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Abstract

In high-performance motorsport, the thermal management system is a critical component for ensuring optimal
operating conditions of the vehicles. The system is vulnerable to the debris encountered on track; for this reason,
protective grilles are commonly installed ahead of the radiator and other heat exchangers. However, those intro-
duce static pressure losses due to their aerodynamic blockage effect. Accurate and cost-effective modeling of the

grille effect is crucial to ensure enough cooling is provided while maximizing the aerodynamic performance.

The proposed objectives of this research project are to first identify the main pressure drop drivers and then find
an accurate and cost-effective numerical model allowing for the simulation of any arbitrary grille geometry. The
impact of the grille location and geometrical construction on the radiator was also analyzed to find an optimum
in terms of cooling efficiency and aerodynamic performance. The investigation has been performed through
Computational Fluid Dynamics (CFD) RANS simulations conducted with Ansys Fluent. Multiple attempts of
validation of the numerical results were done in the radiator test bench available at Dallara, unfortunately, resulting

in unsatisfactory reproducibility and coherence of the outcomes.

The investigation identified the hexagonal mesh pattern with a circular wire as the grille configuration that delivers
the lowest static pressure losses while maintaining an equivalent level of debris protection. Pressure loss was
found to be slightly more sensitive to changes in wire thickness than to variations in opening size. In both cases,
the optimal configuration lies at the structural and functional limits of the grille: the wire should be as thin as
structurally viable, and the openings as large as possible.

Although the pressure loss registered across the grille and radiator was independent of the distance between the
two, the radiator showed an increased aerodynamic efficiency when the distance between the two was minimized,
making this setup choice preferable whenever possible. The research also highlighted the potential benefits of
using protective grilles to deflect the airflow and align it with the radiator’s inlet face. However, the complexity of
achieving an optimized grille design, combined with the additional costs associated with custom manufacturing,

deemed the concept impractical.

The data collected from the numerical tests on various grille configurations served as the foundation for develop-
ing a mathematical model capable of predicting pressure losses for an arbitrary grille at a given incoming flow
speed, within the range of 6 to 22 ms~!. This formulation was subsequently used to represent the grille as a
porous medium. Validation was performed numerically, and the modeled grille in series with a radiator exhibited
a total pressure loss only 0.5% higher than the configuration where the grille was modeled geometrically in series

with the radiator, confirming the robustness and accuracy of the approach.

The research advanced the understanding of the aerodynamic impact of motorsport protective grilles, shedding
light on the relative impact of their key geometrical parameters and positioning with respect to the radiator on
the pressure losses. Looking ahead, the developed grille modeling provides a robust and accurate method for
simulating its aerodynamic impact, paving the way for reducing safety margins in cooling system design and for

further iterations and validation tests to ultimately implement it in full-scale car simulations.
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Introduction

Radiators are critical components in the thermal management system, with applications ranging from industrial to
stationary and automotive. Their correct functioning directly impacts the system’s overall reliability and ensures
operational stability. Diving into the automotive world, despite their crucial role, radiators are vulnerable to the
presence of debris encountered on the road, which might damage the fins, or even worse, the tubes containing
the coolant fluid, reducing their efficiency or bringing it to a premature failure. This topic acquires even more
importance in the context of motorsport applications, where the margins on the cooling requirements are reduced,
and the cars are more exposed on track to the presence of harmful debris.

Radiator protective grilles are deceptively simple, but an essential solution to this problem. If properly designed,
they block the majority of the debris collected during a race, which would otherwise hit the radiator, while pre-
serving the airflow needed for the correct functioning of the radiator. However, their presence restricts the airflow
and, in turn, also the cooling performance, introducing a fundamental engineering trade-off: between increasing
protection and maximizing the airflow. The aim of this report is therefore to analyze the static pressure drop driver
parameters alongside their relative importance, to provide all the necessary information needed for an efficient

grille design, both in terms of the geometrical structure of the grille and position with respect to the radiator.

From a numerical perspective, high-fidelity simulation of protective grilles is computationally expensive, due
to their fine geometrical structure, which requires dense volume meshes. To better manage this, without losing
its influence on the flow, the grille has to be modeled in a simplified way. This project also aims to derive a

mathematical parametrization that can be used as a backbone for the modeling of the grille.

The report is structured in three macro sections: the literature study, methodology, and results. The first one will
serve as a starting point for the research, presenting the available knowledge on the topic, and will end with the
definition of the areas of focus of the research. In the methodology section, the description of both the numerical
and experimental setups used to answer the research questions is outlined. The general approach to the research
is also described here, outlining the reasons behind the approaches taken and considerations made throughout the
project. Finally, in the results section, all the numerical results are presented, and their quality and validity are

discussed.
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Previous Aerodynamic Studies

Thermal management is a key aspect of a vehicle design, responsible for maintaining the optimal operating con-
ditions of the principal systems of the car, such as the engine, powertrain, brakes, and the cockpit environment.
Proper thermal control ensures mechanical efficiency, safety, and reliability of the components.

Within the world of motorsport, the importance of thermal management is amplified due to three main aspects
(Hansra [11]):

 High engine power density, hence producing more heat and requiring more cooling

* The need to maximize the aerodynamic performance, usually leading to tight packaging constraints limiting

the amount of airflow reaching the radiators
* The need to minimize weight, limit the amount of coolant fluid, and the size of fans and radiators

The majority of race cars present protective grilles placed in front of the radiator to address the critical need to
protect the cooling system (Zhang et al. [46]). The grille acts as a barrier, preventing debris, stones, and any other

objects present on the road from striking the radiator at high speeds, damaging it.

2.1. Aerodynamic Considerations for Grille Design

As explained by Zhang et al. [46], one of the principal drawbacks of the protective grilles is the non-uniformity of
the airflow past the grille opening. According to Kubokura et al. [21], non-uniform airflow may lead to a drop in
radiator heat rejection performance of up to 10% compared to an equivalent cooling configuration with uniform
inflow, even though the average flow velocity is the same.

This effect is very well visible in Figure 2.1, where the flow velocity drops significantly in the proximity of the

grille struts.
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Radiator
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Figure 2.1: Stream-wise velocity on a plane at highway speed (70 mph) with the fan off condition, on a Hyundai Veloster, Zhang et al. [46].

Zhang et al. [49] claims that the grille’s geometry and placement are directly responsible for how the air flows
to the radiator. A consistent part of the total drag of a vehicle is generated by internal flow resistance, which is
closely related to the thermal management and cooling. When designing a protective grille, it is hence important
to keep in mind that it plays a key role in balancing the air resistance and the thermal management performance.
For cases when the grille is not enclosed together with the same component to be cooled, poor orientation or
placement of the grille can lead to the flow missing the radiator partially or completely, reducing the cooling
effectiveness (as shown in Figure 2.2 a).

Velocity (kph)
0.0000 9.0000 18.000 27.000 36,000 45.000
(a) (b)

Figure 2.2: Comparison of velocity fields between two grille designs, Zhang et al. [46].

Blocking the futile openings forces the flow to be channeled into the remaining ones, enhancing the cooling
performance (Figure 2.3).
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(a) (b)
Prossure (Pa)
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Figure 2.3: Comparison of pressure nephogram between fully open grille (a) and grille with upper closure (b), Zhang et al. [46].

The last point of attention raised by Zhang et al. [49] is on the aerodynamic interaction between components,
especially when the flow is channeled to the radiator through two different openings. As shown in Figure 2.4,
in the case investigated, the airflow entering from the lower side of the grille has an upwashing impact on the
upper airflow, reducing the cooling efficiency of the latter, which partially overshoots the radiator. As a result,

configuration (b) has a similar cooling performance to configuration (a), but significantly lower drag, since only
the lower opening is present.

(a) (b)
Velacity (kph)
0,000 9.0000 18,000 27.000 36.000 45,000

Figure 2.4: Comparison of velocity fields between a grille with an upper grille (a) and without (b), Zhang et al. [46].

2.2. Environmental Considerations for Grille Design

The main reason for installing protective grilles in front of race car radiators is to shield from debris, such as
rubber marbles shed by hot and degrading tires during on-track running. It comes as a natural consequence that
a driving factor in the design of protective grilles is their ability to sustain the impact of the debris, while still

allowing enough air to pass through to meet the cooling requirement and avoid overheating of the engine.
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Corfield et al. [6] investigated the problem of rubber marbles blocking the gaps in a double-element wing, reducing
its aerodynamic efficiency. The debris was reproduced using blocking tape, allowing it to simulate its blockage
in a controlled and repeatable way, as shown in Figure 2.5. The blockage width of the tape was increased at a
Reynolds number of 7.4 x 10° from 10% to 100% of the span.

As most of the aerodynamic losses registered by a protective grille are in terms of pressure drag Yildiz et al. [44],
it is interesting to focus on the drag coefficient loss presented in Figure 2.6. Interestingly, a sudden drop of drag
was registered at the minimum tape width tested, and it remained constant until 70% of the span width, when it

increased to a higher value than the clean configuration.

#  clean
+  tape

¥ clean
+  tape
} +
1 +

10 20 30 40 50 60 T0 80 80 100
Blockage width (% of span)

Fi 2.5: T lock fiel L. [6]. . .
igure 2.5: Tape blockage setup, Corfield et al. [6] Figure 2.6: Debris force variation, Corfield et al. [6].

Corfield et al. [6] also discusses how the aerodynamic efficiency of the wing is highly dependent on the location
of the blockage, resulting in being more detrimental when occurring in the middle, which is a region of high
sensitivity.

Closely looking into the flow characteristics around the tape region shown in Figure 2.7, it is clearly visible how
the airflow separates behind the tape, diverging outwards.

Translating this investigation on the double wing to the grille design, it is possible to conclude that the presence
of marbles is detrimental to the airflow, leading to regions of separation behind the blockages, and their influence
on the flow quality depends both on the size and position of the debris.

Wall Shear Stress. Magnitude (Pa)
:‘;_).__r:_l_o 30.00 40.00

0.00 10.00 50.00 &0.00

Figure 2.7: CFD surface streamlines on the underside of the main element, Corfield et al. [6].

Given the detrimental effect of rubber marbles on aerodynamic efficiency, it becomes relevant to the design of
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a grille, the choice of material, aiming at reducing the percentage of marbles that remain stuck to the grille. On
this end, Tiwari et al. [38] and Persson et al. [30] state that increasing the surface roughness generally leads to a
strong reduction in adhesion between rubber and hard surfaces.

Pegasus Auto Racing Supplies [28] mentions that protective grilles for motorsport applications can vary in open-
ing size depending on the type of track the car races into. The finest grilles can block even fine obstacles of
just under 2 mm, with square openings of about 2 mm, which are suitable for an application where there is a
significant amount of dust collected by the vehicle, like in off-road races. There are then larger grille meshes,
which can span from square openings of about 3-4 mm for races where the exposure to debris is limited, all the
way to the largest ones with openings of 5-6 mm, mostly used in races where the tracks are clean and there is
very low probability of encountering small debris. The wider the openings, the more open area there is, so the
less the blockage effect of the grille on the flow.

2.3. Grille Wake Analysis Outside Automotive Applications

Tian et al. [37] analyzed the wake of two configurations of two grilles (one with a circular, the second with a
rectangular pattern, Figure 2.8) placed in front of an outdoor room conditioner.
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1.50
113
0.75
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0.00
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\ \\‘\\\\\\\\

Type-A grille Type-B grille

Type-A grille

Type-B grille

Figure 2.8: Grille types configurations, Tian et al. [37]. Figure 2.9: Turbulence kinetic energy contours of grille type-A and

type-B, Tian et al. [37].
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Figure 2.10: Comparison of axial velocity distributions between PIV and CFD for grille type-A and type-B, at the outlet plane at 3.5 mm
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From the turbulent kinetic energy distribution of the two grilles, presented in Figure 2.9, the annular grille shows
an overall lower and more uniformly distributed turbulent region. The rectangular grille instead has very localized
vortex-shedding regions.

This consideration is supported by the axial velocity distribution at an outplane 3.5 mm downstream from the
grille, in Figure 2.10. Both show momentum deficits caused by the struts, but the higher concentration of turbulent
kinetic energy of grille type A is reflected by a velocity profile that dips sharply in this region. Although the
stronger turbulence translates into a 9% loss of mass flow through the grille, it also allows the flow to mix faster,
resulting in a more uniform axial velocity distribution at the 25.5 mm, which is generally more convenient for

cooling purposes, Kubokura et al. [21].

Thijs et al. [36] confirmed the enhanced mixing effect, showing the peak turbulence intensity happening closer

to the honeycomb grille when increasing the Reynolds number (Figure 2.11).
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Figure 2.11: Streamwise turbulence intensity for increasing Reynolds numbers at the center of the channel, Thijs et al. [36].

The wake is highly dependent on the value of the Reynolds number. At Reynolds numbers between 1x10° and
4x10°, Li et al. [23] state that the flow is more prone to cause flow blockage due to large-scale turbulent separation.
Airflows at low Reynolds numbers have delayed separation, with the presence of large laminar separation bubbles
and thicker boundary layers. At high Reynolds numbers (5.2x10° to 2.2x107, which is a value in the range of
typical motorsport applications), Wang et al. [41] reveal that small-scale turbulence becomes more abundant and
finer, resulting in higher turbulent kinetic energy and more unsteadiness. This promotes an earlier transition, with

smaller separation bubbles, hence a thinner boundary layer and reduced losses.

2.4. Grille Presence Effect Outside Automotive Applications

Kogal et al. [20] investigated the impact of a protective grille on the cooling performance compared to a setup

without the grille.

The test was set up utilizing a regular grille with a rectangular and uniform pattern, with the incoming flow at 10
ms~!, the fan speed of 1964 rpm, the coolant flow rate of 21 L min ', and coolant inlet temperature of 70°C.

The setup is shown in Figure 2.12, and the results obtained are summarized in Figure 2.1.
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Parameter With grille | Without grille

Cooling load (kW) 20.72 19.58

Table 2.1: Comparison of cooling performance with and without
protective grille, Kogal et al. [20].

Figure 2.12: Test Setup, Kogal et al. [20].

The configuration with the grille showed an increase in cooling load. Kogal et al. [20] explains that the grille
focuses the flow more efficiently, guiding the airflow and limiting the swirling effects, which are detrimental to
the cooling performance.

Racing cars don’t typically have a cooling fan sucking air from the radiator; hence, the swirling effects are very

limited, so the opposite effect to the one observed here may occur.

2.5. Flow Velocity Re-Distribution Around a Perforated Plate

Baines et al. [2] investigate the axial distribution of the flow upstream and downstream of a perforated plate. The
setup used for the study is shown in Figure 2.13. In a fully developed and undisturbed flow constrained inside a
channel, the velocity of the stream is higher at the core and lower at the sides. When such a flow encounters a
perforated plate, this one acts as a dam, partially resisting the passage of the flow. The resistance is proportional to
the square of the velocity: this generates a higher resistance at the core and lower at the sides. The larger pressure
builds up in the center, pushing the flow towards the walls, where the velocity is lower, and so the resistance of
the perforated plate.

s !
06 s
A 50234 <
04—+ M=8" e
b=|" ________:;::;
0.2 } T
(c) 7|1
% 02 0.4 0§, 08 10 12
Vo
Effective b= M—-095 D Figure 2.14: Effect of perforated plate on a simulated axially

symmetric wake, Baines et al. [2].

Figure 2.13: Perforated plate setup, Baines et al. [2].

This effect generates the axial velocity distribution as depicted in Figure 2.14. The axial distribution is shown in
terms of %, where B is the width of the duct. The effect is present both upstream and downstream of the screen,

although it is more evident upstream.
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2.6. Grille Opening Parameters

Leaving styling considerations aside, the shape and size of the airflow intake opening are of utmost importance
for the efficiency of the cooling system, as they control the quantity of air that reaches the radiator. The geometric
characteristics that have the greatest impact on the blocking effect of the grille will be discussed below.

2.6.1. Grille Opening Size Parameter

A thorough investigation of the influence of the size of the grille opening on the drag coefficient and mass flow
rate reaching the CRFM (condenser, radiator, and fan module) is performed by Kim et al. [17]. The car chosen
for the test is a small passenger car, presenting three front grilles channeling air to the CRFM, as illustrated in
Figure 2.15. All the tests are performed numerically, utilizing the CFD software Ansys Fluent with k-¢ as a

turbulent model, simulating a driving speed of 110 kmh—!.

Upper Grille upper €<——

Upper Gnlle lower €

Lower Grille «—

Figure 2.15: Grille shape of small passenger car, Kim et al. [17].

The grille opening size parameter was varied by changing the lengths h and H and the widths w and W (as
illustrated in Figure 2.15 from -20% to +20% from the center of the grille, resulting in an area change from -40%
to +40%, while maintaining the same shape. From the drag coefficient and mass flow rate obtained numerically
in Figure 2.16 and Figure 2.17, Kim et al. [17] conclude that there is a direct proportionality between opening
size and both mass flow rate and drag generation. The same effect is also observed by Petrov [31], suggesting

that the effect is not limited to a single methodology but may represent a general trend.

0.4175 10
0.4170- i ¥ 138}
2
_ 0.41654 ‘; 1361
$ S 124 N
© 0.4160 4 S 134+ —
§ 3 132} l/
; 0.4155+ A ./
D 04150 — & 130 g—
e = 128t
0.4145- ./ 2
= o1261
0.4140 . = : s . . . . . g
-44%  -21% 0% 21%  44% -44%  -21% 0% 21%  44%
Size Size

Figure 2.16: Drag coefficient versus grille opening size parameter, ~ Figure 2.17: Mass flow rate versus grille opening size parameter,
Kimetal. [17]. Kim et al. [17].
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2.6.2. Grille Opening Aspect Ratio Parameter

Kim et al. [17] also test the effect of the aspect ratio of a protective grille on the drag coefficient and mass flow
rate. To test this, the lengths h and H (see Figure 2.15) were varied from -20% to +20%, and the widths w and
W adjusted to maintain the opening area constant.

From the findings, the impact of the aspect ratio on the drag coefficient is hardly noticeable (Figure 2.18), while
the mass flow rate shows a slight increase as the vertical length increases (Figure 2.19). This conclusion is true

for homogeneous and aligned flows, while a different trend could be seen with different inlet flow conditions.
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Figure 2.18: Drag coefficient versus grille opening aspect ratio

parameter, Kim et al. [17]. Figure 2.19: Mass flow rate versus grille opening aspect ratio

parameter, Kim et al. [17].

2.7. Grille Mesh Parameters

A crucial aspect to consider when designing a protective grille is the type of mesh to use. This involves studying
not only the geometrical shape of the single grid cells, but also their thickness and depth, and any pattern variations

that may lead to benefits both in terms of thermal management and aerodynamic performance.

2.7.1. Grille Passage Length Parameter

The grille passage length is the grille depth, indicated with [ in Figure 2.30. In the study, Kim et al. [17] varied
the passage length from -2.5 mm to +5 mm with respect to the size of the base grille.

