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Abstract

This report discusses a study on the aerodynamic performance of different airfoils
used in the design of a solar racing car's canopy. The study includes the original
canopy shape, and nine variations based on multiple airfoils. The performance
of the airfoils was evaluated through computational simulations, and pressure and
streamline plots were generated at an angle of attack of 12 degrees. The lift-
to-drag ratio and drag force generated were analyzed and compared among the
airfoils at different angle of attacks. The results showed that the B-29 airfoil
performed the best in terms of drag force, while the B-29 airfoil had the highest
lift-to-drag ratio. Further improvements in canopy designs and consideration of
other aerodynamic features such as �ns are recommended for future research.
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Chapter 1

Introduction

1.1 World Solar Challenge

In recent years, growing attention has been given to the creation of solar cars
that employ aerodynamic enhancements such and airfoils to enhance their perfor-
mance. In competitions like the World Solar Challenge, where speed and energy
ef�ciency are crucial considerations, these improvements can increase the car's ef-
�ciency in combating the wind. Sail-type aerodynamic modi�cations are one kind
in particular that have attracted interest. These improvements effectively enable
the car to sail on the wind, which greatly lowers energy usage while increasing
speed. Sailboats and airplanes, which employ similar techniques to capture the
power of wind or air currents, served as inspiration for the idea in solar cars.

1.2 Top Dutch Solar racing

Top Dutch Solar racing is a team based in Groningen, competing in this years
World Solar Challenge in Australia. Currently, the teams aim is to simply re-
duce drag. However, other Solar racing teams, for example from Delft, are on
the forefront of this new trend in solar car design, exploring innovative ways to
incorporate aerodynamic enhancements into their vehicles. By carefully design-
ing the shape and placement of these aerodynamic features, they have been able
to achieve signi�cant gains in both speed and energy ef�ciency[1]. Top Dutch is
therefore exploring new ways to incorporate features in their aerodynamic design
to improve their performance.

1.3 Sailing effect in Solar racing

Typically, the principle of sail area in traditional sailing does not apply to solar
racing, as the technique does not involve a physical sail on the vehicle. However,
the geometry of the car could be modi�ed to utilize crosswinds, where an airfoil
shape on the car could play a crucial role in capturing crosswinds. Wind speed,
angle, and the shape of the airfoil are some of the factors that affect the sailing
effect in solar racing. In practice, when the wind directly opposes the car's motion,
the sailing effect is rendered ineffective. Through the use of the sailing effect,
solar racing cars can attain higher speeds.
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Chapter 2

Theoretical Background

2.1 Literature review

A basic analysis of a �xed sail is performed to test the feasibility of the problem.

2.1.1 Wind vectors & Yaw

Crosswinds are present during the race resulting in an apparent angle of the wind,
or yawy . This is the result of the driving wind, which is opposite to the velocity
of the carVc and the true wind directionVT , which can be seen in �gure 2.1.

Figure 2.1: Vectors from the true wind direction and driving direction create the
apparent wind angley on the car [2].

The direction of the wind is -4 SE, therefore, the direction relative to the car
is:

180� � (135� � 4� ) = 49� : (2.1)

relative to the direction of the car. The apparent wind direction is:

�!
Va = �

�!
Vc +

�!
Vt = 25:15 m/s; (2.2)

for an average velocity of the car of 20 m/s, true wind velocity of 7 m/s and wind
anglef of 49� the following apparent wind velocity is found in to be:

The yaw of the wind is the arcsin of the y-component of the true wind heading
Vt sinf divided by the x-component of the

��!
� Vc vector and

��!
� Vt vector. For an

average velocity of the car of 20 m/s, true wind velocity of 7 m/s and wind angle
f of 49� the following yaw is found:

y = sin� 1
�

Vt sinf
Vc + Vt cosf

�
= 12:4� : (2.3)
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When the sail is parallel to the driving direction of the car, the yaw is equal to
the angle of attacka of the sail, which can be seen in the �gure 2.2. When the
sail rotates around the z-axis, the angle of attacka differs and will be the sum of
the yaw and rotation of the sail.

