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Abstract

Highway merging and platoon formation are critical scenarios in heavy-duty vehicle
aerodynamics. This study presents a transient computational fluid dynamics (CFD) analysis
of two trucks undergoing a merging maneuver and subsequent platoon formation. A three-
dimensional unsteady Reynolds-Averaged Navier-Stokes (uURANS) approach with the SST
k-w turbulence model is employed under zero-crosswind and yawed inflow conditions.
The present work provides a time-resolved characterization of truck—truck aerodynamic
interactions during dynamic spacing evolution, enabling the capture of unsteady wake
effects that are not accessible in steady-state formulations commonly used in cooperative
driving studies. Unlike previous steady analyses, the approach resolves transient wake
development, vortex shedding, and their direct impact on instantaneous aerodynamic loads.
Results identify three interaction regimes: weak interaction, strong wake interaction during
wake impingement, and wake recovery at larger spacing. Under zero-crosswind conditions,
significant drag reduction is observed, confirming platooning benefits. However, crosswind
conditions substantially reduce this benefit and increase lateral loads due to asymmetric
pressure distribution and wake deflection. A non-linear spacing—drag relationship is
observed, governed by wake evolution and shear-layer interaction. These findings provide
quantitative insight into transient aerodynamic interactions and highlight the importance
of accounting for unsteady and crosswind effects in platoon performance assessment.

Keywords: transient aerodynamics; highway merging; truck-truck interaction; aerodynamic
drag; crosswind effects; wake dynamics; turbulent flow; SST k-w model; dynamic meshes;
ANSYS Fluent

1. Introduction

Heavy-duty vehicles are the most fuel-consuming and emission-intensive category
within the road transport sector. Since aerodynamic drag constitutes the dominant resis-
tance component during high-speed cruising, improving the aerodynamic efficiency of
trucks is of major importance for reducing operational costs and environmental impact [1,2].
Truck platooning, in which vehicles travel at reduced inter-vehicle spacing, has been widely
investigated as a promising strategy for drag reduction through wake interaction and
slipstream effects [3,4].

Crosswind effects are consistently identified in the literature as a critical factor influ-
encing platooning performance. Even moderate crosswind angles can induce significant
increases in drag and side forces, consequently reducing the benefits of the platoon in
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terms of fuel savings [5]. The degradation of drag reduction with increasing yaw angles
and wind intensities is quantified in several studies, and different control strategies are
proposed to counteract crosswind-induced instability [6]. The inter-vehicle spacing has
also been identified as playing a determining role in aerodynamic interaction, with reduced
spacing generally increasing drag reduction [2]. The mechanisms governing these phenom-
ena are well documented: a reduced apparent wind speed is experienced by the trailing
vehicles, and an increased base pressure due to the wake interaction is beneficial to leading
vehicles [7,8].

Computational Fluid Dynamics (CFD) has become a principal tool for analyzing heavy-
vehicle aerodynamics. Advanced turbulence modeling approaches [9], including Reynolds-
Averaged Navier-Stokes (RANS) with the Shear Stress Transport (SST) k—w model [10],
Large Eddy Simulation (LES) [11,12], and Detached Eddy Simulation (DES) [13], have been
employed to capture wake structures, pressure distributions, and unsteady aerodynamic
forces. Validation based on experimental data obtained in wind tunnels and at full scale has
increased confidence in CFD-based methodologies, and hybrid experimental-numerical
approaches have further improved their predictive reliability [14,15]. In particular, ANSYS
Fluent 2025 R1, a CFD-specialized module of ANSYS engineering simulation software, has
proven robust capability in determining the aerodynamic coefficients of heavy vehicles
under various operating conditions [16,17].

Numerous numerical investigations on the aerodynamic characteristics of vehicle
platoons presented in the literature have been conducted in steady-state conditions [18,19],
while the transient effects during highway merging scenarios remain insufficiently char-
acterized. Real driving conditions involve continuous variations in vehicle spacing, rel-
ative motion, and exposure to unsteady crosswind disturbances, all of which generate
time-dependent aerodynamic loads that cannot be fully captured by steady-state formula-
tions [20]. Understanding these transient effects is essential for the development of both
advanced driver assistance systems and autonomous vehicle control algorithms that can
safely and efficiently manage platoon formation under realistic environmental and traffic
conditions [21].

To address this gap, the present study investigates the transient aerodynamic behavior
of two heavy-duty trucks during a highway merging and platoon formation process using a
three-dimensional unsteady Reynolds-Averaged Navier-Stokes (uURANS) approach. Unlike
previous steady-state studies, the proposed methodology resolves the time-dependent
evolution of wake structures, pressure fields, and aerodynamic loads under both still-air and
crosswind conditions, enabling a detailed assessment of unsteady vehicle-vehicle interactions.

The specific goals of the study are to:

e  Characterize the time-dependent evolution of aerodynamic drag and lateral forces
during the vehicle merging scenario under both still-air and crosswind conditions.

e  Analyze the unsteady flow field, including wake deflection, pressure distributions,
and velocity profiles, as inter-vehicle spacing decreases.

e  Quantify the impact of crosswind on vehicle aerodynamic efficiency during tran-
sient maneuvers.

e  Provide insights into the aerodynamic mechanisms governing truck-truck interactions
in realistic highway traffic situations.

The paper is organized as follows: Section 2 presents the numerical strategy, including
domain geometry, vehicle trajectories, mesh generation, turbulence modeling, boundary
conditions, and dynamic mesh implementation. Section 3 presents the results for still-air
and crosswind conditions, including the evolution of drag and side force coefficients and
flow field analysis: pressure, velocity, and turbulent kinetic energy (TKE) distributions.
Section 4 discusses the implications of the findings for vehicle design and control strategies,
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compares results with previous studies, and outlines limitations. Section 5 summarizes the
main conclusions and suggests directions for future work.

2. Materials and Methods
2.1. Kinematic Model of the Vehicle Movement on the Acceleration Lane

For this study, a simplified geometry of a Mercedes-Benz Actros truck is adopted,
representing a common vehicle used in European highway operations [22]. The model
retains the essential aerodynamic features, such as the windshield, but omits other fine
details in order to reduce computational cost. The overall dimensions are approximately
2.5 m in width, 3.6 m in height, and 10.5 m in length, consistent with typical Class 8
tractor specifications.

To simulate the highway merging maneuver of two European-style trucks within
the CFD framework, a time-dependent kinematic model was developed to describe the
trajectory and velocity of the vehicle traveling along the acceleration lane (highlighted
in yellow in Figure 1). A Cartesian coordinate system was defined with x being the
longitudinal direction of the highway (negative in the direction of motion) and z the
transverse direction (positive from the acceleration lane toward the first highway lane).
The vehicle motion was assumed to be uniformly accelerated with constant longitudinal
and transverse acceleration components.

15.03m 20.03m
(t=3.280%) (t=5.6435)

1989 m[s——

x[m]

0.0

10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0 110.0 120.0 130.0 140.0
Om 20.03m
Gapatt=0s | Gap att=5.643 s
250m T ;ﬁ:.‘..‘..f..‘.:f:..‘.:i.#""_"._23 s
—— 1.125m Gap at=5.643 s T 77777777 22.0m/s
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Figure 1. Highway layout, truck trajectories and vehicle movement characteristics.

