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Abstract

Reducing aerodynamic drag on medium-duty freight trucks is essential for improving
fuel efficiency; however, the relationship between local flow modification, aerodynamic
loads, and propulsion-power demand has not yet been sufficiently quantified. This study
evaluates the aerodynamic influence of a front deflector on a Chevrolet NOR 1015 box
truck using steady RANS CFD with the k—w SST turbulence model under zero-yaw condi-
tions from 50 to 120 km/h. The numerical setup included near-wall inflation layers and
mesh characterization, as well as grid-independence assessments based on Cp, and the
Grid Convergence Index. The deflector produced consistent aerodynamic improvements,
reducing average drag coefficient by 14.1%, while the average lift coefficient decreased
by 73.5%. These aerodynamic changes reduced the average required propulsion power
from 53.86 kW to 50.39 kW, corresponding to a 6.4% reduction, with a maximum saving
of 8.1% at 120 km/h. Pressure, velocity, and pressure-coefficient Cp distributions indicate
that the deflector promotes smoother flow redirection at the cab-box transition, attenuates
suction peaks, and suggests lower pressure losses associated with the separated-flow and
wake regions.

Keywords: CFD; aerodynamic; drag; lift; propulsion power; medium-duty truck; turbu-
lence modeling

1. Introduction

Aerodynamic analysis is a fundamental aspect of truck design because it enables the
assessment and optimization of the interaction between the airflow and the vehicle. Beyond
improving energy efficiency and overall performance, aerodynamics also contributes to
driving stability and safety. For medium- and heavy-duty freight vehicles, aerodynamic
analysis allows the quantification of the forces and pressure loads acting on the bodywork
and associated components, thereby supporting the development of more efficient designs
with reduced resistance to motion. These aerodynamic loads are commonly grouped
into three main components [1]: drag, which opposes vehicle motion and penalizes fuel
efficiency; lift, which may act upward or downward and can affect stability by reducing
tire normal load or increasing ground loading; and side force, which influences directional
stability, particularly under crosswind conditions [2,3].

The complexity of vehicular aerodynamic problems arises from their nonlinear nature
and from the interaction of multiple variables that govern the flow field around the vehicle.
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This complexity often exceeds the capability of traditional analytical methods to deliver
accurate solutions. Consequently, two primary approaches are typically employed: wind-
tunnel testing and Computational Fluid Dynamics (CFD). Both methods provide valuable
means to evaluate and optimize vehicle aerodynamic design [4,5].

Previous studies have shown that modifying external flow can improve vehicle aerody-
namics by reducing air resistance [6-8]. Flow-control devices, including cab and rear deflectors,
can enhance aerodynamic efficiency [9]. A well-designed rear deflector may increase surface
pressure, alter the rear flow, reduce reverse wake flow, and improve road holding [10].

Similarly, vortex-generator strategies—often implemented as small protuberances
and widely used in aeronautics to delay flow separation—have also shown potential in
automotive applications, helping to reduce aerodynamic drag without requiring major
modifications to the vehicle geometry [11-13]. Such devices have been studied in light-
duty vehicle design and have been shown to delay separation and improve aerodynamic
performance, leading to reduced fuel consumption and mitigation of the environmental
impact of combustion [9].

Truck aerodynamics can be improved through cab- and trailer-mounted devices, with
deflectors among the most effective options [10]. Their importance has grown with fuel
costs because trucks typically exhibit high drag and considerable optimization poten-
tial [14]. Recent reviews identify cab deflectors as effective add-ons for reducing drag, fuel
consumption, and emissions, depending on geometry and operating conditions [15].

Table 1 summarizes the most relevant findings from the specialized literature, provid-
ing the conceptual framework that links these previous studies with the motivation of the
present work and the subsequent formulation of its objectives.

Table 1. Summary of Relevant Findings from the Literature.

Author(s) Key Finding (Reduced) Relevance to This Study (Reduced)
1] Air-deflector designs can reduce drag and improve Directly supports selecting a front deflector for truck
heavy-truck aerodynamics. drag reduction.
[2] Vehicle loads split into drag, side force and lift/downforce. Defines core loads to link efficiency and stability.
3] Crosswinds raise side force, reducing directional stability Motivates stability /safety metrics under
i and safety. lateral aerodynamics.
[5] Aerodynamic modifications reduced drag in a bus model,  Supports the relevance of validating drag-reduction
with wind-tunnel substantiation. strategies for box-type road vehicles
6] Flow modification around the body reduces drag and Supports drag reduction via
improves performance. aerodynamic intervention.
[9] Flow-control devices cjlehvgr measurable Reinforces baseline vs. deflector comparison.
aerodynamic gains.
[10] For trucks, deflectors stand Qut as highly effective Justifies focusing on truck deflectors.
add-on devices.
[11] Vortex generators delay separation, lowering drag with Context for separation control and alternatives
minimal changes. to deflectors.
CFD can be used to assess fuel-efficiency effects in Reinforces the CFD-based evaluation of
[13] : : : ,
heavy-duty vehicle configurations. aerodynamic changes and power demand.
[14] Trucks have high drag and large. thl.mlzatlon potential; fuel Motivates the study via power/energy impact.
cost amplifies it.
[15] Deflector benefits depend on geometry and operating Supports evaluating 50-120 km/h and
conditions/speed. discussing sensitivity.
[16] Add-on devices on large road vehicles can reduce drag and Links aerodynamic drag reduction with

improve fuel-consumption-related performance.

energy-related benefits.
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The literature shows that vehicle aerodynamics strongly influences energy demand
and stability through drag, lift, and side forces. Because these flows are nonlinear and
involve separation, wake development, and vortical structures, they are commonly investi-
gated using wind-tunnel testing or CFD. Previous studies also report that deflectors can
improve truck aerodynamics, particularly by reducing drag.