Interestingly, the drag increased for both an increase and a decrease of the passage length, while the mass flow
rate into the engine compartment has a minimum at +2.5 mm.
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Figure 2.20: Drag coefficient versus grille passage length, Kim et al. Figure 2.21:

[17].

length, Kim et al. [17].

Mass flow rate through the grilles versus grille passage
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From the velocity contour plots (Figure 2.22), the increase in mass flow rate when decreasing the passage length
is due to the reduced thickness of the boundary layer, with a consequent decrease in wake size. At +2.5 mm
length, the boundary layer thickness significantly increased, leading to a thicker wake and bigger blockage of the
flow, resulting in a lower mass flow rate. The drag in this case showed an inverted trend due to the higher airflow
momentum loss due to the viscosity of the thicker boundary layer.

When increased to +5 mm, the airflow has time to be deflected by the upper surface of the grille, pressing down
the boundary layer on the lower surface and allowing for an increase in the mass flow rate.

-
‘-
b -

-

(c)+2.5mm (d) +5mm
Velocity [km hr*-1]

_Z:—
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Figure 2.22: Velocity contours around grille, Kim et al. [17]

(b) Base model

2.7.2. Grille Strut Thickness

The thickness of the grille’s strut is indicated in Figure 2.30 with the variable ¢.

Kim et al. [17] witnesses, once again, a similar trend of the drag coefficient and mass flow: as the thickness of
the grille mesh was increased, the total drag and mass flow through the engine compartment were decreased.
The drag of the grille alone increases when ¢ is thicker because of its greater blockage, augmenting the pressure
drop, but the blockage also allows lower pressure in the engine room, resulting in an overall drop of drag.

0.422 1.34
@
)

0420 W < .
= @ 133}
2 o
2 3
© 0.418 1 5
3 "
o @ 132t
o E
o 0.416 =

] 2 u
1.31 : : :
0.414 . . . -50% base 50%
-50% base 50% .
Thickness
Thickness
Figure 2.24: Mass flow rate through the grilles versus grille
Figure 2.23: Drag coefficient versus grille thickness, Kim et al. [17]. thickness, Kim et al. [17].

A similar aspect on the influence of varying the width of vertical bars composing a grille was also studied by Qi
et al. [33], but in this case, maintaining the grille opening area constant; as the bar width increases, the number

of bars decreases, but the open area remains the same.



2.7. Grille Mesh Parameters 13

From the research, wider bars seemed to cause smoother flow into the cooling module, reducing turbulence in
front of the radiator, but only a marginal effect was observed.

In general, if the opening area available is constant, having a thin grille structure is more beneficial for the mass
flow, as thicker ones would reduce the available area for the air to pass and increase the blockage effect. On the
other hand, if there is room to modify the air intake opening, a wider grille structure allows for the breakup of the
large turbulent structures, allowing jets of air to pass through in a more ordered and sheet-like manner, which is
beneficial for cooling purposes, although the effects are marginal.

2.7.3. Grille Mesh Geometry

Qi et al. [33] simulate five different grille mesh shapes to see how they would affect the cooling performance of
a series hybrid truck. The study was carried out numerically, using large eddy simulation (LES) as a turbulence
model, at a driving speed of 68 km h~!. The condenser, radiator, and fan were modeled as porous media with
the X direction as the preferred direction and an inertial resistance 100 times higher in the other directions. The
shapes tested were: regular hexagon, horizontal bar, vertical bar, square, and rhombus, all with the same total

opening area.

The results collected from the study are shown in Figure 2.25, in terms of air mass flow at the grille, condenser,
and radiator levels. Although the vertical bar design was the one registering the lowest amount of airflow at the
grille level, it resulted in being the one with the best cooling performance (mass flow through the radiator). As Qi
et al. [33] describe, the vertical bars help the flow to be channeled more uniformly and to concentrate it towards
the center, where the radiator is. Furthermore, their vertical alignment helps to reduce vortex formation in front

of the cooling module, making the airflow more stable and uniform.
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Figure 2.25: Air mass flow detection of grille, condenser, and radiator under different grille shapes, Qi et al. [33].

This study demonstrates that when the cavity between the grille and the radiator is not sealed, not all air entering
the grille contributes to cooling, and it is of utmost importance to take directionality and turbulence generation

into account when designing a protective grille.
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2.7.4. Grille's Wire Cross Section

Hoerner [13] studied the effects on the drag coefficient for the flow passing over a sphere and a square block.
While the sphere’s curvature allows the boundary layer to stick longer to its surface (delaying separation to 120°-
160°), the sharp edges of the square force the flow to separate immediately. This has a direct effect on the pressure
drag generation, bringing the drag coefficient of the square to be significantly higher compared to the sphere. In
the range between Re = 102 and Re = 105, the drag coefficient stays relatively stable, with the drag coefficient
oscillating around 1.17 for the circular shape, and 2.05 for the square, resulting in a =~ 75% increase.

This knowledge can be translated to the grille’s wire, where having a circular cross-section is expected to reduce
the pressure drop across it compared to the square one.

2.7.5. Grille Strut Pattern

Zhao et al. [50] investigated the effect of varying the grille strut spacing on the aerodynamic downforce of a
vehicle with CFD simulations.

The maximum pressure drop occurs at the grille with the least spacing (12.5 mm), while the minimum occurs
at the 40 mm spacing. Beyond this gap size, fluid backflow started to occur. In the context of cooling, lower
pressure drops are preferred, as they improve the airflow, but at the same time, they may compromise protection
from debris. In the case investigated, the grille struts have a size comparable to that of a wing profile; therefore,

the grille might also contribute to the vehicle’s downforce; in such cases, smaller gaps are more beneficial, so a

trade-off between cooling and aerodynamic performance must be found.

32.5mm open trace

40mm op 47.5mm open trace

Figure 2.26: Comparison of flow streamlines with varying open trace spacing, Zhao et al. [50].

Kogal et al. [20] analyzed the effect of varying the grille pattern cross-section on the cooling performance. In
Figure 2.27, the configurations tested are reported.
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Increasing Section Front Grille Decreasing Section Front Grille Fixed Section Front Grille

Figure 2.27: Grille models with varying pattern, Kogal et al. [20].

As shown in Table 2.2, the highest performing pattern was the decreasing grille section. This demonstrates, once
again, how grille geometry significantly affects the distribution of the incoming air before it is directed towards the
radiator. As discussed earlier in subsection 2.7.2, a smaller mesh size helps to uniform the flow. The decreasing
section presents the finer grid resolution in the center, favoring airflow centralization, resulting in a better cooling
load; the flow is indeed forced to pass through smaller openings in the center, where it accelerates, creating a
”cone-like” shape past the grille.

On the contrary, the increasing section has the opposite effect, resulting indeed in the lowest cooling performance.

Parameter Increasing section | Decreasing section | Fixed Section
Cooling load (kW) 18.86 21.44 20.72

Table 2.2: Varying grille sections test results, Kogal et al. [20].

2.7.6. Effect of Grille Curvature

Liu et al. [24] investigated the aecrodynamic performance of the curvature of the grilles. For the study, five grille
designs have been studied: straight, concave, M-shaped, W-shaped, and convex, shown in Figure 2.28.

$\%% :

(a) straight (b) concave (c) M-shaped (d) W-shaped (e) convex

Figure 2.28: Grille shapes investigated, Liu et al. [24].

The simulation focuses on the drag coefficient and mass flow rate at the radiator. Liu et al. [24] reports that all
grilles performed similarly, although the straight one resulted in being the best option (respectively in the order
straight > convex > M-shaped > concave > W-shaped).

The velocity plots in the area between the grille and the radiator are shown in Figure 2.29, where the grilles are
ordered from the best performing (straight) to the least performing one (W-shaped). The red circle highlights the
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area of the flow leaking out of the engine compartment. From (a) to (e), the velocity in this area increases, and
indeed also the cooling performance decreases.

P

riginal (convex) (c)
Velocity: Magnitude (m/s)
0.0000 6.000 12.00 1800 24.00 30.00

Figure 2.29: Velocity vector plot different grille curvature configurations, Liu et al. [24].

2.7.7. Grille Tilt Angle Parameter
Hsieh et al. [14] and Kim et al. [17] investigate the influence of the tilt angle 6 (see Figure 2.30) on the airflow
flowing through the protective grille, directly impacting the heat dissipation efficiency of the radiator.

Figure 2.30: Grille mesh shape of small car, Kim et al. [17].

The velocity contours shown in Figure 2.31 highlight the boundary layer and wake formation around the grilles,
clearly suggesting a better flow alignment in the 9° angle case, with a thinner boundary layer and wake width.

From Figure 2.32, the flow appears separated into an upper and lower region, split by the stagnation point that is
formed around the center line of the grille. When the tilt angle is increased, the flow is better aligned and passes
through the grill smoothly, increasing the mass flow rate. In general, Hsieh et al. [14] and Kim et al. [17] agree
on the fact that there is an optimum inclination angle that minimizes the pressure drop over the grille, and that

is when the flow is aligned with the grille cells, allowing it to flow smoothly through it, reducing the area of
stagnation.
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Figure 2.32: Streamlines passing through grille, Kim et al. [17].
Figure 2.31: Velocity contours near grille, Kim et al. [17].
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The observations made above are perfectly supported by the drag and mass flow plots, both showing a matching
trend (Figure 2.33 and Figure 2.34), with a sudden drop at 3° angle. Kim et al. [17] were able to conclude that the
tilt angle affects the flow rate into the engine room, which is directly followed by a variation in drag generation.
The optimum tilt angle depends on the direction of the incoming flow, with the best option being the one that

minimizes the area of stagnation.
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Figure 2.33: Drag coefficient versus grille tilt angle, Kim et al. [17]. Figure 2.34: Mass flow rate through the grilles versus grille tilt angle,
Kim et al. [17].



Numerical Modeling of Grille-Radiator
Set-Up

3.1. CFD Turbulence Models

One of the crucial aspects of CFD simulations is the choice of an appropriate turbulence model. The key param-
eters to consider in the choice are the type of flow and boundary conditions (presence of walls, flow separation
prediction, ...), the accuracy needed, and the amount of time and economic resources available to perform the
simulations. Yu et al. [45] analyzed and compared the accuracy of three turbulence models (RANS (Reynolds
Averaged Navier Stokes) with k- model, LES (Large Eddy Simulation), and DES (Detached Eddy Simulation))
in predicting the flow characteristics in an engine compartment placed behind a radiator. Table 3.1 shows a

summary of the results obtained.

Parameters RANS LES DES
CPU time (h) 12.3 344 22.1
Accuracy compared | Failed to predict re- | Captured vortex | Best accuracy of all
to experimental data | circulation zones and | structures and recir-
vortex cores culation zones

Table 3.1: Comparison between CFD turbulence models, Yu et al. [45].

DES, which is a hybrid model combining RANS in the near-wall region and LES far from the walls, resulted in
being the best option in terms of accuracy, although it is not able to predict the large-scale eddy currents in the
boundary layer. Even though the RANS model showed the lowest accuracy, in terms of computational resources,

it was by far the cheapest, making it the best accuracy-to-cost ratio option for industrial designs.

Zhang et al. [47] and Igali et al. [ 16] tested the accuracy of some of the most used RANS-based turbulence models
in vehicle aecrodynamics: k-¢, the realizable k-¢, Abe-Kondoh-Nagano (AKN) k-¢, V2F, and k-w SST. Although
the realizable k-¢ showed a really good correlation with the experimental results, which are only available for
the drag coefficient, though, while the k-w SST model was the overall closest to the results predicted by the DES

models. Since the latter is also widely used in motorsport applications, it will be used as a turbulence model for

18
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the CFD simulations.

3.2. Radiator Modeling

Three main approaches are used when modeling radiators in CFD: physical modeling, the porous media approach,
and empirical models. The choice between them depends on the degree of accuracy required and the amount of

time and resources available for the specific project.

3.2.1. Detailed Geometrical Modeling

The detailed geometrical modeling of the radiator is the most accurate of all, and it is typically used in contexts
where detailed design or optimization is needed.

Ibrahim et al. [15] utilized this approach to compare two cooling systems, one with inline tubes and one with
staggered ones. The geometry of the radiator was built using ANSYS software, and the airfield, tube, and water
inside it were all included in the model. Another example is the work performed by Pendyala et al. [29] to find out
the best material to use for a radiator to maximize heat transfer. Also in this case, very high accuracy is needed;

therefore, the radiator was modeled using the CAD software Catia V5 and then simulated in Ansys Fluent.

3.2.2. Porous Medium Modeling
It is a widely used CFD technique for simulating radiators, without having to reproduce the detailed geometry of

the fins and tubes, which would make the simulation computationally expensive.

This modeling approach consists of modeling the presence of the radiator in terms of pressure drop through the
Darcy-Forchheimer-Brinkman formulation (Cetin et al. [5]), whose terms vary depending on the flow regime.
In the case of laminar and viscous flow, there is a linear relationship between the velocity and the pressure jump:
dp _
_E_ Py 3.1
dr K (.1
where p is the dynamic viscosity, dz is the pipe length (distance over which the pressure drop is measured), V' is
the velocity of the flow, and K is the permeability coefficient. For higher Reynolds numbers, with the presence
of turbulence in the flow, the Forchheimer term () is added to Darcy’s formulation (Cetin et al. [S], Aydin et al.

[1D):

dp 2 H 2
I V 4+ bV —V + V 2

Cetin et al. [5] compare the pressure drop prediction obtained through CFD simulations from the porous media
and the physical fin. Although the mesh of the porous media was obtained with only 5320 cells per unit cell mesh,
compared to the 4900713 cells of the physical one, the difference in terms of pressure jump is within 2.5%, as
shown in Figure 3.1, which is acceptable for thermal analysis. The advantage of using a porous medium is that
it allows for the simulation of a full-sized radiator with limited computing time, thanks to the reduced amount of
mesh cells required.

Aydin et al. [1] compared the porous media to experimental results obtained from a custom-built test chamber.
The results, shown in Figure 3.2, also highlight a low percentage difference in pressure drop measured, with a

maximum deviation of 5.55%, considered acceptable for a numerical study.
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Figure 3.1: Comparison of sectional average pressure drop between physical fins

and porous model, Cetin et al. [5].

rates, Aydin et al. [1].

3.2.3. Empirical Modeling

Zhao et al. [51] presented a radiator model for CFD applications that simulates the flow behavior through the
conservation of mass, momentum, and energy, and the geometry of the radiator is simplified. Also, the heat trans-
fer mechanisms (conduction and radiation) are governed by Fourier’s and Stefan-Boltzmann laws, respectively,
while for the convection, the oil channel inside the radiator is preserved, while the air domain is removed and
modeled with Newton’s law of cooling.

Boundary conditions are also set to control the pressure and temperature close to the walls, at the inlet and outlet.

While this model is computationally cheaper than canonical methods, it is founded on numerous assumptions that
stand behind the empirical formulations used, such as the assumption of fully developed flow and the uniform air
convection parameter. It is designed for steady-state solutions, meaning it does not capture any load transient be-
havior, and the local turbulence is also lost. This makes this method not suitable for most motorsport applications,
where a higher amount of detail in the outcomes is required.

3.3. Grille Modeling

As the grille is the core element of this project, it is essential to investigate the different methods available to
model it for CFD simulations. A thorough overview of the methods available allows to choose the best way to

simulate its impact, considering both accuracy and computational cost.

3.3.1. Detailed Geometric Modeling

Having the exact geometry of the grille simulated in the CFD is the best option for accuracy, and it is used
whenever there is an investigation on the grille that requires high accuracy (Tian et al. [37], Kim et al. [18]).
Since the flow around the grille is very prone to separation (aerodynamically, it is a very sensitive region), it

requires a very fine surface mesh, as shown in Figure 3.3.

Mahgoub et al. [25] analyzed the blockage effect of a windbreak, utilizing the exact geometry of the net. From
the velocity contours using the exact geometry in Figure 3.4, it can be noted that the velocity distribution closely
matches the one obtained from PIV testing (only 4% error).
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Figure 3.2: Comparison of pressure drops for different mass flow
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Full Field Type-A grille

Figure 3.3: Grille surface mesh adopted, Tian et al. [37].

In terms of pressure drop, a 14% difference with the experiments was registered, probably due to the k-¢ turbu-
lence model used, which may not capture all the turbulent structures in the near-wall area (Mansour et al. [27]),

which contains large adverse pressure gradients.

3.3.2. Porous Medium Modeling

In a similar fashion to the radiator, the grille acts as a barrier to the flow, presenting a difference in velocity, and
hence also pressure, between its outer and inner sides. It can therefore be modeled as a porous medium, following
the Darcy-Forchheimer-Brinkman formulation of pressure drop as presented earlier in subsection 3.2.2.

Mahgoub et al. [25] compare the CFD results of a windbreak net modeled as a porous medium with the CFD
results obtained by modeling it with the exact geometry and with the data obtained from an experimental test
performed in the wind tunnel. The number of grid cells, like in subsection 3.2.2, is drastically reduced by an
order of magnitude when modeling the grille as porous media, making the simulation computationally cheaper.

The simulation was performed at a wind speed of 2 ms™~!, which is rather low for automotive applications.

The velocity field of the three tests performed is shown in Figure 3.4. While the flow velocity distribution obtained
from CFD with exact geometry and PIV shows similar patterns, the one obtained through porous media shows a
higher speed on the suction side, behind the windbreak, due to the simplification of the wake structures, enhancing

the apparent momentum exchange,resulting in an overestimation of the mixing in this region.

Porous media Exact Geometry PIV
E
0 0.5 1 15 2 25

misec

Figure 3.4: Comparison of velocity contours obtained from PIV, exact geometry modeling, and porous media approach, Mahgoub et al.
[25].

Compared to the experimental results, the porous medium model shows an error of 6% for the velocity, and 26%

for the pressure drop (measured with pressure taps on both sides of the windbreak). It must also be noted that the
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results are evaluated at the symmetry plane, which might not be fully representative of the spanwise average of
the flux.

The porous media can successfully capture the general characteristics of the flow, but it fails to predict the details
ofthe flow. The porous media can be used as an approach in more complex geometries, where its relative influence
is low, and it can reduce computational time. The study also suggests that the porous media approach is less
accurate when used for more open geometries, such as a grille if compared with the same approach applied to a
radiator.

Since the pressure drop across the windbreak is evaluated by subtracting the static pressure at the two surface
levels, the witnessed error is significant, since the flow characteristics are poorly represented on the downstream
side. Further downstream, however, the pressure coefficient distribution appears to be quite similar (Figure 3.5).
In the case of the protective grille, this is still a favorable scenario; ultimately, what matters most is the cooling
performance of the radiator, so if the presence of the grille does not significantly disturb the flow quality at the
radiator inlet, then the model can be considered effective.