2.1.2 Aerodynamics

For this analysis, the sail will be parallel to the driving direction of the car. The
sail acts like an airfoil, it generates lift in the perpendicular direction of the wind;
moreover, drag is generated in the parallel direction.

The forces on the car can be de�ned as a drive forceFd and lateral forceF? ,
which are parallel and perpendicular respectively. Moreover, the aerodynamic
forces areFD andFL. A total force can be de�ned asFt , which is the common
total force, resulting in the following equation [3]:

Ft = FL + FD = F? + Fd (2.4)

Figure 2.2: The sail acts like an airfoil, generating lift and therefore, a driving
force [4].

F? is a sum of the components ofFL andFD in the y-axis.Fd is the result of
the components ofFL andFD in the x-axis. The angle is determined by the angle
of attacka . Therefore, trigonometry dictates that [3]:

F? = FL cosa + FD sina (2.5)

Fd = FL sina � FD cosa : (2.6)

However, the aerodynamic lift and drag are also dependent on the following
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equations [5]:

FL =
1
2

r ACLV2
a S (2.7)

FD =
1
2

r ACDV2
a : (2.8)

The equations are similar and use the same velocityVa = j�
�!
Vc +

�!
Vt j, planform

wing area A and densityr , however, differ in the coef�cients of drag and lift.
These coef�cients are depended on the shape of the airfoil, or sail. However, they
also rely on the angle of attack. An increase in angle of attack up to 30� also
increases the lift, whereafter �ow separation degrades the lift. Moreover, the �ow
separation also results in an increase in the drag coef�cient, as can be seen in
�gure 2.3[3] [6]. As 1

2r AV2
a is assumed to be constant in this abstraction between

FL andFD, the force is directly proportional to the coef�cient.

Figure 2.3: Lift and drag coef�cients plotted against the angle of attack. Notice
the peak of the L/D ratio at 15� Figure taken from the work of J. Hoffman and C.
Johnson [6].
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2.2 Framework for CFD analysis

The most important aspects are discussed for the creation of the simulation envi-
roment and design.

2.2.1 Boundary layer

In �uid dynamics, a boundary layer is a small layer of �uid that adheres to the
surface of a object, such as the solar car [7]. The boundary layer is important
because it can signi�cantly affect the performance of the car by altering the �ow
characteristics of the �uid. There are two types of boundary layer: laminar and
turbulent. The laminar boundary layer is characterized by smooth, orderly �ow,
while the turbulent boundary layer is characterized by chaotic, disordered �ow
[7].

When simulating turbulent boundary layers, one approach is to use wall func-
tions. It will approximate the behaviour of the turbulent boundary layer near the
solid surface, without explicitly resolving the turbulent eddies, which would oth-
erwise require an extremely �ne mesh to resolve accurately [8]. These functions
can be applied to a thin layer of mesh-cells near the wall to simulate the turbulent
behavior of the �uid. This will result in a decrease of computational cost of the
simulation, making it feasible to model much larger and more complex geometries
[9].

Although wall functions are a powerful tool, they do have limitations. For
example, they may not be accurate in regions of �ow separation or near sharp
edges, where the �ow behavior can be signi�cantly different from that in the bulk
of the boundary layer [9]. Airfoil design are mostly rounded, however could im-
pose problems at the end where there are sharp edges present. In addition to this,
the when the angle of attack becomes to large, there could be seperation of �ow
present.

2.2.2 Vortex shedding

Vortex shedding is a phenomenon that occurs when a �uid �ows past an object,
creating a pattern of swirling vortices downstream of the object. These vortices
can have a signi�cant impact on the performance of the car, as they can cause
oscillations or vibrations that can damage the object or reduce its ef�ciency [10].