However, important gaps remain. Many studies describe general efficiency gains
without consistently quantifying engineering metrics such as required tractive power over
a representative speed range. In addition, the influence of deflectors is not always examined
through pressure and velocity fields, and relatively few studies simultaneously assess drag,
lift, and road-load power demand in medium-duty box trucks.

Medium-duty freight trucks were selected as the object of study because they represent
a highly used vehicle segment in urban and interurban distribution, where box-type geome-
tries generate considerable aerodynamic resistance under highway operating conditions.
Accordingly, this study presents a comparative CFD assessment of a front deflector on a
medium-duty freight truck under zero-yaw conditions from 50 to 120 km /h.

Accordingly, the main objective of this research is to evaluate, through a comparative
CFD-based approach, the aerodynamic effect of a front deflector on a medium-duty freight
truck operating under zero-yaw highway conditions within the 50-120 km/h speed range.
Specifically, the study aims to: (i) quantify the changes in drag and lift forces and in
their corresponding aerodynamic coefficients between the baseline and deflector-equipped
configurations; (ii) determine how the drag reduction produced by the deflector affects
the required propulsion power; and (iii) interpret the pressure and velocity fields, together
with the pressure-coefficient CP distributions, to identify the dominant flow mechanisms
responsible for the observed aerodynamic behavior.

The remainder of this paper is organized as follows. Section 2 describes the methodolog-
ical framework, including the resistive-force model and CFD setup. Section 3 presents the
numerical results for the baseline and deflector-equipped configurations. Section 4 discusses
the underlying aerodynamic mechanisms, engineering implications, and study limitations.
Finally, Section 5 summarizes the main conclusions and outlines directions for future research.

2. Materials and Methods

This section describes the methodological framework adopted to evaluate the vehi-
cle’s aerodynamic performance and its impact on energy demand using computational
fluid dynamics (CFD). It presents the analyzed configurations, computational domain,
boundary conditions, numerical model, mesh strategy, and main aerodynamic indicators
used to quantify the influence of the front deflector on the flow field and the resulting
aerodynamic loads.

2.1. Aerodynamic Condition

Figure 1, adapted from [17], illustrates a typical reference coordinate system for a
tractor—trailer configuration. Aerodynamic drag acts opposite to the direction of motion
along the X-axis, thereby resisting forward travel, while lift acts perpendicular to the
incoming airflow along the Z-axis. V& denotes the relative inlet velocity associated with an
inflow angle o\alphax when a crosswind component is present.

In the present study, the incoming flow was assumed to be aligned with the vehicle’s
longitudinal axis (3 = 0°), corresponding to zero-yaw, head-on conditions with no cross-
wind component. Under these conditions, the relative inlet velocity V& reduces to the
free-stream velocity (Voo = V). Accordingly, the reference velocity used to calculate the
drag and lift coefficients, Cp and Cy, was taken directly from the investigated speed range
of 50-120 km/h.
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Figure 1. Aerodynamic forces and moments acting on a vehicle.

2.2. Resistive Forces and Required Propulsion Power

Under constant speed conditions on a flat road, acceleration and gradient resistance
were assumed to be zero. Therefore, the total tractive force, Fr, was calculated as the sum
of rolling resistance Fr and aerodynamic drag Fp:

Fr =Fr+Fp @
Rolling resistance Fr was obtained as:
Fr = fRmg 2)

where fR is the rolling resistance coefficient, m is the vehicle mass, and g is the gravitational
acceleration. A constant rolling resistance coefficient of fR = 0.0150 was adopted for all
vehicle speeds.

The corresponding propulsion-power demand was obtained as:

P=Fr-v 3)

where P is the required propulsion power and v is the vehicle speed. Transmission losses
and engine efficiency were not included in this calculation. For this reason, propulsion
power refers to the required tractive power, calculated at the vehicle level. Based on
this balance of forces, Computational Fluid Dynamics (CFD) was used to determine the
aerodynamic drag force and, consequently, to evaluate the total tractive force and the
required propulsion power for both vehicle configurations.

2.3. Computational Fluid Dynamics (CFD)

When Computational Fluid Dynamics (CFD) is used to estimate airflow over truck
surfaces, several stages are required to define and solve the numerical problem [6,13].
In this study, CFD resolved the airflow and quantified the aerodynamic forces for the
baseline and deflector-equipped configurations. The numerical methodology comprised
the definition of the vehicle geometry, computational domain, boundary conditions, mesh,
turbulence model, and solution procedure.

2.3.1. Vehicle Geometry and Configurations

Figure 2a shows the Chevrolet NQR 1015 truck (Chevrolet, General Motors Company,
Detroit, MI, USA) considered in the aerodynamic study, while Figure 2b presents the sim-
plified CAD model developed with SOLIDWORKS 2025 (Dassault Systemes SolidWorks
Corporation, Waltham, MA, USA). This simplification is commonly adopted in comparative
aerodynamic studies to reduce computational cost while preserving the main flow fea-
tures governing drag and wake formation, ensuring that relative performance differences
between configurations remain representative.
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Figure 2. (a) Baseline vehicle configuration considered in this study; (b) simplified CAD model used
for numerical analysis.