(a) Porous media model (b) Exact geometry

-1 -0.7 -0.4 -0.1 0.2 0.5 0.8 1

Figure 3.5: Comparison of pressure coefficient contours at the symmetry plane obtained from exact geometry and porous media
approach, Mahgoub et al. [25].

Forchheimer Equation Coefficients Formulations

The static pressure drop imposed in the porous medium is governed by the Forchheimer equation, presented in
Equation 3.2. The permeability coefficient K and the Forchheimer coefficient /3, can be further broken down and
calculated from mathematical formulations dependent on the geometrical structure of the grille.

Since the grille acts as a medium with very high porosity values, the most suitable models for K and 3 are
those developed for metallic foams, which exhibit comparable porosity values (typically in the 0.7-0.9 range). In
Table 3.2, some of the models derived for open-cell metal foams are presented:

Formulation Expression Variables
— ]2 e?
K = dy 553G €: porosity
Du Plessis et al. [7] B = % dp: pore diameter
2. dy: fiber diameter
X =
d}’
3 0.6155
K:;s[“iz} €: porosity
Dukhan et al. [9] e (1_62 0.6184 d t;p i
8= 1336.7 [(gd? w ¢ fiber diameter
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Calmidi [4]

— g2
K =d:-0.00073(1 —

0224(4)
P
1.683

B = 0.00212- 0132( i)

€: porosity
dp: pore diameter

A=9.73-10%d0T13(1 — ¢)~0-0982

_ 2 7—0.7523 0.07158
B = 3.68 - 10%d, (1—¢)

TR dy: fiber diameter
3
K= As2(1 )2
8= BS, (31 €)
: porosit
Richardson et al. [34] S = A “p . Y
v dp(l—e) dp: pore diameter

K =cp e €: porosit
Dukhan [8] PoTostty
B = cse+ 4 c1, Ca, €3, C4: curve-fit constants
_ e®-d? €: porosity
Ergun [10 K=Aod : i
rgun [10] dp: pore diameter
B=DB- 63 dz A,B: empirical constants

Yang et al. [43]

ef1-(1- 6)1/3]2
36[(1—¢)1/3—(1—¢)]

d=\/Xd,

K = d?

Does not have the viscous term
€: porosity

dp: pore diameter

X = =i

Table 3.2: Permeability and Forchheimer coefficients correlations for open-cell metal foams

Yang et al. [42] validate, among others, also the models proposed in Table 3.2, against experimental data collected
from open literature on the pressure drop of fluid flow through metallic open-cell metal foams. Out of all the
models tested, the one that returned the lowest root mean square errors (RMSE), was Calmidi’s formulation. To
further improve the accuracy of the existing models, Yang et al. [42] fitted the data using a “least squares” fitting
approach; the original models had fixed empirical constants derived from limited datasets, which, when applied

to different ranges of porosity, showed systematic deviations from the collected data.

3.3.3. Random Blocking Method
Zhang et al. [48] introduce a new simplified method to model a grille diffuser (utilized for a ventilation system),
which aims to significantly reduce the computational time and surface mesh resolution needed for common grille

modeling techniques.

The approach consists of specifying the flow conditions on CFD cells of simplified grille geometry. The actual
velocities are assigned directly to a certain ratio of cells, while the others are randomly blocked. A schematic
representation of the model grille is shown in Figure 3.7. The determination of the closed cells (black ones) is
done through a mathematical random function that assigns 1 to open cells and 0 to closed ones. The amount of

blocked cells must be such that the total effective area ratio of the grille is preserved.
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Figure 3.7: Schematic of the CFD random blocking method, where
Figure 3.6: Perforated panel diffuser geometry, Zhang et al. [48].  black cells are blocked and white cells are open, Zhang et al. [48].

Zhang et al. [48] impose the discharge air velocity at the cells, given by:

Up = —— (3.3)

where Uy is the normal discharge air velocity, p the air density, Ay the diffuser effective area, and 1 the mass
flow rate. To better reproduce any swirling effects (unlikely in motorsport applications due to the absence of the
fan) or different local airflow directions after the grille, multiple velocity components can be specified.

The model performance was validated in a workshop environment, and the CFD model showed good agreement
with the experimental data, both in terms of air velocity and temperature stratification. However, since the study
was performed on a ventilation system diffuser, the model was validated in an environment suitable for that
purpose, with very low discharge velocities and different flow turbulence intensity from a typical motorsport
application. The good correlation of the CFD with the experimental results is, hence, not a certain indication of
good performance when used to simulate protective radiator grilles.



Experimental Simulation

It is crucial to validate the results obtained through the CFD simulations with experimental tests. Since this project
will revolve around the blockage effect of the grille and its impact on the radiator, the setups investigated in this

chapter are focused on the measurement of the pressure drop.

The most common testing rig used to evaluate the blockage effect of a radiator (which will also be used for
this project) consists of having pressure probes on both sides of the radiator measuring the local total and static
pressure, which can then be converted to a velocity (Hobeika et al. [12]).

The air is pumped towards the radiator through a fan, which also allows for modulation of the air velocity by

changing its revolutions (Topuz et al. [39]).

Dallara performed a preliminary investigation for this project on how sensitive the test rig is in measuring the
pressure drop across the protecting grilles (Barontini [3]). The study was done at an air temperature of 15 °C
with airspeed from 6 to 22 m s~!. Each parameter was measured twice to test the repeatability of the results. The
pressure is measured via pressure probes located before and after the test section.

Six different setups were tested, as shown in Figure 4.1 and Figure 4.2.

Figure 4.1: Grille configurations tested: (1) grille without duct, (2) grille with duct, (3) no grille no duct, (4) no grille with duct, (5) no
grille with duct, no grille mounting strut, Barontini [3].

From the findings (Figure 4.3), it transpired that the presence of the duct helped reduce the pressure drop measured
across the grille by about 6%. The presence of the duct allowed for a reduction of roughly 42% in static pressure
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losses, probably due to the different velocity profile the flow exhibits in the test section when the duct is mounted
compared to when it is not.

The pressure drop due to the strut supporting the grille was 150 Pa at a flow speed of 22 ms~!. Because the strut
partially obstructed the opening, its presence indicates that any local constriction near the measurement location
can substantially affect the accuracy and reliability of the recorded pressure values. This suggests that geometric
shrinkage in the vicinity of the probes has a strong influence on measurement quality.
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Figure 4.2: Grille 22425157, Barontini . ..
g [3] ’ Figure 4.3: Pressure drop measurement, Barontini [3].

The last test, performed with the grille shown in Figure 4.2, is the most representative case in terms of pressure
drop performance because the grille has a geometrical structure closer to the ones commonly used in motorsport
applications. Compared to the first grille tested, this one leads to a significantly lower pressure drop, in the order
of 150 Paat 22 ms—1.

Even though the pressure drop is relatively small at this speed, the effect is not negligible at higher speeds, as the
pressure drop has an exponential trend.



[1terature Discussion

Overall, very limited information is available on the radiator and protective grille design related to motorsport
applications. The majority of the findings were focused on everyday vehicle aerodynamic designs, which have
different needs and performance goals. Not every aspect investigated can therefore be directly applied to the
racing world, but it needs to be carefully analyzed to check which common points there are between the two

worlds for every piece of information presented.

The majority of racing cars have an air duct channeling the air towards the radiator, hence limiting the losses
and preventing the risk of having misplaced grille openings or upwashing issues as described in section 2.1. The
concerns regarding this aspect will therefore not impact the design of the grille in this project, which focuses on
motorsport applications, but they are of utmost importance in the case that the results of this study will be used
for future applications in high-performance street-legal cars, which may not have a dedicated cooling air duct.
From the literature, it is clear that the grille has a disturbance effect on the flow, due to the struts partially blocking
the flow and inducing vortex shedding and turbulence downstream, section 2.3. For cooling purposes, having a
thoroughly mixed flow at the radiator inlet is more beneficial. The related knowledge presented applies to low
Reynolds number flows; while the major effects are expected to be similar, the knowledge cannot be completely
transferred to the motorsport world, where the Reynolds number is orders of magnitude greater.

The primary reason for having a grille in front of the radiator is to protect the radiator from any debris or rubber
marbles that might reach that region during a race. The information gathered on their aecrodynamic impact is
focused on a double-wing element (section 2.2), making it impossible to draw conclusions on the loss of perfor-
mance of a grille from this knowledge. It demonstrated the importance of not having debris in the most acrody-
namically sensitive areas, which, for a grille, translates into the center region, far away from the walls. Designing

and positioning the grille in a way that debris accumulation is limited is therefore of utmost importance.

The research presented in section 2.4 on the beneficial effect of the presence of a protective grille in front of a
radiator is in a condition of forced flow, i.e., a fan is actively driving the air through the grille at a higher speed,
resulting in a strong swirling motion.

Since fans are rarely used in the motorsport context, the flow is generally of better quality, with fewer swirls. As
a result, the streamlining effect is reduced, and it may even hinder cooling performance by introducing additional

pressure drop.

27



5.1. Research Objective 28

Both the opening size parameters and mesh geometry parameters influence the quality, direction, and amount of
mass flow reaching the radiator (section 2.6). Overall, a strong positive correlation between mass flow through
the grille and drag has been observed. The opening shape and size are often fixed in motorsport applications or
leave very little room for modifications, hence it will not be the core of the grille design, although it must be kept
in mind that maximizing the opening area is always preferred for enhancing the cooling performance.

The pieces of information known on the grille mesh parameters highlight the importance of minimizing blockage
effects and prioritizing flow centralization (section 2.7). The strut size should be as small as possible while
maintaining its structural integrity to protect the radiator from debris. The passage length could be used to direct
the flow in the preferred direction for the radiator, provided that it does not cause excessive blockage. The grille’s
inclination should align with the incoming flow direction to limit the extension of the stagnation region in front of
the grille. This effect is probably marginal for very thin grille struts (widely employed in motorsport applications);
in such cases, the inclination of the grille could be beneficial for the collection of marbles.

The grille mesh geometry plays an important role in the mass flow passing through the grille. Using patterns that
help focus the flow in the center is beneficial in terms of cooling performance. Although the trends observed
seem reasonable, the differences measured are in the order of 103, and no sensitivity analysis is provided. There
is, therefore, some uncertainty regarding the reliability of the absolute values. The effects observed should hence
be confirmed with CFD simulations.

Having a curved grille did not lead to benefits in terms of blockage. However, the case investigated involves
flow losses between the radiator and the grille, due to the absence of an air duct. Since this project focuses on
motorsport, where the flow is always channeled, it is worth investigating different configurations to be able to
judge the best-performing one.

Furthermore, although the pressure drag induced by a square geometry is theoretically significantly higher com-
pared to the one induced by a circular geometry, it remains important to validate that the same effect is seen also

in terms of pressure drop across the grille, when using a circular wire compared to a square one.

5.1. Research Objective

Considering the lack of specific knowledge from published literature in the motorsport environment, the objec-
tive of this research is to identify and analyze all parameters involved in the grille design that may hinder the
aerodynamic performance, considering the pressure drop, pressure distribution, and flow directionality across
the grille and radiator. The study will also assess the extent to which the insights and findings available from the
literature are transferable to racing contexts. Eventually, the aim is to parametrize the pressure drop across the
grille by finding the relationship between all the parameters involved, and to find the optimal grille design which
maximizes cooling efficiency, while conserving its protective function.

The research will be carried out through CFD simulations, whose results will be compared and validated with

experimental tests performed in the test bench present at Dallara.

The best CFD model in terms of accuracy-to-cost ratio (which will be used throughout the project) is the RANS
k-w turbulence model (section 3.1). Initially, the aerodynamic analysis of the various grille configurations will
be performed in CFD with the exact geometry, finely meshed to have the best accuracy possible on the results.
The primary areas of focus will be the pressure drop and flow directionality, both at the grille level and at the
radiator level, which then relate to the cooling efficiency.

The numerical results will then be correlated with the experimental data, which will indicate the accuracy of the
CFD predictions. The correlated results will eventually be used to model the grille in a more simplified way to
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reduce computational costs for future simulations.
The radiator will be modeled as a porous medium, as the accuracy of the results from the literature is reasonably

low (subsection 3.2.2), and modeling it with the exact geometry would be too computationally expensive.

5.2. Research Questions

To narrowly define the relative importance of all parameters involved in the design of a protective grille within the
motorsport context, three research questions will be presented. These will guide the project toward identifying an
optimal grille design. The second and third research questions are broken down into sub-questions, which serve
as a guide to answer the main research question. This design will then be simplified into a cost-effective repre-
sentation suitable for future CFD applications, allowing it to simulate its aerodynamic effects without significant

computational expenses.
1. Which parameters influence the pressure drop through a grille in motorsport cooling systems?

2. What is the most effective way to model a grille in CFD, that balances computational cost and aerody-

namic accuracy?

a) How can a grille be modeled in CFD as a standalone component to accurately predict pressure drop

with minimal computational cost?

b) How can the standalone grille model be extended to include the radiator s influence on pressure drop

while preserving computational efficiency?

3. How can grille design be optimized to balance minimal pressure drop with effective cooling in motorsport
applications?

a) How does the distance between grille and radiator affect the pressure drop through the radiator?
b) How does the distance between grille and radiator affect the pressure drop through the grille?

c) Is using grille geometry to align the airflow with the radiator an effective strategy for reducing pres-

sure drop over the radiator and increasing the cooling efficiency?
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Simulation Setup

To ensure proper correlation between numerical and experimental results, the CFD model must replicate the test
bench setup. This chapter details the numerical configuration, starting from the original layout (section 6.1),
then explaining the rationale for a slightly modified configuration used to analyze the grille alone and the grille—
radiator assembly (section 6.2 and section 6.3). Boundary conditions, mesh strategy, and volume refinements are
outlined in section 6.4, followed by a near wall mesh sensitivity study in section 6.6.

6.1. Original Test Bench Setup

The firstly modeled test bench setup was a copy of the one physically present at Dallara; reproducing the same
setup for the numerical simulations allows for properly correlating the CFD results with the ones obtained exper-
imentally. The grille was mounted directly after the converging duct (Figure 6.1), fixed to the external wall of
the test bench. The airflow was then allowed to freely expand beyond the grille.

0.0525.

Figure 6.1: Original geometry test rig
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The converging duct placed right in front of the test section to reduce the channel area to the size of the grille and
limit the losses was not created on purpose for the project, but a pre-existing one has been used. Unfortunately,
it is not symmetric (as seen in Figure 6.2). Its close position with respect to the test section was forced by the
presence of the Pitot tubes, used to measure the speed of the flow upstream of the test section; since those are
welded to the inner walls of the test bench, the duct had to be placed in the space remaining between them and
the external wall, as shown in Figure 7.2.

Figure 6.2: Duct asymmetry. Figure 6.3: Front view test bench with grille.

The influence of the asymmetry on the results was tested both with and without the grille ("net 224" was used),
measuring the static pressure in single points positioned at the converging duct exit, 20 mm upstream of the
external wall where the grille is mounted (Figure 6.4 and Figure 6.5).
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Figure 6.4: Static pressure distribution setup without grille, 20mm Figure 6.5: Static pressure distribution setup with “net 224”, 20mm
upstream of the external wall. upstream of the external wall.
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In both cases, on the right side, a slightly higher static pressure is registered, meaning the flow has a slightly lower
speed in this region, according to Bernoulli’s law, applicable to the flow in question, which is incompressible,
steady, and without major viscous forces or heat transfer present:

1
Protat = 5PV + Pstatic (6.1)

This effect is due to the asymmetry of the duct, and it’s more visible in the points closer to the borders of the
test section, where the difference between left and right side reaches a maximum value of 1.7 Pa. About the
same absolute difference in static pressure readings is observed both with and without the grille, meaning the
slight asymmetric effect remains invariant whether the grille is present or not. Considering the overall pressure
read with the grille is around 100 Pa, the difference between left and right side accounts for only 1% of the total
amount read, the effect of asymmetry in the flow can be considered to be negligible.

After some initial tests, some issues arose, leading to the decision of slightly modifying the test bench geometry
to improve the quality and reliability of the results, as described in section 6.2. The key drivers of this choice

were:

* From the numerical results, the distance between the end of the converging duct and the test section was too
short (20 mm), preventing the central core of the flow from gradually adapting to the geometric contraction,
thereby compromising the proper formation of the velocity profile. In the presence of a negative pressure
gradient, the near-wall flow velocity (highlighted in Figure 6.6 by the yellow box), overshoots temporarily
that of the stream core (Sauer [35], Kim [19]). The incorrect velocity profile is also testified by the static
pressure readings shown in Figure 6.5 and Figure 6.4: the points closer to the core of the flow registered
a higher value, signifying the flow has a lower velocity here compared to the region closer to the walls,
according to Bernoulli’s equation (Equation 6.1). Note that Figure 6.7 uses a finer velocity scale to better
highlight the incorrect velocity profile immediately upstream of the grille.

_m A

Figure 6.7: Front view flow velocity profile upstream of the grille,

Figure 6.6: Side view flow velocity profile, original test bench setup. o
original test bench setup.

* Placing the grille on the exterior of the test bench causes the jet flow to expand immediately downstream,
introducing additional losses in the system. Although these losses are subtracted from the pressure drop
measured across the grille, the blockage effect of the grille, or even worse of the radiator, affects the jet
expansion behavior. This interaction compromises the accuracy of the loss subtraction, potentially leading

to an underestimation of the grille’s actual pressure drop.

+ Although the asymmetry effect described above in this section is limited, an elongated straight exit duct

would allow the flow to mix and correct any asymmetry effect present at the end of the converging duct.



6.2. Simulation Test Bench Setup - Grille Alone 34

6.2. Simulation Test Bench Setup - Grille Alone

For the reasons mentioned in section 6.1, the test bench was modified, adding a 900 mm straight duct at the end
of the converging duct. Its length was chosen only based on CFD considerations: the flow visually appeared to
be sufficiently adapted with a 400 mm duct (Figure 6.9), and the remaining 500 mm were chosen taking into
account ten times the characteristic length of the block grille plus radiator and leaving some extra margin for the
studies on the influence of the distance between grille and radiator.

The design and dimensions of the selected duct were determined based on the feasibility of constructing it within
the test bench, as a significantly longer duct would have been preferable from a purely aerodynamic standpoint.
It would have also been preferable to design it slightly divergent, to limit the blockage effect of the boundary
layer building up in the straight duct. This option was discarded because the time required to study and design
the necessary divergence angle was considered excessive compared to the potential improvement in simulation

accuracy.

Figure 6.8: Velocity profile old test bench setup (note the velocity Figure 6.9: Velocity profile new test bench setup (note the velocity
scales in the two sections are scaled differently to better highlight  scales in the two sections are scaled differently to better highlight
the differences in flow velocity). the differences in flow velocity/.

In order to have both a surface and volume mesh as clean as possible, preventing any degenerated cells from
being created, all the surfaces present have been simplified and smoothed, while still preserving the characteristic
dimensions of all components. An overview of the final setup used is shown in Figure 6.10.

