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Summary 
Today, the aerodynamic is one of the most important field in automotive, especially in 

competition automotive, as in the case of Formula 1. In this competition, who has better 

aerodynamic is who will win races and, thus who will win money.  

 

Nevertheless, Formula 1 car is composed by many components and for that reason, the 

aerodynamic study of the entire car is a difficult job. Thus, the main goal of this project is doing 

aerodynamic study about car bottom. This car part is called car undertray. 

 
Therefore, first, it will be performed history explanation about undertray magnitude in 

Formula 1 competition and it will be explained main features and which are components that 

are divided. 

 

Then, as theoretical project section, it will be performed which flow type is necessary to realize 

aerodynamic study and their main characteristics. In addition, it will be explained the main 

physical properties that affect directly in Formula 1 car. 

 

Later, as practical project section, it will be performed car study for different configuration of 

undetray, especially, comparing the nowadays configuration of the undetray and the 

configuration that it used a few years ago. In this study It will be used a specific software about 

numerical calculation based on Computational Fluid Dynamic (CFD), ANSYS Fluent. 

 

Finally, it will be discussed extracted conclusions about the results of the simulations done in 

each configuration of the undertray.  
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Glossary 
Aerodynamic: is a branch of fluid dynamics concerned with studying the motion of air, 

particularly when it interacts with a solid object. 

 

Bernoulli’s principle: states that an increase in the speed of a fluid occurs simultaneously with 

a decrease in pressure or a decrease in the fluid's potential energy. 

 

Bottoming: is the effect when flat floor Formula 1 car touches ground and generates a lot of 

sparks. 

 

Boundary layer: is the layer of fluid in the immediate vicinity of a bounding surface where the 

effects of viscosity are significant. 

 

CFD: it is the abbreviation of Computational Fluid Dynamics. 

 

Diffuser: is a shaped section of the car underbody which improves the car’s aerodynamic 
properties by enhancing the transition between the high-velocity airflow underneath the car 

and the much slower free stream airflow of the ambient atmosphere. 

 

Downforce: is a downwards thrust created by the aerodynamic characteristics of a car. 

 

Drag coefficient, CD: is the coefficient that indicates a body drag when a body is moving in the 

same direction than the flow. 

 

FIA: La Fédération Internationale de l'Automobile, commonly referred to as the FIA, is a non-

profit association established as the Association Internationale des Automobile Clubs 

Reconnus (AIACR) on June 20. To the general public, the FIA is mostly known as the governing 

body for motor racing events. 

 

Ground effect: is the increased lift force and decreased aerodynamic drag that an aircraft’s 
wings generate when they are close to a fixed surface. 

 

Lift coefficient, CL: is the coefficient that indicates the capacity to create a force, which goes 

in a perpendicular direction of movement velocity. 

 

Single-seater: is a car with the wheels outside the car's main body, and usually having only 

one seat. 

 

Spoiler: device whose intended design function is to 'spoil' unfavorable air movement across 

a body of a vehicle in motion, usually described as turbulence or drag 

 

Venturi effect: effect is the reduction in fluid pressure that results when a fluid flows through 

a constricted section (or choke) of a pipe. 

 

Wing Car: is another name of spoiler.  

https://en.wikipedia.org/wiki/Air
https://en.wikipedia.org/wiki/Fluid
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1. Introduction 

1.1 Project origin 

Actual Formula 1 model is not going through by his best years, because competition regulation 

is more focused in saving money than in increasing the show emotion. This is the ugly truth 

that even Formula 1 owner, Bernie Ecclestone, has realized and public criticized hard. 

 

Despite this, Formula 1 was not always so boring. For many years, the competition was the 

especial one, motorsport competition by excellence, where any pilot around the world would 

like have liked to drive. In addition, Formula 1 has provided viewers incredibly exciting races 

with legendary duels as duel between Aryton Senna and Alain Prost. 

 

During the course of the years, technology was going improved and one of the main scope 

where the improvements have been most benefited is Grand Prix world. Specially, in aspects, 

which this project will be, focus, this aspect is in evolution of the car aerodynamic. 

 

Although the spectator may not realize about Formula 1 car complexity, it hides many 

components, which makes it so attractive and so fast. Among them there are: front wing, tires, 

turbo engine, rear wing with DRS incorporation, etc. All of them were improving over time. 