2.3.2. Computational Domain

The vehicle length, Lv = 7.055 m, was used to define the longitudinal dimensions of
the computational domain. The inlet was located 2L upstream of the vehicle, while the
outlet was positioned 7L downstream. Lateral and upper clearances were defined as five
times the vehicle width and six times its height, respectively. The resulting blockage ratio
was approximately 1.3% (see Figure 3).

Figure 3. Computational domain representation with dimensions.

2.3.3. Numerical Model, Fluid Properties, and Boundary Conditions

The flow was modeled as steady, incompressible, and turbulent. At the maximum
analyzed speed of 120 km/h, the Mach number remained below 0.3, supporting the
assumption of incompressible flow.

Based on the truck’s height and a representative speed of 100 km/h, the Reynolds
number was approximately 6.5 x 10°, confirming a fully turbulent regime. Turbulence
was represented using the RANS k-w SST model due to its suitability for external flows
involving adverse pressure gradients and separation [5,18,19].

Boundary Conditions

For each inlet velocity between 50 and 120 km/h, a uniform velocity profile was
prescribed at the domain inlet. The turbulence intensity was set to 5%, and the turbulence
length scale was defined as 0.07Lref, where Lref corresponds to the truck height. A static
gauge pressure of 0 Pa was imposed at the outlet. Slip conditions were applied to the side
and upper boundaries of the computational domain, whereas the truck body, deflector,
and wheel surfaces were modeled as smooth no-slip walls. The ground was treated as
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a stationary wall, and the wheels were considered non-rotating. The same boundary
conditions were used for the baseline and deflector-equipped configurations to ensure a
consistent comparative assessment [20].

The main numerical settings used in the CFD simulations are summarized in Table 2.

Table 2. Main numerical setup used in the CFD simulations.

Parameter Value
Solver ANSYS Fluent (Ansys, Inc., Canonsburg, PA, USA)
Flow formulation Steady RANS
Turbulence model k-w SST
Velocity range 50-120 km/h
Yaw angle 0°
Air density 0.83 kg/m?
Inlet turbulence intensity 5%
Outlet gauge pressure 0 Pa

Ground Stationary wall
Wheels Non-rotating
Vehicle walls No-slip
Side and top boundaries Slip
Frontal reference area 6.358 m?

2.3.4. Mesh Characterization and Grid-Independence Assessment

The computational domain was discretized using an unstructured tetrahedral mesh
with 10 inflation layers adjacent to the vehicle surfaces. The first-layer thickness was
1.3 x 107> m, with a growth rate of 1.15. Figure 4 illustrates the near-wall inflation layers
generated around the truck surface.

7 \M 1_.
/ /%o.ooo 0.051 0.100 (m) 3
e X - o
0.025 N 0075 X
Z / 2 X N Ne

Figure 4. Near-wall inflation layers generated around the truck surface for boundary-layer refinement.

Three mesh levels were generated to assess mesh quality and grid-independence:
coarse, medium, and fine. As shown in Table 3, the average y+ values decreased from 5.85
to 4.37 and 3.91 with refinement, indicating improved near-wall resolution for the k-w
SST turbulence model. In addition, the average orthogonal quality increased from 0.746 to
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0.874, while average skewness remained within acceptable limits, confirming the overall
suitability of the discretization.

Table 3. Mesh characteristics and quality metrics.

Parameter Coarse Mesh  Medium Mesh  Fine Mesh
Total number of elements 212.673 243.2557 427.7071
Total number of nodes 99.875 524.854 860.412
Number of inflation layers 10 10 10
Inflation growth rate 1.15 1.15 1.15
First-layer thickness [m] 0.000013 0.000013 0.000013
Maximum global element size [m] 3 2 1
Minimum (y+) 0.62723 0.48524 0.41328
Average (y+) 5.85 4.37 391
Maximum (y+) 42.80514 31.60547 24.90562
Average skewness 0.25123 0.34468 0.34650
Maximum skewness 0.87200 0.88845 0.89574
Minimum orthogonal quality 0.12158 0.14756 0.15328
Average orthogonal quality 0.74608 0.85299 0.87384
Maximum aspect ratio 5897 4625 3987

The evaluation of mesh independence at 100 km/h is summarized in Table 4. The
relative change in Cp decreased from 1.83% to 0.46% between successive refinements, while
the drag force showed the same convergence trend. The low calculated GCI values for Cp
support the numerical reliability of the solution. Therefore, the fine mesh was considered
suitable for comparative aerodynamic analysis.

Table 4. Mesh-independence and GCI assessment at 100 km/h.