00307

Figure 6.10: Simplified geometry test rig.
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Since the test rig has a test section with a cross-sectional area significantly larger than the desired opening size,
which matches the size of the radiator tested, a converging duct is added to the final part of the test section to
channel the air towards the grille, avoiding pressure losses. In the simulation, the duct is sealed to the inner walls
of the test bench. In the test bench, the duct it’s a removable piece, so it has to have an opening size slightly
smaller than the cross-section of the test bench to be easily mounted inside. To prevent any air from leaking
outside, the gaps are sealed using metallic tape. Furthermore, immediately upstream of the grille, there are static
pressure probes mounted on the wall of the test rig, between the converging duct and the end-wall. This gap is
also sealed using metallic tape.

Although the gaps are sealed, applying tape does not improve the smoothness of the inner surface and may there-
fore introduce additional losses. These are theoretically removed experientially by measuring the pressure drop
with the clean setup (i.e., without the grille), and then subtracting it from the pressure drop measured with the
grille:

APstatic = A-Pstatic, grille — A-Pstatic, no grille (62)

The opening where the grille is located measures 360x257 mm. Even though in reality the grille is slightly wider
than the test section opening, allowing it to be mounted on the external wall of the wind tunnel, it was sized to
exactly match the dimensions of the opening for the simulations, to avoid any degenerated volume cells in the
region between the grille and the external wall.

In the actual experimental setup, there are pressure probes located at both ends of the grille, which have not been
reproduced in the geometry simulated for simplicity, as their intrusive action on the flow has been considered to
be marginal. Having a simple geometry tested in CFD allows for limiting the number of elements to be meshed,
reducing the total amount of volume cells needed, as well as avoiding any unnecessary regions where the volume
cells might result in being degenerated.

Grille Modeled as Porous Medium
To preserve the aerodynamic influence of the grille while minimizing the computational effort required for detailed
geometric simulation, the grille is most effectively modeled as a porous medium.

Figure 6.11: Inlet face, grille modeled as  Figure 6.12: Outlet face, grille modeled as  Figure 6.13: Frame, grille modeled as porous
porous medium. porous medium. medium.

The porous medium is modeled in CAD as a rectangular parallelepiped, with an inlet (Figure 6.11) and out-
let face (Figure 6.12) where the flow enters and leaves, respectively. The remaining faces compose the frame
(Figure 6.13), which is modeled as a no-slip wall. The pressure drop is driven by the Forchheimer equation (Equa-
tion 3.2), depending on the local flow velocity immediately upstream of the inlet face of the porous medium. The
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porous zone is defined by a local coordinate system (specifying the direction of flow resistance) and a pair of

Forchheimer coefficients (K and ) that represent the pressure drop characteristics of the medium.

When the grille is represented with full geometric detail, the static pressure experiences a sharp drop across it,
briefly undershooting the downstream static pressure level before gradually recovering to the correct value (Mal-
ico et al. [26]). In contrast, when the grille is modeled as a porous medium, the pressure drop is prescribed
empirically as a function of the local flow velocity. Because of this imposed relationship, no downstream pres-
sure recovery region forms; instead, the pressure decreases linearly across the porous block, as illustrated in
Figure 6.14. Consequently, the porous medium must be assigned a thickness equal to the distance over which
the actual geometry produces its adapted upstream to downstream static pressure change. In Figure 6.14, this

thickness is 40mm.

—e— Porous medium modeling
—e— Exact geometrical modeling
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Figure 6.14: Difference in static pressure distribution between the case of porous medium and exact geometric modeling.

6.3. Simulation Test Bench Setup - Grille and Radiator

To test the influence the grille has on the radiator and vice versa, an additional configuration comprising the grille
modeled geometrically and the radiator modeled as a porous medium has been tested. The setup is reported in

Figure 6.15.

Figure 6.15: Grille plus radiator setup.

Across all the simulations performed adopting this setup, the grille location was always fixed at 400mm down-
stream of the end of the converging duct, while the radiator was moved within the space left inside the straight

duct downstream of the grille.
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Both the porosity curves of the cold and hot radiators used for the research were known. To balance the complexity
of the simulation with the accuracy of the results, it was chosen to run the simulations as if they were cold, but
adopting the porosity curve of the hot radiator, like in a real case scenario. From the hot curve shown in Figure 6.16,
the viscous and inertial coefficients (K and /3) were directly derived from a second order polynomial least-squares
fitting of the curve.
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Figure 6.16: Comparison between hot and cold radiator performance.

6.4. Simulation Environment

One of the key aspects of a reliable CFD simulation is the definition of the simulation environment and boundary
conditions. The construction of the former is always a trade-off between the amount of the available computational
resources and its size. The latter ones define the physical problem, influencing the accuracy, numerical stability,
and realism of the results.

6.4.1. Boundary Conditions

The boundary conditions must be applied far enough from the test section, such that they do not physically
interfere with the physics of the tested objects in the test bench. To account for this, an external volume is
added around the downstream portion of the test bench to represent the ambient environment. The resulting
computational domain is composed of two connected regions: the external domain box and the internal volume
of the test bench. Figure 6.17, 6.18, and 6.19 illustrate the boundary configuration adopted in the simulations.

Figure 6.17: Simulation domain, sidewalls (blue). Figure 6.18: Simulation domain, pressure outlet (purple), ground

(beige), sidewalls (blue).
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Figure 6.19: Inlet velocity boundary condition (yellow plane).

The domain box around the test bench measures 51.188x100x200 m (height x width x depth), with the mid-plane
of the test bench placed 1188 m from the ground, like in the experimental setup. Having a large enough domain
box is crucial to avoid any wall effect and to have a fully developed flow at the outlet. Its faces are divided into
three areas: the ground, the sidewalls (blue faces in Figure 6.17), and the pressure outlet at the back (in purple in
the picture above). The ground is treated as a no-slip wall, meaning that the flow velocity in the proximity of the
wall is zero, and the sidewalls are treated as walls with slip. A zero[gauge![ Ipressure condition is imposed at the
outlet.

The inlet velocity boundary (the yellow plane in Figure 6.19) specifies the velocity of the flow entering the test
section. In the experimental setup, the velocity near the grille is not measured directly. Instead, Pitot tubes
positioned upstream of the converging duct, immediately ahead of the grille, record the flow speed inside the test
bench. Given the target velocity at the test section where the grille is located, the corresponding flow velocity at

the Pitot tube cross section is obtained by applying mass conservation:

/ ,0171~ﬁ1dA+/ pVa - fiadA =0 (6.3)
Ay Ao

where subscripts 1 and 2 denote the upstream (Pitot[tube) and downstream (grille) cross(Isections, respectively.
To apply this relation, the flow is assumed to be incompressible, steady, and onel/dimensional, with a uniform
velocity profile across each section.

In the CFD simulations, the inlet velocity plane is placed further upstream to allow the flow to develop into
a physically realistic velocity profile before reaching the test section. As in the experimental analysis, mass
conservation is used to determine the inlet velocity corresponding to the desired speed at the test section.

6.4.2. Surface Mesh Definition

The surface mesh size determines how accurately the geometry is represented in the simulation. A coarse mesh
may distort the geometry, especially in regions where the geometry presents 90° angles, leading to inaccurate
predictions of the flow behavior around the geometry. The surface mesh also defines the dimension and quality
of the first layer of volume cells that grow away from the wall; highly degenerated cells might lead to poor quality
volume cells, which might be a cause of numerical instabilities.

The amount of surface cells has to be carefully selected as it impacts the volume cell count, leading to an increase
in computational time and resources required to resolve the flow field. For this reason, the geometry is divided
into smaller sub-areas, each one having a different mesh refinement. The grille, for instance, is meshed with a
very fine resolution to accurately capture the wire mesh geometry, whereas the surrounding duct walls are meshed
an order of magnitude more coarsely due to their simpler shape. A smooth surface[refinement transition is used
to move from the fine region to the coarser one, as illustrated in Figure 6.20.

In order to improve the overall mesh quality, all the geometrical features with an included angle equal to or smaller
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than 90° were filleted. The radii were chosen small enough not to impact the overall acrodynamic behavior

significantly.

Figure 6.20: Grille surface mesh

6.4.3. Control Volume Cells

The computational field is divided into control volume cells, within which the conservation equations are solved.
The resolution of the flow field depends on the size of these cells: the smaller they are, the more accurately the
flow can be reconstructed. However, using very fine cells increases the total number of control volumes in which
the equations must be evaluated, leading to a direct rise in computational cost. Fortunately, high resolution is
only required in the grille region, where the pressure drop is computed, and flow separation occurs around the
struts.

To address this, smaller volume refinement boxes are inserted within the domain, as shown in Figure 6.21, each
defining the base cell size in its region. These boxes are nested and centered around the grille, with each box
having a cell size twice that of the next finer one. This approach ensures a smooth transition from the smallest

resolution to the coarsest one of 512 mm, which corresponds to the base resolution of the main domain box.

Figure 6.21: Volume refinement boxes (in red).

Each time the resolution of the refinement boxes is halved, the number of control volume cells within the box
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decreases by a factor of 23. Initially, two resolution sizes for the smallest refinement box were considered: 0.5
and 0.25 mm. Both configurations featured a second smallest refinement box resolution of 1 mm. Among the

reasons that led to the choice of the first one:

* In the original test bench setup, the smallest box with a resolution of 0.5 mm led to roughly 95 million cells,
compared to the 198 million of the one using a resolution of 0.25 mm. Considering the large amount of
numerical tests to be run, having a coarser resolution significantly reduces the resources needed to perform

the analysis.

 Using a finer volume mesh means transitioning from 0.25 to 1 mm within a very short distance, resulting
in a less gradual change. Combined with the larger mismatch between the surface cells of the walls around
the grille and the volume refinement, this reduced the overall cell quality and made the simulation more

unstable, increasing its tendency to diverge.

The ”net 224” (Figure 9.1) with a square pattern (side of 5.8 mm) and circular strut cross section (diameter
of 0.6 mm) returned similar results in terms of pressure drop across the grille when tested at 14 and 18
ms~! with the 0.5 and 0.25 volume mesh resolution. The results have been collected using the original
setup (Figure 6.1) and are shown in Figure 6.22. At an incoming average speed of 18 ms~! the pressure
drop predicted with the 0.5 mm refinement was 2.8 Pa (7%) higher compared to the 0.25 mm, a difference
considered to be negligible. For this reason, the coarser resolution was chosen.

—e— 0.5mm refinement
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Figure 6.22: Results comparison for “net 224” with 0.5 and 0.25 mm of volume mesh resolution with old test bench setup.

6.5. Simulation Residuals

To ensure convergence and proper relaxation in the results, all the runs have been computed as fully coupled
pseudo-transient simulations in a steady state fashion.

The under-relaxation is obtained by introducing a pseudo time 7 in the transport equation ( [32]). Initially small
time steps are used to relax the equation, once the simulation starts to converge, the time step is gradually in-

creased.

The residuals from one of the runs obtained using this method are shown in Figure 6.23.



6.6. Near-Wall Mesh Resolution 41

1e+02
Te+01
1e+001
1e-01
1e-02
1e-03
1e-04:

» M

Te-0¢

0 100 200 300 400 500 600 700 800
Iterations

[ o — s-isonty, — yoiloaty — 2elachy —K —omeds

Figure 6.23: Residuals simulation

6.6. Near-Wall Mesh Resolution

When simulating the flow through a grille, the accuracy of the resulting pressure drop and wake turbulence
depends heavily on how the fluid interacts with the solid surfaces. Because of the small scale sizes of the grille
geometry, the gradients of flow velocity and pressure around the grille can be exceptionally high. To ensure the
simulation captures these effects correctly, the non-dimensional wall distance y is used to evaluate the suitability
of the mesh:

yur

t = - (6.4)

where y is the distance of the first control volume cell from the wall, . is the friction velocity, and v is the

kinematic viscosity of the fluid. If the y* is below 1, then the viscous sublayer is fully resolved, instead of

approximating it using wall functions, which might fail to predict separation regions. This is fundamental, espe-
cially in the grille region, where the flow separates around the struts of the grille.

While a low value of y T is beneficial for the quality of the simulation, there are other aspects to carefully evaluate.

The first is the aspect ratio (AR) of those cells:

Athan ential
AR = —4n9enTas 6.5
Aynormal )
When targeting a very low value of y™, the first cell height is incredibly small. However, the longitudinal width
of the cells is kept larger, to control the total cells count. This creates cells with a high aspect ratio, which in this
region of high gradients might become a source of diffusion error, especially if the flow is not aligned with the
volume cells. Furthermore, to limit any numerical jumps, a low volume cells growth rate should be kept, allowing

for a smooth solution.

Looking closely at Equation 6.4, the only variable that can be actively controlled in the numerical simulation is
the distance of the first control volume cell from the wall, y. Since no changes can be made to the geometry, the
fluid, and the velocity inlet condition, both .- and v are fixed. ANSYS Fluent, the software used for running all
the numerical simulations, provides two options for generating the volume mesh in the proximity of the geometry
walls: having a few layers of prism cells before transitioning to the hexagonal volume cells through the mosaic

cells (Figure 6.25), or having the mosaic cells starting directly at the wall (Figure 6.26).
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Figure 6.24: Volume mesh generation around the grille strut.

Figure 6.25: Volume mesh generation around the grille strut with  Figure 6.26: Volume mesh generation around the grille strut without

prisms.

prisms.

In the first case (Figure 6.25), the low height of the prisms allows for a significantly lower value of the y™T,

allowing it to be below 1, as shown in Table 6.1. Since the y depends directly on the flow speed, the investigation

is performed at the highest speed that will be investigated in this study at the test section, 22 ms~*.

Configuration | Max y+
With prisms 0.91
Without prisms 10.55

Table 6.1: Maximum values of y on the grille, at test section velocity of 22 ms™1.

1

With the prism layers, the highest value of ™+ drops by a factor of 10, indicating that without them the mosaic

cells would begin too far from the wall to properly resolve the near-wall gradients. Therefore, 3 layers of prisms

will be grown from the grille’s walls in all future simulations.

In the converging duct region, where the flow accelerates, the surface mesh resolution gets progressively coarser

moving away from the frame of the grille. The prism layers present in this region are much taller to avoid having

volume cells with an excessively high aspect ratio. As a result, the yT reaches a maximum value of around 10.6,

at a test section speed of 22 ms~'. This means that in this region, wall functions are used to resolve the viscous

sublayer; since it is a converging duct, with a negative pressure gradient, no flow separation is expected to occur,

hence this value of y* is considered acceptable.



Experimental Testing Setup

To certify the accuracy of the numerical simulations, it is fundamental to experimentally measure the static pres-
sure drop through the grille and through the block composed of the grille and radiator.

In section 7.1, the experimental setups used to test the performance of the grille alone are presented, in section 7.2
the setup used to measure the impact the grille has on the radiator and vice-versa, and finally in section 7.3 the

setup used to evaluate the performance of the radiator alone is outlined.

7.1. Experimental Setup with Only Grille

The first configuration tested is the pressure drop across the grille. Two different setups were used to evaluate its
performance: the original test bench, which is the standard configuration already present at Dallara, and a second
setup with the addition of the 900 mm straight duct, which according to the numerical simulations should provide

sufficient space for the flow to develop correctly.

7.1.1. Original Test Bench Setup
The setup, shown in Figure 7.1, presents a converging duct which channels the air towards the opening where
the grille is mounted. Two symmetric static pressure probes are mounted upstream and downstream of the grille,

allowing for the measurement of the difference in static pressure across the grille.

The converging duct is removable, so its wider side upstream is slightly smaller than the test section; furthermore,
the duct is made up of four different pieces held together by screws, which introduce small hollow depths on its
surface. Since any small opening is a potential source of error introducing a pressure loss, every imperfection
was taped, as shown in Figure 7.2.

To adapt the opening area to match that of the grille, a wooden plate of 2 cm is mounted externally, on top of which
the grille is mounted. The opening area of the wooden plate is slightly smaller than the downstream cross-section
of the converging duct, and the small bump between the two is smoothed using some tape. In Figure 7.2, the Pitot
tubes, which measure the freestream speed, are also visible. They are located right upstream of the converging
duct; since the cross section of the test rig is larger than the test section opening, the software controlling the speed
of the fan was adapted to impose a lower freestream velocity matching the desired speed at the grille opening, by
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applying the law of conservation of mass.
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Figure 7.1: Experimental setup test rig with grille.
Figure 7.2: Converging duct taping.

The static pressure probes are small hollow tubes with tiny holes placed perpendicular with respect to the incoming
flow, allowing them to measure the static pressure. Each probe contains four pairs of holes, and it is welded in the
middle. This allows to split the single probe into two, and have twice as many static pressure readings. Each probe
is connected through a plastic tube to a sensor, which directly computes the pressure difference read between two
pairs of half probes (the upstream with the downstream counterpart). A total of four static pressure differences

are measured each time.

7.1.2. Addition of the Extended Straight Duct

To overcome the uncertainty on the velocity profile of the flow at the test section, given the close distance between
the converging duct and the grille, as explained in section 6.1, the same setup as the one used for the numerical
simulation was constructed. The setup in quest comprised an extended duct of 900 mm, split into two separate
components of metal sheet, one of 400 mm and of 500 mm (Figure 7.3). The two components are bolted together

through their frame, and the grille is pressed in between.

Figure 7.3: Straight ducts used in the new experimental setup.

To prevent the air from leaking out of the system, a foam tape was applied on the frame of both ducts, and the gap
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between the two pieces was taped externally, as shown in Figure 7.4. The static pressure probes were mounted
through slots appropriately carved out 20 mm upstream and downstream of the grille. The same configuration
and convention shown in Figure 9.3 was used.

Figure 7.5: Extended straight duct, zoom into the mounting of the

Figure 7.4: Extended straight duct addition. grille and static pressure probes.

Since this setup was thought after postprocessing the results of some initial tests, to better debug the system,
additional hollow tubes were connected first upstream and then downstream of the grille to have a direct indication

of the static pressure read on each side of the grille.

Figure 7.6: T-shaped static pressure tubes connection.

The static pressure sensor used during the tests described in subsection 7.1.1, only returned the difference in static
pressure between the values read upstream and downstream of the grille, not giving information on the pressure

read on either side of the grille.

7.2. Experimental Setup with Grille and Radiator

The grille in series with the radiator was also tested to experimentally investigate the impact the grille has on the
radiator and vice versa. Due to logistical reasons, given the time constraints, only one distance between them
was tested. The test bench setup was the same as described in subsection 7.1.1, with the difference that a radiator
was also placed immediately downstream of the grille, and fixed to the wooden plate. They were distanced 5 mm
apart; the choice was driven by the simplicity of the setup, as a wider distance between grille and radiator would

have required a specific support for the radiator.
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The whole setup was then sealed with some metallic tape to prevent the air from leaking outside. The static
pressure probes for this test were mounted horizontally, as shown in Figure 7.7.

Figure 7.7: Grille + radiator setup. Figure 7.8: Static pressure probes supports.

