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Highlights

e  Biomimetic minibus designs inspired by aquatic species were developed and analyzed.
o  Humphead wrasse-based geometry achieved a 16.03% reduction in drag coefficient.

e  CFD results were validated by wind tunnel tests on a 1:28 scale prototype.

e Drag reduction enables ~8% fuel savings and significant CO emission reduction.
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ABSTRACT

This research explores the aerodynamic benefits of incorporating biomimetic design principles into commercial minibus
bodies by mimicking the cranial morphology of select aquatic species. Inspired by the pronounced head structures and
maneuverability of the hump head wrasse, green hump head parrotfish, and flowerhorn fish, three alternative vehicle
geometries were developed and compared to a conventional reference model. Computational fluid dynamics (CFD)
analyses were performed using the k—o SST turbulence model, and experimental validation was conducted via wind
tunnel testing on a 1:28 scale prototype. Among the configurations, the hump head wrasse-based model exhibited the
most favorable aerodynamic behavior, achieving a 16.03% reduction in drag coefficient relative to the baseline. This
improvement corresponds to an estimated 8% decrease in fuel consumption, translating to approximately 324 liters of
annual savings for a vehicle operating over 45,000 km, and a projected reduction of 748 kg of CO: emissions. The results
demonstrate that biologically derived shapes can contribute meaningfully to the aerodynamic refinement of ground
vehicles, with direct implications for environmental sustainability and energy efficiency.
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1. INTRODUCTION

All living organisms exhibit morphological and functional traits shaped by their ecological context
and environmental constraints [1]. These biological adaptations have continually informed
engineering practices, offering natural templates for efficient and sustainable design strategies
[2,3]. Biomimetics, which integrates biological insights into engineering challenges, has led to
domain-specific advancements ranging from fluid dynamics to structural optimization. Examples
include the Airbus Bird of Prey project, which emulates eagle wing and tail dynamics to improve
flight control [4], and the Shinkansen E5 bullet train, whose aerodynamic design was inspired by
the beak of a kingfisher to reduce noise pollution [7]. Architectural and product designs, such as
the Eastgate Building in Zimbabwe modeled after termite mounds [8], and Sharkskin-textured
swimsuits, developed to minimize hydrodynamic resistance, underscore how biomimetic solutions
transcend disciplinary boundaries [9-10]. In fluid mechanics, the interaction between organisms
and surrounding fluids has shaped evolutionary developments in both structure and behavior [23].
For example, the scale arrays of fish reduce drag, and similar textures are being applied to vehicles
and aircraft [5,6]. Likewise, the tubercles found on the fins of humpback whales help stabilize
flow and reduce drag and have been successfully adapted in wind turbine blades and airplane
wings [12]. Evolution has refined such traits over millennia, offering nature-validated frameworks
for enhancing aerodynamic performance. Biomimetic approaches have found increasing relevance
in vehicle aerodynamics, particularly in the context of rising fuel costs, stricter emission standards,
and the need to extend electric vehicle range. Studies report that aerodynamic drag accounts for
up to 80% of total energy loss in ground vehicles traveling over 80 km/h highlighting the critical
role of aerodynamic drag reduction in lowering energy losses and meeting environmental
regulations [41]. As of 2020, European regulations limit CO: emissions to 95 g/km, down from
120 g/km in 2012, pressuring manufacturers to optimize vehicle designs [40]. A wide range of
bioinspired designs has been investigated in automotive engineering. The Mercedes-Benz Bionic
Car, based on the boxfish, demonstrated a drag coefficient (Cd) of 0.19, resulting in 35% fuel
savings compared to conventional models [13,14]. Studies on boxfish also revealed that despite
its angular body shape, it achieves low drag, with Cd values as low as 0.073 at 100 km/h, and
biomimetic applications based on its form have achieved up to 66.5% drag reduction [22,52].
Vehicle surface designs influenced by marine species like the beluga whale and sea lion have
demonstrated notable aerodynamic gains, achieving drag reductions of 12.6% and 20%,
respectively, under controlled conditions [16,18,65]. Sareh emphasizes that contemporary