Mesh Level Elements Nodes Cp Cr Fp [N] Relative Change in Cp [%] GCI for Cp [%]
Coarse 212.673 99.875 0.5745 0.0248 1169.83
Medium 2.432.557 524.854 0.5640 0.0229 1148.45 1.83 1.27
Fine 4.277.071 860.412 0.5614 0.0221 1142.99 0.46 0.57

2.3.5. Simulation and Post-Processing

The baseline and deflector-equipped configurations were simulated under identical
numerical conditions for inlet velocities ranging from 50 to 120 km/h in increments of
10 km/h. For each case, the drag and lift forces were obtained by integrating the pressure
and viscous contributions over the vehicle surfaces. The corresponding aerodynamic
coefficients were calculated as:

Fy
Cp = py) (4)
F,
CL=—— 5
LS Ta (5)

where Fy and F; are the drag and lift force components, respectively; p is the air density, v
is the inlet velocity, and A is the projected frontal area of the vehicle. The resulting drag
force was subsequently used, together with the rolling resistance, to calculate the required
propulsion power.
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Post-processing included the extraction of pressure and velocity fields, aerodynamic
loads, and local values at the monitoring points P1-P3. The surface pressure-coefficient
was calculated as:

P~ P
Cp = 6
P= T (6)

where p is the local static pressure and pe is the free-stream static pressure. The Cp
distributions were evaluated along the normalized streamwise coordinate x/L to compare
the surface-pressure behavior of the baseline and deflector-equipped configurations.

To complement the global aerodynamic coefficients and provide a localized interpreta-
tion of flow behavior, three numerical monitoring points were placed in the fluid domain
near the vehicle surface to extract local velocity and static pressure values during CFD
post-processing (see Figure 5). Point P1 was located at the front of the cab, representing the
impact or stagnation zone directly exposed to the incident flow. Point P2 was located at
the transition between the cab and the cargo box, where strong local velocity and pressure
gradients were expected. Point P3 was located near the rear upper edge of the cargo box, a
region associated with flow separation and wake formation. Therefore, these points were
not intended to describe the entire surface pressure field, but rather to provide local indi-
cators of the dominant aerodynamic mechanisms: frontal stagnation, flow reorganization
between the cab and the box, and wake behavior.

Figure 5. Identification of characteristic points in the CFD simulation.

The CFD workflow was implemented in ANSYS Workbench-Fluent 2025 (Ansys,
Inc., Canonsburg, PA, USA) using a sequential procedure that includes geometry prepara-
tion, computational domain definition, mesh generation, boundary condition assignment,
numerical solution, and post-processing. The same workflow was applied to both the
reference and deflector configurations to ensure consistent benchmarking across the ana-
lyzed speed range. Subsequently processed aerodynamic loads, local flow variables, and
surface pressure coefficient distributions were used to support the interpretation of pressure
gradients, separation-prone regions, and wake-related flow characteristics that govern the
truck’s aerodynamic response.

3. Results

Based on the CFD simulations, this section presents the aerodynamic and propulsion
power results obtained for the baseline and deflector-equipped configurations. The com-
parison includes global aerodynamic loads, dimensionless coefficients, required propulsion
power, local velocity and pressure values, and surface pressure-coefficient distributions
over the investigated speed range.

3.1. Global Aerodynamic Loads and Propulsion Power

Figure 6 presents the pressure and velocity contours obtained for the baseline and
deflector-equipped configurations at 50, 90, and 120 km/h. Differences between the two
configurations become more evident as vehicle speed increases, particularly near the
cab—box transition and in the downstream flow region.
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Figure 6. Pressure/velocity distribution over the bodywork and wake region at different speeds
(50-90-120 km/h); (a) without deflector; (b) with deflector.

The mean aerodynamic and energy-related indicators calculated over the eight simulated
velocities are summarized in Table 5. The mean drag force decreased from 907.10 N in the
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baseline configuration to 778.68 N with the front deflector, corresponding to a reduction of
14.2%. The mean lift force decreased from 91.70 to 29.46 N, representing a reduction of 67.9%.

Table 5. Summary of the mean aerodynamic and energy indicators over the 50-120 km/h range.

Parameter Unit Baseline Configuration = Deflector-Equipped Configuration Change [%]
Mean drag force, Fp N 907.10 778.68 —14.2
Mean lift force, Ff, N 91.70 29.46 —67.9
Mean drag coefficient, Cp - 0.5763 0.4952 -14.1
Mean lift coefficient, Cy, - 0.0613 0.0163 -73.5
Mean total propulsion force, Fr N 2157.88 2029.46 —6.0
Mean required propulsion power, P kW 53.86 50.39 —6.4

The mean drag coefficient decreased from 0.5763 to 0.4952, equivalent to a reduction
of 14.1%, whereas the mean lift coefficient decreased from 0.0613 to 0.0163, corresponding
to a reduction of 73.5%.

The reduction in aerodynamic drag also decreased the mean total tractive force from
approximately 2157.88 to 2029.46 N, representing a reduction of approximately 6.0%.
Consequently, the mean required propulsion power decreased from 53.86 to 50.39 kW,
equivalent to a reduction of 6.4%.

All reported mean values were calculated as arithmetic means over the eight simulated
inlet velocities. The mean propulsion-power values were obtained from the arithmetic
mean of the eight independently calculated power values and not by multiplying the mean
tractive force by the mean vehicle speed. Negative percentages indicate reductions relative
to the baseline configuration.

3.2. Drag Force, Lift Force, and Required Propulsion Power

Figure 7 shows the variation in drag force, lift force, and required propulsion power
with vehicle speed for both configurations.

