of drag 
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and lift, drag force, lift force fuel consumption and CO2 emission were measured. To ensure all 

possible component and factor combinations the defined design was selected with pre pre-

specified list that was imported to the DoE after the CFD results and other analyses were 

conducted. Table 3.9. shows the summary of the design. The design model was quadratic and 

had 90 runs as shown in the summary of the design created. Table 3.10 displays the maximum 

and minimum values of the input factors and responses. 

Table 3.9. Summary of the Design 

Study Type Response Surface Subtype Randomized 

Design Type Blank Spreadsheet Runs 90.00 

Design Model Quadratic Blocks No Blocks 

 

Table 3.10. Input parameters and responses for optimization 

Factors Min. Max. Responses Min. Max. 

Speed(A) 60 100.00 Cd(R1) 0.4763 0.6397 

windshield angle(B) 0 17.00 Cl(R2) -0.3308 -0.0785 

Base cavity angle(C) 0 20.00 Drag force (R3) 772.32 2902.97 

Base cavity length(D) 0 0.9900 Lift force (R4) -1477 -128.43 

  Fuel saved (R5)  0 6.35 

CO2 saved annually 

(R6) 

0 83.97 

Furthermore, the constructed quadratic models were statistically verified using an analysis of 

variance (ANOVA).  It has been seen that in the ANOVA analysis for responses i.e. coefficient 

of drag, lift coefficient, drag force, lift force, fuel saved, and annually eliminated CO2 emission 

the  P-values are less than 0.0001. That suggests the model is statistically significant which 

indicates the observed results are highly unlikely to occur by chance under the assumption of no 

significant relationship. Also residual vs predicted plots of responses were plotted to assess the 

viability of the model. The assessment illustrates there are no distinct trends observed in the 

residuals as the predicted value varies. This indicates that the models are not consistently 

underestimating or overestimating the response variable across different ranges of predicted 

values. The residual vs predicted plots are shown in Appendix D. 
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The desirability function (DFA) approach of RSM was employed to optimize the multi-response. 

Every anticipated output response was converted into a dimensionless value known as 

desirability (di) for optimization analysis. These desirability ratings were then utilized to 

calculate the global desirability function (D) using Design Expert software version 13. The 

largest value of D, which is believed to be the optimum result, implies the best function value of 

the system's variables (the input parameters) correlating to the most desirable value of the 

outcomes. As a result, it is feasible to discover the most suitable set of input parameters for 

which the highest desired outcome values should be obtained through multi-objective 

optimization based on a range of outcomes. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 
 

This chapter consists of the findings and discussions from a study into the change of 

aerodynamic parameters across various configuration models, which varies based on windshield 

angle and base cavity dimensions. The CFD and experimental test findings of the reference bus 

model were presented and discussed primarily in this chapter. The aerodynamic characteristics 

consist of the drag force (Fd), lift force (Fl), coefficient of drag (Cd), and coefficient of lift (Cl) 

of the reference bus model are presented as the pressure and viscous components. Also, the flow 

field around the reference bus model was obtained and discussed. Figures and tables were used 

to provide a clear and thorough explanation of the results of the baseline model and modified 

models. The aerodynamic parameters and flow field differences between the modified models 

and the reference bus model were discussed. This comparison enables a thorough evaluation of 

the variations in aerodynamic characteristics between configurations. It was used to establish a 

more understanding of the impact of the base cavity and windshield angle on the aerodynamic 

effectiveness. In addition, the pressure distribution, the wake structure, and overall field around 

the bus configuration variations due to the windshield modification and base cavity 

implementation have been presented and discussed. Also, the resulting fuel consumption and 

CO2 saved due to the application of the aerodynamic drag reduction mechanisms were presented. 

The individual and combined effects of the parameters like windshield angle, base cavity angle 

and length, and vehicle speed on the Cd, Cl, Fd, Fl, fuel consumption, and CO2 saved were 

presented and discussed in this section by utilizing 2D contours and 3D surface plots.  Finally, 

the outcomes of the multi-objective optimization have been provided and discussed.  

4.1. Baseline model results 

This section presents the CFD findings of the reference model (Bishoftu bus). The residuals, and 

coefficient of drag and lift convergence histories at  60 km/h, 80 km/h, and 100 km/h vehicle 

speeds are presented. The simplest method for determining whether or not the solutions have 

converged is to examine the residual trends. It gives a precise measurement of the error in the 

system of equations' solution. After 300 iterations at 60 km/h and 400 iterations at 80 km/h and 

100 km/h, it was obvious that the residuals had already reached convergence which means the 

residuals meet the convergence requirement of below 10
-5

, which is a pair of magnitude decrease 
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from the typical fluent convergence requirement (10
-3

). The calculated values of the lift and drag 

coefficients remained constant throughout the iterations. The scaled residuals of the reference 

bus model at multiple speeds are shown in Figure 4.1. 

   

Figure 4.1. The scaled residuals of the baseline model at 60 km/hr, 80 km/hr, and 100 km/h 

The baseline model's coefficient of drag (Cd) and lift coefficient(Cl) convergence histories at 60 

km/hr appear in Figure 4.2. It has been understood the Cd and Cl values are stable after 150 and 

200 iterations respectively. Drag and lift coefficient convergence histories at 60 km/hr are shown 

in Figure 4.2. 