bioinspired vehicle development increasingly relies on numerical optimization tools to translate
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natural morphologies into quantifiable aerodynamic improvements. This perspective aligns with
the present study, where fish-inspired geometries were systematically abstracted and evaluated
through CFD-based numerical analysis [67]. Ground vehicle designs have also been enhanced
through biomimetic strategies, particularly in efforts to balance aerodynamic refinement with
structural functionality. Tiger beetles, cobras, and even felines have influenced design strategies
aimed at balancing aerodynamic performance and structural efficiency [1,15]. In particular studies
focusing on wrasses and parrotfish—species known for their maneuverability and streamlined
shapes—indicate that their body forms evolved to meet complex functional demands driven by
environmental flow conditions [24-34]. Insights into these morphological features offer practical
guidance in configuring vehicle geometries suited for turbulent flow regimes. Aerodynamic
enhancements have been systematically evaluated through a combination of experimental
measurements and validated computational simulations. Modifying bus geometries has led to 14%
drag reduction and 8.4% lower fuel consumption [36], while rear-mounted expanders, diffusers,
and shrouds have yielded drag decreases of 8.2% to 59% in various vehicle types [54-58]. In
buses, aerodynamic devices have achieved up to 8.6% improvement, and for sedans, rear wind
breaks reduced drag by 1.7%, although diffuser angle changes beyond certain thresholds increased
drag [39]. CFD predictions, when compared to wind tunnel measurements, generally exhibit
deviation margins below 4%, indicating reliable correlation between numerical and physical
results [37]. Other small but effective adjustments—such as mirror placement or windshield angle
can further reduce drag by 2—-3% [38,53]. While significant progress has been made, the challenge
of transferring biologically inspired shapes into practical vehicle designs remains complex. Nature
has addressed these aerodynamic problems over 600 million years through iterative adaptation and
refinement [42]. Thus, biomimetic forms particularly from aquatic organisms, offer untapped
potential for further reducing aerodynamic resistance in ground vehicles. Shams Taleghani and
Torabi highlighted how contemporary aerodynamic studies increasingly integrate high-fidelity
numerical simulations with experimental validation to enhance performance prediction accuracy.
These developments support the methodological framework adopted in the present study, where
CFD analysis is coupled with wind tunnel testing to ensure reliable aerodynamic assessment [66].
This study aims to explore how the distinctive cranial morphologies and agile body structures of
certain fish species can be adapted to optimize the aerodynamic performance of commercial
minibuses and to reduce the aerodynamic drag force. The study examines the aerodynamic
implications of integrating fish-inspired forms into minibus design, focusing on how

morphological features can influence flow behavior. These fish were chosen because of their large
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head structure and high maneuverability. The incorporation of such biomimetic head profiles is
expected to enhance fuel economy by reducing aerodynamic resistance under highway driving
conditions. Such aerodynamic improvements have the potential to lower fuel consumption and
associated CO- emissions, contributing to more sustainable transportation practices. In electric
vehicles, the range will be increased. These outcomes align with broader environmental objectives,
including the shift toward a low-carbon economy and the advancement of sustainable development

targets.

2. BIOINSPIRED DESIGN PROCESS

This study focused on three aquatic species humphead wrasse, green humphead parrotfish, and
flowerhorn fish, chosen due to their pronounced cranial features and exceptional navigational
agility in fluid environments. The cranial protrusions of these species were analyzed not only in
terms of visual distinctiveness but also for their potential to favorably influence flow separation
and surface pressure distribution. 3D geometries highlighting the cranial volumes were developed
and scaled to maintain equivalence in frontal area and overall body volume with the baseline
minibus model for consistent aerodynamic comparison These biological profiles were abstracted
into manufacturable geometries suitable for CFD analysis, enabling evaluation under controlled

aerodynamic conditions. The bioinspired design approach is illustrated in Figure 1.

Biomimicry.analys-is for Numerical fluid
aerodynamic efficiency . 5 .
1 Yes | dynamics simulation
I Set vehicle dimensions ] v
T Post-process and
I Select animal template I evaluate performance

Il
| Sketch initial design |

Figure 1. A nature-inspired vehicle form development approach via CFD simulation

2.1. Modeling of High-Maneuverability Fish Species for Biomimetic Design

The selected fish species were characterized by pronounced cranial protrusions and exceptional
fluid maneuverability, making them ideal biological analogs for aerodynamic form exploration.
For these reasons, the humphead wrasse, green humphead parrotfish, and flowerhorn fish were
prioritized in this study. These head bulges are hypothesized to modulate surface pressure