2.2.3 Separation of �ow

When a �uid �ows over a curved surface or sharp edge of object, could cause the
�ow to separate from the surface and form a recirculating eddy. This separation
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can cause a signi�cant loss of energy and can have a major impact on the perfor-
mance of the object, increasing the drag [11]. For an airfoil, sharp edges at the
end and beginning and too much angle of attack can pose separation of �ow.

2.2.4 Streamline plots

Streamline plots are an important tool in analyzing the feature for possible im-
provements. There are four key factors that are considered in this report, as can
be seen in �gure 2.4. First of all, pressure difference is a positive performance in-
dicator. More pressure difference between the top and bottom will generate more
lift. Secondly, high leading and trailing edge pressure negatively in�uence the
performance, as drag will be induced. Lastly, �ow separation as mentioned in
section 2.2.3 is another negative modi�er.

Figure 2.4: The key areas in analyzing streamline plots. Positive aspects are in
green and contribute to lift, drag inducing aspects are in red.

2.3 Abstract model

The Ahmed body is a known object in �uid mechanics. It is also a popular tutorial
model in CFD due to its well established geometry and �ow characteristics [12].
Therefore, simulating an Ahmed body with an airfoil on top of it to provide thrust
is an excellent starting point.
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To add a sail to the Ahmed body, the CAD geometry tools in COMSOL are
used to create the airfoil shape and then merge it with the body geometry. The new
geometry is meshed and used in the �uid dynamics simulation. The simulation
environment can be seen in �gure 2.5.

Figure 2.5: The domain of the Ahmed body with sail in COMSOL, two walls are
removed to make the object visible.

2.4 Domain

In Comsol, the domain is the physical space in which the simulation takes place.
For the Ahmed body simulation, the domain would typically include the body
itself and a certain amount of space around it, known as the computational domain.
This computational domain is necessary to ensure that the simulation accurately
captures the �ow �eld around the body, this can be seen in �gure 2.5.

2.4.1 Airfoil for ahmed body

The Clark Ym-15 airfoil, see �gure 2.6, is a well-known and widely used airfoil
for small aircraft and gliders. It has a simple symmetric pro�le that makes it
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easy to manufacture and use. The airfoil is obtained from airfoiltools.com, which
provides a comprehensive database of airfoils.

To add the Clark Ym-15 airfoil to the Ahmed body model in COMSOL, the
airfoil pro�le is imported into the software as a separate geometry. This geometry
is then placed on top of the Ahmed body, and the two geometries are merged to
create a single geometry. Once the aerofoil is added to the model, it can be used
to simulate the lift and drag forces on the entire system, including the Ahmed
body and the aerofoil. The simulation results can then be used to show a proof-
of-concept for the sailing effect.

Figure 2.6: The pro�le of the Clark YM-15 airfoil, which is imported into COM-
SOL and extruded.The red line shows the outline of the airfoil, while the green
line shows the asymmetry [13].

2.4.2 Results Ahmed body with airfoil

Besides analysing streamline plots as mentioned in section 2.2.4, performance
is also numerically measured. In �gure 2.7 it can be seen that a Lift to Drag
ratio curve is produced, which peaks at 6 degrees. Furthermore, a graph with the
forward force can be seen in �gure 2.8. The wing section produces force in the
positive direction, and therefore is called forward force. The greater the angle
of attack the greater the force. These two graph layouts will be used to compare
different features among each other.
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Figure 2.7: The lift to drag ratio, which increases to a maximum at 6 degrees,
whereafter it decreases again.

Figure 2.8: The forward force on the car, where the force increases with the angle
of attack.
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Chapter 3

Research & design

3.1 Research goal

To provide usable results to top dutch racing, the goal of the research is to provide
geometric shapes in the context of the sailing effect that are of actual use in the
design of the next solar racing car, backed up by CFD data.

