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Abstract. Existing motorcycle aerodynamic studies focus primarily on determining the
aerodynamic drag coefficient or conducting experimental wind tunnel studies. Detailed analysis
of the flow structure, turbulent kinetic energy distribution, and flow characteristics in various
cross-sections of the computational domain using open CFD platforms is underrepresented.
Furthermore, the literature provides a limited number of studies comprehensively analyzing the
evolution of vortex structures behind a motorcycle using the SST turbulence model in the
OpenFOAM environment. This paper presents a numerical study of the aerodynamic
characteristics of a motorcycle using the OpenFOAM software package based on the RANS
system of equations in conjunction with the SST turbulence model. To solve the discretized
equations, the SIMPLE algorithm was used in conjunction with the GAMG multigrid solver,
ensuring stability and accelerated convergence of the computational process. The distributions of
the velocity, pressure, and turbulent kinetic energy fields in the longitudinal and transverse cross-
sections of the computational domain were obtained. The analysis revealed flow stagnation zones,
low-pressure areas, and the formation of recirculation structures behind the motorcycle, which
significantly influence aerodynamic drag. The scientific novelty of this study lies in a
comprehensive, layer-by-layer analysis of the turbulent flow structure around the motorcycle's full
geometry, with a detailed study of the distribution of turbulent kinetic energy in various cross-
sections using the open-source OpenFOAM software. The results obtained can be used in further
aerodynamic optimization of the motorcycle design to reduce drag and improve stability.
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Nomenclature

U Velocity vector, m/s

u Mean velocity component, m/s
p Pressure, Pa

p Mean pressure, Pa

p Fluid density, kg/m?

v Kinematic viscosity, m?/s

vy Turbulent (eddy) viscosity, m?*/s
k Turbulent kinetic energy, m?/s?
W Specific dissipation rate, s

Tij Reynolds stress tensor

Re Reynolds number

Cd Drag coefficient

TKE Turbulent kinetic energy, m?/s>
CFD Computational fluid dynamics
RANS  Reynolds-averaged Navier-Stokes

MATHEMATICAL MODELS IN ENGINEERING. JUNE 2026, VOLUME 12, ISSUE 2 1 75


https://crossmark.crossref.org/dialog/?doi=10.21595/mme.2026.25930&domain=pdf&date_stamp=2026-06-30

NUMERICAL SIMULATION OF MOTORCYCLE AERODYNAMICS USING OPENFOAM SOFTWARE. MURODIL MADALIEV, BOBUR BAKHTIYOROV,
JAMSHID OBIDOV, QAKHRAMON MASODIQOV, JAMOLIDDIN AKRAMOV, ZOKHIDJON ABDULKHAEV

SST Shear stress transport

SIMPLE Semi-implicit method for pressure-linked equations
GAMG  Geometric-algebraic multi-grid

FVM Finite volume method

1. Introduction

Aerodynamics plays a crucial role in modern vehicle engineering, directly affecting energy
efficiency, stability, controllability, and overall dynamic performance. Reference [1] provides a
comprehensive review of active aerodynamic systems for road vehicles [1], where the importance
of drag reduction and stability enhancement is emphasized. The feasibility of fan-driven devices
generating additional downforce is investigated in [2], demonstrating the role of aerodynamic load
control in vehicle performance. Balanced aerodynamic axle loading through innovative
aerodynamic components is analyzed in [3], highlighting the influence of geometry on
aerodynamic forces.

Motorcycle aerodynamics presents additional complexity due to its open structure and strong
rider-vehicle interaction. A comprehensive CFD simulation of a sport motorcycle is reported in
[4], where detailed flow visualization was used to identify separation zones and wake structures.

Advanced CFD methods are widely used to investigate complex aerodynamic phenomena.
Fluid-structure interaction effects in competitive vehicles are analyzed in [5], revealing the
coupling between aerodynamic forces and vehicle dynamics. Unsteady aerodynamic effects
during braking maneuvers are studied in [6], demonstrating the importance of transient flow
modeling. The influence of different plate arrangements on car body acrodynamics is examined
in [7], confirming that geometric modifications significantly alter flow structures.