 

Nevertheless, there is a component, which is one of the most important car component. At 

first glance, it is not seen, but it is the clue to get better manageability. This component is 

called car undertray. Despite its name, not always it was flat and is that once, Lotus Formula 

1 team reached to obtain the most aerodynamic benefit of undertray. 

 

1.2 Project objectives 

The first project objective that this project will be manage is understanding the importance of 

Formula 1 aerodynamics, familiar with single-seater components and obtain a global vision 

about historical evolution of car components. 

 

So reference to the main project objective, this is the aerodynamic study about a specifically 

single-seater component; it is the called car undertray. The study is going to be with 

appropriate flow type that it is necessary to the following numerical analysis using ANSYS 

Fluent program. 

 

This study will be composed by different phases: 

1- First study using a common domain where the undertray and the asphalt are parallel. 

2- Second study using the actual configuration of undertray, which has a small inclination 

to the horizontal axis.  

 

In this way, it will get conclusions with a more detailed point of view about the undertray 

component importance.  
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1.3 Scope of the project 

Scope of the project is making known different part, which is composed Formula 1 car. With 

all of this general single-seater information, it will detail car part related to the undertray. 

Finally, it will carry out a numerical aerodynamic study of undertray analyzing different 

configurations about it.  

 

With all of this, it will extract conclusions that it will expose to the reader. 

 

Nevertheless, it will not be part of the project the numerical analysis about other single-seater 

components, as well as the undertray analysis about Formula 1 car due to the geometrical and 

calculation complexity. 
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2. Previous history 

2.1 Single-seater components of Formula 1 

A Formula 1 single-seater is an engineering marvel, but because of this, it is complex to 

understand quantity of components, which it is formed. For the better understanding, it is 

classified different areas of the car parts. 

 

2.1.1 Front wing [3] 
 

Parts of which Formula 1 front wing is composed are: 

 

- Cascade: It is a part of front wing that pushes airflow over and around the wheel/tyre 

in order to better utilize the tyres wake increasing the performance of the components 

downstream. The cascade of course due to its shape creates a smaller quantity of 

downforce but this is not its primary function. 

 

 
 

Figure 2.1.1.1: front wing of Brawn GP Formula 1 car, which is showed cascade component 

 

- Flaps: fixed or articulated device that usually forms part of the ailerons and its main 

function is generating lift force (aerodynamic charge). 
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Figure 2.1.1.2: front wing of RedBull Racing Team Formula 1 car, which is, showed falps components 

2.1.2 Rear wing 
 

Parts of which Formula 1 rear wing is composed are: 

 

- Beam wing or monkey seat: bottom structure of the rear wing that acts as 

aerodynamic plane as similarly, to how the upper main does. 

 

 
 

Figure 2.1.2.1: rare wing of Scuderia Toro Rosso F1 Team car, which is showed monkey seat component 

 

- End plate: lateral panel of the rear wing. Its main function is seal high-pressure air zone 

that circulate through upper aileron side regarding the air circulating below, that is low 

pressure.  
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Figure 2.1.2.2: rare wing of Mercedes AMG F1 Team car, which is showed end plate component 

 

- DRS (Drag Reduction System): it is a mobile flat that it is activated through hydraulic 

or electric device that decreases air friction and it is providing higher top speed.  

 
 

Figure 2.1.2.3: rare wing of Ferrari F1 Team car, which is showed DRS component opened and closed 

 

- Gurney flap [4]: it is a simple length of aluminum or carbon fiber right angle rigidly 

bolted, riveted or glued to a wing's trailing edge. Usually, his use on the racing car wing 

is intended to keep a racing car on the road improving wing efficiency, although the 

Gurney Flap does also see some aircraft use. 

 

 
 

Figure 2.1.2.4: Gurney flap airflow 
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Figure 2.1.2.5: rare wing of Ferrari F1 Team car, which is showed gurney flap component 

 

2.1.3 Front  
 

Part of which Formula 1 front is composed is: 

 

- Nose: forward part of the car (in strange cases it is surpassed by the main plane of 

front wing) which divides aerodynamic flow, in addition to absorb energy in frontal 

impact. How much higher is designed, higher will be aerodynamic flow that circulates 

below, increasing the capacity of aerodynamic charge. 