  

Figure 4.2. Drag and lift coefficient convergence histories at 60 km/hr 
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In Figure 4.3. the convergences history plots of the coefficient of drag and lift of the Bishoftu 

bus at 80 km/hr have been shown. It has been seen that the Cd and Cl values were stable after 170 

and 350 iterations respectively. 

  

Figure 4.3. Drag coefficient and lift coefficient convergence history at 80 km/hr 

Figure 4.4. demonstrates the Cd and Cl convergence history plots of the base model for 100 

km/hr. It has been identified that after 150 and 250 iterations, respectively, the Cd and Cl levels 

remain stable. 

  

Figure 4.4. Drag and lift coefficient convergence history at 100 km/hr 

The drag forces and drag coefficients (Cd) values of the baseline models at a variety of speeds 

are summarized in Table 4.1. The Cd and Fd values were presented as the pressure and viscous 
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components, also the net values are described. The drag force due to the pressure is 1023.72 N 

and the drag force due to friction is 22.69 N at 60 km/hr as observed from the CFD result. The 

net Cd value at this velocity was 0.6397 where the pressure component is 0.6258 and the viscous 

component is 0.01387. 

Table 4.1. Drag force and drag coefficient values of the reference model 

Speed 

(km/hr ) 

Drag force 

(pressure) 

Drag force 

(viscous) 

Net Cd 

(pressure) 

Cd 

(viscous) 

Net 

60  1023.72 22.69 1046.42 0.6258 0.0138 0.6397 

80 1819.64 39.13 1858.78 0.6257 0.0134 0.6391 

100 2843.22 59.74 2902.96 0.6257 0.0131 0.6388 

 

At the 80 km/hr vehicle speed, both the drag due to pressure and viscous are increased. The 

result shows 1819.64 N due to pressure and 39.13 due to viscosity. So the overall drag force at 

this speed becomes 1858.78 N. The net Cd value at this velocity (80 km/hr) was 0.6391 where the 

pressure component is 0.6257 and the viscous component is 0.01345. The drag force reaches 

2902.96 N at 100 km/hr where the drag force due to pressure further reaches 2843.22 N and the 

drag force due to frictions becomes 59.74 N. The net Cd value at this velocity was 0.6388 where the 

pressure component is 0.6257 and the viscous component is 0.01314. 

The finding indicates as the speed of the vehicle increases the drag force of the baseline model 

increases. That means the bus experiences higher drag at higher speeds. The overall drag force 

and drag coefficients are dominated by their pressure components. The amounts of the viscous 

components to the net Fd and Cd are less compared to the pressure component. The result also 

reveals the behavior of the Cd of the Bishoftu bus with its speed. So that it is seen that the Cd 

remains relatively constant. 

The summary of lift force and lift coefficient values of the baseline model are shown in Table 

4.2. The net lift force at 60 km/hr,80 km/hr, and 100 km/hr are -417.80 N, -753.61 N, and -1189.24 

N respectively. Where the lift forces due to pressure were -415.24 N,-749.13 N, and -1182.30 N. The lift 

forces due to the viscous are -2.55 N, -4.47 N, and -6.94 N respectively with the vehicle speed used in the 

analysis. The net lift coefficients are -0.2554, -0.2591and -0.2617 at 60 km/hr, 80 km/hr, and  100 
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km/hr respectively. The lift coefficients due to viscosity are -0.00156, -0.00154, and -0.00152 with 

corresponding speeds. Pressure-related lift coefficients for studied vehicle speeds are -0.2538, -

0.2576, and -0.2602 respectively. The lift coefficient due to viscosity shows an increase slightly 

and due to pressure it decreases. The finding reveals that as the vehicle's speed rises, the lift force 

declines. That indicates with the increase of the vehicle speed favorable downward force can be 

achieved. The pressure components of Fl and Cl participation to overall values of Fd and Cl are 

greater. 

Table 4.2. Lift force and lift coefficient values of the baseline model 

Speed 

(km/hr ) 

lift force 

(pressure) 

lift force 

(viscous) 

Net Cl 

(pressure) 

Cl (viscous) Net 

60  -415.24 -2.55 -417.80 -0.2538 -0.00156 -0.2554 

80 -749.13 -4.47 -753.61 -0.2576 -0.00154 -0.2591 

100 -1182.30 -6.94 -1189.24 -0.2602 -0.00152 -0.2617 

 

Figures 4.5. presents the pressure distributions on the baseline model at 60, 80, and 100 

kilometers per hour. Along the reference model (Bishoftu bus) surfaces the distribution of the 

pressure was observed to change at different speeds. According to the pressure contour plots, the 

pressure on the bumper of the model attains the maximum level for all speeds. These maximum 

pressures are attained as the fluid moving towards the vehicle appears to a halt at its front for all 

analyzed speeds. Maximum pressures are observed to be 161.9 Pa at 60 km/hr, 287 Pa at 80 

km/hr, and 447.6 Pa at 100 km/hr. This indicates the maximum pressure on the baseline model 

rises with the increase in vehicle speed. On the other hand, because of flow separation and the 

wake at the back of the bus, it was noted that the fluid pressure across the surface of the model 

experiences negative pressure values and that the rear wall of the bus experiences lower pressure 

than the front. Consequentially, a very high "Pressure Drag" results from the bus's high-pressure 

differential between its front and rear ends. Also, the maximum pressure distribution that was 

relatively smaller than the pressure distribution at the frontal area of the bus has been noted on 

the side mirrors. The lowest pressure among all has been seen at the bottom front edges of the 

bus. 
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(a) Pressure contour of the reference bus at 60 km/hr 

 

(b) Pressure contour of the reference bus at 80 km/hr 

 

 

(c) Pressure contour of the reference bus at 100 km/hr 

Figure 4.5. Pressure contour of the reference bus (a) At 60 km/hr (b) At 80 km/hr (c) 100 

km/hr 

Figures 4.6. exhibits the distribution of pressure contours on the exterior of the Bishoftu 

bus model on the symmetry plane. The result reveals that the highest pressure happened on the 

forehead area of the Bishoftu bus, and alongside the rise in vehicle speed, the higher pressure 

increased. This implies that to achieve reduced aerodynamic drag the reduction of the pressure at 
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the frontal part of the model and maximization of the pressure distribution at the back of the bus 

was needed. 