Specific investigations of motorcycle aerodynamics are presented in [8], where aerodynamic
kits for racing motorcycles were analyzed. Earlier experimental and CFD-based studies reported
in [9] and [10] demonstrated the effectiveness of numerical simulations in predicting aerodynamic
characteristics of two-wheeled vehicles.

Recent developments in turbulence modeling have further improved CFD accuracy. A
two-fluid turbulence model for mixing layer simulations is proposed in [11]. Axisymmetric jet
simulations using advanced turbulence modeling are presented in [12]. Higher-order accuracy
schemes for flow over flat plates are investigated in [13]. Turbulent mixing using the SST model
is analyzed in [14], confirming its robustness in complex flow conditions. Methods for improving
numerical solution accuracy are discussed in [15]. A comparison of linear and nonlinear RANS
turbulence models is presented in [16], demonstrating differences in predictive performance.
Turbulent flow modeling in a centrifugal separator is investigated in [17], validating RANS-based
approaches for complex flow systems.

In addition, numerical investigations of fluid-structure interaction and vibration behavior of
curved panels and shells have been reported in [18] and [19], where finite element methods were
applied to study coupled fluid and structural responses. These works highlight the importance of
considering interaction effects between aerodynamic loads and structural behavior in advanced
engineering systems. Although the present study focuses on steady external aerodynamics without
structural deformation modeling, the mentioned investigations provide a broader methodological
background for coupled aecrodynamic-structural analyses.

Despite these contributions, the existing literature reveals a limitation: most
motorcycle-related studies primarily focus on drag coefficient estimation or global aerodynamic
performance indicators, while detailed sectional analysis of velocity, pressure, and turbulent
kinetic energy distributions using open-source CFD platforms remains insufficiently explored. In
particular, comprehensive investigation of wake evolution and turbulence structure behind a full
motorcycle geometry using the SST model within OpenFOAM has not been systematically
addressed.

Therefore, the present study aims to perform a detailed numerical investigation of airflow
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around a motorcycle using the Reynolds-Averaged Navier-Stokes (RANS) equations coupled with
the SST turbulence model implemented in OpenFOAM. The SIMPLE algorithm and GAMG
solver are employed to ensure numerical stability and convergence. Special attention is devoted
to sectional analysis of velocity, pressure, and turbulent kinetic energy fields to identify key flow
structures influencing aerodynamic resistance. This work contributes to the advancement of
numerical modeling approaches for motorcycle aerodynamics and provides a structured flow
analysis framework suitable for further aerodynamic optimization.

2. Physical and mathematical formulation of the problem

The dimensions of the fluid domain were defined according to the numerical modeling
guidelines to ensure a complete representation of the flow structures formed behind the moving
motorcyclist. This approach avoids the influence of boundary conditions on the airflow behavior.
For all considered cases, the computational domain dimensions were height (5 H1), width (11 W)
and length (12 L), as illustrated in Fig. 1.

Pressure outlet
Motorcycle
5H;
Velocity inlet
L
Wall
L

v
D\

Fig. 1. Dimensions of the computational domain

In the present study, the tire-ground interaction was modeled using a simplified steady-state
approach. The ground surface was treated as a stationary no-slip wall, and the motorcycle wheels
were modeled as rigid bodies without rotational motion. This assumption corresponds to a
simplified aerodynamic configuration commonly adopted in steady external flow simulations.
Although the rotating wheel and moving ground effects may influence near-wall flow structures
and local shear stresses, their impact on the global aerodynamic drag coefficient is generally
limited for steady-state RANS simulations. The adopted approach allows isolation of the primary
aerodynamic features related to body geometry and wake formation. Future work may include
rotating wheel modeling and moving ground boundary conditions to capture more detailed
near-ground flow behavior. At the domain inlet, the following parameters were defined: velocity
magnitude of 20 m/s, turbulence intensity of 4 % and turbulence length scale of 5 mm. The
corresponding Reynolds number based on the height of the studied geometry (H1) and the inlet
velocity is Rey; = 2.09x10°. The computational grid is shown in Fig. 2. The inlet velocity of
20 m/s was selected to represent a typical operating speed of a motorcycle under standard driving
conditions (approximately 72 km/h), ensuring realistic aecrodynamic loading. The Reynolds
number corresponding to this velocity (Re = 2.09x10°) confirms that the flow regime is fully
turbulent. The turbulence intensity at the inlet was set to 4 %, which corresponds to moderate
external atmospheric turbulence levels commonly used in external acrodynamic simulations. The
turbulence length scale was defined based on characteristic geometric dimensions of the
motorcycle to ensure consistent turbulence modeling at the inlet boundary. The SST turbulence
model was selected due to its proven capability to accurately predict adverse pressure gradients
and flow separation, which are dominant features in motorcycle acrodynamics. Compared to the
standard k-¢ model, SST provides improved near-wall resolution and more reliable wake
prediction. The SIMPLE algorithm was employed for pressure-velocity coupling because of its
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robustness in steady-state incompressible simulations. Under-relaxation factors and solver
tolerances were chosen to ensure stable convergence while maintaining computational efficiency.
Thus, all model parameters were selected based on physical reasoning, flow regime
characteristics, and established CFD best practices for external aerodynamic simulations.