 

 
 

Figure 2.1.3.1: different Formula 1 front of 2015 cars 

 

2.1.4 Cockpit  
 

Parts of which Formula 1 cockpit is composed are:   
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- Undercut: notable narrowing of pontoon in its frontal part that spreads out to the rear 

of the car. 

 

 
 

Figure 2.1.4.1: cockpit of Scuderia Toro Rosso F1 and Sauber F1, which are showed, undercut component 

- Vortex generator: small piece that generates strong vortices that travel down the sides 

of the car and act as a barrier. If the vortex generators are positioned correctly, these 

strong vortices act in way to keep high-pressure air around the car from entering the 

low-pressure underbody region, thus maintaining more downforce. 

 

 
 

Figure 2.1.4.2: cockpit of Scuderia Toro Rosso F1, which is, showed vortex generators components 

 

- Intake/snorkel/inlet [5]: The engine air intake on Formula 1 car is positioned behind 

and above the driver's head to capture high-pressure, relatively undisturbed air. Inside 

the air intake is an expansion chamber (diffuser) that slows the air down and thus 

increases its pressure ready for its passage into the engine inlet manifold. The air 

intake is positioned away from sources of heat, such as the track and radiators, to 

minimize the air temperature. 
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Figure 2.1.4.3: cockpit of RedBull Racing F1 Team, which is showed air intake component 

 

- Slot: notch or hole implemented at the bottom of the bodywork or any another place 

of single-seater and it can have multiple functions. From cooling system until 

contribute to better aerodynamic map through turbulence reduction or the airflow 

deviation away parts that generate drag. 

 

 
 

Figure 2.1.4.4: slot component 

 

- Winglet: small aileron that the engineer use to generate aerodynamic (downforce) or 

to canalize aerodynamic flow in a cleaner way. 

 

 
 

Figure 2.1.4.5: cockpit of Renault F1 Team, which is, showed winglets components 
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- Barge board: channeling aerodynamic panel that it is used by engineer to try getting 

cleaner air in pontoons. 

 

 
 

Figure 2.1.4.6: cockpit of BMW Sauber F1 Team, which is showed barge board component 

 

2.1.5 Wheels [2] 
 

Parts of which Formula 1 wheel is composed are: 

 

- Brake by wire: the ability to control brakes through electrical means. It can be 

designed to supplement ordinary service brakes or it can be a standalone brake 

system. 

 

 
 

Figure 2.1.5.1: brake by wire component 

 

- Brake duct: element that cools discs and brake pads. Its size is very important, as 

carbon brakes have to work at very specific temperatures. In addition, it causes much 

drag. In the last years, it is intensified its use as downforce generator. 
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Figure 2.1.5.2: brake duct component 

 

- Nut blown [6]: This is created by ducting the air from the brake ducts on the inside of 

the wheels, through a hollow axle and out of a hole in the wheel nut and over the 

spinning outer surface of the wheel. If the air from the brake ducts is not directed 

through the new hollow wheel nuts, it is a waste of airflow. 

 

 
 

Figure 2.1.5.3: nut blown component 

 

2.1.6 Undertray or underbody [9] 
 

Parts of which Formula 1 undertray is composed are: 

 

- Splitter: extension of the bottom of the car that flies under the cockpit of the pilot. It 

is placed here to obey the rule, which says that reference plane has to reach front 

wheels. By the way, it is used as important aerodynamic element since it directs the 

air above, below and on each side of the car. 
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Figure 2.1.6.1: splitter component 

 

- Plank: Beneath the reference, plane lies the skid block or 'plank' and running all the 

way along the reference plane. It must run from the front most point of the reference 

plane at 330mm behind the front wheels’ centerline to the rear wheels centerline. It 
is not considered part of the floor for measurement purposes, and is there only to 

enforce a minimum ride height. 

 

It must be made out of a material with a specific gravity of between 1.3 and 1.45, to 

prevent excessively heavy or hard planks producing a performance benefits and 

lowering the car center of gravity.  Typically, the plank is wood based, either jabroc, a 

laminate of beechwood, although more exotic blends of woods and resins not unlike 

MDF have been used. 