.  

(a) Pressure contour of reference bus model on symmetry plane at 60 km/hr 

 

(b) Pressure contour of reference bus on symmetry plane at 80 km/hr 

 
(c) Pressure contour of reference bus on symmetry plane at 100 km/hr 

Figure 4.6. Pressure contour of the reference bus on symmetry plane  (a) At 60 km/hr (b) 

At 80 km/hr (c) 100 km/hr 
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In addition, the pressure coefficient (Cp) distributions on the reference bus model at different 

vehicle speeds are displayed in Figure 4.7. The Cp values are highest at the frontal surfaces of the 

bus that interact with the oncoming airflow in all cases. The observation of higher Cp values of 

around 1 at the bus's frontal area and the bus mirror suggests regions of increased pressure 

relative to the freestream. These areas typically experience a slowdown in the airflow, leading to 

higher pressure coefficients. The lowest and higher Cp values at 60 km/hr are -3.8154 and 

1.1545. At 80 km/hr, the lowest and higher Cp values are -3.8328 and 1.1521. For 100 km/hr 

minimum Cp of -3.8435 and a maximum Cp of 1.1502 have been observed. 

 

   

Figure 4.7. Pressure coefficient distribution on the reference bus model 

The velocity contour plots of the baseline model at 60,80 and 100 km/hr are presented in Figure 

4.8. The velocity contour of the vehicle at various speeds depicts the distribution of velocities 

across the vehicle's surface. The result shows that large recirculation zones at the base of the 

reference model are observed at varying vehicle speeds. Maximum velocities observed are 27.99 

m/s at 60 km/hr, 37.28 m/s at 80 km/hr, and 46.5 m/s at 100 km/hr. These maximum velocities 

are visible on the frontal top edge and bottom edge of the baseline model, where the flow is split. 

In the velocity contour plots, it appears as a yellow region. 
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(a) Velocity contour of the baseline configuration at 60 km/hr 

 
(b)  Velocity contour of the baseline configuration at 80 km/hr 

 
 

(c)  Velocity contour of the baseline configuration at 100 km/hr 

Figure 4.8. Velocity contour of the baseline configuration (a) At 60 km/hr (b) At 80 

km/hr (c) At 100 km/hr 

Figures 4.9. depicts a streamlined plot of the baseline configuration at the symmetry plane at 

vehicle speeds of 60, 80, and 100 km/hr. Maximum separation of flows was seen at the back and 

top of the baseline configuration front, resulting in maximum turbulence and then maximum drag 

force. The flow that had separated at the frontal edges of the bus was seen reattached to the bus's 

Ac unit surface. 
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(a) Velocity streamlines at 60 km/hr 

 
(b) Velocity streamlines at 80 km/hr 

 
(c) Velocity streamlines at 100 km/hr 

Figure 4. 9. Velocity streamlines (a) At 60 km/hr (b)  80 km/hr (c) 100 km/hr 

Table 4.3. shows the CFD  Cd result difference percentage of full-scale baseline model result and 

1/60 
th 

scaled model result at different vehicle speeds. The Cd difference percentage at 60 km/hr 

between the full-scale baseline model and scaled baseline model is 1.7%, where the Cd values are 

0.6508 and 0.639 for the scaled model and full-scale model respectively. The Cd difference 

percentage at 80 km/hr and 100 km/hr are 0.95% and 0.42% respectively. Averagely 1.04% Cd value 
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difference across all studied speeds. overall  the scaled model had a slightly higher Cd than the full-scale 

baseline model. 

Table 4.3. Drag coefficient (Cd) difference (%) between scaled and full-scale model  

Vehicle 

speed 

Cd of the scaled baseline 

model 

Cd of the full -scale baseline 

model 

Cd difference 

% 

60 0.6508 0.6397 1.7% 

80 0.6452 0.6391 0.95% 

100 0.6415 0.6388 0.42% 

Average 1.04% 

4.2. Experimental Validation of the Baseline Model 

The experimental assessment was done to verify the CFD results of the baseline model. In the 

drag coefficient calculation, various sources of uncertainty were considered and error 

propagation was done. The force measurement amplifier display has an uncertainty of 

0.005(ȹFd). Also, the velocity irregularity (ȹv) of the wind tunnel was 2% [83]. Thus the 

uncertainty of the drag force measuring device and the velocity irregularity of the wind tunnel 

were used to determine the error propagation of the drag coefficient (ȹCd). The uncertainties 

associated with the measured values of the drag force and velocity were propagated through the 

error propagation rule [97]. The error propagation of the drag coefficient was determined using 

Equation 18.  

                                                                                                                                     ρψ 

 Where  

¶ ȹv represents the velocity irregularity (ȹv) of the wind tunnel and, ɝÖ Ö      

¶ ȹFd represents the uncertainty in the quantity Fd. 