As shown in Figure 7a, the drag force increased continuously with speed. In the
baseline configuration, it increased from 295.06 N at 50 km/h to 1669.82 N at 120 km /h (see
Appendix A). With the front deflector, the corresponding values were 254.76 and 1433.87 N.
The deflector therefore produced lower drag force values at every simulated velocity.

Figure 7b shows a similar increase in lift force with vehicle speed. Without the deflector,
the lift force increased from 40.69 N at 50 km/h to 155.69 N at 120 km/h (see Appendix A),
whereas the corresponding values with the deflector were 0.35 and 58.51 N. The lift force
remained positive in both configurations but was consistently lower with the deflector.

Figure 7c shows that the required propulsion power increased nonlinearly with ve-
hicle speed. The difference between configurations also increased with speed. The mean
required propulsion power decreased by 6.4%, while the maximum saving was obtained at
120 km/h, reaching approximately 7.91 kW, equivalent to 8.1% (see Appendix A).

3.3. Aerodynamic Coefficients

Figure 8 presents the variation in the aerodynamic coefficients with vehicle speed for
the baseline and deflector-equipped configurations. Figure 8a shows the drag coefficient,
Cp; varied approximately between 0.57 and 0.58, for the baseline configuration, whereas
the deflector-equipped configuration exhibited values between approximately 0.49 and 0.50.
Whereas the deflector-equipped configuration exhibited values between approximately
0.49 and 0.50. The mean reduction in Cp was 14.1%.

Figure 8b shows that the lift coefficient was also lower with the deflector over the
complete speed range. In the baseline configuration, Cy, decreased from 0.08 at 50 km/h
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to 0.05 at 120 km/h. With the deflector, the values ranged from 0.001 at 50 km/h to
approximately 0.020 at 120 km/h. The mean lift coefficient decreased by 73.5%.

1600 { —®— Without deflector 160 1
—— With deflector 140
1400 -
e 120
Z 1200 =
o Z. 100 A
£ 1000 3
L :§ 80 1
g 800 £ 60
(=) -l
600 - 40 1
400 - 20
200 ; : ; : ; : : 01m : . : . - - -
50 60 70 80 90 100 110 120 50 60 70 80 90 100 110 120
Speed [km/h] Speed [km/h]
(a) (b)

100k A

80K

60K

40Kk

Required propulsion power [W]

20K 1

50 60 70 80 90 100 110 120
Speed [km/h]

(c)

Figure 7. Variation with vehicle speed of: (a) drag force; (b) lift force; and (c) required propulsion
power for the baseline and deflector-equipped configurations.
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Figure 8. Variation in the aerodynamic coefficients with vehicle speed for the baseline and deflector-
equipped configurations: (a) drag coefficient, Cp; and (b) lift coefficient, Cr..

Local Velocity and Static Pressure Response

Figure 9 presents the local velocity values obtained at monitoring points P1-P3. At all
three points, local velocity generally increased with vehicle speed, while lower values were
obtained for the deflector-equipped configuration.

At P1, the mean local velocity decreased from 36.79 to 18.10 m/s. At P2, it decreased
from 34.94 to 10.45 m/s, while at P3 it decreased from 8.90 to 0.64 m/s. These reductions
correspond to approximately 50.8%, 70.1%, and 92.8%, respectively.
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Figure 9. Local flow velocity versus vehicle speed at monitoring points P1-P3, with and without the
front deflector. (a) velocity at point 1, (b) velocity at point 2, (c) velocity at point 3.

Figure 10 presents the corresponding static pressure values. At P1, pressure increased
with vehicle speed and showed only small differences between configurations. At P2, the
baseline configuration exhibited positive pressure values, whereas the deflector-equipped
configuration produced negative values, reaching approximately —146 Pa at 120 km/h. At
P3, negative pressures were obtained for both configurations, with more negative values
generally observed with the deflector.

3.4. Surface Pressure-Coefficient Distributions

Figure 11 presents the surface pressure-coefficient distributions along the normalized
streamwise coordinate x/L at 50, 90, and 120 km/h.

For the baseline configuration, Figure 11a shows a pronounced negative Cp peak
near x/L ~ 0.23, with values ranging approximately from —2.1 to —2.6, depending on
vehicle speed. Downstream of this location, the pressure-coefficient partially recovered but
remained predominantly negative.

For the deflector-equipped configuration, Figure 11b shows smoother Cp variations,
with most values lying approximately between 0 and —0.3. The pronounced negative
peak observed in the baseline configuration was substantially attenuated at all three ana-
lyzed speeds.

The results presented above quantify the effects of the front deflector on the aerody-
namic loads, local flow variables, and propulsion-power demand. The following section
discusses the physical mechanisms underlying these changes, particularly the flow re-
organization at the cab-box transition and the resulting modifications in drag, lift, and
power requirements.
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Figure 10. Local flow velocity as a function of vehicle speed for the reference and deflector configura-
tions: (a) velocity at point 1, (b) velocity at point 2, (c) velocity at point 3.
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Figure 11. Pressure-coefficient distributions along the normalized streamwise position (x/L): (a) ref-
erence configuration without a deflector; (b) configuration with a deflector.

4. Discussion

The results show that the front deflector produces a consistent aerodynamic benefit
over the entire investigated speed range. Rather than acting only as a local attachment, the
deflector modifies the flow path between the cab and the cargo box, thereby altering the
pressure distribution, aerodynamic loads, and required propulsion power. The following
subsections discuss the physical mechanisms associated with these changes, compare the
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findings with previous studies, and identify the main practical implications and limitations
of the numerical approach.