 

Must measure 300mm in width, with a tolerance of 2mm. Although it decreases in 

thickness towards the edges to allow a smooth design, the plank most importantly, 

when measured through six pre-cut 5cm diameter holes, has a tolerance of just one 

1mm on its 10mm thickness. Holes in the plank allow measurement of the thickness 

and the cars reference plane to sit directly and exactly on right place on the FIA 

scrutinizing platform, for legality checks over the course of a GP weekend. 

 

 
 

Figure 2.1.6.2: plank component 

 

- Reference plane: After ground effect was banned and flat bottom rule introduced 

1983, speed of the car and downforce produced by flat floor went up every year more 

and more. Flat bottom rule was revised again after Senna death 1994, and from that 
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year the floor has to have a step along its length. That’s why we see the stepped shape 
of the car in frontal profile, with the reference plane sitting lowest in the middle of the 

car. The reference plane, which is the part all heights of the car are related to (datum 

for all other measurements), is defined as the lowest part of the floor of the car 

(excluding the plank) and runs along the center of the car and must meet a minimum 

width and length. The reference plane starts on splitter (T-Tray or Bib) 330mm behind 

the front wheel center line and go all the way to the rear wheel centerline, and must 

be between 300mm and 500mm wide and symmetrical about car centerline. 

Reference plane must have a 50mm radius (+/-2mm) on each front corner when 

viewed from directly beneath the car. At it sides it leads through a radiused edges and 

transition plane (or step) to the step plane. 

 

- Step or transition: In between the reference plane and step plane, is the step or 

transition. By the rules there must be a vertical surface in between reference plane 

and step plane 50mm high. Any intersections of these surfaces are allowed to have a 

radius no greater than 25mm on the step plane and no greater than 50mm on the 

reference plane. All parts lying on the reference and step planes, in addition to the 

transition between the two planes, must produce uniform, continuous and rigid 

surface with absolutely no degree of freedom or movement in relation to the body of 

the car. 
 

- Step plane: The larger, higher area of floor is the step plane. The step plane must be 

50mm above the reference plane. It starts 330mm behind the front wheel centerline 

and extends to the rear wheel centerline. It is an extremely important area of the car 

because even though its curvature is banned, the flat bottom creates over a third of 

the car's downforce because the car's aerodynamics work best the closer they are to 

the ground - so it is an area that the FIA are very keen to restrict. Step plane is the level 

at which any bodywork viewed from the underside of the car, and which is not on the 

reference plane must stop. What that is mean? If you are below the car and looking 

up, all bodywork (bargeboards, sidepods, winglets, grilles) must be hidden and cannot 

be seen. No unsprung part of the car can be visible from below the floor. This means 

anything, but the suspension, wings and rear view mirrors are excluded from this 

limitation. This also means that no holes can be made into the floor to let airflow in or 

out. 

 

To help overcome any possible manufacturing problems, and not to permit any design 

which may be against regulations, dimensional tolerances are permitted on step plane. 

A vertical tolerance of +/- 5mm is permissible across the surfaces lying on the reference 

and step planes and a horizontal tolerance of 5mm is permitted when assessing 

whether a surface is visible from beneath the car. Again, same as all parts of 

underbody, surface must be flat and produce uniform, continuous and rigid surface 

with absolutely no degree of freedom or any movement in relation to the body of the 

car. A large clearance is mandated around the rear wheel to prevent teams sealing off 

the floor against the rear tires. 
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Figure 2.1.6.3: flat floor of the Ferrari F1 car is showed stepped floor component 

 

- Diffuser [7]: A purely flat floor would probably produce lift rather downforce, so the 

rules have allowed a diffuser to be fitted to the rear of the underbody since 1983. 

Before that date there were no rules demanding floor dimensions and diffusers were 

the full length ground effect tunnels that typified the wing cars of the late seventies 

and early eighties. 

 

A diffuser creates downforce by creating a pressure differential, and serves to eject air 

out from the underside of the car. This pulling action decreases the velocity of the air 

below the car, so that the more slowly moving air above the car will push the car into 

the ground with low pressure beneath and higher pressure above. The larger a diffuser 

is the more expansion ratio is has, thus more potential to create downforce. Diffusers 

were limited to a simple 1000m width, 350mm length and 175mm height from 2009. 