gradients and promote delayed flow detachment, contributing to reduced aerodynamic resistance.
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Informed by these morphological traits, three-dimensional vehicle bodies were digitally modeled
in Solidworks, ensuring accurate translation of biological profiles into engineered surfaces. The
humphead wrasse (Figure 2(a)), one of the largest members of the Labridae family,, can reach up
to 2m in length and 190 kg in weight [43—46]. The green humphead parrotfish (Figure 2(b)
frequently inhabiting turbulent reef zones, exhibits agile directional control and dynamic postural
adjustment under variable flow conditions [47,48]. The third model, based on the flowerhorn fish,
originates from South America and was developed in Malaysia and Thailand in the 1990s (Figure
2(c)). This species typically reaches up to 40 cm in length and features a rounded, bilaterally
symmetrical form, suitable for representing reduced-scale aerodynamic curvature [49,50]. The
morphologies extracted from the selected fish species were geometrically scaled and embedded
into vehicle body designs, which were then analyzed via computational aerodynamic simulations.
The objective was to systematically reinterpret biological forms into manufacturable and
aerodynamically viable geometries applicable to commercial minibus configurations.

‘ — T \ R — | ‘ /
@) (b) (c)
Figure 2. 3D models of fishes (a) humphead wrasse fish design (b) green humphead parrotfish

design (c) Flowerhorn fish design

3. METHODOLOGY

The aerodynamic characteristics of the biomimetic minibus models were evaluated through an
integrated approach combining CFD simulations and wind tunnel testing. The biologically derived
vehicle forms were systematically compared with a conventional reference design under identical
geometric and boundary conditions to ensure fairness in aerodynamic evaluation. The process
involved 3D modeling, CFD simulations using the k-@ SST model, and wind tunnel testing of the
most effective design. Validation against experimental measurements enabled a robust assessment
of the aerodynamic efficacy of the proposed biomimetic geometries within practical design

constraints.
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3.1. Determination of the Models Used in Minibus Design

Four distinct minibus configurations were developed for comparative aerodynamic assessment,
including one conventional and three biomimetically inspired variants. The baseline model,
designated as T1, was geometrically derived from the long-wheelbase version of the Mercedes
Sprinter 316, serving as a commercially available benchmark.

The remaining three models T2, T3, and T4 were inspired by the body forms of the humphead
wrasse, green humphead parrotfish, and flowerhorn fish, respectively. To ensure comparability,
each model retained uniform exterior dimensions 6.961 m (L), 2.610 m (H), and 2.426 m (W) with
a standardized ground clearance of 1.96 m. The frontal projected areas of all models were held
constant at 2.4 m? to eliminate geometric bias in drag computation. Holding these dimensional
parameters constant ensured that observed variations in aerodynamic performance could be
attributed exclusively to differences in outer body contour. According to manufacturer data, the
reported drag coefficient of the original Mercedes Sprinter 316 model is approximately 0.32 [51].
The technical specifications of the Mercedes Sprinter 316 are shown in Figure 3(a), while the
corresponding 3D reference model (T1) is illustrated in Figures 3(b) and 3(c). The biomimetic
models are visualized as follows: the T2 model, inspired by the humphead wrasse, appears in
Figure 4(a); the T3 model, derived from the green humphead parrotfish, is presented in Figure
4(b); and the T4 model, developed from the flowerhorn fish, is shown in Figure 4(c). All models
were designed to maintain equal volume and frontal area, enabling fair and consistent comparison

across designs.
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Figure 3. (a) Technical specifications of the Mercedes Sprinter model; (b—c) 3D design of the

Mercedes Sprinter 316-based reference model (T1)
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Figure 4. (a) T2 model inspired by the humphead wrasse; (b) T3 model based on the green

humphead parrotfish; (c) T4 model developed from the flowerhorn fish

3.2. Computational Methods

The aerodynamic performance of the minibus models was evaluated using steady-state CFD
simulations in ANSYS Fluent at different flow velocities. The k—o SST turbulence model was
selected due to its superior performance in resolving near-wall gradients and accurately capturing
adverse pressure gradient-induced flow separation [16,22]. In this study, the Shear Stress
Transport (SST) based k—w turbulence model was employed for turbulence modelling. The SST
model combines the advantages of the standard k— and k—® models and is particularly effective
in predicting boundary layer separation. The model consists of two transport equations: one for
the turbulent kinetic energy (k) and another for the specific dissipation rate (®). Additional terms
for production and diffusion, as well as the definition of turbulent eddy viscosity, close the system.
The eddy viscosity formulation includes a limiter function to prevent excessive growth of the
production term, enhancing numerical stability in high-gradient flow regions. Numerical
simulations were performed using the SST model as implemented in Fluent, with fine mesh