4.1. Global Aerodynamic Performance

The reduction in drag obtained with the front deflector remained nearly constant
throughout the 50-120 km/h range, as reflected by the relatively stable difference in
Cp between the two configurations. This behavior indicates that the deflector primarily
modifies the overall pressure-drag mechanism rather than producing a benefit restricted
to a single operating speed. For a bluff-body vehicle such as a box truck, aerodynamic
resistance is strongly influenced by pressure differences between the frontal and down-
stream regions. The lower Cp values obtained with the deflector are therefore consistent
with a more favorable redistribution of surface pressure and a reduction in pressure-
related losses.

The reduction in drag directly affected the required propulsion power. Because the
total tractive force includes both rolling resistance and aerodynamic drag, the corresponding
power demand comprises a component approximately proportional to vehicle speed
and an aerodynamic component that increases approximately with the cube of speed.
Consequently, the relative benefit of the deflector became more evident at the upper end of
the investigated range, where aerodynamic drag represented a larger fraction of the total
resistance to motion.

The deflector also produced a substantial reduction in positive lift. Because the
calculated lift remained positive, the result should not be interpreted as the generation of
aerodynamic downforce, but rather as a reduction in aerodynamic unloading. In other
words, the upward force acting on the vehicle was reduced, slightly increasing the effective
normal load on the tires. Nevertheless, the magnitude of this change is small relative to the
vehicle weight; therefore, no direct conclusion regarding handling or tire adhesion can be
established from the present steady-state aerodynamic analysis alone.

4.2. Local Flow Reorganization

The local velocity and pressure values recorded at P1-P3 indicate that the deflector
alters the flow field differently depending on the position around the vehicle. At P1,
located near the frontal region, the pressure response changed only slightly between
configurations, suggesting that the main stagnation behavior at the vehicle front was not
substantially modified.

The most pronounced differences occurred near P2, at the cab-box transition. In
this region, the deflector produced a marked decrease in local velocity and changed the
static pressure from positive to negative values. These simultaneous changes should not be
interpreted through a simplified Bernoulli relationship. P2 represents only a local numerical
sampling point and may lie within a region influenced by recirculation, geometry-induced
suction, or displacement of the principal external flow. Therefore, the variations at P2 are
better interpreted as indicators of local flow reorganization rather than as direct proof of
the complete drag-reduction mechanism.

At P3, the lower velocity values obtained with the deflector indicate that the upstream
modification of the flow also affects the downstream region. However, because a single
monitoring point cannot fully characterize the wake structure, these values should be
interpreted together with the pressure contours, surface Cp distributions, and integrated
aerodynamic forces.

Surface-Pressure Mechanism

The surface pressure-coefficient distributions provide a broader interpretation of the
aerodynamic mechanism than the isolated monitoring points. In the baseline configuration,

https://doi.org/10.3390/vehicles8070167


https://doi.org/10.3390/vehicles8070167

Vehicles 2026, 8, 167

15 of 19

the pronounced negative Cp peak near the cab-box transition indicates a strong pressure
disturbance associated with the abrupt geometric change between the cab roof and the
cargo body. Such a feature is characteristic of a region where the flow is rapidly redirected
and may experience strong adverse pressure gradients.

With the deflector, the Cp distributions become smoother and the sharp negative
peak is markedly attenuated. This behavior suggests smoother flow redirection at the
cab-box transition and lower pressure losses in the separated-flow region, consistent with
the reductions in drag and lift.

Nevertheless, the available evidence does not fully quantify flow separation or wake
recirculation. A more detailed assessment would require velocity vectors, streamlines,
wall-shear-stress distributions, vorticity contours, or transient analysis. Therefore, the
pressure-coefficient results indicate flow reorganization but do not provide a complete
characterization of the separated-flow topology.

Overall, the aerodynamic benefit of the deflector is attributed primarily to the modifi-
cation of the cab—box transition flow, which produces a more gradual pressure variation
and a more favorable distribution of aerodynamic loads. This mechanism is consistent with
the reductions observed in drag coefficient, lift coefficient, and required propulsion power.

4.3. Comparison with Previous Studies

The drag reduction obtained in the present study is within the range reported for
aerodynamic add-on devices applied to trucks and other large road vehicles. Previous
studies have shown that cab-mounted deflectors, roof fairings, rear extensions, and other
flow-control devices can reduce aerodynamic resistance by modifying pressure gradients
and wake development [1,5,14,16]. The present results therefore agree with the general
trend reported in the literature (see Table 6), although the exact magnitude of the improve-
ment depends strongly on vehicle geometry, deflector shape, Reynolds number, yaw angle,
ground treatment, and turbulence-model selection.

The average reduction in Cp obtained here is comparable with the improvements
reported for several truck and bus configurations equipped with external aerodynamic
devices. However, direct numerical comparison should be made cautiously because some
studies report drag-force reduction, others report drag-coefficient reduction, and others
infer fuel-consumption benefits. These quantities are related but not equivalent.

Table 6. Comparison of the results obtained with relevant previous studies.