3.2 Possible geometric designs

One possible solution to increase the forward momentum of a solar car is to mod-
ify its shape by adding geometric features that act like an airfoil. This should be
achieved without violating any rules or compromising the car's weight or stability.
For example, putting a traditional airfoil such as Clark YM-15 on a solar racing
car is not permitted due to height limitations and would be considered unrealistic
in the context of solar racing. In addition to being unrealistic, the wing would
also block signi�cant light from reaching the car's solar panels. Solar racing cars
rely on sun energy to power their engines, so any obstruction of solar panels can
negatively impact the performance of the car.

An approach to reduce drag in crosswinds is to alter the shape of the canopy to
resemble an asymmetrical airfoil. This could be a potential solution, as currently
the shape resembles an airfoil already, although, symmetric, which is highlighted
in �gure 3.1.

Figure 3.1: Top and side view of the Top Dutch Solar racing car. The highlighted
canopy is already shaped as a symmetric airfoil.

Another suggestions is adding a shark �n with a certain shape to catch the
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wind, such as a foldable sail as seen in �gure 4.6. This design could fold into the
car's body and have more pronounced sailing capabilities due to the fact that the
shape is more constant over the height of the design than the canopies and could be
easier made variable. However adding these features could add weight, increase
drag, block sunlight and must be controlled with some system if it is variable.
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Chapter 4

Model setup

4.1 Domain

The same domain is used as in the Ahmed body, mentioned in section 2.4. This is
because the domain is a proven environment for the model characteristics.

4.2 Geometry

Simulating an entire solar racing car for every possible geometric, and thus aero-
dynamic, modi�cation is computationally expensive and time consuming, as it re-
quires a �ne and large mesh. To reduce the computational power required, selected
parts were simulated instead of the complete object. For example, simulating the
air�ow around a canopy can provide insight into the aerodynamic performance
of a feature individually, without requiring the simulation of the rest of the entire
car. This approach could help optimise the design of each component and �nally
improve the overall aerodynamics of the car in total. However, it is important to
ensure that the simpli�cations do not compromise the accuracy of the simulation.
Misalignment in results due to incorrect part selection is a possibility. Consider-
ing all of this, the geometry will be individually tested and compared to keep lead
time low and computations quick. A �nal canopy design will be �tted to the solar
car and compared to the original.

4.3 Airfoil speci�cations

Selecting the right airfoil is not only important for the performance of the canopy,
but also its functionality. Airfoils are selected on their functional shape, meaning
shape has be able to accommodate the original function. This includes room for
the driver and rear features. An airfoil shape that has been selected can be seen
in �gure 4.1. When compared to the original canopy outline, see �gure 4.2, most
notable is the asymmetry present in the B-29 wing. The asymmetry will induce
greater lift than symmetric airfoil.
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Figure 4.1: The pro�le of the B-29 airfoil, which is imported into COMSOL and
extruded.The red line shows the outline of the airfoil, while the green line shows
the asymmetry [13].

Figure 4.2: The original airfoil outline from the top dutch racing solar car, ob-
tained with Solidworks.

4.3.1 Creating the canopies

To create the canopies for the solar car, the Surface Loft tool in SolidWorks was
used. The bottom surface of the canopy was designed to resemble the selected
airfoil, while the sides and top guiding lines are adjustable. This is done with the
style spline, which can be changed to the desired shape. In �gure 4.3 the loft tool
can be seen together with the rest of the B-29 airfoil in Solidworks.
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Figure 4.3: The B-29 canopy in Solidworks, the last boundary is made with the
loft tool

4.4 Overview of canopy design process

Figure 4.4: The re�ective cycle that is
used for designing the canopies.