The geometric and kinematic input data for the trailing truck (yellow in Figure 1) are:
Length of merging section: s = 110 m

Initial speed: vo =17 m/s (61.2 km/h)

Final speed: vi =22 m/s (79.2 km/h)

Required lateral displacement: z; = 3.625m

At the end of the maneuver (t = T), the vehicle must reach the first lane: z(T) = z; and
move parallel to the highway axis: v,(T) = 0.

The vehicle trajectory and velocity were described using second-order, respectively,
first-order time polynomials:

X(t) = xo + Vxot + 2axt?; z(t) = zg + Vot + 1a,t?

1
v (t) = Vo + axt; vz (t) = v, + azt, with t € [0, T]. M

Assuming uniformly accelerated longitudinal motion over the merging length d, the

maneuver duration is obtained from d = @T, which yields:

~2d 2x110
Covo+vy 17422

—=5.641s )
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From the boundary conditions for the transverse motion, defined as z(0) =0,
z(T) = zj,and v,(T) = 0, the initial transverse velocity and constant transverse ac-
celeration are obtained:
Vo= F = -1.285m/s -
a, = —% = -4 = —0.228m/s?

This formulation ensures a parabolic lateral trajectory and zero transverse velocity
at the end of the maneuver. From the magnitude of the initial velocity, prescribed as

2
Vo = \/m =16.951m/s (4)

G V)Z(O + V%O, it follows:
The longitudinal acceleration is obtained from the final velocity condition:

w — 0.895m/s2 )

ax =
The resulting trajectory equations are:

X(t) = vyot + Jaxt? = 16.951t + 0.4475t2

6
z(t) = v,ot + 1a,t2 = 1.285t — 0.1139t> ©)

and the corresponding velocity components:
vx(t) = vxo + axt = 16.951 + 0.895t @)

Vv, (t) = vy + ast = 1.285 — 0.228t

The model presented in Figure 1 satisfies: x(0) = 0, z(0) = 0, |v(0)] = 17m/s,
z(T) = 3.625m, v«(T) = 22m/s, v,(T) = 0. Only a minor longitudinal discrepancy (of
0.137 m) relative to the prescribed merging length (110 m) results from strictly enforcing the
velocity boundary conditions and is considered negligible for the present CFD application.

2.2. Numerical Methodology
2.2.1. Computational Domain and Boundary Conditions

Two identical truck models are positioned within a computational domain (Figure 2a)
representing a highway merging scenario (Figure 1). The leading truck (Truck 1) travels
on the main highway lane at a constant longitudinal velocity of 23 m/s (82.8 km/h). The
trailing truck (Truck 2) approaches from a lateral offset corresponding to the acceleration
lane and gradually merges into the main lane behind Truck 1.

The computational domain extends approximately 18 vehicle lengths in the longitudi-
nal direction (x = 185 m), 16 vehicle widths in the lateral direction (z = 40 m), and 7 vehicle
heights in the vertical direction (y = 25 m). The domain dimensions were selected based
on established guidelines for external vehicle aerodynamics, ensuring sufficient upstream
and downstream extents to avoid boundary interference effects [23]. In particular, the
downstream length allows adequate wake development, while the lateral and vertical
dimensions minimize blockage and confinement, thereby enabling accurate capture of the
aerodynamic interaction during the merging maneuver.
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Wind lateral component, w,= 10 m/s

Leading Truck velocity, V, =23 m/s Wind longitudinal component, w,= 5 m/s
Airflow velocity, Vj,, = 29.73 m/s Wind velocity, w,=11.18 m/s
Airflow yaw angle, B = 19.65° Wind angle, o = 63.43°

Figure 2. (a) Computational domain dimensions, inlet and outlet boundaries; (b) Airflow configura-
tion for the crosswind case; (c) Discretization of the computational domain; (d) Truck surface and
ground discretization.

The blockage ratio for a single truck is therefore 0.9%, computed as:

_ 25x36

Even when considering the presence of two vehicles, the maximum effective blockage

ratio remains below 2%, which is well below commonly accepted limits for external aero-
dynamic simulations [1], so the confinement effects due to the finite domain size can be
considered negligible.

At the initial simulation time:

Truck 1, travelling at 23 m/s on the first highway lane, has the center positioned 25 m
upstream of the downstream boundary.

Truck 2, entering from the acceleration lane, has the center positioned 15 m upstream
of the downstream boundary.

The initial longitudinal offset between the vehicle centers is therefore 10 m.

The initial lateral separation between the vehicle centers is 3.625 m.

This configuration provides sufficient downstream flow development while allowing
accurate capture of aerodynamic interactions during the merging maneuver.

The inlet boundaries located at the upstream (—x) side and, in the crosswind case only,

at the lateral (—z) side of the computational domain were defined as velocity inlets. Two
flow configurations were considered:

Case 1—zero crosswind (still air)

Case 2—crosswind: a uniform wind velocity of 5 m/s in the x-direction and 10 m/s
in the z-direction was imposed at the inlets, resulting in a total wind velocity of
11.18 m/s at an angle of 63.43° relative to the main axis of the vehicles.
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For the crosswind simulations, assuming a truck velocity of 23 m/s, the resulting ref-
erence airflow velocity is 29.73 m/s, and the effective yaw angle induced by the crosswind
is 19.65° relative to the main axis of the vehicles (Figure 2b). Air is modeled with standard
properties: density 1.225 kg/ m3, dynamic viscosity 1.7894 x 1072 kg/(m-s), and the inlet
turbulence intensity was set to 1%, with a turbulent viscosity ratio of 2.

The downstream (+x) boundary and the lateral boundaries were specified as pressure
outlets with zero gauge pressure in the zero-wind case. In the crosswind case, the lateral
(+z) boundary was defined as a pressure outlet with zero gauge pressure. The ground and
upper boundary were modeled as stationary no-slip walls, while the vehicle surfaces were
treated as no-slip walls with standard wall functions. Although a moving ground approach
can reduce artificial boundary layer development upstream of the vehicle, the present
stationary-ground formulation is consistent with the transient moving-mesh framework
and provides a stable and consistent basis for analyzing vehicle-vehicle interaction and
crosswind effects.

Vehicle motion was simulated using a dynamic deforming mesh technique, allowing
the trucks to translate through the computational domain while the surrounding flow field
evolved accordingly.

2.2.2. Physical and Turbulence Modeling

The three-dimensional, incompressible, uURANS equations are solved using the SST
k-w turbulence model [24]. This model combines the advantages of the k-w formulation in
the near-wall region with the k-¢ behavior in the free-stream region, making it particularly
suitable for external aerodynamic flows involving adverse pressure gradients and flow
separation. The SST k-w model has been widely validated for heavy vehicle aerodynamics
and has demonstrated improved accuracy compared with standard and realizable k-¢
models in predicting drag coefficients and wake structures [25,26]. While steady RANS
provides a computationally efficient estimate of the mean flow field, uRANS was employed
to capture the transient nature of the aerodynamic interaction between the vehicles [27]. In
particular, uRANS resolves the time-dependent evolution of wake structures, including
vortex shedding and shear-layer fluctuations, as well as the instantaneous pressure field
associated with the relative motion of the trucks. This enables the analysis of force histories
and the identification of peak aerodynamic loads, which are not accessible in a steady-state
formulation [28]. The use of uRANS is therefore particularly suitable for capturing transient
interaction effects and assessing their impact on vehicle stability under crosswind and
variable-velocity conditions.

