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ABSTRACT 

The innovative bus designs, inspired by the whales, have been developed. The 

designs are confined to the frontal area of the buses. The new designs are named 

as the Beluga buses. Several variants of the models all mimicking Beluga whales 

are proposed. Both numerical analysis and experimental have been conducted to 

determine the drag coefficients of various models. The ANSYS CFD program 

was used for numerical simulations. WT tests were conducted to experimentally 

determine the drag coefficients. Both methods indicate that the beluga-inspired 

buses offer significant reductions in drag, which can lead to lower fuel 

consumption. The new beluga design is expected to reduce fuel consumption by 

12.64%. Comparing the experimental and numerical results, a 6.4% discrepancy 

in the drag coefficients is observed at low Reynolds numbers, which became 

negligible at higher Reynolds numbers. The new geometry is expected to offer 

an economical solution for reducing fuel consumption. 
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1. INTRODUCTION 

 Biomimetics refers to the field of science that involves 

the development of technology by imitating nature's forms 

and structures. The designs of living organisms serve as 

the primary source of inspiration for creating more 

efficient and effective designs (Benyus, 2002). 

Biomimetics has wide-ranging applications, from robotics 

and nanotechnology, to aviation, materials science, 

aerospace and architecture. 

 The complexity and perfection of natural designs often 

require extensive computations to reveal. Computational 

fluid dynamics (CFD) has proven to be an efficient tool 

for studying biomimetics (Yan, 2007). Biomimicry 

involves imitating natural forms to create innovative 

designs that exhibit improved fluid-structure interactions. 

When designing for objects immersed in fluid, such as a 

body, the objective is often to minimize drag, maximize 

lift, bolster stability, and optimize maneuverability. 

Researchers have discovered that the structure of 

humpback whale fins, which possess tubercles, can 

effectively reduce drag. Biomimetic bumps are used in 

aircraft and turbine designs. (https://seas.harward.edu) 

Usage of tubercles on the wings could improve and reduce   

fuel cost (Fish et al., 2011). 16% of the total energy 

exhaust in US is attributed to aerodynamic drag, making 

reduction of drag a crucial component in achieving energy 

savings. Scientists are actively working to modify the 

shape and weight of vehicles in order to achieve lower 

drag coefficients. Research has shown that aerodynamic 

improvement is a critical technology for fuel reduction in 

vehicles. Mercedes-Benz has designed a bionic car, 

inspired by the shape of a boxfish, that achieved a low drag 

coefficient of 0.19, compared to the typical range of 0.30-

0.35 for car models. By modifying the truck, solving with 

k-ε model can result in estimated fuel savings of nearly 

35% (Roy & Srinavasan 2000). In the case of buses, 

reducing aerodynamic drag up to 14% through slight 

modifications in the shape can result in an 8.4% reduction 

in fuel consumption (Mohamed et al., 2015). Using a 

curved surface in front can reduce the drag coefficient 

from 0.8782 to 0.3872 in another bus model (Bhave & 

Taherian 2014). Modifying the rear of buses has also been 

shown to substantially reduce total drag (Patil et al., 2012, 

Alamaan et al., 2014). 

 CFD method for predicting the drag coefficient is 

comparable to the WT tests with an accuracy of up to 4% 

(Ahmad et al., 2010). WT tests performed on a typical 

tractor and trailer configuration revealed that mirrors 

contribute to approximately 2% of the total drag (Belzile 

et al., 2012). Another study examined the impact of 

different diffuser angles on the aerodynamic of a 

simplified sedan. It was found that increasing the diffuser 

angle initially reduced, then increased the total 

aerodynamic drag coefficient, while decreasing the total 

aerodynamic lift coefficient. The introduction of a rear 

wind-break to the sedan resulted in a 1.7% reduction in 

drag (Hu & Wang 2011). A study on sports utility vehicles 

showed that add-on devices can reduce the aerodynamic  
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Nomenclature 