Then for 2011 the height is further reduced to just 125mm. This massively reduces the 

potential of the diffuser to create downforce compared to the previous rules. Diffusers 

are allowed to have fences, but the fences and the diffuser itself must not form 

undercuts when viewed from below. 

 

 
 

Figure 2.1.6.4: back of the Ferrari F1 car is showed diffuser component 
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Figure 2.1.6.5: diagram of undertray components 

 

 
 

Figure 2.1.6.6: diagram of undertray components (back side) 

 

2.2 Undertray history 

In 1983 it was imposed flat floor into single-seater which were called wing car, to avoid side 

pontoons with inverted wing profile. Thereafter, the rule was searching the lowest height 

possible to the ground to make rear diffusers more aerodynamic. 

 

Thus, both in high aerodynamic support curves and very pothole areas (and with deposits 

were plenty of petrol), flat floor single-seater touched the ground (it is called bottoming). It 

was generated stunning shades of sparks. 

 

So, with this car configuration, teams got an enormous downforce that allowed the highest 

velocity when car passed in curves. Nevertheless, sometimes that advantage suddenly 

disappeared because aerodynamic flow was stopped. Therefore, the pilot had not the 

correction possibility and tyres losed all its traction capacity. Initially, it was discussed that this 

phenomenon was the reason for Ayrton Senna had the terrible accident in Imola. The FIA was 

tolerant in this regard in the past, but it attacked that point in 1994 and in following years. 
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Figure 2.2.1: Nelson Piquet in the Benetton B191 at Montreal, 1991 

 

 

For that reason, Germany Grand Prix that year, it was compulsorily introduced a wooden plank 

in the middle section, which its objective was showed a possible wear from contact with the 

asphalt if the single-seater was not regulated high enough. In fact, Michael Schumacher losed 

the victory of Belgium Grand Prix in 1994 for the excessive wear of the plank. 

 

Then, in 1995 the FIA yield the next step when they introduced another security measure that 

they had not been able to implement the last season. This measure was adding a kind of step 

along entire central part of the single-seater that rose lateral pontoons, making two levels in 

its lower part and avoiding flat floor. In the present, that area cannot be wider than 50 

centimeters or more close of 30 centimeters. This is the lowest part of the car and it has to 

extend mandatory from front wheels to the rear axis. 

 

 
 

Figure 2.2.2: crashed Red Bull Racing F1 car where it is showed the actual car bottom 

 
Nevertheless, the change in this component was a safety improvement. However, it was a 

reduction of the show. As Nigel Mansell [10] said: 
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“In the free practice I searched potholes outside the traced that I could use in the race 

if there were someone following me. Traces was not faster, but I knew that It would 

provoke a huge sparks shower for who came back and could damage his vision. The 

best site was Abbey curve in Silverstone. I knew that if someone was close enough to 

attack me in the Club curve, I knew where I put the car and gives in their faces. I loved 

it.” 

 

 
 

Figure 2.2.3: Nigel Mansell who won the Drivers’ Championship with Williams in 1992 

 

2.3 Rules: aerodynamic appendages in the bodywork and the undertray 

Due to the birth of various aerodynamic profiles around the cockpit, in the leading edge of the 

surface of the pontoons and the airbox, the FIA has decided to restrict this development in 

this area in particular maintaining the rule about absence of elements that produces 

aerodynamic charges in the single-seater behind. 

 

3.8.1 With the exception of mirrors (including their mountings), each one with a 

maximum area of 12000 mm2 and 14000 mm2 directly seen from above or directly 

from the side respectively, any part of the bodywork could be to more than 330 mm 

behind the front wheel axle and more than 330 mm in front of center line of the rear 

wheels, it is said in another way, to more than 600 mm above the reference plane. It 

can be more than 320 mm form the longitudinal axis of the vehicle. 