The governing equations include the continuity and momentum equations, together
with the transport equations for TKE and specific dissipation rate. A blending function
ensures a smooth transition between the near-wall k-w formulation and the outer-region
k-¢ formulation. The model also includes an eddy-viscosity limiter to prevent excessive
turbulence production in stagnation regions. The flow is modeled as fully turbulent, which
is appropriate given the high Reynolds number of the problem (order of 10”) and the bluff-
body nature of the vehicle geometry. Under these conditions, transition to turbulence occurs
close to the leading edges and has a negligible impact on the overall flow development.
The SST k-w model is therefore employed due to its robustness in predicting separated
flows and shear-layer dynamics [25,26].

2.2.3. Mesh Quality and Dynamic Mesh Strategy

The computational domain was discretized using an unstructured tetrahedral mesh
(Figure 2c) generated with the patch-conforming method. A global element size of 0.5 m
was applied in the far-field region, while local refinement was introduced on the truck
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surfaces (Figure 2d) using a face sizing of 0.1 m in order to resolve pressure gradients and
flow separation zones. For the grid-independence study discussed in Section 2.2.4, an
additional refinement level with a face size of 0.05 m was also tested.

Boundary layer effects were modeled using five inflation layers applied to the truck
surfaces, with a growth rate of 1.2 and a transition ratio of 0.272. The resulting near-wall
resolution corresponds to y+ values in the range of approximately 400-850, which is suitable
for wall-function treatment in high-Reynolds-number external aerodynamic flows. In this
setup, the SST k-w turbulence model was employed together with wall functions, as a
near-wall mesh resolution corresponding to y+ =~ 1 would not be computationally feasible
for the present simulations.

The resulting mesh consists of 1,392,167 nodes and 693,888 elements. Mesh quality
was evaluated using standard metrics:

e  Maximum aspect ratio: 2.755 (below the warning limit of 5)
e  Maximum skewness: 0.664 (below the warning limit of 0.9)

These values indicate acceptable mesh quality and smooth mesh gradation compatible
with the near-wall requirements of the SST k-w turbulence model and provide a reasonable
balance between computational cost and accuracy for full-scale heavy-vehicle simulations.

To simulate the merging maneuver, a dynamic mesh approach was implemented in
ANSYS Fluent. The trailing vehicle (Truck 2) follows a predefined trajectory combining
lateral displacement (lane change) and longitudinal motion relative to Truck 1. The vehicle
motion was defined using user-defined functions specifying the time-dependent velocity
of Truck 2, while Truck 1 maintains a constant longitudinal velocity.

The merging trajectory represents a realistic highway lane-change maneuver with a
smooth lateral transition over 5.8 s, during which the longitudinal spacing between the
truck centerlines increases from 10 m to 30 m (approximately two vehicle lengths), while
the lateral spacing between the centerlines decreases from 3.625 m to 0 m. However, to
provide a more intuitive representation of the merging process, the results throughout this
paper are reported using gap distances between the vehicles rather than centerline spacing.
The longitudinal spacing is therefore defined as the gap between the rear of Truck 1 and
the front of Truck 2, ranging from 0 m to 20 m, equivalent to 0-2 truck lengths (x/L). The
lateral spacing is defined as the gap between the right rear corner of Truck 1 and the front
left corner of Truck 2, varying from 1.125 m to —2.5 m during the merging maneuver. A
schematic of the longitudinal and lateral spacing definitions used in the analysis is provided
in Figure 1.

The dynamic mesh is updated at each time step using the smoothing and remeshing
algorithms available in ANSYS Fluent, ensuring mesh quality is preserved throughout the
vehicle motion. Mesh quality metrics were monitored during the simulation to maintain
numerical stability.

2.2.4. Transient Formulation and Numerical Settings

A transient formulation was adopted in order to capture the time-dependent aero-
dynamic interactions occurring during the merging maneuver. Time discretization was
performed using a first-order implicit scheme, ensuring numerical stability during dynamic
mesh deformation.

The simulations were performed using the pressure-based solver in ANSYS Fluent.
Pressure—velocity coupling was achieved using the SIMPLE algorithm [29].

Spatial discretization schemes [30] included:

e  Least-squares cell-based gradient reconstruction
e  Second-order scheme for pressure
e  Second-order upwind schemes for momentum, TKE, and specific dissipation rate
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Convergence within each time step was monitored using residual reduction criteria
below 103 for all transport equations.

The domain was initialized using Standard Initialization (Relative to Cell Zone) to
provide a consistent and controlled starting condition. The initial velocity field was defined
according to the inlet boundary conditions (vx = v, = 0 for the zero-wind case; vy = 5
m/s and v, = 10 m/s for the crosswind case). The initial turbulence quantities were set
to match the inlet conditions (1% intensity, viscosity ratio of 2), resulting in TKE values of
1.5 x 1078 m?/s? for Case 1 and 0.1875 m?/s? for Case 2, and specific dissipation rates of
0.000513 s~ ! and 641.8 s~1, respectively. This approach minimizes artificial transients at
the start of the simulation and ensures that the subsequent flow development is governed
by vehicle motion and crosswind effects.

The transient simulation employed a time step of 0.0135 s, with 430 time steps and
up to 20 iterations per time step. The time step was selected based on both Courant-
Friedrichs-Lewy constraints and physical time-scale considerations. The resulting global
Courant number is approximately 0.8 (remaining below 5 in locally refined regions with a
characteristic size of 0.1 m), which is acceptable for the implicit solver used. In addition, the
chosen time step corresponds to approximately 25 increments per characteristic convective
time scale, providing adequate temporal resolution of the unsteady flow. At the end of
the simulation, the distance between the trucks reaches approximately two vehicle lengths
(2 x/L).

A combined grid and time-step sensitivity analysis was conducted to evaluate the
numerical accuracy of the solution. The baseline mesh (surface size 0.1 m) was refined
to 0.05 m, and the time step was reduced from 0.0135 s to 0.0016 s. The comparison,
based on the time evolution of the aerodynamic coefficients (Cp and Cg), shows mean
deviations below 4% for Truck 1 and below 7% for Truck 2 over the analyzed simulation
interval (0—4.5 s). This interval captures the dominant aerodynamic interactions associated
with the merging and platoon formation process, while the remaining simulation time
primarily reflects wake recovery with limited influence on the reported trends. Considering
the inherently unsteady nature of the flow, characterized by transient wake interactions
and vehicle motion [13,27,28], the observed level of deviation is considered acceptable and
consistent with values typically reported in uRANS simulations of bluff-body aerodynamics.
Overall, the adopted spatial and temporal discretization is deemed sufficient to represent
the main features of the transient aerodynamic behavior.