Fig. 2. Non-structural computational grid

Fig. 3 presents a comparison between two different computational grids generated for the
motorcycle aerodynamic simulations: cfMesh and snappyHexMesh. The cfMesh configuration
consists of approximately 459,890 cells, while the snappyHexMesh grid contains approximately
352,163 cells. Both meshes are based on predominantly hexahedral elements with local refinement
applied in regions of high geometric complexity and expected flow gradients.
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a) CF Mesh b) Snappy Mesh
Fig. 3. Comparison of computational meshes generated using cfMesh and snappyHexMesh

The cfMesh grid demonstrates a more uniformly distributed refinement throughout the
computational domain, whereas the snappyHexMesh grid exhibits stronger local refinement
around the motorcycle body, wheels, and wake region. In both cases, near-wall refinement is
introduced to improve resolution of boundary layer effects and accurately capture flow separation
and recirculation zones. To assess the sensitivity of the results to the mesh discretization type, a
comparative analysis of the aerodynamic drag coefficient (C;) was performed. For the cfMesh
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mesh, C; = 0.528 was obtained, while for snappyHexMesh, C; = 0.524. The relative discrepancy
between the results is less than 1 % (= 0.76 %), indicating the mesh independence of the obtained
results and confirming the numerical stability of the model. Given comparable accuracy and a
more rational distribution of computational resources, the mesh generated by the snappyHexMesh
method was used for the final calculations. The obtained drag coefficient falls within the range
reported in previous experimental and numerical investigations of sport motorcycles
(C4 = 0.50-0.60), confirming the physical consistency of the numerical model.

Unlike many previous studies that primarily focused on global aerodynamic coefficients, the
present work provides a detailed sectional analysis of velocity, pressure, and turbulent kinetic
energy distributions in multiple vertical and horizontal planes. The comparative evaluation of two
independent mesh generation approaches (cfMesh and snappyHexMesh) further strengthens the
numerical reliability of the results and represents an additional contribution of this study.
However, several limitations should be acknowledged. The simulations were performed under
steady-state conditions using the RANS—SST turbulence model, which may not fully capture
unsteady vortex shedding and transient wake dynamics. Structural deformation and fluid—structure
interaction effects were not considered. Furthermore, crosswind effects and rotating wheel
modeling were simplified, which may influence detailed flow behavior. Future work will address
these aspects to improve predictive capability.

3. Mathematical model

To investigate the aerodynamic characteristics of the motorcycle, the incompressible
Reynolds-averaged Navier—Stokes (RANS) equations were employed. These equations describe
the conservation of mass and momentum for turbulent flows by decomposing instantaneous flow
variables into mean and fluctuating components according to Reynolds decomposition. This
averaging procedure introduces additional terms representing Reynolds stresses, which account
for turbulence effects [14-17].

For incompressible flow, the continuity equation is written as:

o

axi - O’ (1)

which ensures mass conservation within the computational domain. The momentum conservation
equation in RANS form is expressed as:

6ﬁi _ 6ﬂl _ 1 6}5 ‘v azﬁi +6T,:]'

_t il . 2
ot + 0x; pox;  0x;0x; 0x; @)

where @; — components of the mean velocity field, p — average pressure, v — kinematic viscosity,
Tyj = uju; — stress tensor components, p — density.