Cd drag coefficient   µ fluid dynamics viscosity  

Cf skin friction   τω wall shear stress  

Fd drag force   Acronyms  

Re Reynolds number   CFD  Computational Fluid Dynamics 

U* friction velocity   PISO Pressure Implicit of Split Operations 

Units  UG Unigraphics 

m meter  RANS Reynolds Averaged Navier-Stokes 

s second  WT Wind Tunnel 

ρ fluid density     

 

drag coefficient by 8% (Singha et al., 2014). A study 

conducted by Sudin et al. (2014) evaluated the impact of 

active and passive flow control methods on drag 

coefficients of vehicles. On a related note, the design of 

the A300-600ST cargo plane, also known as the Airbus 

Beluga, drew inspiration from the streamlined bodies and 

high volumetric shape of beluga whales 

(www.airbus.com). The Beluga is considered one of the 

world's most remarkable airplanes. All of the studies 

mentioned above focused on reducing aerodynamic drag 

through variations in body shape, including the research 

conducted (Daimler, & Mercedes-Benz 2011; Airbus, 

2015; Trinh et al., 2022; Yudianto et al., 2022) in this area. 

 In this study, the aim is to reduce the aerodynamic drag 

by designing new buses body inspired by the shapes of 

beluga whales. Different bus models are constructed based 

on the beluga geometry and it is shown that significant 

reductions in drag forces and coefficients can be achieved 

with these new nature-inspired designs. The new buses, 

inspired by the whale head, will improve fuel economy 

and reduce fuel consumption and carbon dioxide release 

to the air. This is important for achieving a low carbon 

economy and sustainable development. 

2. COMPUTATIONAL METHODOLOGY 

 The equations are composed of potential flow for fluid 

dynamics, Euler equations, Boltzmann equations, and 

Navier Stokes equations. Computational simulation 

methods rely on the fundamental principles of fluid 

dynamics included in the Navier-Stokes equations. 

(Wood, 2015). In CFD simulation, a comparison is made 

between k-ε and k-ω to determine the best model to use in 

literature. The k-ε model, introduced by Jones and 

Launder, solves the equations for turbulence and energy 

dissipation rate for calculating local turbulent viscosity. 

The initial coefficients for the model are 1.55, 2.0, and 

0.09 for C1, C2, and Cµ, respectively (Jones & Launder 

1973). These values were later updated by Launder and 

Spalding (1974) to 1.44 and 1.92 for C1 and C2, 

respectively. k-ω is another two-equation turbulence 

model that performs better in adverse pressure gradients 

and addresses limitations of the k-ε model (Wilcox, 1988, 

2006, 2008)  

 The Navier-Stokes equations play a crucial role in 

CFD as they describe the airflow over various objects. As 

a more practical alternative for engineering applications 

like ground vehicles, the Reynolds-averaged Navier-

Stokes (RANS) approach is commonly used. The RANS 

equations average out the instantaneous turbulent 

fluctuations over time, resulting in a set of equations that 

describe the time-averaged flow properties. Turbulent 

flow exhibits a wide range of vortex sizes, making it 

challenging to simulate accurately. In the RANS 

approach, the instantaneous turbulent fluctuations at all 

scales are not directly resolved. Instead, RANS models 

provide a time-averaged representation of the entire 

turbulent flow field, while the effects of unresolved 

turbulence are approximated using turbulence closure 

models, such as turbulence kinetic energy (k) and its 

dissipation rate, or the k-ε or k-ɷ models. 

 In this study, we used the k-ω SST model. This model 

was chosen because it has been shown to produce results 

that are both accurate and comparable to those obtained 

from the k-ε model.  

 In fluid flow simulation, The PISO algorithm was 

employed to ensure the proper coupling between pressure 

and velocity fields. The pressure interpolation was 

executed to a second order accuracy, while the Green-

Gauss node-based scheme was utilized for gradient 

interpolation. The momentum equations were discretized 

using bounded central differencing, and the turbulence 

model equations were discretized using a second-order 

method. Time discretization was executed with a second-

order implicit approach. The commercial CFD Ansys 

Fluent software was employed to perform these 

simulations. The simulations used the second-order 

implicit approach for the momentum equation, turbulent 

kinetic energy equation, and specific dissipation rate 

equation. (Jasak, 1996; Ferziger et al., 1997). 

3. DETERMINATION OF THE GEOMETRY 

 Our new model designs draw inspiration from the 

distinctive body shapes of beluga whales, which can reach 

lengths of 5.5 m and weigh up to 1600 kg. These aquatic 

mammals are capable of sustaining speeds of up to 22 

km/h for up to 15 minutes, a remarkable accomplishment 

in the dense fluid medium they inhabit (Nowak 1991). 