resolution ensuring low y* values near the wall. Due to its hybrid nature, where the model behaves
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like k— near walls and transitions to k—¢ in the free stream, accurate predictions were achieved in

separation and recirculation zones. The two-equation model is as follows [33]:

d(pk)/ot + d(pujk)/0xj = P - Bpwk + 0/0xj [ (1 + ok (pk/®)) Ok/0x; ] (D)
B(pw)/dt + (pujm)/dx; = (Yo/K)P - Bpw? + 8/0x; [ (1 + ok (pk/m)) Ok/dx; | + (pod/m) dk/dx; dwldx;  (2)
P = tij Oui/0xj 3)
Tij = wt (2Sij - (2/3) ouk/oxk dij) - (2/3) pk bij 4)
Sij= (1/2) (Oux/0xj + Ouj/Oxi) (5)

The PISO algorithm was utilized for pressure—velocity coupling, while second-order discretization
schemes ensured higher accuracy for momentum transport, turbulence closure, and pressure
interpolation. Spatial gradients were computed using the Green—Gauss node-based approach,
which offers reliable estimation of scalar variations across control volumes [59,60]. The mesh
consisted of tetrahedral and prism elements. Wall-adjacent flow regions were treated using
enhanced wall functions, with the first cell height calibrated to achieve y* = 1, thereby enabling

accurate boundary layer resolution without excessive mesh refinement.

3.2.1. Numerical simulations

Each vehicle geometry was embedded within a computational domain defined as a rectangular
control volume, carefully dimensioned to ensure unimpeded flow development upstream,
downstream, and laterally The computational boundaries were placed at distances of 2 vehicle
lengths upstream and overhead, and 5 lengths downstream, to mitigate boundary-induced flow
artifacts and ensure domain independence. Owing to the lateral geometric symmetry of the vehicle
designs, only half of each configuration was simulated, employing a mid-plane symmetry
condition to reduce computational load (Figure 5).

2D | 5D

oy

Figure 5. Control volume in the half-model CFD simulations
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3.2.2. Mesh independence

A mesh independence analysis was conducted on the baseline model (T1) at 100 km/h (27.7 m/s)
to quantify discretization effects and ensure numerical consistency. Different mesh densities were
tested while keeping all boundary conditions and turbulence models constant. Convergence of the
drag coefficient was observed beyond a mesh resolution of 3.33 million cells and 623,825 nodes,
indicating mesh sufficiency for the given flow regime. Accordingly, the identified mesh resolution
was adopted for all vehicle configurations to maintain consistency in numerical comparison. Mesh
quality metrics yielded an average skewness of 0.20 and an orthogonal quality of 0.79, both within
acceptable CFD standards, confirming mesh reliability. A visual representation of the mesh is

shown in Figure 6.

Figure 6. Mesh of minibus

Six progressively refined grids were tested on the T1 model at 100 km/h to determine the point of
grid convergence for aerodynamic parameters. With 3,329,970 cells, the Cd stabilized at 0.403,
and further refinement yielded no significant change. This mesh was used for all models. The

convergence curve is shown in Figure 7.
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Figure 7. Mesh convergence study
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3.2.3. Boundary conditions and Near-Wall Modeling

Simulations were conducted at three inlet velocities 16.6,27.7, and 33.3 m/s representative of low
to moderate driving conditions for commercial vehicles. The outlet was set to 0 Pa as reference
pressure. The vehicle surface and ground were assigned no-slip conditions, while the ground was
further modeled as a moving wall to replicate relative motion between road and vehicle. To
minimize boundary layer development at domain limits, free-slip conditions were imposed along
the lateral and upper boundaries. Owing to geometric symmetry along the longitudinal plane,
simulations were performed on half-domain configurations with a symmetry boundary applied at
the centerline. Ambient flow conditions were specified as 15.5 °C air temperature, 1.225 kg/m?
density, and dynamic viscosity of 1.79x107° kg/(m-s), reflecting standard sea-level atmospheric
conditions. A turbulence intensity of 2% and turbulent viscosity ratio of 5 were prescribed at the
inlet, aligning with typical external flow assumptions for vehicle aerodynamics. The k-o SST
turbulence model was used. For reference, the turbulence intensity at the inlet may also be
estimated via empirical correlation as (6), providing a Reynolds number-dependent approximation
suitable for external aerodynamic simulations.