3. Results
3.1. Comparison with Steady-State CFD Simulations

The steady-state simulations are used here as a reference baseline for comparison
with the transient merging results, as they provide a simplified representation of fully
developed flow conditions under identical geometry and boundary conditions. This allows
consistent normalization and direct comparison of aerodynamic force trends. However,
under increasing crosswind intensity, unsteady effects become more pronounced, leading
to expected deviations between steady-state and transient results.

The baseline simulation of an isolated truck under aligned flow conditions at a velocity
of 28 m/s (approximately 100 km/h) yields a drag coefficient of Cp =~ 0.74, while the side
force coefficient is negligible (Cgs ~ 0) [18]. These values are consistent with previously
reported data for similar heavy-duty trucks [5,20]. Under crosswind conditions, the aerody-
namic loads increase significantly. For a lateral wind velocity of 10 m/s (corresponding to
a relative airflow velocity of 29.73 m/s at a yaw angle of 19.65°, similar to Case 2 in the cur-
rent study), the drag coefficient increases to Cp ~ 1.14, while the side force coefficient rises
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to Cg ~ 0.41 [18]. These results indicate the development of substantial lateral aerodynamic
loads that may affect vehicle stability.

The drag and side force coefficients, computed as time-averaged values in the present
transient simulations, are shown in Figure 3.

Co TRUCK 1 e Co TRUCK 2
14
12 1.04

0.84
0.80 1
073
08 0.66
o 0.44 0.45
04
02
o
'AR\:‘[NRS;(GN[Y S,EP':::';;OY:” ':\;\[N:;EGN[‘ S';‘:::éso':rf TRANSIENT STEADY-STATE TRANSIENT STEADY-STATE
AVERAGE PLATOON AVERAGE PLATOON
ZERO CROSSWIND CROSSWIND ZERO CROSSWIND CROSSWIND

(@ (b)

1

TRUCK 1 - Leading vehicle and TRUCK 2 - Trailing vehicle during the transient simulation (left)
and in the steady-state platoon (right)
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Figure 3. Comparison between time-averaged transient aerodynamic coefficients and steady-state
data [19] during the initial platoon phase: (a) Drag coefficient Cp for Truck 1; (b) Drag coefficient Cp
for Truck 2; (c) Side force coefficient Cg for Truck 1; (d) Side force coefficient Cg for Truck 2.

To provide a reference for the present unsteady simulations, previously published
steady-state results for a similar truck configuration are included in Figure 3. These
correspond to the initial stage of platoon formation (phase 4 in Ref. [19]), where the trailing
truck follows the leading vehicle at a distance of approximately half a vehicle length,
with a velocity of 28 m/s under crosswind conditions. The flow conditions in the present
study are fully consistent with those reported in Ref. [19], as both cases are defined by
the same streamwise velocity (28 m/s) and crosswind component (10 m/s), resulting in
identical inflow magnitude and yaw angle, thereby ensuring a meaningful comparison of
aerodynamic coefficients. This comparison enables a direct assessment of the differences
between steady-state and transient aerodynamic predictions.

The drag and side force coefficients are defined as

Fp
(% ereszref>

Fs

Cp = Yen
( b ereszref )

, Cs= )

where Fp and Fg are the total aerodynamic forces in the streamwise and lateral directions,
respectively, obtained in ANSYS Fluent by integrating pressure and viscous contributions
over the vehicle surfaces [23,24]. A constant air density of p = 1.225 kg/m3 is assumed.
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For normalization, the projected frontal area Ayf = Ay, = 8.89 m? is used for Cp, while
a projected lateral area Af = Axy = 36.5 m? is used for Cg, ensuring consistency with
previous studies [18,19]. The reference velocity is defined as v,¢ = 23 m/s for the zero-wind
case. For the crosswind case, vyf = 29.73 m/s corresponds to the magnitude of the relative
inflow velocity, accounting for both vehicle motion and crosswind components, with an
associated yaw angle of 19.65°.

These results highlight the aerodynamic benefits of platooning, particularly under
zero crosswind conditions where the trailing vehicle experiences an average drag reduction
of 39.73% in the present study, while steady-state results report reductions up to 50%
compared to the isolated truck case at vehicles distances of 0.5 x/L [19]. However, as wind
intensity increases, the aerodynamic benefits diminish. Under representative crosswind
conditions, drag reduction decreases to 21.43%, which lies within the reported range of
20-30% [13,19].

3.2. Transient Drag Evolution During Merging (Zero Crosswind)

Figure 4 presents the time history of the drag coefficients for both trucks during the
merging maneuver in Case 1. As the simulation progresses, the lateral spacing decreases
while the longitudinal spacing increases, resulting in progressive wake interaction between
the two vehicles.

0.75 1.00 1.50 2.00

——zero crosswind Truckl

—zero crosswind Truck2
crosswind Truckl
crosswind Truck2

AAAAPANAA A NN APN AN AN ANIN NS

Time

- -
o~ ~ ~ ~ ~ ~ ~ ~ o~ ~ o~ ~
< < 78] n © © ~ ™~ © ] D o)}
N © o < Q ~ © o < Q N ©
- — o~ o~ o~ ™M ™M < < < wn wn

Figure 4. Time evolution of drag coefficients in the direction of travel (x) for Truck 1 and Truck 2,
across Case 1 (zero-crosswind) and Case 2 (crosswind).

Following an initial interaction phase (t = 0-0.6 s), during which the surrounding
airflow adjusts to the dynamic configuration, the drag coefficient of Truck 1 (leading vehicle)
remains relatively constant at approximately Cp =~ 0.70, slightly lower than in the single
truck aligned flow Cp ~ 0.74, in agreement with [13]. In contrast, Truck 2 (trailing vehicle)
experiences a significant drag reduction as it enters the wake region of Truck 1. The drag
coefficient decreases to approximately Cp ~ 0.50 for longitudinal spacing between 0.25 and
1.0 x/L. As the trailing truck aligns with the leading one, the drag reduction becomes more
pronounced, reaching a minimum value of approximately Cp ~ 0.40.

This reduction is attributed to the lower dynamic pressure within the wake of the
leading vehicle and the favorable pressure gradient generated by wake interaction. As the
longitudinal spacing increases beyond approximately 1.5 x/L, the drag reduction gradually
diminishes and the drag coefficient settles to a value of Cp ~ 0.50 at a spacing of 2x/L.
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The transient drag evolution exhibits a non-linear relationship with inter-vehicle
spacing. The rate of drag reduction increases between 1 x/L and 1.5 x/L, indicating
that the aerodynamic benefits of platooning are strongest at close longitudinal spacing.
Nevertheless, partial wake shielding remains observable even at a spacing of up to 2x/L.
Small-amplitude oscillations in the drag coefficients are also present, which are attributed
to unsteady wake structures and vortex shedding.

3.3. Transient Drag Evolution During Merging (Crosswind)

Figure 4 shows the drag coefficient evolution for both trucks during the merging
maneuver in Case 2. The presence of crosswind, which tilts the airflow at a yaw angle of
approximately 20°, significantly alters the aerodynamic interaction compared to Case 1.