To close the system of equations, the Boussinesq hypothesis is adopted, which relates the
Reynolds stresses to the mean strain rate through an eddy viscosity concept:

— a1 + 012]- 2 s 3
Uy = vy dx, " ox; 3 %0ijy (3)

where v is the turbulent (eddy) viscosity, k is the turbulent kinetic energy, and &;; is the Kronecker
delta.

In the present study, the Shear Stress Transport (SST) turbulence model was used to determine
the turbulent viscosity.
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4. Turbulence models

The Reynolds-averaged Navier-Stokes (RANS) equations are used to numerically simulate
complex turbulent flows that occur when flowing around objects. These equations contain
additional terms that describe turbulent stresses caused by velocity fluctuations. A turbulence
model is used to close them. In this study, the Shear Stress Transport (SST) model [18-20] was
chosen, which combines the advantages of the k- and k-g¢ models. This combination allows
achieving high accuracy in modeling flows in both boundary layer regions and flow separation
zones, which makes it an optimal choice for studying the aerodynamics of complex geometric
shapes:

U -Vk=V-[(v+ov)Vk] + P, — Bkow,

P w
U -V =V-[(v+o,v)Vo] + yv—k —Bw?+2(1 - Fl)%Vk Vo, @)
t

where k is the specific turbulent kinetic energy (m? s72), w is the specific rate of turbulent
dissipation (s™!). P, represents the production of turbulent kinetic energy, and F; is a blending
function that ensures smooth transition between k-w and k-e formulations. Other values are
presented in [18-19].

The turbulent viscosity is computed as:

a k

)

Ve = max( a,w, SF,)’
where S is the strain rate magnitude and F,, is the second blending function of the SST model. The
combined RANS-SST formulation enables accurate prediction of adverse pressure gradients,
separation zones, and wake structures, which are critical for analyzing motorcycle aerodynamics.
This mathematical framework provides a reliable basis for resolving complex turbulent flow
behavior around bluff bodies with strong recirculation regions.

5. Method of solution

For numerical modeling of motorcycle aerodynamics in the OpenFOAM environment, the
finite volume method was applied to discretize the Reynolds-averaged Navier-Stokes (RANS)
equations together with the SST turbulence transport equations, transforming the governing
differential equations into a system of algebraic equations solved iteratively under steady-state
conditions. Spatial discretization was performed using second-order accurate schemes, including
bounded Gauss linearUpwind for the momentum convection term, bounded upwind schemes for
turbulence variables, and Gauss linear corrected schemes for diffusive terms to account for mesh
non-orthogonality, ensuring a balance between numerical stability and accuracy. Pressure-velocity
coupling was achieved using the consistent SIMPLE algorithm, while the pressure equation was
solved using the GAMG multi-grid solver with Gauss-Seidel smoothing to accelerate
convergence, and the velocity and turbulence equations were solved using a smoothSolver with
appropriate tolerances (1077-10%). Under-relaxation factors were applied (0.9 for velocity and 0.5
for turbulence variables) to maintain stable iterative behavior. Convergence was monitored
through residual reduction of pressure, velocity, turbulent kinetic energy (k), and specific
dissipation rate (w), and the solution was considered converged when residuals reached the
prescribed tolerances and stabilized, ensuring numerical reliability and stable resolution of the
turbulent flow structures around the motorcycle geometry.
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6. Results and discussion

Fig. 4 presents the structured workflow of the numerical investigation of motorcycle
aerodynamics performed in this study. The research process begins with problem definition and
formulation of the aerodynamic objectives. Subsequently, a three-dimensional CAD model of the
motorcycle is prepared, followed by the generation of the computational domain designed to
minimize boundary influence on the flow field. An unstructured computational mesh is then
generated, and grid quality together with grid independence verification is performed to ensure
numerical reliability. After defining appropriate boundary conditions, the physical model is
selected, namely the Reynolds-Averaged Navier—Stokes (RANS) equations coupled with the
Shear Stress Transport (SST) turbulence model. The numerical solution is implemented using the
SIMPLE pressure-velocity coupling algorithm and the GAMG solver to ensure stable and efficient
convergence. Residual monitoring and convergence assessment are carried out to confirm solution
accuracy. The final stages include post-processing of velocity, pressure, and turbulent kinetic
energy (TKE) fields, detailed flow structure analysis, and aerodynamic interpretation of the
obtained results. The presented workflow ensures methodological consistency, numerical
stability, and systematic evaluation of aerodynamic characteristics.