 



Aerodynamic analysis of the undertray of Formula 1 

20 
 

 
 

Figure 2.3.1: schematic measures about 3.8.1 rule 

 

3.8.4 Any vertical cross section of the perpendicular bodywork to the longitudinal axis 

of the vehicle situated in the defined volumes that are exposed following, must form 

a continuous tangent curve in its outer surface. This continuous tangent curve cannot 

contain any radios less than 75 mm: 

 

a) The volume between 50 mm ahead of the rear wheel center line and 300 mm 

back from the back to the cockpit entrance, which is more than 25 mm from 

the center line of the car and more than 100 mm above the reference plane. 

b) The volume between 100 mm and 300 mm to the rear of the rear side of the 

cockpit entrance, which is more than 125 mm from the center line of the car 

and more than 100 mm above the reference plane. 

c) The included volume between 100 mm towards of the cockpit entrance and 

450 mm forward of the rear side of the cockpit entrance, which is more than 

360 mm of the center line and more than 100 mm above the reference plane. 

d) The included volume between 100 mm towards of the rear side of the cockpit 

entrance and 450 mm forward of the rear side of the cockpit entrance, which 

is more than 125 mm from center line car and more than 695 mm above the 

reference plane. 

 

Surfaces placed inside these volumes, which are situated more than 55 mm forward center 

line of the rear wheels, must not contain openings or contain vertical surfaces that are 

perpendicular to the longitudinal car axle. 

 

  
 

Figure 2.3.2: schematic measures about 3.8.4 rule 
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3. Flow concepts [1] 
Due to the objective of this work is performing an aerodynamic Formula 1 undertray study, it 

is necessary to know which kind of flow it will use in different studies that it is going to develop. 

 

Nevertheless, it is not a project scope, performing a deeper investigation about these kind of 

flows because the extension and the complexity of this investigation are high. For this reason, 

in this project only is going to show a generic idea about which kind of flow it is going to use. 
 

3.1 Potential and axisymetric flow 

Potential flow is characterized by an irrotational velocity field, which is a valid approximation 

for several applications.  

 

However, potential flow does not include all the characteristics of flows that are encountered 

in the real world. Potential flow theory cannot be applied for viscous internal flows. More 

precisely, potential flow cannot account for the behavior of flows that include a boundary 

layer. 

 

 

 
 

Figure 3.1.1: It is showed a potential-flow streamlines around wing profile 
 

In addition, in fluid dynamics, the Stokes stream function is used to describe the streamlines 

and flow velocity in a three-dimensional incompressible flow with axisymmetric. 

 

By the characteristics described, these kind of flows are the best suited for the study of 

undertray aerodynamic, because are simple flows which allow to perform a good study but 

without the need to complicate the study with some kind of flows more sophisticated. 

 

For more information about these kind of flows, visit the corresponding point regarding 

Potential flow in Appendix section. 
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4. Physical principles of undertray 
On the similar way to the previous point, the scope of this project is not perform a deeper 

study about all physical principles that affect to undertray component, but to focus in the 

most important principle for Formula 1. 

 

Therefore, only it is going to explain the Ground effect principle. However, there are other 

important principles, but at the end, they are related to the Ground effect; as Bernoulli 

principle, Venturi effect, Continuity equation, Newton’s third law, Dimensionless numbers, 

Boundary layer, Aerodynamic forces and Vortices, are detailed in the specific Appendix 

section. 

 

4.1 Ground effect [1] 

4.1.1 Who was ‘discovered’?  
 
Ground effects turned the entire car into a large, inverted wing, using side skirts and 

underbody design to literally glue the car to the circuit. The Lotus 78 was the first competitive 

‘ground effect’ Formula 1 design. The underbody of it was shaped in such a way that creates 
a Venturi effect with the ground. Mario Andretti scored the first victory for the Lotus 78 in US 

GP West held in Long Beach in 1978. 

 

 
 

Figure 4.1.1.1: first real Formula 1 wing car Lotus 78 
 

Mario Andretti, who took the Lotus to the championship in 1978, explained that ground 

effects made the race car "...feel like it's painted to the road...". 

 

Colin Chapman's careful development of the ground-effect car principle had rendered 

conventional GP machines virtually uncompetitive in a little over 12 months, as Lotus won 

nine of the 15 races in the '78 season. (Andretti's own championship winning race was 

blackened by the death of team mate Ronnie Peterson at the start of the Italian Grand Prix at 

Monza, an accident for which then second-year driver Ricardo Patrese was sanctioned but 

eventually absolved.). 