Figure 1 portrays the shape of a beluga. 

 In this paper, the drag coefficients and forces of newly 

designed beluga-inspired bus models are compared to that 

of the Neoplan Skyliner. (Fig. 2), This design is renowned 

for its exceptionally low drag coefficient, making it one of 

the most aerodynamically efficient. The physical 

characteristics and drag coefficient value (0.41) for the 

Skyliner have been provided by MAN Truck & Bus AG. 

To visualize the Skyliner, an illustration has been created  
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Fig. 1 Beluga whale 

 

 

 

 

Fig. 2 Neoplan Skyliner Bus (Neoplan, 2023)  

 

 

 

Fig. 3 3D model of the Skyliner (drawn in UG) 

 

using the UG program, as depicted in Fig. 3. The Neoplan 

Skyliner has a length of 14 m, width of 2.55 m, and height 

of 4 m (https://www.neoplan.com). 

 Prior to the design of the new beluga buses, a 

comparable approach was employed to create a solid 

model of the beluga whale. Figure 4 provides a 

visualization of the process used to generate the 3D shape. 

 A set of six distinct models of beluga buses has been 

created and designated unique names, namely Bel.1.1, 

Bel.1.2, Bel.1.3, Bel.2.1, Bel.2.2, and Bel.2.3. Figure 5 

provides an illustration of each model's shape. The first  

 
Fig. 4 Beluga whale 3D model 

 

digit in the model name signifies the precise shape of the 

bus's frontal portion, while the second digit corresponds to 

the specific shape of the bus's middle and rear sections. 

 While the original bus model, drawn with the same 

dimensions, is defined as Sky.N, bus models that are 

compatible with whale designs and have the same volume 

as whale buses are known as Sky.V. To comply with 

highway regulations regarding bus dimensions, Beluga 

models with a reduced volumetric space of 100 m3 have 

been selected instead of the original Neoplan Skyliner, 

named Sky.N, which has a volumetric space of 122.8 m3.  

The characteristic length is taken as 13m. 

 To indicate models with a 1:40 reduction in 

dimensions that are used as test models in a WT, the suffix 

P is used, called as Sky.P. 

 The Sky.V with 100 m3 volumetric space is a bus 

model designed to be compatible with whale designs, and 

it shares the same volume as other whale buses. New bus 

length is 13m. 

 The Beluga 2.x models have the same designed bodies 

as the Beluga 1.x models, but the front shape (nose) is 

somewhat different. 

 During the surface knitting process of all new designs, 

a 2.5 m extension is (shown in Fig. 6 as part B) 

deliberately left between the body and the head.  

 When inspecting the body components of the buses, it 

becomes apparent that the x.1 variants feature a design 

resembling that of a raindrop, whereas the x.2 models 

exhibit a widened middle section achieved by increasing 

the z-axis length by 0.25 m (Fig. 5).  This dimension is 

shown in Fig. 6 as part A.  On the other hand, the x.3 

version maintains the same body shape as the Skyliner 

model. These distinctions are visible in Fig. 6, as depicted 

from the top view. Figure 5 provides the coordinate system 

and Bel.1.1 Bus Model.  

 

 
Fig. 5 Coordinate system and Bel.1.1 Bus model 
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Fig. 6 Top view of the bus geometry 

 

Bel 1.1 Bel 2.1 

Bel 1.2 Bel 2.2 

Bel 1.3 Bel 2.3 

Fig. 7 Beluga buses (left side view) 

 

Bel 1.1 Bel 2.1 

Bel 1.2 Bel 2.2 

Bel 1.3 Bel 2.3 

Fig. 8 Beluga buses (top view) 

 

 When the rear sides are examined, the x.1 models are 

curved, the x.2 model is bluntly drawn, the x.3 models are 

the same as the Skyliner rear form. These features of buses 

are seen in Fig. 7 and 8. 

4. METHODS 

 To assess the aerodynamic performance of the new bus 

designs, both computational and experimental analyses 

are carried out. 