1= 0,16.(Re)-1/8 (6)
A locally refined boundary layer mesh was employed with a first-cell thickness of ~0.0003 mm,
calibrated to maintain y* = 1 for accurate capture of viscous sublayer phenomena. Although the
overall flow was in the high Reynolds number regime, a low-Re mesh approach was used near the
wall, enabling detailed resolution of the viscous sublayer, buffer region, and turbulent core. The
transition from laminar to turbulent flow was considered, and relevant subregions were modeled
accordingly [62]. This setup was compatible with the k-o SST turbulence model, and wall
functions were activated to ensure numerical stability. The wall-adjacent cell height was estimated
using Equations (7)—(10), based on the empirical skin friction coefficient (Cf), wall shear stress
(), friction velocity (U*), and the first cell height value.

Cr = 0.058 Re™ 02 @)
* — [Iw

v = [ ©)
_ru

Y= (10)
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4. RESULTS AND DISCUSSIONS

4.1. Drag Coefficient and Drag Force Comparison of Minibus Models at Constant Speed
To isolate the effects of body contour on aerodynamic performance, all minibus models were
assessed under equivalent flow velocities, frontal areas, and volumetric dimensions. According to
the numerical results summarized in Table 1, the baseline configuration (T1) produced a drag
coefficient of 0.368, corresponding to a drag force of 855.48 N at a velocity of 27.7 m/s. Among
all tested variants, the T2 configuration demonstrated the most favorable aerodynamic behavior,
reducing the drag coefficient and drag force by 16.03% and 15.7%, respectively, relative to the
reference The T3 and T4 designs yielded moderate aerodynamic improvements, with drag
coefficient reductions of 10.3% and 3.3%, and drag force reductions of 8.4% and 4.1%,
respectively. These findings affirm the aerodynamic superiority of the T2 configuration, derived
from the humphead wrasse morphology, which consistently outperformed alternative geometries

across all evaluated metrics.

Table 1. CFD-Based Drag Coefficient and Drag Force Values of Equal-Volume Minibus Models
at27.7m/s

Model Cd ACd (%) Fa (N) AFd (%)
T1(Ref Mod.) 0.368 — 855.48 —
T2 0.309 116.03% 721.22 1157 %
T3 0.330 110.3% 783.90 18.4%
T4 0.356 133% 820.66 14.1%

The results indicate that even localized changes in frontal geometry can lead to meaningful
improvements in aerodynamic performance. The superior outcome of the T2 model demonstrates
the feasibility of integrating naturally evolved forms into engineering design. The comparative
distribution of drag coefficient values is presented in Figure 8(a), while the corresponding drag

force results are illustrated in Figure 8(b).
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Figure 8. (a) Drag coefficient and (b) Drag forces of minibus models at 27.7 m/s

4.2. Velocity-Dependent Aerodynamic Behavior of the Optimal Design

The aerodynamic behavior of the minibus designs was assessed at inlet velocities of 16.6, 27.7,
and 33.3 m/s, yielding approximate Reynolds numbers of 6.41x10°, 1.05%107, and 1.28%107,
respectively. The variation of drag coefficients and drag forces are illustrated in Table 4.2. The
results presented in Table 2 correspond to all minibus models without side mirrors. To quantify
the aerodynamic influence of external attachments, supplementary CFD simulations were
performed on the T1 model with and without side mirrors. At a velocity of 27.7 m/s, the drag force
for the full T1 model (with mirrors) was measured as 855.48 N, whereas the symmetry-based
mirrorless version yielded 427.74 N, resulting in a difference of 47.34 N attributable to the
presence of side mirrors. Similarly, the drag coefficient was determined to be 0.368 for the full
model. The presence of side mirrors led to an increase of 0.032 in drag coefficient—equivalent to
an 8.7% aerodynamic penalty—highlighting their non-negligible contribution to overall
resistance. With rising velocity, all configurations demonstrated a consistent decline in drag
coefficient, indicative of Reynolds number-dependent boundary layer stabilization (Figure 9). For
example, the reference model T1 showed a reduction from 0.380 to 0.362, while the T2 model
(inspired by the humphead wrasse) decreased from 0.326 to 0.303 over the same velocity range.
Across the evaluated Reynolds number range, the T2 model persistently exhibited the lowest drag
coefficients, confirming its robustness in varying flow regimes. Compared to T1, the T2
configuration achieved Cd reductions of 14.2%, 16.0%, and 16.3% at 16.6, 27.7, and 33.3 m/s,
respectively demonstrating increasing aerodynamic gains with velocity. These improvements

indicate that the aerodynamic efficiency of the biomimetic design becomes more pronounced at
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higher Reynolds numbers. The T3 model offered up to 10.3% improvement, while the T4 model
provided only about 3.6%.