In table ?? and ?? an overview can
be seen of the design process of the
canopies. Instead of creating all
canopies at once, an iterative approach
is used to select the best performing
changes and features. Then, a new de-
sign is created and simulated, where-
after the cycle starts over again. In the
table, the front and rear edge are de-
�ned as the guiding curve that can be
seen in �gure 4.3. The side edges are
the pro�les as seen in �gure 4.3. The
front is to the left of each image in the
table.
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Table 4.1: Overview of every canopy design, part one of two.

Original Design Results

Original canopy design of the
car. Symmetric design and
perfect �t on the current body.

Although symmetric, lift is
generated and due to low
drag values the canopy design
�nds itself in the middle of
the pack.

Clark YM-15 Details Results

Relatively wide at the front.
All edges are matched with
the original, which results in
a convex front side and a
sharper rear.

Worst performer of all de-
signs, due to the relatively
large front inducing signi�-
cant more drag than other de-
signs. Lift performance also
sup par.

B-29 V1 Details Results

Relatively wide at the lead-
ing side. Edges matched with
the original, which results in
a convex front side and a
sharper rear.

The B-29 shape performs
closer to the original. Al-
though the canopy produces
more lift, the added induced
drag is still not enough to out-
perform the original.

B-29 V2 Details Results

This design is inspired by
the shape of a water droplet.
This translates in a smooth
tail in comparison to the other
canopies

The dipped rear does not im-
prove rear air�ow due to �ow
separation, in addition, the
produced lift is also lowered
due to the dipped design.

B-29 V3 Details Results

The front and rear edge are
close to the original. The side
edges are straighter to retain
more of the airfoil shape.

Best performer, low induced
leading edge drag due to con-
vex front edge while high lift
due to sharp side edge.
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Table 4.2: Overview of every canopy design, part two of two.

B-29 V4 Details Results

Continuing the trend of
sharpening the edges. Front
and rear edge are also squarer.

Close in performance to the
B-29 V3, however the in-
crease in lift of the squarer
edges does not weight up to
the increase in drag.

S808-nr Design Results

The edge pro�les are similar
to the B-29 V3, as it was the
best performer. Only the base
airfoil shape is changed

Performance is slightly bet-
ter than original, however not
signi�cant enough to con-
tinue iterating on this airfoil
shape.

Goe 383 Details Results

Same edge pro�les as the B-
29 V3 with a different base
airfoil shape. The pro�le is
relativly narrow.

Performance slightly better
than the original B-29 de-
sign, no further iterations
have been made.

RAF 89-il Details Results

Same edge pro�les as the B-
29 V3 with a different base
airfoil shape.

While the performance at a
0 degree angle is below of
the original, the performance
rises quickly to the level of
the S808-nr at 12 degrees of
attack.

RAF 89-il V2 Details Results

To test the sharpness of the
front and rear edge with a dif-
ferent airfoil shape, the same
changes are made as with the
B-29 V4.

As seen with the B-29 V4, the
performance decreases with
when the sharpness of the
front and rear edge increases.
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4.5 Fitting to the car

For a more real world test the best canopy will be selected and �tted to the body
of the original car. This is also done in Solidworks and consists of deleting every
face of the original canopy, closing the body and adding the best performer. The
result of merging the B-29 canopy with the original body can be seen in �gure
4.5.

Figure 4.5: The merged result of adding the B-29 V3 canopy to the original body.
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4.6 Shark �n feature

As mentioned in section 3.2, a foldable design is also an option along with the
canopy designs. A trail design has been made which can be seen in �gure 4.6.
This is achieved by extruding the wing shape base to an curved contour line. The
�n is rounded to enable it to be folded away in the base plate visible in the �gure.
The �n is based on the eppler 337 airfoil.

Figure 4.6: A �n that can be collapsed based on the eppler 337 airfoil.

4.7 Meshing

Meshing in Comsol is the process of dividing a complex geometry into smaller,
simpler subdomains called mesh elements. Mesh elements are used to represent
the geometry of the simulation and to discretise the governing equations of the
problem. The mesh elements can be triangles, quadrilaterals, tetrahedrons, or
hexahedrons, depending on the application and geometry of the problem, where
the best �tting shape is incorporated into the mesh.