4.1 Computational Methods 

 The ANSYS WORKBENCH software is employed to 

accurately position the models within a control volume 

measuring 22.5 meters in length, 12 meters in width, and 

98 meters in height. The control volume is designed to be 

twice the length of the bus from the inlet, four length of 

the bus from the outlet, and eight width of the bus from the 

sides. The Sky.N model exhibits a blockage rate of 3.7%, 

while its dimensions are 2.55 m x 4 m x 14 m, resulting in 

a blockage ratio of 0.037. To ensure the validity of the 

findings, it is crucial to maintain a blockage ratio below 

7.5%. The blockage ratio is calculated by dividing the 

cross-sectional area of the experimental model by the 

cross-sectional area of the WT test room. By adhering to 

this criterion, reliable and accurate results can be obtained. 

 
Fig. 9 Meshing of the Sky.N Model 

 

 
Fig. 10 Grid independence at 100 km/h 

 
4.1.1 Grid Independence 

 The model is encompassed by rectangular prism-

shaped enclosures, with a smaller mesh size employed 

within the inner box 

 Meshing of the Sky.N model is shown in Fig. 9. To test 

grid-independency regarding drag coefficient (Fig. 10), 

five different total cell numbers were employed. Results 

show that the 8,659,763 cell count yields ideal 

convergence.  

4.1.2 Boundary Conditions 

 The simulations are conducted by applying specific 

boundary conditions, which consist of a velocity of 27.7 

m/s at the inlet, at the outlet, pressure is taken equal to 

reference pressure which is 101325 Pa (1 atm).  The road 

and bus surfaces are selected as a no-slip condition. On the 

other hand, a free-slip condition is applied at the sides of 

the models, allowing for fluid flow without any significant 

friction or resistance. The road is modeled as a moving 

surface, while the symmetry model is employed for 

computational fluid dynamics (CFD) analysis. 

 For comparison purposes with the experimental tests, 

however, the road is modeled in CFD as a non-moving 

road condition later in the analysis. The experimental data 

is compared with CFD for 1:40 scale buses. In the 

analysis, temperature, dynamic viscosity and air density 
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values are set to 15.5°C, 1.79 × 10⁻⁵ kg/ms and 1.225 

kg/m³, respectively. 

 When conducting flow analysis using CFD, it is 

essential to consider the boundary layer thickness. During 

the pre-processing stage of CFD, it is necessary to 

determine the appropriate size for the first layer of grid 

cells in order to maintain the y+ (y-plus) value within the 

desired range. While the exact flow field is only known 

after solving the equations, it can be beneficial to make an 

initial prediction of the cell size to minimize the need for 

remeshing later on. In addition, including boundary layer 

computations in the analysis is crucial to achieve accurate 

results. The parameters are (Fluent, 2012) 

 

0.20.058RefC −=                                                          (1) 

20.5w C Vf =                                                             (2) 

* wU 
=                                                                       (3)  

*

y
y

U





+
=                                                                         (4) 

 The skin friction (Cf ) is calculated using Eq. (1), and 

the wall shear stress (τw) is calculated using Eq. (2). The 

friction velocity (U*) is calculated using Eq. (3).  

 One important significance in CFD simulations is the 

selection of suitable mesh configuration and turbulence 

model. A solution criterion that can guide this selection is 

the value of y+, which is a dimensionless parameter that 

describes the treatment of the flow near a wall. Values of 

y+≈1 are preferred for near-wall modeling. This means that 

choosing an appropriate y+ value can help ensure accurate 

and efficient simulations. By considering y+ values in 

conjunction with other factors, such as the Reynolds 

number and the geometry of the system being simulated, 

researchers can improve the accuracy and reliability of 

CFD simulations. 

 In this study, the k-ω SST turbulence model is selected, 

which is widely suggested for simulating external flows. 

The distance of the first computational cell from the wall, 

denoted as y, is determined using Eq. (4) with the 

condition y+= 1. Here, y represents the thickness of the 

first layer in the computational fluid dynamics (CFD) 

analysis. 

4.1.3 Calculating the Drag Force and the Drag 

Coefficient 

 The drag force is given in Eq (5); 

2
d d

F =0.5ρC AU .                                (5) 

 The models are compared using a fixed volume of 100 

m3, except for Sky.N (122.8 m3). The varying cross-

sectional areas of the models may cause slight differences. 