After the initial interaction phase (t = 0-0.6s), the drag coefficient of Truck 1 remains
relatively constant at approximately Cp ~ 0.80. The aerodynamic benefit observed under
zero crosswind conditions is reduced due to the lateral deflection of the wake, which
weakens the base pressure recovery behind the vehicle.

For Truck 2, the drag coefficient decreases as the vehicle enters the wake of Truck
1, reaching a minimum of Cp ~ 0.52 for longitudinal spacing between 0.25 and 0.5x/L.
However, the percentage drag reduction is significantly smaller than in Case 1. As the
longitudinal spacing increases, the drag coefficient rises gradually, reaching approximately
Cp ~ 0.78 at a spacing of 2x/L.

This behavior results from the lateral deflection of the wake caused by the crosswind,
which reduces the aerodynamic shielding experienced by the trailing vehicle. In addition,
the yawed inflow produces an asymmetric pressure distribution around Truck 2, leading to
increased aerodynamic drag during the merging process.

3.4. Side Force Evolution Under Crosswind

Figure 5 presents the time history of the side force coefficients for both trucks during
the merging maneuver. Side force is a critical parameter for vehicle stability, as large lateral
aerodynamic loads can significantly affect handling characteristics and may lead to lane
departure or rollover, particularly for high center-of-gravity vehicles such as heavy-duty
trucks [31].

zero crosswind Truck1
075 1.00 1.50 zero crosswind Truck?2 2.00
t crosswind Truck1
crosswind Truck2

; Time
i i i
o ~ ~ ~ o~ ~ I ™~ N ~ o~ ~
< < n n w0 © ™~ ™~ 0 o0 o)) Q
N [t} [=] < ] ~ © =] < o0 ~ ©
- i o~ o~ o~ o [12] < <t < wn w

Figure 5. Time evolution of side force coefficients for Truckl and Truck2, across Case 1 (zero-
crosswind) and Case 2 (crosswind).
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Case 1 exhibits negligible side force coefficients, serving as a baseline reference for
comparison with the crosswind cases, where significant lateral loading is observed. For
Case 2, the leading vehicle (Truck 1) exhibits a relatively stable side force coefficient
throughout the maneuver, with values gradually decreasing toward Cg ~ 0.5. This indicates
that the presence of Truck 2 has only a limited influence on the lateral aerodynamic load
acting on the leading vehicle under crosswind conditions.

In contrast, Truck 2 experiences significant variations in side force during the merging
maneuver. During the initial settling phase, the side force coefficient decreases to Cs ~ 0.24
as the vehicle enters the wake region of Truck 1, at a spacing below 0.5 x/L. As the
longitudinal spacing increases and the sheltering effect diminishes, the side force gradually
increases, reaching approximately Cg ~ 0.43 at a spacing of 2x/L.

This behavior results from the complex interaction between the deflected wake of
the leading vehicle and the asymmetric pressure distribution around the trailing truck.
These transient side force fluctuations may present challenges for vehicle control systems
and highlight the importance of accounting for crosswind effects in the design of platoon
control strategies.

3.5. Flow Field Analysis (Zero-Crosswind)

Figure 6 presents the velocity streamlines, while Figures 7 and 8 present the TKE
contours for Case 1 at representative time instants during the merging maneuver: t=0.5s
(close spacing, 0.3 x/L), t =1, 1.5 and 2 s (intermediate spacing, 0.5-1.0 x/L), and t =2.5
and 5.5 s (large spacing, 1.25-2.0 x/L).

Figure 6. Cont.
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Figure 6. Top view (XZ-plane) of velocity streamlines illustrating the lane-change maneuver and
platoon entry for Case 1 at: (a) 0.5s; (b) 1s;(c) 1.55; (d) 2s; (€) 2.555; (f) 5.5s.
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Figure 7. Time evolution of TKE contours (XZ-plane top view) on truck surfaces and the ground (left
column) versus the mid-plane (right column) for Case 1 (zero-crosswind). Snapshots correspond to
times: (a) 0.5s; (b) 1.0s; (¢) 1.5s; (d) 2.0 s; (e) 2.5 s; (f) 5.5 s. Distinct color bars and legends are shown
for the ground, mid-plane, and vehicles.

The velocity streamlines presented in Figure 6 were generated in ANSYS CFD-Post
using seed points distributed on the vehicle surfaces to highlight near-body flow features.
Both forward and backward integration were applied to capture the development of wakes
and identify flow separation and stagnation regions.

At t = 0.5 s, the longitudinal spacing is approximately 3 m and the lateral distance
0.5 m. The aerodynamic interaction is clearly visible in the velocity streamlines (Figure 6a),
resembling the overtaking configuration corresponding to phase 3 in Ref. [19]. From the
perspective of the incoming airflow, the two trucks behave almost as a single aerodynamic
body, with a slight left-right asymmetry caused by the lateral misalignment. Truck 2 is
already partially shielded by the upstream position of Truck 1, explaining the pronounced
drag reduction observed at this stage. The wake of Truck 1 is characterized by a recirculation
region immediately behind the vehicle, which interacts with the windshield region of
Truck 2 and leads to locally increased TKE levels (Figure 8).
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Figure 8. TKE contours on the truck surfaces (Right, Top, and Left views) for Case 1 (zero-crosswind)
at: (a) 0.5s; (b) 5.5s.

At t = 1.5 s, Truck 2 has partially entered the wake of Truck 1 and is positioned
approximately 8 m behind the leading vehicle. The streamlines (Figure 6¢) indicate that
the flow is deflected around both vehicles, while localized acceleration occurs in the gap
region between the trucks. Att=2.5s, the wake structure becomes more symmetric with
respect to the vehicle centerline, and two vortices are visible in the lateral regions of Truck 2
(Figure 6e).

Att=>5.5s, the longitudinal spacing increases to approximately 20 m and the lateral
distance approaches zero, corresponding to a platoon configuration (similar to phase 4
in [19]). Truck 1 experiences nearly free-stream flow conditions, while Truck 2 operates
largely within the wake of the leading vehicle. As a result, Truck 2 is exposed to a highly
non-uniform velocity field with reduced velocities in the frontal region. The streamlines
(Figure 6f) indicate strong flow entrainment into the gap between the vehicles, producing a
complex three-dimensional wake interaction.

The transient simulations were initialized directly from the prescribed inlet and vehicle
motion conditions rather than from a converged steady-state solution corresponding to
the initial vehicle arrangement. Consequently, the TKE distribution near the ground is not
fully developed during the early stage of the simulation (Figure 7a, left column).

However, the flow structures at the vehicle mid-plane (y = 2 m) already exhibit
characteristic wake patterns, separation regions, and shear layers surrounding the tractor—
trailer units (Figure 7a, right column). Due to the relatively small initial longitudinal
offset between the vehicles, the dominant aerodynamic interactions, including pressure-
field interference and wake impingement, are established early in the transient sequence.
Although a steady-state precursor simulation would provide a more developed far-field
wake at the initial time, the influence of the adopted initialization approach on the reported
transient aerodynamic trends and peak force values is expected to be limited.