¶ ȹCd represents the propagated error of the drag coefficient. 

The uncertainty of each drag coefficient value was expressed as a percentage, ranging from 

±0.76% to ±6.17%. These percentages represent the range of potential variation in the drag 

coefficient values due to uncertainties associated with the measurements. This means that the 

average drag coefficient was estimated to be 0.6093, and the uncertainty associated with this 

value was ±2.396. Drag coefficient (Cd) values at multiple velocities with propagated error are 

tabulated in Table 4.4. 
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Table 4.4. Drag coefficient (Cd) with propagated error  

Velocity ±2% Average drag force 

(±0.005) 

Cd  ± Propagated error (ɝ#Ä 

11.2 0.086 0.6218 ± 6.17% 

13.3 0.12 0.6153 ± 4.46% 

15.5 0.162 0.6116 ± 3.34% 

18.5 0.23 0.6095 ± 1.45% 

21.5 0.308 0.6043 ± 1.09% 

22.5 0.338 0.6055 ± 1.00% 

23.57 0.37 0.6040 ± 0.89% 

26 0.4488 0.6021 ± 0.76% 

                                                Average                   0.6093 ± 2.39% 

Table 4.5. illustrates the experimentally and numerically determined Cd values for a scaled 

reference bus model. The average difference percentage of 6.09% was seen between the CFD 

outcomes and the experimental outcomes through studied speeds. The percentage of error falls 

an acceptable percentage because the error rates in engineering computations can be lower than 

or equal to 10% [98]. 

Table 4.5. Comparison of drag coefficient (Cd) between wind tunnel test and CFD results 

Speed (m/s) Scaled baseline 

model (CFD) 

Wind tunnel test Percentage of difference  

11.2 0.658 0.6218 5.49% 

13.3 0.6545 0.6153 5.98% 

15.5 0.6518 0.6116 6.16% 

18.5 0.6490 0.6095 6.07% 

21.5 0.6458 0.6043 6.41% 

22.5 0.6450 0.6055 6.11% 

23.57 0.6442 0.6040 6.22% 

26 0.6425 0.6021 6.27% 

            Average                                                                                      6.09% 
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The variations of the findings may be related to the assumptions related to the CFD calculations 

and wind tunnel tests. Wind tunnel test results can be influenced by aspects like surface 

roughness, boundary conditions, and the accuracy of measuring instruments. The turbulence 

models and computational approaches used in CFD simulations may also introduce uncertainty 

into the results [99, 100]. 

Figure 4.10. shows the Reynolds independence test result. The Reynolds number was calculated 

depending on Equation 12. The plot shows that the data points are dispersed with no obvious 

trend or structure. From the Cd values of the CFD and wind tunnel, it is possible to deduce that 

there is no apparent systematic association between the Reynolds number and the values. The 

evidence confirms the Reynolds independence idea. 

 

Figure 4.10. Reynolds Independence test 

4.3. Effect of base cavity 
 

The drag and lift coefficients CFD results of nine modified models which were modified with the 

base cavity configurations alone at studied speeds are presented in Figure 4.18. The outcome 

reveals that the lowest Cd value of 0.5927 that were achieved by the modified model which has 

0.99m (0.3H) tapered base cavity length and 12º base cavity angle (model 6) at 100 km/hr. The 

minimum Cl value of -0.2261 was obtained for model one(0.1H tapered base cavity length and 5º 

base cavity angle)  at 100 km/hr. Drag and lift coefficients of the models only modified with base 

cavity configurations are shown in Figure 4.11. 
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Figure 4.11. Drag and lift coefficients of models with base cavity configurations 

Figure 4.12. illustrates the drag force of Modified models with Base cavity modifications. The 

results indicate for all models the drag force quantity is increased with vehicle speed. 

Comparably the least drag force of  974.27 N,1726.85 N, and  2693.19 N at 60, 80, and 100 

kilometers per hour respectively were achieved with model 6 (M6). The average drag force in 

this modified model is 1798.10 N which shows 138 N average drag reduction relative to the 

baseline model. That indicates a 7.12 % average drag reduction at all analyzed speeds. 

 

Figure 4.12. Drag force of baseline model with base cavity modifications 
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Figure 4.13. illustrates the lift  force of models modified with base cavity modifications. The 

results indicate that vehicle speed has a positive effect for all models as the lift force decreases 

with vehicle speed which shows favourable achievement of downward force. The lower lift was 

achieved by Model 1 where the lift force is -360.48 N,-649.9 N, and -1027.36 N at 60, 80, and 

100 km/hr vehicle speed respectively. The average lift force in this modified model is -679.24 N 

which shows an increase of -107 .64 N average lift force relative to the baseline model. That 

indicates 13.67 % of the average lift force percentage increment at all analyzed speeds. Also, the 

result reveals all nine modified have minimum downward force relative to the baseline model. 

 

Figure 4.13. Lift force of baseline model with base cavity modifications 

Figure 4.14. shows the percentage of drag coefficients of models that were modified with a 

variety of base cavity dimensions relative to the baseline model. The finding shows the highest 

percentage of coefficient of drag reduction of 7.21% was accomplished with Model 6 at 100 

km/hr. Model 6 has a 12-degree base cavity angle and 0.3H tapered base cavity depth. Where the 

percentage of the Cd reductions are  6.89% and 7.08% at 60 km/hr and 80 km/hr for the model. 