Vehicle & Speed A Cp AFp ACp Energy
Study Device Range/Yaw Method [%] [%] [%] Metric Notes
Medlum- CFD (RANS . It deter-mmes
duty freight ) Required drag, lift and
k-w SST);
Present truck front 50-120 km/h; . power power, and
5 fixed ground; 14.1 14.2 73.5 o .
study deflector 0° yaw —6.4% on relates it to
turbulence
(cab- 50, average pressure/speed
mounted) ° fields.
Heavy truck; Fuel con-  Frontal pressure
two roof 110 km/h CFD (RANS sumption reduction and
[1] . (30 m/s); { 4.07-19.80 1.73-19.79 NR P
air-deflector standard k-e¢) —19.79% wake pressure
desi yaw NR
esigns (best case) recovery
Intercity bus; (CFDI\-iT-Rwin d- CF]lD:l(uA;IIiSYS Reduced wake
[5] rear boat-tail ! NR 18.64 NR NR recirculation and
. tunnel k-w) + wind
extension L drag
substantiation) tunnel
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Table 6. Cont.
Vehicle & Speed A Cp A Fp AC Energy
Study Device Range/Yaw Method [%] [%] [%] Metric Notes
Small CFD (ANSYS Combined front
commercial Fluent; and rear
[14] vehicle 40_zevk§lR/ h; compares 16.0-57.5 NR NR NR modifications;
(scaled y turbulence Cp varies with
model) models) speed.
Cc(z)r:(f}r:fsl;l 23.8m/s Wind Fuel con- Cc(l)emv?clgss
[16] ’ (~85.7km/h);  tunnel + CFD  8.63 (max) NR NR sumption L
add-on o S o aerodynamic and
. 0° yaw validation —3.92% .
devices energy impact

Note: NR = not reported in the accessed source; values are taken as reported by each study and are not directly
comparable unless similar vehicle geometry, yaw, and Reynolds number are used.

A specific contribution of the present work is the simultaneous evaluation of drag,
lift, and required propulsion power over a broad speed range. While many studies focus
on drag coefficient at a single operating condition, the present analysis links aerodynamic
modification to the mechanical power required to overcome road-load resistance. Including
lift also provides insight into the vertical aerodynamic response, although full vehicle-
dynamics effects are beyond the scope of this study.

4.4. Engineering Implications

From an engineering perspective, the results indicate that a front deflector can provide
a consistent reduction in aerodynamic resistance without requiring major modification
of the vehicle body. The benefit becomes increasingly relevant at higher speeds, where
aerodynamic drag contributes more strongly to total propulsion-power demand.

The reduction in required propulsion power should not be interpreted directly as an
equivalent reduction in fuel consumption, because engine efficiency, transmission losses,
driving cycle, road gradient, vehicle loading, and operating strategy were not included.
Nevertheless, the lower wheel-level power requirement indicates a clear potential for
reducing energy consumption under comparable operating conditions.

The results also show that the deflector modifies the positive lift acting on the vehicle.
Although the effect is small relative to vehicle weight, it demonstrates that aerodynamic
add-on devices can influence not only drag but also the vertical load distribution. This
aspect should be considered in future optimization studies, particularly when deflector
geometry is varied.

4.5. Study Limitations and Future Research Directions

This study was conducted using steady-state CFD simulations under zero-yaw con-
ditions, providing a suitable framework for comparing the aerodynamic behavior of the
baseline and deflector-equipped configurations. However, this approach does not account
for transient flow effects, crosswind conditions, or unsteady vortex dynamics that can occur
during real-world driving conditions.

Furthermore, the road surface was modeled as a stationary wall and the wheels
as non-rotating. Although these assumptions reduce computational complexity and are
common in comparative aerodynamic studies, they may affect the absolute values of drag,
lift, and near-ground flow. Therefore, the results should be interpreted mainly in terms of
relative differences between configurations rather than as a complete representation of real
road conditions.

Future research should consider moving-ground conditions [19], wheel rotation [20,21],
crosswinds [22,23], different vehicle load states, and optimization of the deflector angle,
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height, and position [24]. Wind-tunnel or on-road validation would strengthen the findings
and better relate the numerical results to real-world energy-consumption benefits [5].

5. Conclusions

CFD simulations of the Chevrolet NQR 1015 medium-duty truck over the 50-120 km/h
range showed the expected increase in aerodynamic drag with vehicle speed. The aerody-
namic contribution to the required propulsion power increased approximately with the
cube of speed, whereas the total tractive-power demand also included the rolling-resistance
contribution. Mesh characterization and grid-independence assessment supported the
numerical consistency of the observed trends.

The front deflector produced consistent aerodynamic improvements under the mod-
eled conditions. Mean drag force decreased by 14.2%, while the mean drag coefficient
decreased by 14.1%. These reductions lowered the mean total tractive force and reduced the
mean required tractive power from 53.86 to 50.39 kW, corresponding to a 6.4% reduction.
The maximum power saving reached 8.1% at 120 km /h, indicating that the benefit becomes
more pronounced as aerodynamic resistance accounts for a larger fraction of the total
road load.

The deflector also reduced the positive vertical aerodynamic load. Mean lift force
decreased by 67.9%, and the mean lift coefficient decreased by 73.5%. Because lift remained
positive, this result represents a reduction in aerodynamic unloading rather than the
generation of downforce. However, the change was small relative to the vehicle weight,
and no direct conclusions regarding handling or tire adhesion can be drawn from the
present steady-state aerodynamic analysis alone.