These results confirm that the bulging frontal geometry of the T2 model effectively delays flow
separation and reduces pressure drag, enabling smoother and more efficient flow along the minibus

body.

Table 2. Drag coefficients and drag forces at different velocities

Caat Coat Coat Faat16.6 | Foat27.7 | Faat33.3
16.6 m/s | 27.7m/s | 33.3m/s | m/s (N) m/s (N) m/s (N)
T1 (Ref.) | 0.380 0.368 0.362 307.94 855.48 1121.94
T2 0.326 0.309 0.303 263.90 721.22 1005.84
T3 0.348 0.330 0.327 281.98 783.90 1082.28
‘ T4 0.367 0.356 0.349 303.86 820.66 1162.44
0.380
0.38
0.367 0.368
0.362
T 0.36 0.356
Y
T 0.348 0.349
2
g
8 0.34}
(w)
> 0.330
& 0.326 * 0.327
0.321
T1 (Ref Model)
T2 (Hir‘i:f::aed VSraesse) 0.309
== T3 (Parrotfish) 0.303
T4 (Flowerhorn)
0.30 16.6| m/s 27.7| m/s 33.3I m/s
Re: 6.41E+06 Re: 1.05E+07 Re: 1.28E+07

Velocity and Reynolds Number

Figure 9. Drag coefficients variation with Velocities and Reynolds numbers for all models

Figure 10 presents the variation of drag force Fd for all minibus models at three different speed
16.6m/s, 27.7m/s, and 33.3 m/s—corresponding to Reynolds numbers of approximately
6.41x10¢, 1.05x107, and 1.28%107, respectively. As expected, the drag force increased with the
square of velocity. However, the rate of increase varied among the models. Notably, the
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biomimetic designs, particularly T2, exhibited a more controlled rise in drag force. For instance,
the drag force of the reference model T1 increased from 307.94 N to 1121.94 N, while the T2
model increased more modestly from 263.90 N to 1005.84 N across the same velocity range. This
highlights the superior aerodynamic efficiency of the T2 design, even at higher speeds. The
improvement percentages of T2 over T1 in terms of drag force are as follows: 14.3% at 16.6 m/s,
15.7% at 27.7 m/s, 10.4% at 33.3 m/s. The T3 model showed moderate improvement (about 8-
9%), while T4 exhibited minimal gains (1.3-4.7%).

These results confirm that the flow-guiding frontal structure of the T2 model effectively reduces
overall aerodynamic resistance not just the coefficient of drag. This is particularly valuable in
commercial minibuses, where such reductions can significantly improve fuel economy and lower
emissions.

12001
L

T2
—a— T3
T4

Reference Model)
Humphead Wrasse)
Parrotfish)
Flowerhorn)

1000

800

Drag Force (N)

600

400

16.6 m/s 27.7 m/s 33.3 m/s
Re: 6.41E+06 Re: 1.05E+07 Re: 1.28E+07
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Figure 10. Drag forces variation with velocity and Reynolds number

4.3. Pressure and Streamline Distributions for All Minibus Models

Figure 11 illustrates the static pressure fields on the frontal surfaces of all four minibus
configurations (T1-T4) under a 27.7 m/s freestream velocity. The pressure scale is fixed between
+494 Pa and —1500 Pa. Owing to its blunt frontal profile, the T1 model exhibits an extensive high-
pressure stagnation zone at the front, which significantly contributes to increased form drag. In
contrast, the T2 model, inspired by biological morphology, generates a more gradual frontal

pressure transition, effectively minimizing stagnation effects. The curvature transitions near the
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roofline and lateral edges in T2 promote favorable flow redirection, reducing adverse pressure
buildup and mitigating local separation. This indicates that T2 features a more aerodynamically
refined front geometry. The steeper pressure gradients observed in T3 and T4 near the frontal
edges imply earlier deceleration and inferior flow attachment relative to T2. Among all geometries,
T2 delivers the most aerodynamically optimized frontal pressure topology, directly correlating
with its superior drag reduction performance.

These results are consistent with the drag coefficient reductions discussed in the following

sections.