The average Cd reduction percentage through all speeds for model 6 was 7.06% which was the 

highest reduction compared to other modified models by the base cavity. The reduction points 

out the importance of the base cavity configurations in reducing Cd and improving the 

aerodynamic performance of the Bishoftu bus.  

-1,200

-1,000

-800

-600

-400

-200

0

M1 M2 M3 M4 M5 M6 M7 M8 M9

L
if
t 

fo
rc

e
 (

N
) 
 

 

Fl @ 60Km/hr Fl @ 80 Km/hr Fl @ 100 Km/hr



83 
 

 

Figure 4.14. Percentage of Drag Coefficient Reduction in a Modified Bus with Base Cavity 

Compared to Baseline Model 

4.3.1. Base cavity Effect on wake  

Figures 4.15, 4.16 and 4.17. show the influence of the base cavity angle and base cavity length 

on the wake of the bus at 80 km/hr. The velocity vector was plotted on the XY plane at Z=1.25 to 

investigate the features of the wake of models modified with the base cavity. The results reveal 

that at 5º and 12º the wake flow was seen as directed upward which means its upward dominated 

wake. The given result indicates the behavior of wake patterns at different base cavity angles in a 

specific configuration. While at 20º base cavity angle, the upward washed wake is shown only at 

the shorter tapered base cavity length (0.1H). However, at 0.2H and 0.3H tapered base cavity 

length downwash dominant wake was seen. The result shows the wake size was reduced with all 

base cavity configurations. While at the 20º base cavity angle the flow starts to detach from the 

surface of the base cavity earlier compared to the base cavity angle of 5º and 12º. The presence 

of a downwash-dominant wake at the larger base cavity angle suggests an increased downward 

flow behind the vehicle. This can contribute to a rise in the total drag coefficient. 

0.00%

1.00%

2.00%

3.00%

4.00%

5.00%

6.00%

7.00%

8.00%

M1 M2 M3 M4 M5 M6 M7 M8 M9

D
ra

g
 c

o
e

ff
ic

ie
n

t 
re

d
u
c
ti
o

n
 (

%
) 

Baseline model with base caivty  

at 60 Km//hr at 80 Km/hr at 100 Km/hr



84 
 

   

Figure 4.15. Velocity vectors at 5º base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity 

length 

   

Figure 4.16. Velocity vectors at 12º base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity 

length  

   
Figure 4.17. Velocity vectors at 20º base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity 

length  

4.3.2. Base cavity effect on base pressure distribution  

Figures 4.18.,4.19. and 4.20. demonstrate the pressure contour on the YZ plane at the base for 

the reference configuration modified with base cavity modifications at 80 km/hr. From the result, 

it has been observed that the maximum base pressure distribution was increased as the base 

cavity length became large. However, the wide maximum base pressure area was observed at the 

12º base cavity angle and 0.3H base cavity length. The low-pressure areas for the modified 

models were observed thus their area has been decreased with base cavity configurations and 

almost diminished for the modified model which has a 12º base cavity angle and 0.3H base 

cavity length. 
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Figure 4.18. Base pressure at 5º base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity length  

   

Figure 4.19. Base pressure at 12º base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity length  

   
Figure 4.20. Base pressure at 20º base cavity angle and 0.1H, 0.2H, and 0.3 H base cavity length  

4.4. Windshield angle effect 

Figures 4.21.,4.22. and 4.23. illustrates the pressure contours and velocity contours of the 

baseline model and two models that were modified with windshield angle. The result illustrates 

the pressure and velocity distributions of the baseline model, the baseline model modified with 9º 

and 17º windshield angles. From the results, it is understood the stagnation pressure reduction at 

17º was higher in comparison to the reference bus configuration and modified model which has a 

9º windshield angle. The stagnation pressure for the baseline model, a model with 9º and 17º 

windshield angle was 161.9 Pascal, 158.5 Pascal, and 152.8 Pascal respectively. That indicates 
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the lowest resistance to the bus model's forward motion and results in the lower aerodynamic 

drag. The windshield angle variations cause the flow at the front of the bus more smoother and 

streamlined.  

 

 

 

Figure 4.21. Pressure and velocity contour on baseline model at 60 km/hr 

 

 
Figure 4.22. Pressure and velocity contour on model with 9º windshield angle at 60 km/hr 

 

 

 
Figure 4.23. Pressure and velocity contour on model with 17º windshield angle at 60 km/hr 

The velocity contours were used to visualize the re-circulation zone. The minimum re-circulation 

zone was observed for the model which has a windshield angle of 17º. Also, it has been observed 

that the low-velocity zone at the front of the modified model which has a 17º windshield angle is 

the lowest compared to the other models. This low-velocity region shown as blue at the frontal 
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surface of the models is where the airflow comes in contact with the vehicle surface and stalls. 

The smaller the recirculation zone, the less turbulence created, and thus the lower the drag. 

Table 4.6. shows the Aerodynamic Results for baseline models 9º (M10) and 17º (M11) at 

Different Speeds. The results illustrate the improvement in aerodynamics for the models with 

windshield angle variation relative to the baseline model. The Cd value for the two models shows 

a reduction at all speeds in contrast to the baseline model. The average Cd reduction percentages 

for both models (M10 and M11) are 10.21% and 17.12%, respectively. In addition, the modified 

models achieve the lowest coefficient of lift and lift force compared to the baseline Bishoftu bus. 