At the time of the experimental tests, the thin radiator used in the preliminary simulations was not available.
Consequently, a thicker radiator of 51 mm was used instead. Although the initial plan was to repeat the numerical
simulations with the correct radiator, this was ultimately deemed unnecessary, as the experimental data did not
provide sufficient reliability to justify additional computational effort.

7.3. Experimental Setup with Only Radiator

The radiator was also tested alone, to extrapolate the porosity curves and better understand the influence of the
grille on the radiator.

When the test bench was originally designed at Dallara, it was intended primarily for radiator testing. Radiators
typically exhibit a porosity approximately an order of magnitude higher than that of the grilles considered in this
study, reducing the uncertainty in the results. Therefore, testing the radiator is also a potential way to extract the

losses of the grille by subtracting the pressure drop read with the grille from the one read without it.

The setup used is very similar to the one shown in Figure 7.7, with the only difference that there is no grille
upstream of the radiator.



Grille Parametrization

The first part of the project focuses on simulating the grille alone, to isolate and properly analyze its effect on the
flow in terms of pressure drop. Once an initial study on the grille alone has been performed, the radiator (modeled
as a porous medium) is added to the simulation to investigate the impact the radiator has on the grille and vice
versa.

Deriving a formula that accuracy predicts the porosity curve based solely on the geometric characteristics of a
grille enables the immediate and quantified preliminary estimation of its aerodynamic performance. This, in turn,
enables a more informed evaluation of different grille designs and facilitates the selection of the most suitable

option.

8.1. Test Matrix

This section collects all the parameters tested to analyze the effect of different grille configurations on the static
pressure losses, as well as the tested combinations of grille and radiator to investigate how they influence each

other.

8.1.1. Grille Test Matrix

Multiple combinations of grille parameters were tested and compared: the geometry of the pattern, opening
size, cross-section shape, and passage length of the wire, and different inclinations with respect to the incoming
flow. Each geometry change was tested while keeping all the other parameters constant (i.c., when changing the
thickness of the wire, the grille pattern consisted of square openings of constant width). This way, the influence
of the single parameter on the pressure drop can be better isolated. All the parameters tested on the grille alone
are shown in Table 8.1, 8.2 ,8.3, and 8.5. The influence of all the single geometrical parameters was tested using

the square grille, as it is the easiest shape to mesh in CFD.

1 1

The performance of the grilles was evaluated at a range of speeds' from 6 to 22 ms~*, measuring every 4 ms~*.
This range of low speeds was chosen because cooling is more critical at low speeds, where the mass flow rate

reaching the radiator is limited, and the heat transfer rate is at its minimum. Having a precise mapping of the

I'The range of speeds mentioned refers to the velocity of the flow before the convergent duct, where it is measured by the Pitot tubes.

47
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impact of the grille on the flow at these velocity ranges is critical, as underestimating its effects might lead to
insufficient cooling and overheating of critical components of the vehicle.

Table 8.1: Square mesh, parameters tested.

Table 8.3: Hexagonal mesh, parameters tested.

Parameters Investigated | Values Tested
- _1g Parameters Investigated | Values Tested
Velocity [ms™"] 6,10, 14, 18,22 - —
— Velocity [ms™ "] 6, 10, 14, 18, 22
Wire diameter [mm] 0.6,0.8,1.0,1.2 —
— Wire diameter [mm] 0.6
Hydraulic diameter [mm] | 3.5,4.2,5.7,7.1 —
Hydraulic diameter [mm] 4.0,4.2
Passage length [mm] 5,10 2 -
: : Wire cross section round
Wire cross section round, squared

Table 8.2: Triangular mesh, parameters tested.

Parameters Investigated | Values Tested Parameters Investigated Values Tested
Velocity [ms~1] 6,10, 14, 18,22 Velocity [ms~1] 6,10, 14, 18, 22
Wire diameter [mm] 0.6 Wire diameter [mm] 0.6
Hydraulic diameter [mm] 42,52 Hydraulic diameter? [mm] 4.2,5.6
Wire cross section round Wire cross section round

Table 8.4: Octagon+square mesh, parameters tested.

Parameters Investigated | Values Tested
Velocity [ms~1] 10, 14, 18,22
Wire diameter [mm] 0.6
Hydraulic diameter [mm] 4.2
Wire cross section round

Table 8.5: 45° rotated square mesh, parameters tested.

Figure 8.1, 8.2, 8.3, and 8.4 give a visual overview of the geometries mentioned above.

e

A @

Figure 8.3: Triangular mesh

Figure 8.4: Octagonal+square

pattern.
mesh pattern.

Fi 8.1: S h pattern.
feure quare mesh pattern Figure 8.2: Hexagonal mesh

pattern.

8.1.2. GrilletRadiator Test Matrix

To fully assess the performance of a grille, it is not sufficient to analyze it as an isolated component. The grille is
designed to be installed upstream of the element it protects; therefore, its behavior is influenced by the surrounding
geometry and the downstream system. For this research, the protected component is the radiator, meaning that
the grille’s aerodynamic and thermal performance must be evaluated in conjunction with the radiator and its
immediate environment. The two aspects that have been investigated are the effect of the distance between the
grille and the radiator and the use of the grille to give a certain directionality to the flow, to better align it with the
orientation of the radiator. The cases tested are collected in Table 8.6.

2The hydraulic diameter refers to the one of the octagon
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Parameters Investigated Values Tested
Velocity [ms~1] 22
Wire diameter [mm] 0.6
Hydraulic diameter [mm] 4.2
Wire cross section round, airfoil® (30°), airfoil (15°)
Distance grille-radiator [mm] 2.5,5,10, 20, 50, 100, 200

Table 8.6: Square mesh and radiator, parameters tested.

8.2. Parametrization Methodology

One of the key goals of the research is to model the grille numerically in a simplified manner, reducing the burden
of the computational time, cost, and complexity of simulating a grille with its exact geometry. Since the radiators
are modeled using the porous medium approach at Dallara, using the same method to model the grille allows to
easily adapt it into the automated CFD process. As described in section 3.2, the static pressure drop is governed
by the Forchheimer equation (Equation 3.2), where the parameters are adapted according to the porosity of the

modeled medium.

8.2.1. Base Parametrization Model

Since the numerical simulations return discrete data, the differential term dp

7o in Equation 3.2 needs to be explicit

as:

Ap

N 2
~ = KV+pﬁV (8.1)

where Az is the thickness of the grille, V' is the superficial velocity (Tupin et al. [40]), u is the dynamic viscosity
of air (1.7894e-05 kgm~' s~ ! in the simulations), p is the fluid density (1.177 kg m~2 in the simulations), K
is the permeability coefficient and 3 is the Forchheimer coefficient. The latter two parameters can be further
broken down according to the formulations presented in Table 3.2. All the formulations contain coefficients that
were originally derived from datasets that differ from this specific application; for this reason they have been
recalculated using a least-squares fit based on the CFD data obtained at 6, 10, 14, 18, and 22 ms~! for the square
grille with circular wire, first varying one parameter (either the side length of the square or the wire thickness)
while keeping all the other parameters constant, and then varying the other. All the coefficients that followed
from empirical considerations were kept the same.

The static pressure drop across the various grilles was evaluated as the difference between the mean static pressure
measured on two planes, each as wide as the duct, located 20 mm upstream and 20 mm downstream of the
grille, shown in pink in Figure 8.5. At this distance, the static pressure showed, on average, an almost complete
recovery, making the pressure drop measurement distance consistent with the porous medium approach, as shown
in Figure 6.14.

The performance of the various models has been evaluated, fitting the respective coefficients with half of the
data points, and comparing the average root squared error (RMSE) (Equation 8.2) between the predictive model
and the entire data set available (35 data points). Training the models on incomplete data (20 points out of
35), and then testing their performance on everything, allows to check how effectively the models behave when

they’re missing information. Testing the generalization of the models is very important as they need to be used

3The grille was shaped like an airfoil; the degrees indicated refer to the angle the tangent line to the mean chord makes at the trailing edge
with the horizontal. The radiator was inclined 30° with respect to the horizontal when testing the performance of the airfoil-shaped grille
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for whatever combination of grille geometry, and the final fitting of the coefficients will be made solely on the
available data collected from CFD, which is limited. The selected data points were those in the middle of the
range, rather than the extremes (ten points were selected from the grille analysis focused on wire thickness, and
another ten from the analysis investigating the opening size). For example, if the wire thickness values are 5, 6,
8, and 10, only the grilles having wire thicknesses of 6 and 8 were considered. In principle, any data point could
have been chosen for this comparison, without affecting the results.

The RMSE is defined as:

n

1 -
RMSE = | — —dy,)?
S - ;(dpl dp,)

(8.2)

where d,, is the actual value of the i-th static pressure drop, and d;,i is the predicted value. The RMSE performance

of the models considered is collected in Figure 8.7.

Formulation Mean RMSE [Pa]
Du Plessis et al. [7] 32.560
Dukhan et al. [9] 5.617
Calmidi [4] 2.680
Dukhan [8] 12.350
Ergun [10] 24.720
Yang et al. [43] 9.199

Table 8.7: Average root mean squared error (RMSE) of the entire
data-set predicted with different Forchheimer (3) and permeability
(K) coefficients formulations.

Figure 8.5: Static pressure measure planes (in pink) 20mm upstream
and downstream of the grille.

The best performing model in terms of RMSE resulted being the formulation of Calmidi [4] for K and (3, which

o ()’

can be rewritten as:
(8.3)

(8.4)

where n1,n9, q1, and ¢o are empirical coefficients, D), = % is the hydraulic diameter, d is the diameter of the

grille’s wire, e is the porosity of the grille (ratio of open to total area of the duct %). As discussed by Calmidi
[4], the parameters involved are not arbitrary: (1 — ¢) mimics the behavior of the flow as e approaches unity, and
Dih allows for capturing the effect of the wire diameter and of the hydraulic diameter on the losses.

Substituting the values of the coefficients found with the least-squares fitting of the entire data-set available for

the best accuracy possible, Equation 8.3 and Equation 8.4 become:

1 d 0.7780
— = D} -0.4868(1 — ¢)'-2397 (-) (8.5)

K Dy,
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B =1.6342 (8.6)
The Forchheimer equation is composed of the sum of the viscous (AV') and inertial (BV ?) contributions of the
flow to the static pressure drop:

Ap _ 1

= 24 BV? .
A, =V eV V + BV (8.7)

As the freestream speed of the flow in the simulations becomes higher, the inertial contribution to the pressure drop
becomes predominant. This effect can be better visualized by looking at the change in static pressure coefficient
as the flow speed in the test section increases from 6 to 22 ms~—! (Figure 8.6):

Pstatic — Poo
Cpopanse = Lotetic —Poo (88)
S VT

Since c¢p,,,,;, normalizes the difference between static and freestream pressure by the square of the velocity,
the inertial contribution (associated with V?) is effectively removed. This makes the resulting c,,,,.. graphs
independent of dynamic pressure, highlighting variations due to viscous effects rather than changes in flow speed.
In Figure 8.6, the drop in static pressure coefficient across various grilles with different open area ratio values (¢)
is shown at increasing freestream flow speed. As expected, the curves get closer to each other as the flow velocity
increases, demonstrating the gradual loss of impact of viscous effects on the static pressure drop.
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Figure 8.6: Static pressure coefficient drop across grilles with varying porosity.

8.2.2. Model Adaptation to Different Mesh Geometries

To extend the model described in subsection 8.2.1 to different mesh geometries, it is necessary to establish a
common metric for comparison. This ensures that any variation in the results is solely due to the geometrical
shape.

Three geometries were considered: the equilateral triangle, square, and regular hexagon as they are easily man-
ufacturable and can be arranged into repeating patterns. The meter chosen was to consider grilles with the same
hydraulic diameter (Dy,), as they showed similar porosity (¢) values (Figure 8.7). If the material, dimension, and
shape of the wire are the same, then any difference in the static pressure drop seen among grilles with an equal
porosity is to be attributed to the difference in the geometrical structure of the mesh.

The hydraulic diameter chosen to perform the parametrization was selected randomly, and it was equal to 0.0042m.
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Figure 8.7: Porosity (¢) given a hydraulic diameter (Dj,) for unit mesh shapes as: square, equilateral triangle, and regular hexagon.

To quantify the geometrical effect, the pressure drop curve of a given geometry is divided by that of a reference
geometry, yielding a factor S, referred to as the shape factor. From the postprocessing of the CFD data, the shape
factor resulted in being a second-order polynomial depending on the freestream flow velocity V':

A eomelr
§ = _SPgeometry a2 4 gy 4 ¢ (8.9)
Apref.geomet'ry
where A and B have very low values as the polynomial has a very light curvature. By multiplying Equation 8.1
by S, then the pressure drop curve of the grille with the same porosity but different geometry is found:
AP _g.a =S L v V2 8.10
E = O APref.geometry — NV + plgref.geometry ( . )

Kref,geometry

In order to parametrize the coefficients A, B, and C' based on the geometrical parameters of the various mesh
shapes, a few observations must be made first:

* As the number of sides of a regular polygon increases, the angle between two adjacent wires also increases,
reaching a maximum value of 180° in the limiting case of a circle. However, a circle cannot form a discrete
wire pattern, since it has no individual sides. The relative positioning of the wires is not captured by the
porosity value, which only indicates the percentage of the duct’s cross-sectional area that is unobstructed.
When the flow encounters a wire, a static pressure build-up occurs near the stagnation point, creating
resistance to the flow. If the angle between two adjacent wires is very small, two stagnation regions will
be close to each other, forcing the flow to pass through the remaining open area where resistance is lower.

This effect increases the static pressure losses across the grille.

Figure 8.8: Static pressure coefficient distribution around hexagonal Figure 8.9: Static pressure coefficient distribution around triangular
mesh. mesh.
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Figure 8.8 and 8.9 visually show the larger static pressure build up present in the triangular mesh, where
the spacing between two adjacent struts is reduced.
This information indicates that the static pressure drop curve for a geometry with fewer sides will consis-

tently exhibit greater blockage. The behavior of S is as follows:
S>1if Nsides,geometry < TMsides,ref.geometry
S<1if Nsides,geometry > Nsides,ref.geometry

+ As the freestream velocity of the flow approaches zero, the pressure drop will tend to zero as well, and the
shape factor S will approach unity. As a result, whenever S is above one, the second-order polynomial
will have a negative value of A (concave down); if it is below one, then the opposite is true (A < 0 and S
concave up), as shown in Figure 8.10.

AP [Pa]T Geometr 2
[ ] n_sides < nfsyi/des,ref Ge;)metryd f
n_sides < n_sides,re
Ref Geometry | —==
S _ Apgeometry T
B Apref.geametry Ref Geometry
_
V [m/sj \% [m/sj

Figure 8.10: Schematic overview of the shape factor.

These two observations highlighted that the switch of sign of A is directly linked to the number of sides of the
polygon considered, and that the increased pressure drop is linked to the angle between two adjacent wires, and
led to the identification of these two base parameters that constitute the foundation of the modeling of the shape
factor, the angle factor AF’, and the perimeter factor P:

AF =1 — cos(0) (8.11)

P eometr
p=1_ _—geometry (8.12)
Pref.geoemtry
Since all the geometries considered for this study are regular polygons with equal internal angles, 6 has always
been considered to be the average internal angle of the polygon. This assumption has not been confirmed to hold
for different geometries where the internal angles do not have all the same opening.

The angle factor AF' has been chosen as such for two main reasons:

* cos(f): using the sine function would result in identical values for multiple angles. For instance, both
an equilateral triangle and a hexagon would yield the same result since sin(60°) = sin(120°), which is
undesirable.

* 1 — cos(f): since 6 can only assume values between 0° and 180°, its cosine will always be positive,
ranging between 0 and 2. This is advantageous because it isolates any sign changes to the perimeter factor
P, thereby reducing the number of combinations that need to be tested during the parametrization.
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The perimeter factor P will be negative when the geometry has fewer sides compared to the reference geometry,
and positive when it has more. This allows for easy control of the switch of sign needed to correctly model the
direction of the parabola’s concavity.

Although the shape factor behaves as a second-order polynomial with respect to the freestream speed, there is
no direct correlation between the quadratic term and inertial effects, nor between the linear term and viscous
effects. This is because S results from dividing two quadratic pressure-drop curves, where the corresponding
effects cancel each other out, eliminating any physical relationship.

The most accurate representation of the shape factor was obtained by modeling the coefficients A,B, and C' as

follows:
C=1+m;-AF™.P (8.13)
B=m3-AF™ . P (8.14)
A=ms5 - AF™6 . P (8.15)

where mq, mo, m3, my4, ms, and mg are the coefficients to be fitted with the CFD data.
Rewriting the equations above with the explicit fitted empirical coefficients, using as reference geometry the one
of the square, becomes:

C=1-0.1935- AF°072. p (8.16)
B =0.8747- AF~0-0109 . p (8.17)
A =0.5692 . AF0-0002. p (8.18)

The modeled shape factor compared to the one computed from CFD data is shown in Figure 8.11. The absolute
deltas between the actual and modeled shape factors are all in the order of 103, as highlighted in Figure 8.12,

indicating an almost exact match.

uuuuu

Figure 8.11: Shape factor modeled versus the one computed from Figure 8.12: Shape factor model error compared to the one computed
CFD data, using the square as reference geometry. from CFD data, using the square as reference geometry.

Modeling in CFD
To produce the grille-specific static pressure drop curve, the presented model requires as inputs all the parameters

summarized in Table 8.8, which can all be derived from the geometrical construction of the grille.

Variable Unit
Wire thickness m
Hydraulic diameter | m

Porosity (7‘4"?8" ) -

Atotal

Table 8.8: Inputs required by the static pressure drop curve model developed.
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The model only holds for wires with circular cross-section, as the square one introduced additional losses in the
system, at equal geometrical construction of the grille, as described later in subsection 10.1.2. While the wire
thickness and hydraulic diameter can be easily computed, the porosity e would require the physical modeling of
the grille in a CAD software to measure the ratio of open area to total area occupied by the grille. Although this

remains the most accurate way of computing this parameter, an estimation can be done as follows:

A t ithout
€= geometry without frame (819)
Ageometry with half—frame

where Ageometry without frame refers to the area highlighted in blue in Figure 8.13, while the Ajeometry with frame
refers to the one highlighted in red. Note that for simplicity, the two areas have been shown on a square, but the
same idea can be extended to whatever geometry is considered. This estimation does not account for the borders
of the grille, which may cut the unit patterns, leading to a slight deviation of the porosity estimated from the
physical modeling.

Agi b
Awithoutframe with half-frame

Figure 8.13: Schematic overview Ageo'metry without frames and Ageo'metry with half—frame

Complex Patterns

So far, only patterns made up of a single regular polygon have been investigated, as they are usually the most
widely used for motorsport applications, due to their high availability, hence lower purchase costs. It may happen
that a more complex pattern composed of multiple polygons is desired, especially on street-legal cars, where
styling also plays a role. To investigate such a case, a grille with a pattern made up of an octagon and a square
sharing one side has been tested (Figure 8.4), utilizing the same model derived in subsection 8.2.2.