Problem Definition

Geometry Preparation
(Motorcycle CAD Model)

Computational Domain Generation

Mesh Generation
(Unstructured Grid)

l Grid Qualit Ly & Independence Check l
) 2
Definition of Boundary Conditions

Physical Model Selection
(RANS + SST)

Numerical Scheme (SIMPLE + GAMG)
Solution Convergence Monitoring

Post-Processing (Velocity, Pressure, TKE)

Flow Structure Analysis

Conclusions & Aerodynamic Interpretation

Fig. 4. Structured diagram of the numerical study of motorcycle aecrodynamics

Fig. 5 shows the velocity isolines and streamlines in the central plane of the geometry. These
graphical data allow visualization of the flow velocity distribution and its characteristic behavior
in the flow region, including zones with changes in velocity and streamline direction.
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Fig. 6. Velocity isolines [m/s] and streamlines in two (z = 0.5, 1 m)
horizontal planes located above ground level

At the front of the motorcycle, a stagnation region is observed, characterized by a decrease in
velocity and an increase in static pressure. As the flow passes over the upper and side surfaces, it
accelerates, forming regions of increased velocity due to pressure redistribution along the flowed
surface. Behind the motorcycle, a flow separation zone and the formation of a wake region are
clearly visible, characterized by reduced velocity and the presence of vortex structures.
Streamlines demonstrate the development of recirculation zones in the rear of the structure,
indicating a significant contribution of pressure to the formation of aerodynamic drag. Maximum
velocity gradients are observed near the streamlined edges and in the flow-rider interaction zone,
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highlighting the influence of geometry on the flow structure. The obtained results correspond to
the typical pattern of turbulent flow around complex-shaped bodies at a Reynolds number of
approximately 10° and confirm the correctness of the chosen numerical model.

Fig. 6 shows the velocity isolines and streamlines in two (z = 0.5, 1 m) horizontal planes
located above ground level. These data allow us to analyze the velocity distribution and the nature
of the flow near the surface, as well as to evaluate the influence of geometry on the aerodynamic
properties in different layers of the flow.

At Z = 0.5 m, a pronounced zone of decelerated flow is observed immediately behind the rear
of the motorcycle, accompanied by the formation of an extended wake region. This region exhibits
reduced velocity values and intense vortex formation, indicating the presence of flow separation
and recirculation structures. The wake width at this height is quite large, indicating a significant
contribution of pressure to the overall aerodynamic drag. At Z = 1 m, the zone of reduced velocity
becomes narrower and elongated in the direction of the flow. The intensity of the vortex structures
decreases, indicating a gradual recovery of the flow and a reduction in turbulent effects away from
the road surface. This confirms the three-dimensional nature of the flow and the spatial
redistribution of turbulent energy. A comparison of the two sections shows that the greatest
influence of the motorcycle's geometry on the flow structure occurs near the mid-height of the
body, while the flow recovers more quickly in the upper layers. The obtained results correspond
to the characteristic features of turbulent flow around complex-shaped bodies at high Reynolds
numbers and confirm the correctness of the numerical model.

Fig. 7 shows the pressure isolines in the central plane passing through the axis of symmetry of
the geometry.

Fig. 7. Pressure contours [Pa] in the central plane

These data demonstrate the pressure distribution over the surface of the object and in the flow
area. The results indicate that high-pressure zones caused by the oncoming flow are formed in the
front part of the motorcycle, while low-pressure zones characteristic of flow separation zones are
observed behind the motorcycle. Such an analysis allows us to identify areas that significantly
affect aerodynamic drag and serves as a basis for further optimization of the design shape
[12,21, 22].

Fig. 8 shows the isolines of the kinetic energy of turbulence in the central plane and at a height
of 1 meter above the ground.