Drag force depends on fluid density (ρ), drag coefficient 

(Cd), cross-sectional area perpendicular to the airflow 

direction (A), and fluid velocity (U). The V model is to 

reduce the Skyliner body to a certain extent and define 

each body as equal and 100 m3. The V model is used to  

Table 1 The parameters in WT experiments 

Models T 
o
C ρ (kg/m3) µ (kg/ms) 

Sky.P 30.00 1.16 1.87E-05 

Bel 1.2.P 30.00 1.16 1.87E-05 

Bel 2.2.P 19.10 1.20 1.82E-05 

 

 

Fig. 11. The WT in DEFAM. 

 

analyze a symmetrical model. When compared to 

experimental data, the analysis is repeated using the WT 

with adapted boundary conditions, and this new approach 

is named as the P model (such as Bel 1.2 P, Bel 2.2 P etc.)  

4.2 Experimental Methods 

 During the experiments, scaled-down models of Bel 

1.2.V, Bel 2.2.V, and Sky.V were manufactured at a 1:40 

scale and designated with the suffix P. As stated in the 

results, the Beluga buses (Bel 1.2 and Bel 2.2) exhibited 

the most significant reduction in drag, leading to the 

exclusion of the remaining four Beluga models from the 

experiment. To ensure accurate comparisons, the 

outcomes of the 1:40 experimental models are juxtaposed 

with the CFD solutions of the full-sized buses. The 1:40 

scale domain has been assigned boundary conditions, 

including no-slip conditions for both the bus and road 

surfaces, at the outlet pressure is 1 atm and inlet velocities 

of 25.2, 28, and 35 m/s. To match the experiments, the 

road is assumed to be stationary. Table 1 lists the physical 

parameters utilized for the experimentation. 

 The WT experiments were conducted in Manisa Celal 

Bayar University, as shown in Fig. 11. The WT has a 

maximum velocity of 70 m/s, with a test section size of 

300 mm x 300 mm and a test room length of 1000 mm. 

The overall length of the tunnel measures 6400 mm. 

5. RESULTS 

 The computational results with actual dimensions 

are presented first, followed by a comparison of the  
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Table 2 First layer thickness, the Reynolds numbers 

and the drag coefficients at 27.7 m/s inlet velocity 

Models 

y (m) 

first layer 

thickness 

Reynolds 

number 
Cd 

Sky.N 2.57E-05 2.65E+07 0.392 

Sky.V 2.55E-05 2.48E+07 0.394 

Bel.1.1.V 2.56E-05 2.56E+07 0.359 

Bel.1.2.V 2.56E-05 2.53E+07 0.311 

Bel.1.3.V 2.55E-05 2.51E+07 0.362 

Bel.2.1.V 2.56E-05 2.61E+07 0.382 

Bel.2.2.V 2.56E-05 2.55E+07 0.338 

Bel.2.3.V 2.56E-05 2.53E+07 0.378 

 

 

Fig. 12 Drag Coefficients of models at 27.7 m/s 

 

experimental results with the computational results 

obtained from the reduced models. 

5.1. The CFD Results  

 In this section, we present the computational fluid 

dynamics (CFD) results for both the Neoplan Skyliner and 

Beluga models. To validate the accuracy of the 

computations, the drag coefficient of the Sky.N model is 

initially calculated using the finite volume method. The 

manufacturer specifies a drag coefficient of 0.41, while 

our calculations yield a slightly lower value of 0.392, 

indicating good agreement between the CFD results and 

the provided information. In this section, a comprehensive 

comparison is conducted between the Beluga models and 

the Skyliner model, considering a volumetric space of 100 

m3 denoted by the suffix "V." Table 2 displays the details 

of the first cell at the wall, Reynolds numbers, and drag 

coefficients obtained from the analysis using the k-ω SST 

turbulence model. The simulations are conducted with an 

inlet fluid velocity of 27.7 m/s, and the y+ value is set to 1 

for accurate predictions. 