;;;;;;

(a) (b) (© (d)
Figure 11. Pressure contour distribution of minibuses' front views at 27.7 m/s (a)T1- (b)T2

(C)T3-(d)T4

Figure 12 shows the side-view pressure distribution of the minibus models at 27.7 m/s. The T1
configuration exhibits a strong pressure gradient between the frontal stagnation zone and the low-
pressure wake, indicating substantial pressure-induced drag generation. In the T2 model,
streamlined pressure recovery along the side surfaces mitigates boundary layer separation,
contributing to a more compact and stable wake region. The pronounced rear suction zones in T3
and T4 suggest earlier flow detachment and increased form drag due to inefficient pressure
recovery. Collectively, the pressure contour patterns validate the aerodynamic advantage of the T2

model, as its smoother gradients and reduced wake suggest superior flow control.

o
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I,

(b) (d)
Figure 12. Pressure contour distribution of 27.7 m/s in the mid-plane of the side views of

minibuses (a)T1- (b)T2- (c)T3- (d)T4

Figure 13 illustrates the streamlines around the minibus models at 27.7 m/s along the mid-plane
(Z = 0). The wake of the T1 model features disorganized and expansive vortex structures,
signifying premature flow separation and elevated aerodynamic resistance. The T2 configuration
produces a narrower, coherent wake structure, indicating postponed boundary layer detachment
and enhanced flow stability along the vehicle contour, resulting in lower drag. Earlier onset of
separation in T3 and T4 leads to the development of wider turbulent wakes, which contribute to
increased energy dissipation and drag penalties. Overall, the T2 model exhibits the most
aerodynamically efficient flow pattern, characterized by attached streamlines and a compact

wake—hallmarks of low-drag configurations.

(b) (d)
Figure 13. Streamlines around the models at 27.7 m/s on the mid-plane (Z = 0). (a)T1- (b)T2

(C)T3-(d)T4

Flow separation begins just after the roofline in T1, resulting in a wide turbulent wake. In contrast,
T2 delays this separation, forming a narrower low-velocity region. T3 and T4 experience earlier
detachment, leading to larger separated flow zones and greater drag.
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4.4. Experimental Validation of CFD Results

Experimental tests for the 1:28 scaled T2 prototype were performed in the closed-circuit wind
tunnel facility at the Department of Mechanical Engineering, Celal Bayar University. The tunnel
provides airflow up to 70 m/s and features a test section of 0.300x0.300 m? with a length of 1 m.
The best-performing T2 configuration was geometrically downscaled by a factor of 1:28,
preserving geometric, kinematic, and dynamic similarity to ensure valid extrapolation to full-scale
behavior.

The physical appearance of the prototype and its placement in the wind tunnel test section are

shown in Figure 14 (a) and (b), respectively.

(a) (b)
Figure 14. (a) 1:28 scaled T2 prototype (b) The 1:28 scaled T2 prototype positioned inside the

test section of the low-speed open-circuit wind tunnel during experimental setup.

Dynamic similarity was enforced by equating the Reynolds numbers between the prototype and
full-scale model, following the relation Vm-Lm = Vp-Lp, a standard in scaled aerodynamic
modeling. While the full-scale model had a characteristic length Lm=6.961 m, the scaled model's
length was calculated as Lp=0.248 m, Given a freestream velocity of Vp=27.7 m/s in CFD
analysis, the corresponding wind tunnel velocity Vm was determined as 1 m/s, ensuring equal
Reynolds numbers. The frontal area of the 1:1 T2 model was 4.8 m?, which was reduced to 0.006
m?2 in the scaled prototype. Boundary conditions in the experiment were defined with no-slip walls
and a moving ground to match CFD settings and flow behavior. Experimental results showed
strong agreement with numerical simulations in terms of drag coefficient. Table 3 confirms that
dynamic similarity was successfully maintained and that the drag coefficients of both scales

closely matched.
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Table 3. Numerical results for T2 Model at equal Reynolds number for 1:1 scale and 1:28 scale

model
Model Re Velocity (m/s) | Cd (Drag Coefficient) | Fd (N)
T2 (1:1) 3.85E+05 1 0.346 1.028
T2(1:28) | 3.85E+05 27.7 0.356 1.004