The merging maneuver leaves a clear imprint on the TKE distribution around Truck 2.
For close and intermediate spacing, the turbulence intensity is asymmetric along the side
and top surfaces (Figure 7a—c), whereas for larger spacing the TKE distribution becomes
primarily concentrated near the roof region above the windshield due to the symmetric
flow conditions established after platoon formation (Figure 7d—f).

The TKE distribution (Figure 8) reaches maximum values (approximately 7 m?/s?),
particularly in the upper windshield-roof region and along the lateral edges of the trucks.
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These regions correspond to areas of strong shear and flow separation, where high-velocity
incoming air interacts with the vehicle geometry and cannot remain attached, leading to
the formation of shear layers and separated flow structures.

TKE is presented as an indicator of turbulence intensity and energy distribution
within the flow. Elevated TKE values occur in shear layers and wake regions where
turbulent production is significant. It should be noted that TKE does not directly represent
velocity gradients but reflects the integrated effect of shear-driven turbulence generation
and transport.

3.6. Flow Field Analysis (Crosswind)

Figure 9 presents the velocity streamlines, while Figures 10 and 11 show the TKE

contours for Case 2 at representative time instants during the merging maneuver: t = 0.5 s
(close spacing, 0.3x/L), t =1, 1.5 and 2 s (intermediate spacing, 0.5-1.0 x/L), and t = 2.5
and 5.5 s (large spacing, 1.25-2.0 x/L).

.372%10°

[m sA-1]

()

Figure 9. Top view (XZ-plane) of velocity streamlines illustrating the lane-change maneuver and
platoon entry for Case 2 (crosswind) at: (a) 0.5s; (b) 1s; (c) 1.55s;(d) 2's; (e) 2.5s; (f) 5.5 s. Individual
legends and color codes are provided for the XZ plane and velocity streamlines.
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[m*2 5*-2)

Figure 10. Time evolution of TKE contours (XZ-plane top view) on truck surfaces and the ground
(left column) versus the mid-plane (right column) for Case 2 (crosswind). Snapshots correspond to
times: (a) 0.5s; (b) 1.0s; (c) 1.5s; (d) 2.0 s; (e) 2.5 s; (f) 5.5 s. Distinct color bars and legends are shown
for the ground, mid-plane, and vehicles.

@ (b)

Figure 11. TKE contours on the truck surfaces (Right, Top, and Left views) for Case 2 (crosswind) at:
(a) 0.5s; (b) 5.5s.

The streamwise flow component arises from the vehicle motion implemented via
the dynamic mesh formulation, while the inlet boundary condition prescribes only the
crosswind velocity component. In the presence of crosswind, the streamlines visualized in
the absolute (stationary) frame are dominated by the ambient wind vector. At a wind yaw
angle of approximately 63°, the global flow field tends to obscure the local wake interactions
between the vehicles. Consequently, the visualized airflow streamlines follow the crosswind
direction (Figure 9). To provide a clearer representation of the resulting velocity structure,
as sketched in Figure 2b, velocity contour plots have also been introduced on a plane
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close to the ground (y = 0.3 m). These contours more clearly illustrate the direction of the
resulting airflow relative to the imposed crosswind and better highlight the aerodynamic
interaction between the vehicles.

At t= 0.5, the velocity streamlines (Figure 9a) show the incoming airflow deflected by
approximately 63° relative to the vehicle centerline, resulting in a highly asymmetric flow
field. The leeward side (left side relative to the travel direction) exhibits flow separation
and a large recirculation region, while the windward side remains largely attached.

At t =1.5 s (Figure 9c¢), Truck 2 is positioned partially within the deflected wake of
Truck 1. However, because the wake is displaced laterally, Truck 2 experiences a strongly
asymmetric velocity field. The windward side is exposed to higher velocities, while the
leeward side benefits from partial aerodynamic sheltering. This asymmetry contributes to
increased side force and a smaller drag reduction compared with Case 1. The streamlines
(Figure 9d,e) reveal complex flow structures, including lateral vortices and cross-flow
components that enhance turbulence and unsteadiness in the inter-vehicle region.

At t = 5.5 s, the longitudinal spacing approaches 20 m. Due to the persistent wake
deflection, Truck 2 no longer benefits significantly from the shielding effect. The windward
side remains exposed to the crosswind, leading to increased drag and side forces. On the
leeward side, the flow remains disturbed by the deflected wake of Truck 1, as evidenced by
the streamline patterns (Figure 9f).

The most notable feature is the strong lateral deflection of the wake induced by the
crosswind. While the velocity streamlines in Figure 9 are dominated by the ambient
crosswind vector in the absolute frame, the windbreak effect of the leading vehicle is
evidenced by the deflected TKE footprint (Figure 10). This turbulence confirms that the
leading vehicle intercepts and redistributes the crosswind momentum, creating a zone of
reduced velocity that the trailing vehicle enters during the maneuver.

The TKE distribution reaches peak values of approximately 17 m?/s? in the upper
windshield region and on the roof of the vehicles (Figure 11). Under yawed inflow condi-
tions (approximately 20°), the flow no longer remains aligned over the roof, as in Case 1,
but is instead redirected diagonally across the cab. This generates a strong leeward-side
vortex, analogous to a delta-wing vortex structure.

During the merging maneuver, crosswind conditions leave a pronounced imprint on
the turbulence field around the trailing vehicle. At close and intermediate inter-vehicle
spacing, elevated TKE levels are primarily observed along the upper windshield edge
and the windward roof edge of Truck 2, due to partial wake shielding (Figure 10a—d). At
larger spacing, the TKE distribution (Figure 10e,f) gradually approaches that of the leading
vehicle, as the yaw angle limits effective lateral wake sheltering.

High yaw angles promote the formation of strong, concentrated vortical structures
originating from the roof and leeward edges, as the flow undergoes a sharper directional
change. These structures are significantly more energetic than the recirculating wake
typically observed under zero-crosswind conditions.

3.7. Pressure Distribution Analysis

The pressure distribution on both trucks during the merging maneuver is presented
in Figure 12 for Case 1 and in Figure 13 for Case 2. The distributions are shown at
representative time instants: t = 0.5 s (close spacing, 0.3 x/L), t =1, 1.5 and 2 s (intermediate
spacing, 0.5-1.0 x/L), and t = 2.5 and 5.5 s (large spacing, 1.25-2.0 x/L).
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(b)
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®

Figure 12. Pressure distribution contours in Case 1 (zero-crosswind) at: (a) 0.5s; (b) 1s; (¢c) 1.5s;
(d)2s; (e) 2.5s; (f) 5.5 s. Individual legends and color codes are provided for the ground and vehicles.

In the zero-crosswind case (Figure 12), Truck 1 exhibits a nearly symmetric pressure
distribution, with high stagnation pressure on the frontal surfaces and low pressure in
the base region. When Truck 2 is positioned at close spacing, the base pressure behind
Truck 1 increases slightly, contributing to a reduction in its aerodynamic drag. For Truck 2,
the frontal pressure is reduced due to the lower dynamic pressure within the wake of
Truck 1, which constitutes the primary aerodynamic mechanism responsible for the ob-
served drag reduction.