 The slight reduction in size does not significantly 

impact the drag coefficients of the Beluga and Skyliner 

models. However, due to the change in cross-sectional 

area, the two Skyliner models are subjected to different 

drag forces. Specifically, the drag coefficient for Sky.N is 

measured at 0.392, while Sky.V exhibits a slightly higher 

value of 0.394.  When comparing the drag coefficients of 

all Beluga models with that of the Sky.V model, which 

shares the same volume and area, it becomes evident that 

most of the Beluga models exhibit significant reductions 

in drag compared to the Sky.V model. Notably, Bel.1.2 

exhibited the most significant drag reduction, followed by 

Bel.2.2. The drag coefficients of the buses outlined in 

Table 2 are visually contrasted in Fig. 12 

 Among the six beluga models, Bel.1.2 has the lowest 

drag coefficient of 0.311. In contrast, the Sky.V has the 

highest drag coefficient of 0.394 among the new designs. 

Figures 13 and 14 displays the static pressure distribution 

of the buses from side view and front view, respectively.  

 The front face of buses plays a crucial role in its 

aerodynamic performance, as it is the primary region 

where still air in the atmosphere first comes in contact. The 

effectiveness and impact of the front face on aerodynamics 

are significant, as it influences the generation of a 

stagnation point and the resultant pressure drag. Pressure 

drag is a force that resists the forward movement of the 

bus, and its magnitude increases with speed. To minimize 

drag and enhance efficiency, modifications to the front 

face design are necessary. By employing a curvier front 

face, it is possible to reduce the stagnation area and 

achieve smoother airflow. The interaction between the 

airflow and the side walls of a bus significantly impacts its 

aerodynamic performance. As the air shears of the front 

face and encounters the side wall, it flows over its surface. 

Initially, the airflow along the side wall is laminar, but as 

it progresses towards the rear, it transitions into a turbulent 

state, resulting in increased drag. The roof of the Beluga 

buses can be made similar to a flat model, with fluid 

flowing over it. This fluid flow is analyzed using the 

boundary layer theory. As the fluid moves beyond the 

center of the roof, a boundary layer forms, generating drag 

and creating a layer of turbulent airflow. Surface 

modifications are necessary to prevent these effects. The 

flow outside the boundary layer of the buses is affected by 

the contour of the boundary layer's edge, similar to how it 

would be influenced by the actual surface of an object. In 

certain instances, the boundary layer may separate or 

detach from the bus body, resulting in a modified effective 

shape that deviates from the physical shape of the buses. 

In order to tackle these challenges, modifications are made 

to the roof surfaces of the buses to mitigate the potential 

occurrence of boundary layer separation and turbulent 

flow. One strategy involves introducing an inclined 

surface on the roof, which aids in the separation of fluid 

flow and reduces the likelihood of boundary layer 

separation. This modification alters the flow pattern and 

plays a role in minimizing the detrimental effects caused 

by the boundary layer. 

 Bel.2.1.V has the highest static pressure at 528.92 Pa, 

while Bel.1.2 has the lowest at 450 Pa. The widest max. 

pressure area is in Sky.V, which lacks a perfect 

streamlined shape. In all Beluga models, the max. pressure 

areas are significantly reduced. 

 In the case of the bus, it is common to observe a 

negative pressure coefficient on specific areas like the top 

surface or the rear end. This negative pressure coefficient 

suggests that the pressure on those surfaces is lower than 

the atmospheric pressure. This creates a partial vacuum or 

suction effect, which can have beneficial effects. It can 

help generate downforce, which pushes the car down onto 

the road, increasing traction and improving stability. 

Additionally, it can aid in reducing drag, allowing the car  
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Bel 1.1.V 

 
Bel 1.2.V 

 
Bel 1.3.V 

 
Bel 2.1.V 

 
Bel. 2.2.V 

 
Bel 2.3.V 

 
Sky.V 

Fig. 13 Static pressure distribution from side view of 

bus models 

 
Bel 1.1.V 

 
Bel 2.1.V 

 
Bel 1.2.V 

 
Bel 2.2.V 

 
Bel 1.3.V 

 
Bel 2.3 

 
Sky.V 

Fig. 14 Static pressure distribution from front view of 

bus models 

 

to move through the air with less resistance, thereby 

enhancing overall performance. The graph pf pressure 

coefficient reveals that the front face area experiences a 

significant impact. This area creates a region where the air 

gets trapped momentarily, making it difficult for it to 

escape easily. The pressure coefficient (Cp) is measured at 

the bus and reported for the top part. We also probed the 

pressure acting on the body of the car in its symmetry 

plane with add points, and computed Cp for the top part. 