The pressure, velocity, and surface pressure-coefficient results suggest that the primary
aerodynamic mechanism is associated with flow reorganization at the transition between
the cabin and the box. The deflector promotes a smoother flow redirection, attenuates
suction peaks, and suggests lower pressure losses associated with the separated flow and
wake regions.

Future work should include experimental validation through wind-tunnel or road
measurements, along with simulations incorporating moving ground, rotating wheels,
transient flow effects, and crosswind. Additional geometric optimization of the deflector
angle and position is also recommended to further improve the balance between drag
reduction, lift behavior, and propulsion-power demand.
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fr rolling resistance coefficient

Fp aerodynamic drag force (N)

FL lift force

Cp drag coefficient

CL lift coefficient

Cp pressure coefficient

P air density (kg/m?)

A vehicle frontal area (m?)

v air/vehicle speed (m/s)

p required power (W)

o yaw angle

Vo relative inflow velocity

Re Reynolds number

L characteristic length

Appendix A

Table Al. Results in the simulation without a deflector.
Velocity [km/h] 50 60 70 80 90 100 110 120
Velocity [m/s] 13.89 16.67 19.44 22.22 25.00 27.78 30.56 33.33
Drag force [N] 295.06 425.02 564.29 761.87 962.78 1160.32 1417.65 1669.82
Lift force [N] 40.69 48.26 54.92 77.81 100.23 123.43 132.59 155.69
Drag coeficiente Cp 0.58 0.58 0.57 0.58 0.58 0.57 0.58 0.57
Lift coefficient Cj, 0.08 0.07 0.06 0.06 0.06 0.06 0.05 0.05
Normal force [N] 83,425.69 83,433.26 83,439.92 83,462.81 83,485.23 83,508.43 83,517.59 83,540.69
Rolling resistance [N] 1251.39 1251.50 1251.60 1251.94 1252.28 1252.63 1252.76 1253.11
E‘t’;ﬂl"&‘:]“"e force, 154644 167652 181589  2013.82 221505 241295 267041  2922.93
Required power [W] 21,478.39 27,941.93 35,309.01 44,751.45 55,376.36 67,026.3 81,595.98 97,431.01
Power difference [W] 91,052.61 84,589.07 7722199  67,779.55 57,154.64 45,504.7  30,935.02  15,099.99
Pressure at Point 1 [Pa] 81.52 117.34 159.45 207.94 263.07 324.43 393.02 467.69
Pressure at Point 2 [Pa] 76.59 115.55 141.96 164.96 228.92 185.60 319.06 345.64
Pressure at Point 3 [Pa] —9.00 —13.60 —20.80 —26.13 —32.22 —45.38 —55.22 —59.45
Velocity at Point 1 [m/s] 22.38 27.29 31.88 35.83 38.82 41.10 47.23 49.76
Velocity at Point 2 [m/s] 22.22 26.77 30.75 31.72 36.61 38.17 45.73 47.58
Velocity at Point 3 [m/s] 5.25 6.14 6.96 7.51 9.18 11.19 12.44 12.53

Table A2. Simulation results with a deflector.
Velocity [km/h] 50 60 70 80 90 100 110 120
Velocity [m/s] 13.89 16.67 19.44 22.22 25.00 27.78 30.56 33.33
Drag force [N] 254.76 365.90 495.92 645.47 813.68 1004.56 1215.27 1433.87
Lift force [N] 0.35 8.69 15.18 24.20 36.05 42 .86 49.82 58.51
Drag coeficiente Cp 0.5005 0.4992 0.4971 0.4953 0.4934 0.4934 0.4933 0.4891
Lift coefficient Cr, 0.0010 0.0120 0.0150 0.0190 0.0220 0.0210 0.0200 0.0200
Normal force [N] 83,385.35  83,393.69 83,400.18 83,409.20  83,421.05 83,427.86 83,434.82 83,443.51
Rolling resistance [N] 1250.78 1250.91 1251.00 1251.14 1251.32 1251.42 1251.52 1251.65
g’é‘:;ln[}zc]“"e force, 150554 161680 174692  1896.61  2065.00 2255.98 2466.79 2685.52
Required power [W] 20,910.24  26,946.67 3396794  42,146.84 51,624.92 62,666.05 75,374.21 89,517.42
Power difference [W] 91,620.76  85,584.33 78,563.06 70,384.16  60,906.08 49,864.95 37,156.79 23,013.58
Pressure at Point 1 [Pa] 81.5841 117.4100 159.7245 208.4758 263.9280 325.4788 394.1940 468.0200
Pressure at Point 2 [Pa] —25.1509 —35.7815 —48.9558 —64.3261 —79.4496 —101.2147 —124.2600 —146.1360
Pressure at Point 3 [Pa] —12.8903 —18.6755 —25.2953 —329375 —41.6306 —51.2787 —62.7922 —73.0235
Velocity at Point 1 [m/s] 9.9529 11.9469 13.9363 15.9258 17.9152 19.9112 21.9073 33.2941
Velocity at Point 2 [m/s] 4.6152 5.7668 7.9763 10.1857 12.3952 12.8453 13.2954 16.5226
Velocity at Point 3 [m/s] 0.3342 0.3927 0.4954 0.5980 0.7007 0.7843 0.8678 0.9488
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