That indicates more downward force. Also, the drag force reductions average for both models are 

9.87% and 18.62%, respectively. 

Table 4.6. Aerodynamic Results for Modified Models M10 and M11 at Different Speeds 

Models Speed (km/hr) Cd  Cl  Fd  Fl 

M10 60 0.5763 -0.2697 942.71 -441.30 

 80 0.5755 -0.2750 1673.77 -799.80 

 100 0.5746 -0.2774 2610.97 -1260.81 

M11 60 0.5309 -0.3214 853.36 -516.69 

 80 0.5298 -0.3270 1514.06 -934.43 

 100 0.5290 -0.3308 2361.88 -1477 

4.5. Combined Effect of Base Cavity and Windshield Angle Modifications on Bus 

Aerodynamics 

The combined effect of base cavity configurations and windshield angle on the aerodynamic 

efficiency of the Bishoftu bus was presented and discussed. The modified models which have 

both base cavity and windshield modifications were 18 models. The average drag (Cd) and lift 

coefficients comparison for models with windshield angle and base cavity modifications is 

shown in Figure 4.24. The graph provides an average Cd and Cl of 18  modified models and that 

allows for a direct comparison of minimum Cd and Cl achieved through the combined 

modifications. The minimum average Cd value was 0.47794514 which was achieved by model 

26 which has a 17º windshield angle,12º base cavity angle, and 0.3H base cavity length. The 

minimum average Cl value was achieved by model 21 which has a windshield angle of 17º,5º 

base cavity angle, and 0.1H base cavity length.  
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Figure 4.24. Average Drag Coefficient (Cd) and lift coefficients Comparison for Models with 

Windshield Angle and Base Cavity Modifications 

Figure 4.25.  shows the average force and lift comparison for models with windshield angle and 

base cavity modifications. The minimum average drag force value was 1420.976 N which was 

achieved by model 26 which has a 17º windshield angle,12º base cavity angle, and 0.3H base 

cavity length.  

 

Figure 4.25. Average Drag force and lift Force values for Models with Windshield Angle and 

Base Cavity Modifications 
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The minimum average lift force value was -815.96 N which was achieved by model 21 which 

has a windshield angle of 17º,5º base cavity angle, and 0.1H base cavity length. From the models 

modified with both windshield angle and base cavity, this model has a higher downward force. 

The amount of the Cd reduction percentage for all 18 models modified with both windshield 

angle base cavities was presented in Figure 4.26. From the 18 models model 26 achieves the 

highest drag coefficient reduction through all analyzed speeds. These Cd reduction percentages 

achieved with this model were 24.8%, 25.4%, and 25.3% at speeds of 60, 80, and 100 km/hr, 

respectively. Averagely it was a 25.2% reduction of drag coefficient. Thus the applications of the 

windshield angle and base cavity modifications are effective in the enhancement of the 

aerodynamic efficiency of the baseline bus model. 

 

Figure 4. 26. Drag Coefficient Reduction Percentage for Models with Windshield Angle and 

Base Cavity Modifications 

Figure 4.27. presents the pressure distributions on the modified model 26 which achieves the 

minimum drag force out of all modified models. The maximum pressures of this model 26 

increase with the vehicle speed. At 60 km/hr, the maximum pressure is 151.9 Pa, at 80 km/hr it is 

269.3 Pa, and at 100 km/hr, it reaches 419.8 Pa. The result reveals that the highest pressure area 

on the leading end of this modified vehicle model was reduced when contrasted with the baseline 
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bus. The result illustrates the minimum stagnation pressure area has been observed at the front of 

the modified bus which results in the minimized aerodynamic drag.  

 

(a) Pressure field visualization at 60 km/hr 

 

(b) Pressure field visualization at 80 km/hr 

 

(c) Pressure field Visualization at 100 km/hr 

Figure 4.27. Pressure Field Visualization of Model 26: (a) At 60 km/hr,(b) At 80 km/hr,(c) At 

100 km/hr 
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The pressure contour distribution of the modified model 26 on the symmetry plane is shown in 

Figure 4.28. Comparing the outcome to the reference bus model, it can be seen that the peak 

pressure has decreased. The maximum pressure of this model rises as the speed of the vehicle 

rises. 

 

(a) Pressure contour of reference bus on symmetry plane at 60 km/hr 

 

(b) Pressure contour of reference bus on symmetry plane at 80 km/hr 

 

(c) Pressure contour of reference bus on symmetry plane at 100 km/hr 

Figure 4.28. Pressure contour of reference bus on the symmetry plane 

The maximum pressure comparison between the baseline model and modified model 26 

comparison is shown in Table 4.7.  At 60 km/h, the modified model 26's maximum pressure is 
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10.9 Pa lesser than that of the reference bus. In the same way, the modified model 26 shows a 

17.7 Pa drop in pressure at 80 km/h compared to the baseline model. Also, model 26 shows the 

most pressure decrease, with a difference of 27.8 Pa from the baseline model, at the maximum 

speed of 100 km/h. 