 The roof of the buses also contributes to a pressure 

coefficient of approximately -0.82 of Sky.V, -0.02 of Bel 

1.2 (Fig.15), thereby increasing the drag force. By  
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Sky.V 

 

Bel 1.2.V 

Fig. 15 Pressure coefficient graph of Sky.V and Bel 

1.2.V bus models 

 

examining the pressure coefficient graph, one can gain 

insight into the precise distribution of pressure coefficients 

over the bus body, providing a clear picture of the pressure 

coefficient scenario. 

 The presence of a nasal protrusion in whales, akin to 

the concept of a bow, serves to minimize the area affected 

by pressure. Similarly, the more curved front faces of 

Beluga buses contribute to the generation of a lower 

pressure coefficient area when compared to the Sky.V bus. 

 Figure 16 shows streamlines for the models, and eddies 

are shown at the rear of models. 

 Maintaining continuity of flow lines around a solid 

surface is aerodynamically beneficial, and this is 

exemplified by the performance of different bus models. 

Among them, the Bel 1.2 model stands out with its 

superior flow line continuity in the area, which results in 

less vortex behind the bus and a lower drag coefficient 

compared to other models. In contrast, the Skyliner V and 

x.3 models with equivalent rear body designs (Bel 1.3 V, 

Bel 2.3 V) exhibit significant vortex formation behind the 

bus, leading to higher wind resistance and reduced 

aerodynamic efficiency. In particular, the Skyliner V 

model has a noticeably high drag force compared to other  

 

Sky.V 

 

Bel 1.1 

 

Bel 1.2 

 

Bel 1.3 

 

Bel 2.1 

 

Bel 2.2 

 

Bel 2.3 

Fig. 16 Streamlines and eddies of the models 

 

models, which is likely to increase fuel consumption. The 

flow of air around the bus was observed to compress at the 

front of the buses, leading to a high pressure as shown in 

Fig. 13 and 14. As the flow continued along the body of 

the bus, it moved smoothly until it reached the rear of the 

bus. At this point, the flow from different directions (top, 

bottom, and sides) converged and created a small vortex 

or recirculation of flow at the rear end of the body. The 

rounded shape of the bus helped to create a smoother flow 

of air in front of the bus, which reduced the impact of 

frontal pressure. Overall, the Bel 1.2 model has been 

demonstrated to have the best aerodynamic performance 

among the models considered. In buses, a significant part 

of the total drag force is due to pressure. The pressure-

induced drag force is caused by the pressure distribution 

acting on the surface components of the body that are 

perpendicular to the flow. Flow vertically from the front 

surface of the bus is directed through the windscreen 

towards the top of the bus as shown in the streamline 

representation of the flow. The least pressure is seen at Bel 

1.2. The new body designs have reduced the region of high 

pressure, resulting in improved aerodynamics. This 

approach has reduced the pressure-induced drag force in 

the front surface area of the bus where high pressure 

occurs. 

5.2. The Experimental Results 

 Experimental studies used 1:40 scale prototypes of 

Skyliner, Bel.1.2, and Bel.2.1, named Sky.P, Bel.1.2.P, 

and Bel.2.2.P, respectively, as shown in Fig. 17. Only 

three models were compared, each with different head 

structures, including a Skyliner model (Sky.P), a Beluga 

head model (Bel 1.2 P), and a Beluga head with a 2.5 m 

extension intentionally left between the body and the head 

(Bel 2.2 P). 

 This section presents a repeated analysis, with both no-

slip and non-moving road conditions used as the boundary 

conditions. The data presented in Table 3 was obtained 

using these boundary conditions. 
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Fig. 17 Experimental prototypes  

 

Table 3 Experimental drag coefficients and CFD 

results data (for no-slip conditions-non-moving wall)  

Models 
V 

(m/s) 
Re 

Cd 

(experimental) 

Cd 

(CFD) 

Sky.P 

25.2 5.65E+05 0.496 0.502 

28 6.27E+05 0.494 0.497 

35 7.84E+05 0.493 0.492 

Bel. 1.2.P 

25.2 5.75E+05 0.359 0.330 

28 6.39E+05 0.342 0.328 

35 7.99E+05 0.334 0.325 

Bel. 2.2.P 

25.2 5.80E+05 0.335 0.378 

28 6.45E+05 0.330 0.364 

35 8.06E+05 0.328 0.348 

 

 The results of WT tests, comprising the drag 

coefficients and Reynolds numbers for three inlet fluid 

velocities of 25.2, 28, and 35 m/s, are shown in Table 3. 