In the crosswind case (Figure 13), the pressure field becomes strongly asymmetric
for both vehicles. Truck 1 experiences higher pressure on the windward side and lower
pressure on the leeward side, resulting in a significant lateral aerodynamic force. Due to
the lateral deflection of the wake, the base pressure of Truck 1 remains relatively low even
when Truck 2 is located at close spacing. Truck 2 exhibits a similar asymmetric distribution,
which contributes to increased drag and side force compared to the Case 1 configuration.
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Figure 13. Pressure distribution contours in Case 2 (crosswind) at: (a) 0.5 s; (b) 1s; (¢) 1.55s; (d) 2 s;
(e) 2.5s; (f) 5.5 s. Individual legends and color codes are provided for the ground and vehicles.

3.8. Summary of Drag Reduction

Table 1 summarizes the average drag and side force coefficients during the merging
maneuver and platoon formation, together with the reduction achieved by the trailing
truck relative to the leading truck for both zero-crosswind and crosswind conditions.
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Table 1. Drag and side force coefficients (averaged) along with percentage reduction for trailing Truck
2 relative to leading Truck 1.

Case Truck 1 Truck 2 AC (%)
Zero-crosswind Cp~0.73 Cp~0.44 A Cp ~ 39.73%
Cp ~ 0.84 Cp ~ 0.66 A Cp ~21.43%
Crosswind
Cs ~0.52 Cs ~0.36 A Cg =~ 30.77%

In Case 1, a significant drag reduction is observed for the trailing truck (Truck 2),
reaching approximately 40%, which indicates a strong potential for fuel savings during
platoon formation. However, in Case 2, the presence of crosswind substantially weakens
this aerodynamic benefit, diminishing the drag reduction to about 21% relative to the
leading vehicle. At the same time, the leading truck (Truck 1) experiences a 15% drag
increase compared with the zero-crosswind setup.

The side force coefficient of the trailing vehicle is reduced by approximately 31%
in Case 2, indicating partial aerodynamic shielding by the leading truck, which acts as
a windbreak. The model captures the vortex impingement mechanism, as high-energy
vortical structures shed from the leeward edge of Truck 1 impinge on the side surface of
Truck 2, generating a localized high-pressure region that partially opposes the incoming
crosswind. As a result, the side force acting on the trailing vehicle is reduced compared
with that on the leading truck.

These results align with, support, and extend the conclusions obtained from steady-
state simulations of trucks under crosswind conditions [19], demonstrating that such
conditions significantly alter the aerodynamic interaction between vehicles and reduce the
effectiveness of platooning strategies.

4. Discussion
4.1. Aerodynamic Mechanisms of Drag Reduction

The transient CFD simulations reveal the fundamental aerodynamic mechanisms
governing drag reduction during highway merging maneuvers and truck platoon forma-
tion. The primary mechanism for the trailing vehicle (Truck 2) is the reduction in dynamic
pressure within the wake of the leading vehicle (Truck 1). As the lateral spacing decreases,
Truck 2 progressively enters the low-velocity wake region, where the effective flow velocity
is reduced. This reduction in drag is primarily driven by the velocity deficit in the wake
of the leading vehicle and is therefore significantly reduced in the crosswind configura-
tion, confirming that crosswind deflects the wake of the leading vehicle and reduces the
aerodynamic shielding effect.

A secondary mechanism is the favorable pressure interaction between the two vehicles.
The presence of Truck 2 within the near wake of Truck 1 compresses the recirculation region
and increases the base pressure behind the leading vehicle. This effect results in the zero-
crosswind case in a modest drag reduction (1-5%) for Truck 1 as well [13]. Such mutual
aerodynamic benefits represent one of the key advantages of platooning, although the
trailing vehicle generally experiences a significantly larger drag reduction.

The non-linear relationship between inter-vehicle spacing and drag reduction observed
in the present results is consistent with previous experimental and numerical studies on
vehicle wake interactions and platooning aerodynamics [5,8,27,32]. These studies report a
rapid increase in drag reduction at short spacing due to strong wake interaction, followed
by a saturation behavior as the trailing vehicle becomes fully immersed in the wake. This
behavior reflects the progressive immersion of the trailing vehicle into the wake, leading to
a saturation of aerodynamic benefit as the wake deficit is fully developed.
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The present uRANS results further indicate that unsteady wake dynamics, including
vortex shedding and shear-layer deformation, modulate the instantaneous aerodynamic
shielding, thereby explaining deviations from steady-state predictions and highlighting the
importance of transient modeling approaches.

4.2. Impact of Crosswind on Platoon Aerodynamics

The crosswind simulations demonstrate that large yaw angles (~20°) can substantially
degrade the aerodynamic benefits of platooning. The primary reason is the lateral deflec-
tion of the wake, which reduces the sheltering effect experienced by the trailing vehicle.
Under crosswind conditions, the wake of the leading vehicle is deflected from the vehicle
centerline, causing the trailing vehicle to be partially exposed to the incoming flow even at
relatively small spacing.

This behavior is consistent with previous studies on yawed inflow conditions, which
report that crosswind deflects the wake and reduces the aerodynamic shielding between
vehicles, leading to lower drag reduction compared to aligned flow [6,13,28]. Similar trends
have been observed in both CFD and experimental investigations, where increasing yaw
angle results in a progressive degradation of platooning benefits.

Severe crosswind conditions also increase the absolute drag of both vehicles due to
the asymmetric pressure distribution and the effective increase in directly exposed area
relative to the incoming flow. The combined effects of increased baseline drag and reduced
wake shielding result in a substantial decrease in the aerodynamic benefit of platooning
under crosswind conditions. At the same time, the trailing vehicle experiences a lower side
force coefficient compared to the leading vehicle. The greater reduction relative to drag
suggests that the leading truck provides more effective shielding by acting as a windbreak
for the lateral inflow. The deflected wake redistributes crosswind momentum, partially
shielding the trailing vehicle and reducing the pressure differential between its windward
and leeward surfaces. These findings highlight the importance of accounting for crosswind-
induced unsteady aerodynamic interactions when evaluating platoon performance under
realistic operating conditions.

The side force results are particularly important for vehicle stability and safety [31,33].
The trailing vehicle experiences significant variations in side force during the merging
process. These transient lateral loads may challenge vehicle control systems, particularly
for high-center-of-gravity vehicles such as heavy-duty trucks, which are more susceptible
to rollover [20]. The non-monotonic behavior of side force coefficient, characterized by an
initial decrease at close spacing, followed by an increase as spacing grows, suggests that an
optimal spacing range may exist that balances aerodynamic efficiency with lateral stability
under crosswind conditions.

4.3. Implications for Platoon Control Strategies

The transient nature of aerodynamic forces during merging maneuvers has important
implications for the design of platoon control algorithms. Current cooperative adaptive
cruise control systems typically assume quasi-steady aerodynamic conditions and may
not adequately account for the time-varying forces experienced during lane changes and
spacing adjustments [34].