Table 4.7. Maximum pressure comparison between the baseline model and modified model 26 

Vehicle 

speeds 

Baseline model Maximum 

pressure (Pa) 

Modified model 26 

Maximum pressure (Pa) 

Differences 

(Pa) 

60 161.9  151  10.9  

80 287  269.3  17.7  

100 447.6 Pa 419.8 Pa 27.8 Pa 

 

Figure 4.29. illustrates the velocity contour plot of Model 26 at studied vehicle speeds. The 

velocity contour of the vehicle at different speeds shows the distribution of velocities across the 

vehicle's surface. The maximum velocities observed are 32.26 m/s at 60 km/hr, 43.03 m/s at 80 

km/hr, and 53.91 m/s at 100 km/hr. These maximum velocities are seen on the frontal top edge 

of the modified model at which the flow is separated. Itôs shown as a yellow region in the 

velocity contour plots. It has been seen the recirculation zone at the rear of the reference bus was 

reduced with the modified model. The recirculation zone of the modified model is much 

minimum than that of the baseline model at all speeds. 

 

(a) Velocity contour at 60 km/hr 
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(b) Velocity contour at 80 km/hr 

 

(c) Velocity contour at 100 km/hr 

Figure 4.29. Velocity contour of Model 26: (a) At 60 km/hr, (b) At 80 km/hr, (c) At 100 km/hr 

Figure 4.30.  shows a streamlined plot of the modified model 26 at the symmetry plane at 60, 80, 

and 100 km/hr vehicle speeds. When compared to the baseline bus model, less flow separation 

was found at the back and top of the modified model front, resulting in minimal turbulence and, 

as a result, maximum drag force reduction. 

 
(a) Modified model 26 velocity streamlines at 60 km/hr 
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(b) Modified model 26 velocity streamlines at 80 km/hr 

 
 

(c) Modified model 26 velocity streamlines at 100 km/hr 

Figure 4.30. Modified model 26 velocity streamlines 

4.6. Fuel consumption saved 

Figure 4.31. shows the average fuel saved (lit/hr) of all modified models relative to the baseline 

Bishoftu bus through all analyzed speeds. The highest average fuel consumption saved was 

achieved with model 26 which has the lowest drag force among all modified models. The 

maximum average fuel consumption saved was 3.6601749 lit/ hr. 
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Figure 4.31. Average Fuel saved (Lit/hr) of all modified models 

4.7. Amount of CO  saved  
 

Figure 4.32. shows the average CO2 saved annually of all modified models relative to the 

baseline Bishoftu bus through all analyzed speeds. the overall impact of the base cavity and 

windshield angle variation on the environment can be seen. The amount of CO2 saved was 

calculated by considering the operating hours per day of the Bishoftu bus which is 13 hours and 

the yearly operation of this bus 360 days per year [64]. The highest average CO2 saved annually 

was achieved with model 26 which has the lowest drag force among all modified models. This 

model has 48.35 tonnes/year of CO2 saved annually which alters the release of such a huge 

amount of emission per year. 
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Figure 4.32. Average CO2 saved annually of all modified models 

4.8. Annual Fuel Cost Savings 

The annual fuel cost saving was determined depending on the average fuel saved per year for all 

the modified models relative to the baseline Bishoftu bus model. The operating hours per day for 

the Bishoftu bus is 13 hours and the yearly operation of this bus is 360 days per year [64]. The 

current cost of diesel in Ethiopia was utilized in determining the annual fuel cost saving for the 

modified bus models compared to the Bishoftu bus. The current price of diesel in Ethiopia is 

shown in Table 4.8. 

Table 4.8. Diesel prices in Ethiopia, liter, 25-Sep-2023 [101] 

Ethiopia Diesel prices Litre Gallon 

 ETB 76.34 288.97 

 USD 1.382 5.231 

 EUR 1.307 4.948 
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The analysis's outcome demonstrates the highest cost of fuel that can be saved by the modified 

models was 1,307,675 Ethiopian birr or 23,673 USD. The modified model which achieved this 

highest saving was model 26. This shows the economic benefit of the modified models compared 

to the existing Bishoftu bus. This helps to improve the foreign currency shortage in Ethiopia. 

Overall these results show the degree of the aerodynamic efficiency impact on the fuel cost 

related to the fuel consumption. The amount of money that can be saved with the modified 

models compared to the benchmark model is presented in Figure 4.33. 

 

 

Figure 4.33. Average Annual Money Saved for  Modified Models 

4.9. Effect of Individual F actors on Responses 

Figure 4.34. shows the influence of individual factors on the drag coefficient and lift coefficient. 

It has been revealed that the coefficient of drag was moderately affected by vehicle speed and 

significantly minimized with the increase of windshield angle. Also, Cd reduction is initiated by 

base cavity variation up to 12º  with a minimum rise in Cd beyond that. In addition, the longer 

base cavity length causes the Cd to fall. On the other hand with the increase in vehicle speed 

diffident reduction of lift coefficient has been seen. Also with an increase of windshield angle, 
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the Cl value decreases significantly. However, as both the base cavity angle and length increase 

the Cl value increased. 

 
 

Figure 4.34. Effect of Individual Factors on Cd and Cl 

Figure 4.35. illustrates the effect of independent factors on the drag force (Fd) and lift force (Fl). 

The result shows as the vehicle speed and windshield increase the drag force increases and 

decreases respectively. Notable drag force was seen as the base cavity angle reached the 

midpoint while relatively constant drag force appeared for the higher angles. Also, the drag force 

was reduced slightly with the variation in the base cavity length. Greater downward force 

(lowered lift force) is observed as the vehicle speed rises. Similarly, increased windshield angle 

results in the minimized lift force that indicates favorable downward force. Besides, the lift force 

is increased or lower downward force has been caused by an increment of both base cavity angle 

and length. 
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Figure 4.35. Effect of individual factors on Fd and Fl 

Figure 4.36. reflects the influence of independent factors on the amount of fuel saved and CO2 

saved. The result points out that the increase in windshield angle and vehicle speed causes the 

amount of fuel saved and CO2 saved to be maximized. Also, the amount of CO2 saved 

maximized significantly up to the midpoint of the base cavity angle while they remained 

relatively constant for higher base cavity angles. Similarly, a minimal increase of fuel saved was 

achieved with the increase of base cavity angle beyond the 12º. It has been noticed that the 

maximum fuel saved and CO2 saved was achieved at the larger base cavity length. 