Comsol offers several meshing techniques. There is the option of automat-
ically generating a high-quality mesh, based on the algorithm selected in the
physics, including �uid dynamics. A high quality mesh is in general a �ner mesh,
reducing the risk of numerical errors and improving the accuracy of the simula-
tion results. There are also manual meshing techniques available in Comsol that
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involve controlling the grid size, element type, and distribution of the mesh ele-
ments, which offers greater �exibility and control over the solution accuracy. The
current meshing is done with the automatic meshing algorithm, whereby certain
boundaries have been re�ned or coarsened.

Skewness is a measure of the distortion of the elements in a mesh, with highly
skewed elements indicating a poor mesh quality. When the elements are highly
skewed, it can lead to inaccurate results in the analysis, which could affect the
design and performance of the system being studied.

The mesh of the original canopy can be seen in �gure 4.7.

Figure 4.7: The mesh of the canopy based on the root of the B-29 airfoil design.
Notice the quality of the mesh, with relatively low skewness.

As can be seen, the mesh of the total car is relatively �ner compared to sep-
arate canopies. This is to ensure a more accurate result. However, an �ner mesh
increases the computing time to� 12 hrs.
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Figure 4.8: The mesh of the car.

4.8 Turbulence model

The simulations use the k,e turbulence model, which is a two equation model,
where k is the turbulent kinetic energy ande the dissipation rate of turbulent ki-
netic energy. The model is based on the Reynolds-averaged Navier strokes equa-
tions. The model provides reasonable accurate predictions, while being relatively
computational ef�cient. Inaccuracies occur for sharp features where vortex shed-
ding and separation of �ow is present [14].

4.9 Data extraction

There will be multiple variable that indicate the performance of the object. The
corresponding values have to be extracted from the COMSOL environment with
the use of integration and equations. The following variables are extracted, where
Id is the integration over the surface of the subject:

• Area A [M2]:
Id(1)

• Drag force Fd [N]:
Id(spf.nymesh*p + spf.rho*spf.u_tau*spf.u_tangy/spf.uPlus)
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• Lift force Fl [N]:
Id(spf.nxmesh*p + spf.rho*spf.u_tau*spf.u_tangx/spf.uPlus)

• Drag Coef�cient Cd [-]:
(2/(A*Uin2*rho0))*Id(spf.nymesh*p + spf.rho*spf.u_tau*spf.u_tangy/spf.uPlus)

• Lift coef�cient Cl [-]:
2/(A*Uin2*rho0)*Id(spf.nxmesh*p + spf.rho*spf.u_tau*spf.u_tangx/spf.uPlus)

Within the integration, the spf.nymesh*p describes the pressure integrated
over the area, resulting in the pressure force. The spf.rho*spf.u_tau*spf.u_tangy/spf.uPlus
section describes the viscous pressure over the area, which results in viscous force.
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Chapter 5

Results

In the results, the streamline plots of every canopy will be discussed. Thereafter,
graphs will be presented with data to objectively select the best performer. Then,
some minor results of the foldable design are shown. The �nal simulation runs of
the car with the best performing canopy conclude the results section.

5.1 Canopy streamline plots

In the canopy streamline overview, abbreviations are used, which can be seen in
table 5.1. The colour codes give quick insight into the relative performance be-
tween canopies, which is done to give insight into the interpretation of the plotted
results. Although relatively subjective, the process of interpreting plots is crucial
in the iterative design and will be objecti�ed in section 5.2 where the canopies
will be compared with numerical data.

Table 5.1: The abbreviations and colour codes used in the tables,??, ??, ?? and
??

Abbreviations & colour codes Meaning

LE Leading Edge Pressure

TE Trailing Edge Pressure

DP Difference in Pressure

FS Flow Separation

Great

Mediocre

Poor
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