To achieve an accurate prediction, the static pressure drop was decomposed into two contributions: one from the
octagonal section and one from the square section. These were then combined using weights consistent with the
grille’s geometric construction. Generalizing the approach for any geometrical pattern couple (where the two

geometries are geom 1, and geom 2):

Nunit patterns * Ageom 1 with frame (8 20)
Atotal

Wgeom 1 =
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_ Nunit patterns * Ageom 2 with frame 821
Wgeom 2 = A (8.21)
total
Apgeom, 1+2 — Apgeom 1 Wgeom 1 + Apgeom 2 Wgeom 2 (822)

Multiplying the area of the selected geometry by the number of times the unit pattern appears in the grille accounts
for edge cuts, thereby improving the accuracy of the parameter.

The same approach, shown here for a pattern composed of two regular polygons, can be extended to a larger
number of different geometries included in the pattern. The porosity € required for estimating Apgeom 1, and

Apgeom 2, can be obtained using Equation 8.19.

8.2.3. Richardson vs. Calmidi's Formulation

The formulation of Richardson et al. [34], presented in Table 3.2, showed a better RMSE than the formulation of
Calmidi [4] when its extrapolation capability was tested.

Although the two formulations differ, the physical basis behind them is very similar. Both are based on the (1 —¢)
term, which goes to zero when the porosity is 1. The main difference between the two is that Calmidi also included
the diameter of the wire as a variable; even though Richardson did not, its influence is still captured indirectly by

the porosity e.

The reason why Calmidi’s formulation was still preferred over Richardson’s is the poor performance the latter
showed when used to predict the pressure drop curve of the grille comprising the octagon plus square pattern
(Figure 8.4). This grille geometry serves as a critical extrapolation check. The shape factor is not derived from
octagonal data, and the predicted pressure drop depends on the combined contributions of the octagon and square
elements. Ifthe prediction aligns with expectations, it strongly indicates robustness. However, the fact that it fails
suggests the model is not reliable for predicting grilles that differ significantly from the fitted cases. In Table 8.9,
an overview of the differences in accuracy in predicting the octagon+square grille in terms of RMSE is presented.

Octagon side length | RMSE Calmidi [4] | RMSE Richardson et al. [34]
1.7 mm 2.346 Pa 11.295 Pa
2.3 mm 1.321 Pa 2.844 Pa

Table 8.9: RMSE comparison between Calmidi and Richardson’s formulations in predicting the octagon+square grille.

8.2.4. Robustness of the Model

One of the elements that was left out of the discussion is the reference geometry to use as a base for the modeling
of the shape factor. In principle, there is no empirical or physical justification for favoring one geometry over
another. Therefore, if the underlying model is formulated correctly, the predicted pressure drop should remain
unaffected by the choice of geometry. To assess this aspect, pressure drops were computed for the hexagonal, the
square, and the triangular grilles. As areference, the pressure drop for each geometry, denoted as APyc ¢, geometrys
corresponds to the CFD prediction for a grille with the same hydraulic diameter of 4.2mm. The perimeter of the
reference geometry Prcf. geometry Was also adapted in the perimeter factor (Equation 8.12). Depending on the

geometry, the perimeter is calculated from the hydraulic diameter Dy, as:
Pret. geometry =4+ Dy, : for the square

Pref. geometry = 2V/3 - Dy @ for the hexagon

Prey. geometry = 3v3-D;, : for the triangle
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In Table 8.10, the RMSE obtained by predicting the same pressure drop with different reference geometries is

shown. Since all the values are in line with each other, the initial hypothesis of independence of the results on the

reference geometry used to model the shape factor is validated.

Reference RMSE square grille | RMSE hexagonal | RMSE  triangular | RMSE oc-

geometry prediction [Pa] grille prediction [Pa] | grille prediction [Pa] | tagon+square grille
prediction [Pa]

Square 2.1193 1.1997 2.9731 1.8428

Hexagon 2.1880 1.3071 3.0288 1.9863

Triangle 2.1119 1.1879 2.9679 1.8314

Table 8.10: RMSE of the prediction of the static pressure drop of square, triangular, hexagonal, and octagon+square meshed grilles with the
same hydraulic diameter (4.2mm), with different reference geometries.

Since the empirical coefficients of the shape factor formulation were calibrated by fitting the pressure drop curves
of the triangle, hexagon, and square geometries, all sharing the same hydraulic diameter of 4.2mm, the RMSE
values reported in Table 8.10 may reflect an intrinsic bias. Although the shape factor was recomputed using
different base geometries, the coefficients were always obtained through a least-squares fit of the same underlying
dataset. Consequently, the resulting prediction errors appear largely independent of the chosen base geometry,
yet a residual bias is likely present due to the repeated use of identical calibration data.

To avoid it, the same model was used to check the independence of the model from the reference geometry used,
when the longest diagonal of 6mm is fixed. Once again, the RMSE obtained (Table 8.11) is in line, proving the
model is robust.

Reference RMSE

RMSE square grille hexagonal | RMSE  triangular | RMSE oc-
geometry prediction [Pa] grille prediction [Pa] | grille prediction [Pa] | tagon+square grille
prediction [Pa]
Square 2.1993 1.0941 3.3410 1.1994
Hexagon 2.1880 1.1658 3.3964 1.3082
Triangle 2.1119 1.0920 3.3411 1.1867

Table 8.11: RMSE of the prediction of the static pressure drop of square, triangular, hexagonal, and octagon+square meshed grilles with the
same longest diagonal (6mm), with different reference geometries.

Figure 8.14, 8.15, 8.16, and 8.17 show the absolute error in Pa between the results obtained from CFD and the
ones predicted with the derived model. The error is defined as:

E= AF)model - APactual (823)

Whenever the error is positive, it means the model is over-predicting the pressure drop; when it is negative, it is
under-predicting it.
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Correlation Between Numerical and
Experimental Results

To assess the validity of the numerical model tested in CFD, and to quantify the differences due to the simplifica-
tions made to the simulated geometries, a correlation study between the results obtained experimentally and the
numerical ones must be performed. In section 9.1 the setup used in the tests is outlined, and how the experimental
results were properly compared to the CFD ones. In section 9.2, and 9.3, the usability of the results for the study
is tested by shedding light on the robustness of the experimental results.

9.1. Correlation Study Setup

Two types of grille were used for the tests, since they were already available in the warehouse at Dallara. Both
grilles were adopted in motorsport applications: ”Grille 2247, with a square pattern (side of 5.8 mm) and circular
strut cross section (diameter of 0.6 mm), and “grille custom”, also with a square pattern (side of 10.0 mm) and
circular strut cross section (diameter of 1.0 mm), shown in Figure 9.1 and Figure 9.2 respectively.

Figure 9.1: ”"Net 224”, with a square pattern (side of 5.8 mm) and  Figure 9.2: ”Net custom”, with a square pattern (side of 10.0 mm)
circular strut cross section (diameter of 0.6 mm) and circular strut cross section (diameter of 1.0 mm)
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All CFD results presented for comparison with the experimental data were evaluated by measuring the static
pressure at the same locations where the probes were positioned during the tests. To verify the influence of
alignment between individual points and the grille struts, multiple points spaced a few millimeters apart were
sampled around each static pressure probe hole. The average of these points was then calculated and used for
plotting. Since the pressure values at these points consistently differed by less than 2 Pa, the averaged value was
considered representative. The pressure differences measured are always plotted at the average speed of the flow
across the entire test section instead of the local velocity at the points. This approach ensures greater consistency
with the experimental results. In the tests, the difference between probe locations is known, but the local velocity
is not directly measured; instead, it is reported as an average across the test section.

For the radiator tests, a slightly thicker radiator was used compared to the one originally simulated in CFD. The
initial radiator was unavailable at the time of testing, so an oil radiator was used instead. The plan was to rerun the
relevant CFD setups using the porosity curve obtained from the experimental tests and then compare the results
to establish the correlation.

9.2. Robustness of the Readings in the Original Test Bench Setup

As anticipated in chapter 7, tiny gaps are present between the parts used during the experimental setup. Even
though they were at all times sealed by metallic tape, the surface was never as smooth as the one tested in CFD.
For each setup tested, there were non-negligible losses in the system when neither a grille nor a radiator was
placed in the test section. As a result, to get results comparable to CFD, these losses had to be measured and
subtracted from the tests with the grille and/or the radiator (referenced as porous medium (P M) in the formula
below):

AP = APyith v — APuithout PM .1

As described in chapter 4, a preliminary test was done before the start of the project, testing whether the static
pressure probes were able to measure a difference in static pressure between upstream and downstream of the
grille. However, because this was the first time the test bench was used to measure the pressure drop across a

grille, no reference values were available to assess the accuracy of the measurement.

9.2.1. Grille only Tests

To test it, the experiments were performed using two sets of pressure probes: the first set composed of existing
probes, denoted as “old”, and the second set composed of pressure probes specifically produced for these tests,
denoted as "new”.

For all the tests shown in this subsection the pairs of probes that measure the pressure differential have been
assigned the following names as illustrated in Figure 9.3: ”Air 1” for the top left probes, ”Air 2” for the top right,
”Air 3” the bottom left, and ”Air 4” the bottom right.
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Figure 9.3: Vertical static pressure probes setup.

In Figure 9.4 and 9.5, the results obtained in the four static pressure differentials ("Air 17, ”Air 2”, ”Air 3”, and
”Air 4”) are shown. The convention used is the one shown in Figure 9.3. These tests were performed using the
original test bench setup (Figure 6.1).

In the case of the old pressure probes, only the right side is coherent (air 2 and air 4), while for the new probes,
only air 2 and air 3 show coherence. From the CFD results, as shown in Figure 6.4, there is little to no difference
between the left and right sides of the test section, so it is unlikely the asymmetry is due to the presence of the
converging duct.

A first consideration that can be made is that the system losses are rather high compared to the expected pressure
drop to be measured across the grille. This is an anticipatory sign of the reliability of the results, since it increases

the amount of uncertainty in the results.
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Figure 9.5: Experimental tests with no net, new static pressure

Figure 9.4: Experimental tests with no net, old static pressure probes. probes

The static pressure drops across “net 224 with the old and new probes are presented in Figure 9.6 and 9.7
respectively. Even though when the old probes were used, all four pressure differentials were in line with each
other and with the CFD results, when the test was repeated with the newly produced probes, the left and right

sides of the test section were not coherent anymore.
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Figure 9.6: Experimental tests with net 224”, old static pressure ~ Figure 9.7: Experimental tests with net 224”, new static pressure
probes. probes.

In a similar fashion, Figure 9.8 and 9.9 represent the pressure drop across the ”custom grille” with the old and
new probes, respectively.

The old probes this time showed coherence on the left side and on the right side, but not between the two sides.
Interestingly, the CFD results appeared to be right in the middle between the two sides. The new probes agreed
with the CFD results on the left side (air 1 and air 3), while the probes on the right side were not coherent.

T T y T T y y v u T T y T T y y v u
6 8 10 12 14 16 18 20 22 6 8 10 12 14 16 18 20 22
Velocity (m/s) Velocity (m/s)

Figure 9.8: Experimental tests with “net custom”, old static pressure Figure 9.9: Experimental tests with net custom”, new static pressure
probes. probes.

To confidently use the results to perform a correlation study, the results collected should not vary significantly
when varying the instruments, if the setup remains the same. The static pressure probes are positioned 20 mm
from the grille, both upstream and downstream. Any local wake effects induced by the grille at this location
should not be influential on the results. ”Grille custom” has the thickest wire of the two grilles tested, with a
diameter of 1.0 mm; the pressure probe is positioned at 20 times the characteristic length of the grille, making it

unlikely that any local wake effects are affecting the coherence of the results.

9.2.2. Probes Misalignment
To rule out the possible wake disturbance of the static pressure upstream on the downstream one, the downstream
probes were moved inwards by 30 mm, as depicted in Figure 9.10. Comparing the results obtained with this

pressure probe setup with the original setup also allows to have an insight into the velocity profile of the flow at
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the test section, which from the CFD simulations appeared to be slower at its core than at its sides (Figure 6.8).
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Figure 9.10: Misalignment of the downstream static pressure probes.

The CFD results exhibit the expected trend in the static pressure drop curve. When the core flow is slower,

the static pressure measured by the downstream probe increases slightly as the probe is moved inward. If the

upstream probe position remains unchanged, this results in a smaller pressure difference between the two probes.

This behavior is clearly illustrated in Figure 9.11. Between the two configurations, at V., = 22 ms~! the static

pressure drop difference is 4.6 Pa.

The opposite trend occurred in the experimental results. The trend is consistent among all four static pressure

differentials, which measure a higher drop in pressure with the pressure probes misaligned. This might suggest

that in the experimental tests, unlike what seen in the numerical simulations, the velocity of the stream is higher

in the core, as it would be in a fully developed velocity profile. However, such a large discrepancy between

numerical and experimental results is unlikely. Considering the limited reproducibility of the experimental setup,

potential sources of error, such as improperly connected probes or air leaks, cannot be ruled out. These factors

could have contributed to the observed differences.
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Figure 9.12: Experimental tests with net 224”, comparison between
aligned and misaligned pressure probes.
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9.2.3. Test with Radiator

Before evaluating the radiator in series with the grille, it was first tested on its own to assess its baseline perfor-

mance in the original test bench setup, with the converging duct placed immediately upstream of it.

For the tests, the static pressure probes were rotated 90° horizontally. The position of the four static pressure
differentials was not varied to maintain the same logic, as shown in Figure 9.13.
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Figure 9.13: Horizontal static pressure probes setup.

The results presented in Figure 9.14 include the losses of the test system. The flow velocity during the experiments
reached approximately 16.5 ms™!, which corresponds to the maximum airflow the test bench fan was able to

deliver under the flow restriction imposed by the radiator.

All differential pressure probes exhibited consistent behavior. However, when examining the zoomed static pres-
sure trend at approximately 16.5m s~ ! (Figure 9.15), discrepancies of roughly 100-120 Pa emerged among the
four measurement locations. Although these variations appeared significant in absolute terms, they represented

only about 2.5% of the total pressure level being measured, which is one order of magnitude higher.
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Figure 9.14: Pressure drop across the radiator, including the losses of

Figure 9.15: Pressure drop across the radiator, zoom-in.
the system.

This observation nonetheless provides an important indication regarding the sensitivity and suitability of the
instrumentation: the probes were calibrated for radiator testing, where pressure drops are substantially larger. In
contrast, the pressure differences across the grille alone are of the same order of magnitude as the resolution
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limit of the static pressure probes. As a result, the system lacks the sensitivity required to accurately quantify the
grille’s standalone performance.

9.2.4. Test with Grille and Radiator in Series

The same setup presented in Figure 9.13 was also used for testing the radiator mounted in series to the “net 224”.
This grille was the one with the lowest porosity among the available ones. This choice ensures that if the grille
contributes a significant pressure drop, its effect is more pronounced, especially considering that the radiator
already imposes a substantial flow restriction.

The grille was inserted 5 mm upstream of the radiator, and the static pressure probes were kept mounted 20 mm

upstream and downstream of the tested block.

The results reported in Table 11.4 include the losses of the empty test bench. Consistent with the behavior ob-
served in subsection 9.2.3, the four differential pressure measurements showed good coherence (Figure 9.16),
with discrepancies between the probes reaching up to approximately 100 Pa. In this configuration, the measure-
ments also revealed a noticeable asymmetry: the right-hand side of the duct (air 2 and air 4) consistently exhibited

lower pressure drops compared to the left-hand side (air 1 and air 3).
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Figure 9.16: Pressure drop across the grille and radiator, including

the losses of the system. Figure 9.17: Pressure drop across the grille and radiator, zoom-in.

After the initial tests performed on the grille, the intention was to estimate the performance of the grille by taking
the difference between the measurements obtained in the configuration with both grille and radiator and those
obtained in the configuration with the radiator alone. To avoid aerodynamic interaction between the two compo-
nents, the grille and the radiator would have been placed at a sufficient distance from each other. This distance
would have been determined using numerical simulations together with a suitable safety factor.

During the experiments, it became evident that the differential pressure probes did not provide enough sensitivity
to resolve the very small pressure drops generated by the grille on its own. Because the magnitude of the signal
was comparable to the measurement noise, it was concluded that continuing with this testing strategy would have
not produced reliable results. For this reason the procedure was not carried forward.

9.3. Robustness of the Readings in the New Test Bench Setup

To eliminate any doubt on the flow velocity profile at the test section raised by the CFD simulations (Figure 6.8),

“net 224” was also tested inside the elongated 900 mm duct shown in subsection 7.1.2.
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Likewise, the previous simulations performed on the grille alone with the original test bench setup, there is limited
coherence between the four pressure differentials (Figure 9.18). Between the value read by ”Air 1” and ”Air 4” at
22 ms~!, there is a 40 Pa of difference; considering the overall pressure drop measured from CFD at this speed

is roughly 60 Pa, the difference is more than half of the total amount read.

60 -

50 1

40

AP (Pa)

20 A

104

T T T T T T T u u
6 8 10 12 14 16 18 20 22
Velocity (m/s)

Figure 9.18: Experimental results for “net 224" using the new setup.



10

Pressure Drop Analysis: Grille
Parameters and Coupled Effects

This chapter investigates all the parameters involved in the grille design process, highlighting the relative impact
they have on the pressure drop across both the grille itself and the radiator positioned downstream of it. All the
parameters involving the grille alone are discussed in section 10.1, while the coupling effect between the radiator
and the grille is discussed in section 10.2. Since the results could not be properly correlated, as discussed in
chapter 9, all the results shown are obtained from CFD simulations, utilizing the new test bench setup (Figure 7.4).

10.1. Grille Pressure Drop Drivers

Before diving into the empirical prediction of the pressure losses across a grille, it is necessary to fully understand
which geometrical parameters influence the losses, and to which extent. In this section all the parameters investi-
gated are thoroughly analyzed, including a comprehensive explanation of their relative impact in the generation of
aerodynamic losses. The rpesssure drop drivers have been ordered per their relative impact on the static pressure
drop.

10.1.1. Effect of Boundary Layer

The first aspect investigated is the effect that the walls of the duct around the grille have on the static pressure
drop. This has been the first parameter investigated, since it allows to know how the shape of the duct around the
grille influences the results.