The results of this study suggest that advanced control strategies should incorporate:
e  Predictive models of transient aerodynamic forces based on real-time measurements

of vehicle spacing, relative velocity, and crosswind conditions.

e  Adaptive spacing strategies that adjust the target inter-vehicle distance according to
crosswind intensity to maintain a balance between fuel efficiency and lateral stability.
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e  Coordinated steering control capable of compensating for transient side forces during
merging maneuvers under crosswind conditions.

e  Robust estimation algorithms capable of distinguishing aerodynamic disturbances
from other sources of lateral forces such as road irregularities or tire dynamics.

The non-linear relationship between spacing and drag reduction also indicates dimin-
ishing aerodynamic benefits at very close spacing, particularly when safety margins and
control effort are considered. A spacing range of approximately 5-15 m may therefore rep-
resent a practical balance that provides significant fuel savings while maintaining adequate
safety margins and lateral stability [3].

4.4. Comparison with Previous Studies

The drag reduction values obtained in this study are consistent with a wide range
of experimental and numerical investigations of heavy-duty vehicle platooning [1,5,8].
Previous studies have reported drag reductions for trailing vehicles typically in the range
of 10-50%, depending on inter-vehicle spacing and flow conditions [23,27,32]. In particular,
multi-vehicle platooning simulations validated against NASA experimental benchmarks
have reported drag reductions of 13-44% under aligned flow conditions [1], which agrees
well with the values obtained in the present work.

The crosswind results are also in agreement with studies that have demonstrated a
significant degradation of platooning benefits under yawed inflow conditions. The drag
reduction of 21.43% observed for the trailing vehicle in the present study falls within the
range of 14-26% reported in both CFD and experimental investigations [14,33]. These
studies attribute the reduction in aerodynamic benefit to wake deflection and asymmetric
pressure distributions, which are also observed in the present results. During the merging
maneuver, the partial shielding of the windward side of the trailing vehicle is consistent
with the redistribution of momentum within the deflected wake.

The findings of the present study are generally consistent with previously reported
steady-state investigations of heavy-duty truck aerodynamics under crosswind condi-
tions [18,19]. However, the present work extends existing research by providing a transient
analysis of the merging process, capturing the time-resolved evolution of aerodynamic
forces. While steady-state simulations provide mean flow characteristics, recent high-
fidelity studies [5,12,35] highlight the importance of unsteady wake dynamics, supporting
the use of transient modeling approaches.

The time-resolved evolution of drag and side forces during spacing reduction provides
additional insight into the dynamic aerodynamic interactions occurring during real-world
highway operations. These transient effects, including vortex shedding and wake defor-
mation, cannot be captured by steady-state simulations and are therefore essential for
understanding the instantaneous aerodynamic loads experienced during platoon forma-
tion maneuvers.

4.5. Limitations and Future Work

While the results provide valuable insights, certain limitations of the present study
should be recognized.

e  The RANS-based SST k-w turbulence model, although widely used and validated
for heavy-vehicle aerodynamics, has known limitations in resolving highly unsteady
wake phenomena such as vortex shedding and bi-stable wake modes [7]. Higher-
fidelity approaches such as LES and DES effectively resolve highly unsteady wake
structures and enable active flow control for drag reduction in vehicle platooning [12].
This methodology addresses limitations in RANS-based models, albeit at a substan-
tially higher computational cost.
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e  The simplified vehicle geometry omits several geometric details such as cooling air
intakes, exhaust stacks, and underbody components that may influence wake de-
velopment and aerodynamic forces [36]. Future investigations could include more
detailed vehicle geometries in order to assess the influence of these features on pla-
toon aerodynamics.

e  The crosswind conditions considered in this study are modeled as steady and uniform
yawed inflow. In real-world environments, crosswinds are typically unsteady and
spatially varying [37]. Future work should therefore investigate the influence of
gusty crosswinds and turbulent atmospheric boundary layers on platoon stability
and control.

e  The present analysis considers only two vehicles, whereas real-world platoons may
consist of three or more trucks. Aerodynamic interactions within multi-vehicle pla-
toons are more complex [6] and may produce additional wake interference effects as
well as greater potential fuel savings.

e  Finally, the study does not account for vehicle motion dynamics such as pitch, roll, or
yaw, nor for suspension effects. These factors may couple with aerodynamic loads and
influence vehicle stability [28]. Integrating CFD-vehicle dynamics simulations could
achieve a more comprehensive understanding of aerodynamic—vehicle interactions in
real-world highway environments.

5. Conclusions

This study presents a transient CFD analysis of the aerodynamic interactions be-
tween two heavy-duty trucks during highway merging and platoon formation under
zero-crosswind and crosswind conditions. The transient aerodynamic interaction during
the merging maneuver can be interpreted in terms of three distinct regimes. In the initial
approach stage, the vehicles interact weakly and the trailing truck is largely exposed to the
free-stream flow. As the lateral spacing decreases, the trailing vehicle enters the wake of
the leading truck, producing a strong wake-interaction regime characterized by significant
reductions in drag and side force due to the velocity deficit and pressure redistribution
in the wake. Finally, as the longitudinal spacing increases during the completion of the
maneuver, the wake gradually dissipates and the aerodynamic interaction weakens, leading
to a progressive recovery of drag and side-force coefficients. The main conclusions are
as follows:

e In the highway merging scenario, the trailing vehicle experiences substantial drag
reduction, reaching approximately 40% under zero-crosswind conditions. The drag
reduction exhibits a non-linear relationship with spacing, with the most significant
gains occurring at intermediate spacing (up to approximately 15 m).

e  Strong crosswind conditions corresponding to a 20° yaw angle significantly degrade
the aerodynamic benefits of platooning. The drag reduction for the trailing vehicle
decreases by half, leading to a substantial reduction in fuel-saving potential.

e  The trailing vehicle experiences significant transient side forces during the merging
process under crosswind conditions, with a relative reduction in side force coefficient
of approximately 31%. Both vehicles present non-monotonic variations at close
distances. These lateral load fluctuations may pose challenges for vehicle control
and stability.

e  Flow visualization indicates that crosswind causes substantial lateral deflection of the
wake, reducing the sheltering effect experienced by the trailing vehicle. The resulting
asymmetric pressure distributions contribute to increased drag and side forces for
both vehicles.
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e  The transient nature of aerodynamic forces during merging maneuvers highlights
the need for advanced platoon control algorithms capable of incorporating predictive
models of time-varying aerodynamic loads, adaptive spacing strategies based on
crosswind conditions, and coordinated steering control to maintain lateral stability.
Overall, the findings provide quantitative insight into the aerodynamic mechanisms

governing truck—truck interactions during realistic highway operations and emphasize
the importance of accounting for crosswind effects in evaluating platoon performance in
real-world traffic conditions. These results may support the development of improved
vehicle designs, control strategies, and operational guidelines aimed at maximizing fuel
efficiency while ensuring safety in heavy-duty truck platooning.
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The following abbreviations are used in this manuscript:

CFD Computational Fluid Dynamics
uRANS  Unsteady Reynolds-Averaged Navier-Stokes
RANS  Reynolds-Averaged Navier—Stokes

SST Shear Stress Transport

LES Large Eddy Simulation
DES Detached Eddy Simulation
TKE Turbulent Kinetic Energy
Cp Drag Coefficient

Csg Side Force Coefficient
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