 

 

Figure 4.36. Effect of individual factors on Fuel consumption saved  and CO2 saved 
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4.10. Effect of interaction of factors on responses 

4.10.1. Effect of factors interaction on drag coefficient (Cd) 

Figure 4.37. illustrates the combined effect of vehicle speed and windshield angle on the 

coefficient of drag (Cd). The result was presented by a contour plot 3D surface graph by keeping 

other factors at intermediate values. It has been noticed that the minimum Cd value was achieved 

at a higher windshield angle and higher speed of the bus. Comparably the impact of the 

windshield angle variation on the reduction of Cd was incredible. While the Cd value reduction 

with the speed of the bus was nearly negligible.  The minimum Cd value of 0.4763 was observed 

at 100 km/hr and a windshield angle of 17 º. 

 

 

 
Figure 4.37. Effect of vehicle speed and windshield angle on drag coefficient (Cd) 

Figure 4.38. illustrates the joint effect of the speed of the vehicle and base cavity angle on the 

coefficient of drag (Cd). The result was presented by a contour plot 3D surface graph. It has been 

seen that the minimum Cd value was achieved at a 12 º  base cavity angle and lower vehicle 

speed. The Cd value was reduced significantly by the base cavity angle but its reduction with 

vehicle speed was negligible or almost constant. The Cd value was minimized with the base 

cavity angle but after the 12º Cd value starts to increase and remains less than the initial Cd 

values. The larger base cavity angle does not provide further reduction in Cd but they keep the Cd 

value still less than the initial coefficient of drag values. 
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Figure 4.38. Effect of vehicle speed and base cavity angle on drag coefficient (Cd) 

Figure 4.39. illuminates the combined impacts of windshield angle variation and base cavity 

angles on the coefficient of drag (Cd). It has been observed that the minimum Cd value was 

achieved at a higher windshield angle of 17º and 12º base cavity angle. The Cd value reduced 

significantly at all windshield angles. The Cd value was minimized with a base cavity angle 

increment up to 12º then started to increase but remained less than the initial Cd values. The 

larger base cavity angle does not provide further reduction in Cd but they keep the Cd value still 

less than the initial coefficient of drag values. 

 
 

Figure 4.39. Impact of windshield angle and base cavity angle on drag coefficient (Cd) 

Figure 4.40. shows the contour and 3D graph of the combined effect of windshield angle and 

base cavity angle on the coefficient of drag. The result demonstrates the least drag coefficient 

was achieved at a higher windshield angle of 17º and the highest base cavity length of 0.3 of 

vehicle height (0.3H). While the drag coefficient minimization was achieved by an increment of 

base cavity length, the Cd value was highly reduced by the increment of windshield angle. That 
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described the tendency of the modifying windshield angle to reduce the drag coefficient by 

minimizing stagnation pressure at the front end of the Bishoftu bus. Similarly, it shows the effect 

of base cavity length at the back of the bus for the extra lessening of Cd. 

 
 

Figure 4.40. Effect of windshield angle and base cavity length on drag coefficient (Cd) 

Figure 4.41. demonstrates the interaction between the base cavity length and base cavity angle 

coefficient of drag. The result has shown that the lengthening of the base cavity leads the drag 

coefficient to be reduced. That indicates the longer base cavity effect on increasing the base 

pressure in other ways. Also with the increase of base cavity angle the Cd value decreases and it 

is important to note that after 12º base cavity angle, the Cd value starts increasing by a small 

amount. This shows the adverse influence of increasing the base cavity angle beyond the 

optimum. In general minimum Cd value was achieved at the higher base cavity length (0.3H) and 

12º base cavity angle. 

  

Figure 4.41. Effect of base cavity angle and base cavity length on drag coefficient (Cd) 
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4.10.2. Effect of factors interaction on Lift  coefficient (Cl) 

Figure 4.42. illuminates the combined effect of the vehicle's base cavity angle and windshield 

angle on the coefficient of lift. It has been understood that at a higher windshield angle and lower 

base cavity angle the lift coefficient was minimum. Higher base cavity angles are responsible for 

the increase of lift coefficient while windshield angle increment has a positive impact by 

reducing the lift coefficient value.  

  
Figure 4.42. Effect of windshield angle and base cavity angle on lift coefficient (Cl) 

Figure 4.43. shows the compressive effect of windshield angle and base cavity length on lift 

coefficient (Cl). The plot describes both effects while other factors are kept at intermediate 

points. That means when the vehicle speed was at 80 km/hr and the base cavity angle was at 10 

degrees. As presented on the contour and 3D surface graph when the windshield angle was 17º 

and the base cavity length was minimum the lift coefficient value reduced. 

 
 

Figure 4.43. Effect of windshield angle and base cavity length on lift coefficient (Cl) 

Figure 4.44. presents the impact of the base cavity angle and base cavity length on the lift 

coefficient. It has been seen that with an increase in both the base cavity angle and base cavity 
















































