Within the boundary layer, the fluid velocity decreases smoothly from the free stream value to zero at the wall.
When the measurement region includes this near wall zone, the plane averaged velocity becomes lower because
the slow flow in the boundary layer reduces the overall mean value compared to the core flow. Since pressure
losses vary with the square of the velocity, even a moderate reduction in the averaged velocity produces a notice-
able effect on the inferred pressure drop. This behavior is shown in Figure 10.1. The figure presents the pressure
drop curves for several mesh geometries, specifically triangular, hexagonal, square, and octagonal with an inner
square, each with a longest diagonal of 6 mm. For each geometry, the pressure drop is evaluated on two measure-
ment planes. The first one extends across the entire width of the duct and is referred to as the ”100% plane”. The
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second one covers 60% of the duct width, thereby excluding most of the boundary layer region. The difference
between these two evaluations clearly demonstrates the influence of the boundary layer on the resulting pressure
drop estimation. For every tested grille configuration, the curves from the small and large measurement planes
overlap. Therefore, it can be concluded that the only effect of including the boundary layer is a reduction in
the plane-averaged velocity, shown by the leftward and downward shift of the pressure points obtained with the

larger plane.
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Figure 10.1: Boundary layer effect on static pressure drop

The main takeaway is that the grille’s aerodynamic efficiency is independent of the portion of cross-section con-
sidered. The inclusion of the near-wall boundary layer region only affects the average speed over its cross-section,
impacting the absolute average static pressure drop registered across the grille.

For all the subsequent investigations, the pressure drop presented will be taken across the largest plane, including

the effect of the boundary layer, as this is the case closest to reality.

10.1.2. Effect of Wire Cross Section

The cross-section of the wire is the geometrical characteristic investigated with the biggest impact on the static
pressure drop across the grille. As mentioned in Hoerner [13], a square cross section increases the amount of
surface area where the flow stagnates, leading to significantly higher static pressure losses (a nearly 90% increase,
as reported in Table 10.1) compared to the same square grille, with a circular wire of 0.6 mm in diameter and
side length of 4.2 mm (Figure 10.2). This effect is considered the most impactful on the aerodynamic losses of
the grille, as choosing the circular one allows to have a reduction in static pressure loss, without losing structural

integrity, nor changing any other geometrical parameter (wire thickness, opening size, geometrical shape, ...).

—— Square cross section
160 4 Circular cross section

Cross Section Type | AP from circular cross section [%]
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Table 10.1: Static pressure drop difference of each grille form the
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Figure 10.2: Effect of wire cross section on static pressure drop.
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In Figure 10.3 and 10.4, a visual overview of the difference in stagnation pressure build-up in front of the grille’s
struts is shown. In the case of the square cross-section, the stagnation region is much larger, leading to the

significantly higher static pressure loss compared to the circular case.

Figure 10.3: Pressure coefficient distribution for a wire with circular Figure 10.4: Pressure coefficient distribution for a wire with square
cross section. cross section.

When the wire has a square cross-section, the vortex shedding becomes much stronger because the sharp edges
force the flow to separate immediately at the trailing corners. The different formation of trailing edge vortices

between the round and square wire is shown in Figure 10.5 and 10.6, respectively.

Figure 10.5: Streamlines around a wire with circular cross section.  Figure 10.6: Streamlines around a wire with square cross section.

10.1.3. Effect of Geometrical Mesh Shape

Another key parameter is the geometrical shape of the pattern used. In order to properly compare the different
shapes, they must be considered based on the protection they provide against all debris bigger than a certain
chosen size.

Given a debris of size x, two paths have been explored to provide sufficient protection, as visually shown in
Figure 10.7:

1. Fixing the longest diagonal d = x: this approach consists of fixing the longest diagonal of the shapes con-
sidered, where the diagonal is as long as the largest debris dimension. This approach is very conservative,
as it ensures that the required protection is met, regardless of the shape of the debris. Shapes with fewer
sides are disadvantaged under this approach, as they enclose less area for a given maximum diagonal. The

circle represents the optimal case, maximizing enclosed area for a fixed span.

2. Fixing the diameter of the inscribed circumference D = x: this approach assumes the debris striking the
grille is roughly spherical. By designing the opening so that the largest circle that can fit inside the chosen
geometry is no bigger than the debris diameter, you get adequate protection. But because this relies on

debris being mostly sphere-like, it doesn’t guarantee full protection against irregular or elongated objects
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that could still slip through. On the positive end, this approach re-evaluates shapes with fewer sides, like
the triangle, which are otherwise more compromised by the first approach of fixing the longest diagonal.
As represented in Figure 10.8, for the same inscribed circumference, the triangle comprises more free area

(green one in the figure) than the square.

D=x

Figure 10.7: Visual comparison of the two protective paths Figure 10.8: Comparison of available empty area per given
explored. inscribed circumference radius.

The choice of which approach to prefer depends on the type of debris present at the tracks where the races are
programmed to take place. In the two subsections below, the results for both approaches will be presented to
provide insights into the performance difference between the two approaches. In the case of the approach fixing
the dimension of the inscribed circumference, a diameter of 4.2 mm was chosen; for the second approach, a

diagonal of 6 mm was selected.

Same Inscribed Circumference D=4.2mm

As shown in Figure 10.9, the best performing shape when fixing the size of the inscribed circumference is the
hexagonal one. However, as described above, the advantage of this shape is marginal over the square and triangle.
For the pattern made out of an octagon and a square, the circumference considered is the one inscribed into the
octagon, as it represents the widest opening. Although the octagon itself should lead to a higher overall porosity,
the contribution of the square is significantly damaging to its acrodynamic performance. The octagon, given its
small side length for a fixed inscribed circumference, results in the neighboring square having a very narrow

opening, creating an overall significant resistance to the flow.
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Figure 10.9: Geometrical change effect on static pressure drop at
constant hydraulic diameter of 4.2 mm.
Overall, the hexagonal shape delivers the best performance. However, if manufacturing constraints or cost con-
siderations prevent its use, substituting it with a grille featuring a square or triangular pattern results in only minor

performance losses.
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Same Longest Diagonal d=6 mm
As shown in Figure 10.10, when the longest diagonal is fixed, the best-performing geometrical shapes are the

ones with the largest number of sides, since they are the ones with the largest amount of open area per perimeter.
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Figure 10.10: Geometrical change effect on static pressure drop at
constant longest diagonal of 6 mm.

Compared to the case discussed above, where the inscribed circumference was fixed, here the difference between
the various shapes considered is more pronounced, placing the hexagonal grille far ahead of the square, triangle,
and octagon plus square patterns. Similarly, the pattern composed of the octagon and the square is penalized by
the presence of the tiny square sharing its side with the octagon; although in this case, the geometry still performs

as second best.

45° Square Rotation

The last geometrical aspect considered was the impact of rotating 45° the square pattern, to investigate whether
it would have an impact in terms of performance. This test was performed based on the observation that this
specific orientation of the square was used in various automotive applications.

Since there is no physical reason to expect a difference in performance, the results shown in Figure 10.11 are
unsurprising: the static pressure drop curve of the rotated square coincides with that of the non-rotated configu-

ration.
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Figure 10.11: Square rotation effect on static pressure drop.
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10.1.4. Effect of Wire Thickness

The increase in wire diameter changes the porosity of the grille, increasing the pressure drop. The four grilles
compared share a square pattern with a side length of 4.2 mm. As reported in Table 10.4, a doubling of the
diameter of the wire from 0.6 to 1.2 mm brings an increase of static pressure loss of roughly 150%. This is
directly linked to the porosity of the grilles, which increase as the wire diameter decreases. If the porosity is
higher, then the blockage effect on the flow and pressure losses introduced are lower (Figure 10.12).

The minimum size of the wire is, although limited by the structural integrity of the grille: thinner wires are more

fragile, and the grille might break when hit with debris on the track.

1 d [mm] | AP from d=0.6 mm [%] | € [%]
o 12 +151.4 59.6
5 1.0 +89.5 64.6
3 100 0.8 +39.2 70.1
0.6 - 76.1
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Table 10.4: Static pressure drop difference of each grille from the
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Figure 10.12: Wire thickness effect on static pressure drop.

10.1.5. Effect of Opening Size

One other aspect directly influencing the amount of air let through the grille is the size of the openings. The
investigation has been made considering square grilles, having a circular wire diameter of 0.6 mm, where the
only variable parameter is the side length of the square, ranging from 3.5 to 7.1 mm.

As expected, as the opening area increases, the porosity also increases (Table 10.5), leading to a reduction in static
pressure losses. When the size of the square is doubled (going from 3.5 to 7.1 mm), the pressure drop at 22 ms~*

increases by 147%, making this parameter very sensitive to the static pressure losses registered.

120

] L [mm] | AP from L=7.1 mm [%] | € [%]
80 35 +147.0 72.3
g .l 4.2 +95.5 76.1
S 5.7 +29.8 81.9
7 7.1 - 85.1

20+

Table 10.5: Static pressure drop difference of each grille form the
most porous one at Voo=22m s~ L.
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Figure 10.13: Opening size (L) effect on static pressure drop.
From this analysis, a wider side length is generally advantageous, as it increases the available open area for the air
to pass through. However, the maximum allowable length is constrained by the level of protection required for

the specific application. The design must therefore balance openness with the necessary protective performance.
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10.1.6. Effect of Passage Length

The passage length [ in Table 10.6 denotes the grille’s depth. Its influence was assessed by comparing the square
grille, built from a 0.6 mm wire with a 4.2 mm side length, to versions of the same grille extended by 5 mm and
10 mm in depth. Because this extension is aligned with the direction normal to the grille’s main plane, none of

the grille variants introduces any flow deflection.
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Figure 10.14: Passage length effect on static pressure drop.

As the passage length increases, the flow has time to develop a thicker boundary layer on the walls of the grille.
The boundary layer creates a blockage in the proximity of the wall, shrinking the effective flow area and reducing
the effective porosity of the grille. This effect is particularly visible in the grille with a 10 mm passage length,
while in the 5 mm it is mostly visible at the lower speeds. As the velocity increases (hence the Reynolds number),
the inertial effects in the flow become mush stronger than the viscous ones, and the boundary layers tend to be
relatively thin (Leishman [22]). This reduces its blockage effect, leading to lower losses.

A visual overview of the boundary layer build up as the passage length increases from the thin grille to the 10
mm grille is shown in Figure 10.15, 10.16, and 10.17. The increase in velocity magnitude in the 10 mm deep
grille (darker red color) indicates the area of passage is decreasing due to the boundary layer growing in between

the grille’s walls.

Figure 10.15: Velocity magnitude Figure 10.16: Velocity magnitude Figure 10.17: Velocity magnitude
distribution in the thin grille. distribution in the 5Smm deep grille. distribution in the 10mm deep grille.

Although the thinnest grille is the most efficient because it minimizes the boundary-layer blockage, it is still useful
to study how passage length affects static pressure loss. Increasing the grille depth can be used to steer the flow
so it aligns better with the radiator, potentially recovering some of the pressure losses incurred on the grille side
at the radiator.
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10.2. Grille-Radiator Coupling Effects

This section focuses on the impact the grille has on the radiator and vice versa. In particular, two main aspects
will be investigated: the effect of the distance between grille and radiator, and the potential usage of the grille to

direct the flow towards the radiator when it is inclined with respect to the incoming freestream flow.

The overall pressure drop across the block composed of the grille and radiator is given by the following contribu-

tions:
AP = APgrille + Apradiator + APrecovery (101)

where AP,.ccovery 18 negative, and represents the pressure delta occurring in the region between the two porous

media. Each of these contributions will be thoroughly discussed in this section.

10.2.1. Effect of Distance Grille-Radiator

In order to thoroughly investigate the impact of the distance between the grille and the radiator, the pressure losses
have been evaluated between various planes, located both upstream and downstream of the grille and the radiator.
To ease the understanding of the results, the same color convention of the planes shown in Figure 10.18 has also
been used in the graphs below. Throughout the entire study, the grille was always kept at the same location, and
only the radiator was moved. Both of them were always oriented normally with respect to the incoming flow.
The distances tested between grille and radiator were 2.5, 5, 10, 20, 50, 100, and 200 mm. For all the tests, the

grille considered has a square pattern of side length 4.2 mm and circular wire of diameter 0.6 mm.

grille radiator

2mm 2mm Tmm 1mm

Figure 10.18: Static pressure measure planes color convention.

The results showing the effect the presence of the radiator has on the grille when placed at different distances apart
are reported in Figure 10.19. Immediately upstream of the radiator, a stagnation pressure build-up occurs. Posi-
tioning the grille very close to the radiator places it within this high-pressure region, which significantly reduces
the pressure drop effect that the grille would exhibit in free flow. As the distance increases, this effect vanishes,
and the pressure drop across the grille reaches the free flow value (indicated by the dashed horizontal black line)
asymptotically. From Figure 10.19, the grille seems to greatly benefit from the presence of the radiator only if
positioned within millimeters of the inlet face of the radiator. However, local pressure variations immediately
upstream and downstream of the radiator are not captured with full accuracy due to the fact it is modeled as a
porous medium, which also affects the estimated magnitude of its influence on the grille.

A similar trend also occurs on the radiator level (Figure 10.21), with the pressure losses being minimal when
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the grille is closest to the radiator. As the radiator is moved further downstream, its performance approaches the
asymptotic losses it would have if the grille were not present. This effect can be attributed to the radiator being
influenced by the grille’s wake, which consists of regions of both high and very low velocity. Since the pressure
drop across the radiator is quadratically proportional to the local inlet velocity in each surface mesh cell of its
upstream face, the non-uniform velocity distribution caused by the grille results in a lower overall pressure loss

across the radiator.
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Figure 10.20: AP between grille and

. Figure 10.21: AP across the radiator.
radiator.

Figure 10.19: AP across the grille.

In between the grille and the radiator, there is the so-called "pressure recovery” region (Malico et al. [26]). The
static pressure adjusts downstream of the grille, slightly reducing the bulk pressure drop, which is measured from

the inlet face of the porous medium to the outlet face:

Poulk = Poutlet — Pinlet (102)

Since the grille has a high porosity value, resulting in a rather low bulk pressure drop, the pressure recovery
effect becomes significant. When the radiator is placed very close to the grille, there is not sufficient space for the
pressure to fully recover, resulting in a lower static pressure gain. This effect is better highlighted when looking
at the upper graph of Figure 10.22, where the pressure recovery for the different distances between grille and
radiator is clearly shown. Because the spatial resolution of the graph decreases as the distance from the grille

increases, the static pressure drop curves associated with the radiator are not perfectly parallel.

71500

Figure 10.22: Static pressure distribution across the grille and radiator at variable distances between the two (the pressure scale differs from
the top right to the bottom left graph).
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It is also interesting to analyze the overall static pressure losses registered across the block comprising the grille
and the radiator. The color convention of the planes used for this analysis is defined in Figure 10.23.

grille radiator
246 mm
—r —> —> “—>
2mm 2 mm 1Tmm 1mm

Figure 10.23: Static pressure measure planes color convention.

Figure 10.24 shows that up until the radiator, the sum of the pressure lost across the grille and of the pressure
recovery effect is minimized when the radiator is located far downstream from the grille.

The pressure drop across the block composed of the grille and the radiator was measured in two ways:

* Firstly, by keeping both the plane upstream and downstream of the grille constant (Figure 10.25). In order
to do so, the plane upstream of the grille was fixed 2 mm from the grille, and the one downstream 246 mm
from the grille. At this location, the plane is always downstream of the radiator, even when the radiator is

200 mm from the grille.

+ In motorsport applications, the duct is very often interrupted past the radiator, as there is no need to channel
the air downstream of it. For this reason, a comparison of pressure drop from the same 2 mm plane upstream

of the grille to one 1 mm downstream of the radiator was made (Figure 10.26).

For each result obtained, the pressure losses measured in the empty duct at the corresponding plane locations
were subtracted.

In both configurations, the trend is the same: the overall static pressure loss is minimized when the radiator is
as far as possible from the grille. However, the difference from the worst case (2.5 mm distance) to the best

performing case (200 mm distance) is roughly 6 Pa, which is negligible.
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Figure 10.24: AP between 2 mm upstream Figure 10.25: AP between 2 mm upstream Figure 10.26: AP between 2 mm upstream
of the grille and 1 mm upstream of the of the grille and 246 mm downstream of the  of the grille and 1 mm downstream of the
radiator. grille. radiator.

Because of the way the simulations were set up, fixing the inlet velocity of the flux inside the duct, the amount

of mass flow flowing through the radiator was the same in every configuration. As a result, the radiator always
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had the same cooling capacity. The best performing radiator resulted hence being the one where the grille was
located the closest to the radiator, having the lowest loss of pressure for the same amount of cooling performance.
The combined effect of grille and radiator indicates an opposite optimum, with the radiator placed as far as possible
from the radiator. The difference between the worst and best case, though, is almost negligible. Therefore, while
the contribution of the grille and radiator to the pressure loss varies, the combined effect of the two is almost

entirely independent of the distance between them.

The formulation derived for the static pressure drop across the grille is equal to the sum of A Py,.11c and A Precovery
(Equation 10.1). The losses estimated across the grille and radiator can then be represented by two porous media

in series, with the pressure drop given by:

AP = Ajt)grille modeled T Af)radiator (103)

10.2.2. Effect of Flow Directionality

The last aspect investigated is the usage of the grille to direct the flow towards the inlet face of the radiator when
this one is at an angle with respect to the horizontal. For the study, the radiator was inclined 30° with respect to
the horizontal. The color convention of the static pressure measure planes used is shown in Figure 10.27.

grille radiator

e L

360mm

Figure 10.27: Static pressure measure planes color convention.

The center of the radiator, around which it was rotated, was positioned 200 mm from the grille (note that Fig-
ure 10.27 is not up to scale). It was chosen to use grilles with a passage length of 10 mm and to shape them like
an airfoil, to bend the flow towards the radiator. The airfoil shapes were constructed with the grille’s leading edge
kept parallel to the horizontal plane. The bending angle (o) was defined as the angle formed by the line tangent
to the trailing edge relative to the horizontal plane. Both 15° and 30° were tested and compared to the case of the
thin grille, also located 200 mm from the inclined radiator. The entire study has been done at a freestream speed
of 22 ms™1, as this speed is the highest of the range, and any aerodynamic effect induced by the different grille
geometries is maximum.

The effect across the grille (Figure 10.30) is as expected: as the airfoil angle « increases, also the pressure drop
across the grille increases. As shown in Figure 10.28 and 10.29, the airfoil shape creates a pressure field around
it which bends the flow not only downstream of it, but also upstream, modifying the effective angle of attack.
The effect is more pronounced in the 30° airfoil case, bringing a more aggressive curvature of the flow, but also
higher losses to be attributed to the higher pressure drag being formed.
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Figure 10.28: Streamlines 15° airfoil. Figure 10.29: Streamlines 30° airfoil.

Given the large distance between the grille and the radiator, the flow has time to stretch out in between, partially
losing the directionality given to it by the grille. For this reason, looking at Figure 10.31, there is a very little
difference between the 15° to 30° case in terms of static pressure drop across the radiator. Instead, compared to
the thin grille, the airfoil-shaped grilles bring roughly a 400Pa gain.