These graphs illustrate the distribution of turbulent kinetic energy in different parts of the flow,
including areas of intense turbulence. In the central plane, areas with increased kinetic energy of
turbulence can be observed, indicating the presence of strong turbulent phenomena, especially in
the flow separation areas behind the motorcycle. At a height of 1 meter above the ground, in turn,
the distribution of kinetic energy shows changes in the intensity of turbulent vortices and their
influence on the behavior of the flow in the upper layers. These data are important for analyzing
the stability of the flow and optimizing the aerodynamic characteristics of the object. Fig. 9 shows
a 3D flow line illustrating the trajectories of air particles around the object.
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Fig. 8. Isolines of kinetic energy of turbulence in the central plane and
at a height of 1 meter above the ground
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Fig. 9. A 3D flow line illustrating the trajectories of air particles around an object

A stagnation zone forms at the front of the motorcycle, where the flow velocity decreases due
to the impact of the oncoming flow with the surface of the structure. As the flow passes over the
upper body and the rider, it accelerates due to pressure redistribution and the formation of
longitudinal velocity gradients. At the rear of the structure, the development of an extended wake
region is clearly visible, characterized by reduced velocity and the presence of vortex structures.
Streamlines demonstrate the formation of stable recirculation zones behind the motorcycle's tail,
indicating a significant contribution of pressure to the overall aerodynamic drag. The spatial nature
of the vortex structures confirms the three-dimensional nature of the flow and the complexity of
the flow’s interaction with the geometry of the object. The obtained results correspond to the
typical pattern of turbulent flow around complex-shaped bodies at high Reynolds numbers and
confirm the adequacy of the chosen numerical model for analyzing the motorcycle’s acrodynamic
characteristics.

Fig. 10 shows changes in velocity and turbulent kinetic energy at distances of x =2, 3,4, 5
meters in the central area.

These results allow analysis of the flow behavior and turbulent effects at different distances
from the object. The changes in velocity demonstrate how the flow speeds up or slows down
depending on the distance from the object, and also reveal areas of high and low velocity,
including areas of turbulent separation. Analysis of the kinetic energy of turbulence at the same
distances allows us to estimate the intensity of turbulent vortices and their influence on the flow
structure in different sections, which is important for assessing aerodynamic drag and other flow
characteristics.
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Fig. 10. Changes in velocity and turbulent kinetic energy at distances
x =2, 3,4, 5 meters in the central region
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7. Conclusions

In this study, a detailed numerical investigation of motorcycle acrodynamics was performed
using the Reynolds-averaged Navier-Stokes (RANS) equations coupled with the Shear Stress
Transport (SST) turbulence model implemented in the OpenFOAM environment. The adopted
numerical framework enabled comprehensive analysis of velocity, pressure, and turbulent kinetic
energy distributions in both vertical and horizontal sections of the computational domain. The
simulations revealed the formation of a stagnation region at the frontal area of the motorcycle,
accelerated flow along the upper surfaces, and a pronounced wake region characterized by flow
separation and recirculation behind the vehicle. The wake structure was identified as the dominant
contributor to aerodynamic drag due to significant pressure deficit in the rear region. The
computed drag coefficient (C; = 0.524) falls within the range reported in previous experimental
and numerical studies of sport motorcycles, confirming the physical consistency of the model. A
mesh sensitivity analysis conducted using two independent grid generation approaches (cfMesh
and snappyHexMesh) demonstrated a deviation of less than 1 % in Cd values, confirming the grid
independence and numerical robustness of the solution. The SST turbulence model proved
effective in resolving boundary layer behavior and separation zones, which are critical for accurate
prediction of aerodynamic forces at Reynolds numbers on the order of 10°. The numerical
methodology provides a stable and reliable framework for analyzing complex turbulent flows
around bluff bodies. From an engineering and industrial perspective, the results offer practical
guidance for aerodynamic optimization of motorcycle geometry, particularly in reducing wake
size and pressure drag. The presented open-source CFD approach provides a cost-effective
alternative to wind tunnel testing and can be applied during early design stages to improve fuel
efficiency, high-speed stability, and overall aerodynamic performance. Overall, this study
contributes to the advancement of numerical modeling techniques in vehicle aecrodynamics and
establishes a validated computational framework suitable for further optimization studies and
industrial applications.
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