Three separate wind tunnel experiments were conducted on the 1:28 scaled T2 model at a flow
velocity of 27.7 m/s to determine the drag coefficient and total drag force. The CFD and wind
tunnel results for both the 1:1 and 1:28 scale T2 models—matched via Reynolds number
equivalence exhibited strong correlation, validating the accuracy of the numerical predictions. The
difference between the drag coefficients obtained from CFD and wind tunnel tests for the 1:28
scaled T2 model was calculated as 11.4%. This difference falls within the acceptable range
reported in the literature for aerodynamic validation studies, where deviations of 5-15% are
commonly observed due to the inherent differences between physical experiments and idealized
numerical models [57, 16, 63, 64]. Figure 4.7 shows the comparison of drag force and drag
coefficient values obtained from experimental wind tunnel tests and numerical CFD analyses for
the 1:28 scaled T2 model at a flow velocity of 27.7 m/s. The results indicate a close agreement
between both methods. The experimental drag force was measured as 1.12 N and the numerical

result was 1.004 N. Similarly, the drag coefficient values were 0.399 and 0.356, respectively.

1.120
Experimental
1.004 Numerical
1.0f
0.8}
o
306¢
s
0.399
0.4r 0.356
0.2}
0.0 - —
Drag Force (N) Drag Coefficient (Cd)

Figure 15. Experimental vs Numerical Drag Data for the T2 Model at 27.7 m/s

When examining the drag coefficients, the difference between experimental and numerical values

was calculated to be approximately 11.4%. Similarly, the difference in total drag force between
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the experimental and numerical results was found to be about 10.36%. This level of agreement
reinforces the reliability of the CFD setup and confirms its suitability for evaluating biomimetic
vehicle geometries. Similar studies in the literature report acceptable deviation ranges between 5—
15% depending on model complexity, turbulence assumptions, and scale effects [16.63,64]. In
addition, the blockage ratio of the test setup was calculated as 7%, which is below the widely
accepted critical threshold of 7.5% for low-speed wind tunnel experiments [61]. The significant
reduction in drag achieved through biomimetic design not only enhances aerodynamic
performance but also leads to measurable improvements in energy efficiency and environmental
sustainability. For instance, a 16.03% reduction in drag coefficient may yield an approximate 8%

reduction in fuel consumption at highway speeds [18].

5. CONCLUSION

This study investigated the aerodynamic effects of biomimetic minibus designs inspired by aquatic
species with prominent head structures and agile body forms—specifically the humphead wrasse
(T2), green humphead parrotfish (T3), and flowerhorn fish (T4). Among the developed designs,
the T2 model inspired by the humphead wrasse exhibited the best aerodynamic performance,
achieving a 16.03% reduction in drag coefficient compared to the reference model. The T3 and T4
models also showed notable improvements in flow structure and drag characteristics. Experimental
validation of the 1:28 scaled T2 model supported the CFD results, with a drag coefficient deviation
of 11.4% and a drag force difference of 10.3% both within acceptable ranges. Pressure and
streamline visualizations revealed more stable and attached flow patterns around the biomimetic
models. These aerodynamic improvements are directly linked to energy efficiency: A 16.03%
reduction in drag coefficient can translate into approximately 8% fuel savings at highway speeds.
For a commercial minibus driving 45,000 km per year, this corresponds to a saving of about 324
liters of fuel annually, which further results in a carbon emission reduction of approximately 748
kg CO: per year.

In future studies, incorporating dynamic effects such as crosswind sensitivity, rotating wheels, and
unsteady flow behavior could provide more comprehensive insight. Optimization techniques may
also be applied to refine the geometry further, combining aerodynamic performance with practical
design constraints. Exploring structural durability and manufacturability of such biomimetic forms

would enhance their feasibility for commercial vehicle applications.
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NOMENCLATURE
Nomenclature
English Letters CFD  Computational Fluid Dynamics
Cd Drag coefficient DNS Direct Numerical Simulation
Fd Drag Force (N) LES Large Eddy Simulation
g Gravity (m/s?) RANS Reynolds-Averaged Navier—Stokes
P Pressure (Pa) URANS Unsteady Reynolds-Averaged Navier—Stokes
Vp Velocity of prototype ( m/s) SIMPLE Semi-Implicit Method for Pressure-Linked Equations
Vm Velocity of model ( m/s) PISO  Pressure-Implicit with Splitting of Operators

Lp Length of prototype (m)

Lm Length of model (m)

X, Y, Z — Cartesian coordinate indices
Greek Letters

1 Dynamic viscosity (kg/ms)
v Kinematic viscosity (m?/s)

U* Friction velocity (m/s)

1o Wall shear stress (Pa)

6 Displacement thickness (m)
6 Momentum thickness (m)
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