 The experimental results align well with the 

computational fluid dynamics (CFD) analysis indicating 

that the Bel.1.2 model exhibits the least drag coefficients 

at all flow velocities. The Bel.2.2 model outperforms the 

Skyliner model in all flow scenarios, exhibiting superior 

performance. To ensure a precise comparison of the 

computational data, a scaled-down version of 1:40 is 

employed for the computational fluid dynamics (CFD) 

analysis. The obtained results are then appropriately 

compared and evaluated. Figure 18 provides a comparison 

of drag coefficients for the Sky.P model. The discrepancy 

at low Reynolds numbers between the experimental and 

numerical simulations may stem from a variety of factors, 

including the assumptions made during the simulation, the 

boundary conditions, and the precision of the 

measurements taken during the experiment. While the 

utilization of RANS-type turbulence models in CFD 

analysis poses certain challenges, it offers significant 

advantages compared to WT experiments. CFD analysis 

allows for a comprehensive and detailed examination of 

the spatial distribution of wind velocity, surpassing the 

limited information obtained through WT testing. 

Notably, the CFD simulation can successfully identify 

wind points that might have been overlooked in tunnel 

experiments. Additionally, WT experiments inherently 

entail uncertainties, such as measurement instrument 

errors, and inaccuracies in sensor placement. Conversely, 

CFD eliminates such uncertainties. Another significant 

advantage lies in the ability to simulate arbitrary approach 

flows in CFD, a freedom not easily attainable in WT 

testing. Consequently, it becomes feasible to minimize the 

disparity in estimation accuracy between WT experiments 

and CFD in practical assessments. It is known that viscous 

effects are more pronounced at low Reynolds numbers. 

These effects can cause a more complex distribution of the 

flow and change the drag coefficient. Therefore, it can be 

thought that the differences between the experimental and 

analytical results may be due to viscous effects. At low 

Reynolds numbers, the viscous forces tend to smooth out 

the flow, causing it to adhere closely to the object's surface 

and resulting in a higher drag coefficient compared to the 

idealized, inviscid flow assumption. 

 Figures 19 and 20 present a comparison of drag 

coefficients for the Bel.1.2 and Bel.2.2 models against 

Reynolds numbers. As the Reynolds number increases, the 

disparities among the outcomes diminish. 

 

 

Fig. 18 Drag coefficients of Sky.P 
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Fig. 19 Drag coefficients of Bel 1.2.P 

 

 

Fig. 20 Drag coefficients of Bel 2.2.P 

 
Overall, there is reasonable agreement between the 

experimental and computational results, with both 

indicating that the new nature-inspired designs have lower 

drag coefficients and forces compared to the existing 

design. 

6. CONCLUSION 

 The objective of this study is to improve the 

aerodynamic efficiency of buses by integrating design 

elements inspired by beluga whales. Six distinct variations 

of bus designs inspired by the beluga whale are assessed 

and compared to the Skyliner model, which already 

demonstrates one of the most minimal drag coefficients 

currently available. The findings reveal that significant 

reductions in drag coefficients are possible by emulating 

the shape of a beluga whale, with coefficients as low as 

0.311, in contrast to conventional designs with 

coefficients as high as 0.394. 

 The drag coefficients of all six models of the bus 

designs inspired by beluga whales exhibited a noticeable 

reduction with the most significant improvement seen in 

the Bel.1.2 model, which achieved a 21.06% reduction. 

Using the average reduction in drag coefficient, it is 

estimated that the new beluga design will result in a fuel 

consumption reduction of approximately 12.64%, which 

is around 0.6 times the drag coefficient reduction (Fred, 

2005). Despite some minor numerical differences between 

the results, which are within an acceptable deviation of a 

few percent, the study concludes that the shapes and 

structures found in nature can provide valuable inspiration 

for improving bus aerodynamics. Achieving fuel savings 

through such improvements will reduce carbon dioxide 

release to the atmosphere, maintaining a sustainable 

future. 
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