When summing the contributions from both the radiator and the grille, the overall static pressure difference be-
tween upstream of the grille and downstream of the radiator decreases significantly when airfoil-shaped grilles
are used. This occurs because the performance loss at the grille level is relatively small compared to the gain
achieved on the radiator side. The difference in total pressure loss between the 15° and 30° airfoil configurations
is primarily due to the additional loss introduced at the grille level when the latter is employed.

1900

3400
225 1800

200 3300
1700

)

2P (Pa)

3200

2P (P

150 1600

3100

1500

3000

al(?) al(®) al(®)

Figure 10.30: AP between 2 mm upstream Figure 10.31: AP between 2 mm upstream Figure 10.32: AP between 20 mm upstream
of the grille and 1 mm upstream of the of the grille and 246 mm downstream of the of the grille and 360 mm downstream of the
radiator. grille. grille.

Producing these airfoil-shaped grilles is, in general, very expensive, as they cannot be bought off-the-shelf, and
would require a specific ad-hoc production. Such grilles would also require a careful design, with multiple itera-
tions to correctly shape the airfoil to maximize its performance, which once again increases the design costs. For
these reasons, it was chosen not to further optimize the design of the shape of the airfoil.

The primary intent of this study was to assess the potential performance gain of this design idea. Better aligning
the leading edge of the grille with the incoming flow would certainly help reduce the static pressure drop across
the grille, while still obtaining the required flow deflection. Because the duct was kept the same, a large recir-
culation region was created in the top region, as can be seen in the more blue bubble in Figure 10.28 and 10.29.

These would be easily avoided by shaping the duct in a way to follows the direction of the flow.
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CFD Modeling of the Grille

To make the simulations computationally cheaper, the grille has to be modeled numerically in a simplified way.

This chapter deals with the accuracy of the derived model for predicting the pressure drop of a given grille’s

geometry in section 11.1, the limitations of the porous medium modeling approach in section 11.2, and the actual

gains in terms of computational time in section 11.3.

11.1. Modeled vs. CFD Results

This section presents a direct comparison of the static pressure curves predicted with the formula derived in

section 8.2 and the actual data obtained from the CFD simulation, with the grille modeled geometrically.

In Figure 11.1 and 11.2, the predicted curves representing the loss of static pressure when increasing the opening

size and the diameter of the wire of square grilles respectively,

simulated numerically (dashed lines).
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Figure 11.1: Predicted vs. actual static pressure curves for varying Figure 11.2: Predicted vs. actual static pressure curves for varying

opening size

wire thickness

The prediction model was further evaluated by extending it to unit-cell geometries with different pattern shapes.

80
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When predicting the static pressure curves for geometries sharing the same inscribed circumference (Figure 11.3),
the model maintained a high level of accuracy. This behavior is expected, as these data were included in the
coefficient fitting procedure.

A more stringent assessment of the model’s robustness is provided by the predictions obtained when the longest
diagonal of each unit-cell geometry is fixed (Figure 11.4). The corresponding data were not used during model
calibration. Nevertheless, the predicted curves remain in close agreement with the numerical results, indicating

that the proposed formulation is capable of accurately extrapolating across variations in pattern geometry.
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Figure 11.3: Predicted vs. actual static pressure curves for varying
pattern shape, with the same inscribed circumference of diameter 4.2
mm.

Figure 11.4: Predicted vs. actual static pressure curves for varying
pattern shape, with the same longest diagonal of 6 mm.

A further assessment of the model’s robustness is provided by the prediction of the pressure-drop curve for a grille
composed of an octagon and a square sharing one side. As described in section 8.2, the shape factor S appearing
in Equation 8.10 was derived exclusively from data corresponding to triangular, hexagonal, and square unit cells.
This case constitutes a nontrivial validation of the model. The prediction involves not only the response of the
octagonal geometry, which was not included in the derivation of the shape factor, but also the correct estimation
of the relative contribution of the square. Since the overall pressure-drop curve is obtained as the superposition
of the contributions from the two constituent geometries, the agreement with the numerical results demonstrates

the model’s ability to generalize to composite patterns composed of previously unseen shapes.

11.2. Grille Modeling: Porous Medium vs. Full Geometry

To check the accuracy of the developed model, a new square grille configuration was tested. The grille featured a
side length of 6mm and a wire diameter of 0.9mm and was subjected to a freestream velocity of 16ms~!. None
of these parameters had been previously included in the dataset used for model calibration, ensuring that the
assessment was free from bias related to the original fitting process. The results are shown in Table 11.1. Given
the model over-predicts the numerical solution by under 2Pa, the model can be considered to be robust.

Case CFD simulation Model
APgriie 49.13 Pa 50.97 Pa
A - +1.84 Pa

A - +3.8%

Table 11.1: Comparison between the modeled and calculated pressure drop in CFD, from 20mm upstream to 20mm downstream of the
grille.
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One of the limitations of the porous medium approach is the inability to correctly simulate the effect of the
misalignment between the flow and the fins used to dissipate the heat absorbed by the radiator from the coolant
fluid by convection with the incoming air. Various motorsport applications make use of bent fins, aligned with
the direction of the incoming flow; in such cases, modeling the physical radiator behaves more similarly to the

one modeled numerically as a porous medium.

Figure 11.5: Flow behavior in the geometrically modeled radiator, when not aligned with the inlet face.

11.3. Effect of Volume Box Removal: Performance vs. Time Savings

The primary motivation for modeling the grille as a porous medium was to reduce the computational time and
resources required to capture its aerodynamic impact. As a final step, it is therefore important to first check that
the porous medium actually returns the same or similar pressure drop as the one predicted with Equation 8.10, To
be able to judge whether the accuracy loss in the results can be justified by the reduced computational time and
resources needed. The evaluation was done at 16 ms~!, employing the same grille geometry that was previously

used to check the accuracy of the model in section 11.2.

The parametrization based on the Forchheimer equation (Equation 8.10) predicts a pressure drop of 50.97 Pa,
which is 1.84 Pa higher than the value obtained from the simulation with the grille modeled explicitly (49.13 Pa).
As shown in Table 11.2, the porous medium simulation using the finest volume refinement (minimum cell size of
1 mm) gives a pressure drop of 51.5 Pa, resulting in a deviation of about 0.6 Pa from the parametrized estimate.
This confirms that the porous medium model, built from the coefficients extracted through the parametrization,
reproduces the pressure loss of the fully resolved grille with good accuracy.

Parameter | CFD Grille | Porous Medium | Porous Medium | Porous Medium | Porous Medium
Modeled Geomet- | (smallest refine- | (smallest refine- | (smallest refine- | (smallest refine-
rically ment 1 mm) ment 2 mm) ment 4 mm) ment 8§ mm)

APyriie 49.13 Pa 51.55 Pa 51.65 Pa 51.55 Pa 51.72 Pa

A - +2.42 Pa +2.52 Pa +2.42 Pa +2.59 Pa

Nr.  vol-| 93.0 57.6 (-38.1%) 52.3 (-43.7%) 51.2 (-44.9%) 50.0 (-46.2%)

ume cells

[mIn]

Simulation | 2:45:21 2:01:33 (-26.7%) 1:56:28 (-29.7%) 1:52:35 (-32.1%) 1:52:32 (-32.1%)

time

Table 11.2: Simulation time and result accuracy at varying the volume refinement.




11.4. Grille+Radiator Modeling: Porous Medium vs Full Geometry 83

[ 100

95

51.01

90

50.5 1 85

Pressure Drop (Pa)
End-to-end Runtime (%)

[ 80
50.0 4

Ex‘act Porous medi‘um 1mm-VB Porous medi‘um 2mm-VB Porous med\‘um 4mm-VB Porous medi‘um 8mm-VB
Figure 11.6: Simulation time and result accuracy at varying the volume box (VB) refinement.

As the outer volume refinement regions are removed, the total number of cells decreases and the computational
time is reduced. Most cells, however, remain concentrated inside the smallest refinement region with a minimum
cell size of 0.5 mm. For this reason, eliminating the coarser refinement boxes produces only a limited reduction
in the overall cell count and therefore only a modest improvement in computational cost.

The accuracy of the results, does not seem to be every dependent on the volume mesh resolution around the porous
medium. In part, this is because the flow in the CFD setup used is rather homogeneous, so the volume refinement
does not have a big impact on the results. The small variations arise from differences in the cell-averaged velocity,
which lead to slightly different local pressure drops and, consequently, to minor differences in their cumulative
contribution.

Overall, the porous-medium representation reduces the end-to-end simulation time by approximately 30%, while
the predicted pressure drop differs by just over 2 Pa compared to the explicitly modeled grille.

11.4. Grille+Radiator Modeling: Porous Medium vs Full Geometry

The grille modeling was tested in series with the radiator to check the accuracy of the whole model. The geometry
of the tested grille was the same as in subsection 10.2.1, consisting of a square grille, with a side length of 4.2
mm, and a circular wire of diameter 0.6 mm. The assessment was carried out at an average freestream velocity
of 22 ms~! within the testing channel. The radiator was positioned 100 mm downstream of the grille. When the
grille was represented as a porous medium, this distance was measured from the mid-plane of the porous block.
Looking at Figure 11.7 and 11.8, the first noticeable difference between the grille modeled exactly and as a porous

medium is the flow distribution upstream and downstream of the grille.
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Figure 11.7: Velocity magnitude distribution across the grille Figure 11.8: Velocity magnitude distribution across the grille and
modeled geometrically and the radiator modeled as a porous medium. radiator, both modeled as porous media.

When the grille is modeled as a porous medium, the velocity at the core of the flow is slower compared to when
the grille is modeled geometrically. As explained in section 2.5, the increased back-pressure present at the core,
immediately upstream of the grille, generates streaks of higher velocity. In both cases, these seem to be similar
in the vicinity of the walls. Downstream, the flow velocity profile is very different for the two cases, as when the
wake is only present when the grille is modeled geometrically, with high velocities where the grille openings are
located and very low velocities behind the struts.

Another interesting aspect to note is the modification of the boundary layer in correspondence with the two porous
media. When the porous medium is a low porosity value (the radiator), the boundary layer gets “reset”: the back-
pressure cushion generated immediately upstream of the radiator acts as a favorable pressure gradient for the wall
boundary layer, making it significantly thinner. Downstream of the porous medium, the boundary layer is free
to grow back. In the case of the grille, which is highly porous, the back-pressure cushion effect is significantly
reduced; hence, the thinning effect of the boundary layer is hardly noticeable.

Overall, the pressure loss predicted with the grille modeled as a porous medium is roughly 15 Pa (0.5%) higher
than the simulation with the grille modeled geometrically, as shown in Table 11.3.

Grille Modeling | AP Across GrilletRadiator Difference
Physically 2990.1 Pa -
Porous medium 3005.2 Pa +15.1 Pa (+0.5%)

Table 11.3: Pressure drop across the block grillet+radiator, distanced 100mm apart.

The roughly 15 Pa increase in overall pressure drop all comes from an inaccuracy in predicting the pressure drop
across the grille, as shown in Table 11.4. The difference is probably to be attributed to the very different flow
velocity distribution upstream of the grille, which directly impacts the pressure losses registered locally.

Grille Modeling | AP Across Grille | AP Across Radiator
Physically 79.6 Pa 2910.5 Pa
Porous medium | 94.9 Pa (+15.3 Pa) | 2910.3 Pa (-0.2 Pa)

Table 11.4: Pressure drop across grille and radiator, distanced 100mm apart.

Given that the overall inaccuracy across the grille and radiator is limited to just 0.5%, and the pressure loss is
conservatively over-predicted, providing a favorable safety margin, the grille can be confidently modeled in CFD

with sufficient accuracy for motorsport applications.
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Recommendations

This chapter serves as a collection of all the points that could not be addressed throughout the project, either due

to time constraints or limited availability of resources.

One of the main points of improvement regards the experimental side of the research. All the different setups
that were tested, especially when testing the grille alone, were unable to accurately measure the static pressure
drop across the grille. The main issues encountered were the asymmetry in the readings, the limited repeatability,
and the fact that the sensitivity of the pressure probes for this new test configuration had not yet been fully
established.

The first and last points are likely related. Even when measuring the pressure drop across the grille, a slight
increase compared to the empty tunnel test is observed, indicating that the probes do capture changes in pressure.
However, the probes used have a resolution limit that is of the same order of magnitude as the pressure losses
generated by the grille. Given the wide measurement range of the sensors, the apparent asymmetry observed in
several readings can therefore be attributed to their limited resolution rather than to a physical effect.

The most straightforward way to address these two points, is to use high-resolution differential pressure transducer
with a finer sensitivity, therefore able to measure the pressure more accurately. From the current results collected,
it is hard to judge whether the issues seen are solely due to the instruments or whether there are other hidden
issues.

All the considerations made here come from judgments based on the flow velocity profile observed in CFD, which
appears uniform across the cross section of the test section when the grille is placed within the straight 900 mm
duct setup, leaving no reason for justifying an asymmetry in the flow. Another useful test would be to measure the
flow velocity profile in the test section, to double-check the correspondence with the numerical simulations. An
attempt was made, using an omniprobe which allows for measuring both the flow velocity locally and its direction.
The same instrument is regularly used in the wind tunnel, where a robotic arm ensures the probe remains fixed
in space during data acquisition. Unfortunately, at the radiator test bench, no robotic arm or suitable fixture
was available to hold the omniprobe steady in the flow, which prevented the verification of the flow velocity.

Implementing such a setup in future tests would be highly beneficial.

The third point of improvement is the limited reproducibility of the tests. Each time a modification was made

to the setup, the existing gaps between components (for example, between the converging duct and the wooden
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plate where the grille or radiator was mounted) had to be manually re(Jtaped. This inevitably introduced small
variations between configurations. These gaps generated additional local losses of the same order of magnitude as
the pressure differences being measured, thereby contributing to the variability observed in the results. The most
significant influence on the results likely originated from the static pressure probes. To minimize any disturbance
they could introduce, their position was altered as little as possible between consecutive setups. Their distance
from the tested element was consistently targeted at 20 mm; however, because this measurement was performed
manually, small positioning deviations may have occurred. Under normal operating conditions these deviations
would be negligible, but in this case they become relevant because the pressure differences being measured were
very small, making even minor variations in probe location comparatively significant. The probes should be
oriented so that their tiny holes are perpendicular to the flow, ensuring they measure only the static component
of the pressure. However, because the orientation was verified visually, it may not have been perfectly aligned
in all cases. Some of the low-pressure differentials read could have been due to the hollow tubes not being tight
enough, allowing for some air leakage. The use of smoke could also be implemented to easily visualize any air
leakages that might be present.

Without a correlation study being performed, all the results obtained from the parametrization are solely based
on the numerical results obtained. Although the exact offset from reality is unknown, the very fine volume mesh
refinement and the y value below one at the grille location suggest that any deviation from the experimental re-
sults should be minimal. When the smallest volume box size was reduced from 0.5 mm to 0.25 mm (Figure 6.22),

the difference between the two simulations at 18 ms~!

was only 2.8 Pa, indicating a weak dependence on mesh
refinement. Before confidently using the formulation derived from a real case scenario, this offset should be

quantified.

One aspect that was not addressed in this study is the implementation of the setup within a full-vehicle aerody-
namic simulation. The combined effect of the grille and radiator, both modeled as porous media, was only tested
in the test bench setup, where these two are the only components present in the test section. Further investigation
to validate the correct functioning of this approach in a complete car model should be done.
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Conclusion

This research project aims to shed light on the parameters contributing to the static pressure drop across a protec-
tive grille in the context of motorsport applications. Little is known about the topic from the available literature,
which mainly focuses on standard passenger vehicles, with very different performance requirements.

After having isolated the main drivers, understanding their relative impact on the aerodynamic efficiency of the
grille allowed to parametrize the pressure drop, starting from its geometrical construction, and porosity. This step
allowed to model the grille as a porous medium, in a more simplified and computationally cheaper way.

As a last step, the reciprocal effect the grille and radiator have on each other was analyzed, together with potential
ideas on how to use the grille to deflect the flow towards the radiator, especially when inclined with respect to

the incoming flow, enhancing its cooling efficiency and reducing the overall static pressure loss.

The main grille pressure drop drivers identified in order of importance are: the cross section of the wire, the
geometrical shape, the opening size, the wire thickness, and lastly the passage length. The first two parameters
have been considered to be the most influential ones, because they do not impact either the protective function
of the grille or the structural resistance of the grille. The round wire resulted in almost half of the static pressure
losses at Vo, = 22 ms~! compared to the same grille with a square cross section, aided by the lack of sharp
edges, allowing the flow to flow past the grille without abrupt separations.

Among all geometrical shapes tested at equal protection provided, the hexagon resulted in being the best perform-
ing one. The protective effect was studied both in a more conservative way, by setting the longest diagonal of
the shape considered to be as wide as the debris size to be blocked, and by fixing the inscribed circumference,
considering the debris as a spherical object. Although the latter case is less conservative, it allows for increasing
the porosity of the grille, reducing the static pressure losses across the grille.

The opening size and wire thickness directly control the amount of duct cross-section blocked by the wire: a
thinner wire and a wider opening size increase the porosity and decrease the static pressure drop. Halving the
size of the square grille from 7.1 mm to 3.5 mm brought a 147% reduction in pressure drop, while doubling the
wire diameter from 0.6 mm to 1.2 mm brought an increase of 151.4 %.

The last effect investigated was the passage length, which, although it leads to higher static pressure losses, could
be used to deflect the flow towards the radiator, compensating, and even overcoming the losses at the grille level
by the enhanced efficiency at the radiator level. Producing airfoil-shaped grilles is deemed to be expensive, so

for most motorsport applications, the advantage brought in terms of performance is not sufficient to justify the
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extra costs of production.

A model to derive the porosity coefficients required by the porous medium was developed, fully based on the
geometrical parameters of the grille. The base used for the simulation was the square grille, as it was the easiest
shape to mesh and simulate numerically. The formulation proposed by Calmidi [4] was used as the basis for the
parametrization, as it is considered the most accurate for extrapolating results. By fitting only a subset of the
data, this approach can reliably predict cases outside the original dataset. To account for different geometrical
configurations, a multiplying factor called the shape factor (S) was developed from scratch, based entirely on
geometrical considerations. The root mean square error of the predicted curves was consistently within 3 Pa of
the numerical losses obtained simulating numerically the exact grille geometry. The grille modeled as a porous
medium brought an end-to-end runtime reduction of about 30%.

The simulations of the grille modeled as a porous medium in series with a radiator confirmed the robustness of
the research, showing high overall accuracy. The predicted static pressure loss differed by only 0.5% compared

to the case where the grille was modeled geometrically.

As the radiator and grille are positioned closer together, the static pressure drop across both components decreases.
Since the simulations were conducted under equal cooling performance conditions (with fixed mass flow flowing
though the radiator), the configuration delivering the best performance was the one with the grille closest to the
radiator. In this case, with the grille placed just 2.5 mm upstream of the radiator, the pressure drop across the
radiator was reduced by nearly 100 Pa.

The overall pressure drop from upstream of the grille to downstream of the radiator resulted being independent

of the distance between the two porous media.
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