 

Yet the other teams would catch up shortly, and 1978 would be the last time a Lotus driver 

would win the World Championship before Colin Chapman's death, with the Lotus team slowly 
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declining into mediocrity and dissolution — except for brief success with the young Ayrton 

Senna in the mid-1980s. 

 

4.1.2 The effect  
 

It was discovered that large amounts of downforce could be generated from the airflow 

between the underbody of the car and the ground plane. In particular, low pressure could be 

created underneath the car by using the ground plane almost like the floor of a venturi duct. 

The ceiling of these venturi ducts took the form of inverted wing profiles mounted in sidepods 

between the wheels of the car. The decreasing cross-sectional area in the throat of these 

ducts, and the inverted wing profile accelerated the airflow and created low pressure in 

accordance with the Bernoulli principle. So-called ‘skirts’ sealed the gap between the bottom 
of the sidepods and the ground. When the rules permitted it, the skirts were suspended from 

the sidepods with a vertical degree of freedom to maintain a constant seal with the ground 

under changes in the attitude and ride height of the car.  

 

Putting it simply as possible: Ground Effect is the art of creating a low pressure area 

underneath the car so that the atmospheric pressure pushes the car to the ground, which is 

the reverse of what happens with an aircraft wing.  

 

Way this is achieved is by utilizing the Bernoulli Effect (that was explained in a specific 

Appendix section) - if a moving fluid or gas is accelerated, its pressure will fall. Because lover 

side is longer then upper side, air has to accelerate. 

 

 
 

Figure 4.1.2.1: it is showed wing in Ground Effect 
 
Whilst the inverted wing profiles in the sidepods of ground effect cars were often dubbed 

'sidewings', and the bottom of the car was often dubbed the 'underwing', these names are 

potentially misleading because the downforce generated is largely dependent upon the 

presence of the ground plane, and would not be generated in free flow. Note also that the 

tunnels created under the car are not strictly venturi ducts either. In a venturi duct, the sides 

of the duct do not move with respect to each other. In contrast, underneath such a car the 

ground plane and the airflow are both moving with respect to the walls and ceiling of the 

ducts. 

 

4.1.3 How it works today  
 

Today, F1 regulations heavily limit the effect of ground effect aerodynamics, which are a highly 

efficient means of creating downforce with a very small drag penalty. 
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By FIA rules, underside of the vehicle, the undertray, must be flat between the axles. A 10mm 

thick wooden plank or skid block runs down the middle of the car to prevent the cars from 

running low enough to contact the track surface; this skid block is measured before and after 

a race. Should the plank be less than 9mm thick at any place after the race, the car is 

disqualified. 

 

A substantial amount of downforce is provided by using a rear diffuser which rises from the 

undertray at the rear axle to the actual rear of the bodywork. 

 

The limitations on ground effects, limited size of the wings (requiring use at high angles of 

attack to create sufficient downforce), and vortices created by open wheels lead to a high 

aerodynamic drag coefficient. However, this drag is more than compensated for by the ability 

to corner at extremely high speed. 

 

 
 

Figure 4.1.3.1: Mercedes AMG F1 undertray for Malasia Grand Prix 2015 
 

 
 

 

  



Aerodynamic analysis of the undertray of Formula 1 

25 
 

5. Tourism car study with CFD 

5.1 Computational Fluid Dynamics 

5.1.1 What is CFD? 
 

Computational fluid dynamics, usually abbreviated as CFD, is a branch of fluid mechanics that 

uses numerical analysis and algorithms to solve and analyze problems that involve fluid flows. 

Computers are used to perform the calculations required to simulate the interaction of liquids 

and gases with surfaces defined by boundary conditions. With high-speed supercomputers, 

better solutions can be achieved. Ongoing research yields software that improves the 

accuracy and speed of complex simulation scenarios such as transonic or turbulent flows. 

Initial experimental validation of such software is performed using a wind tunnel with the final 

validation coming in full-scale testing. 

 

 
 

Figure 5.1.1.1: it is showed the superposition between streamlines made with computational fluid 

dynamics and a competition car 

 

5.1.2 Which CFD will use? 
 

There are many CFD in the market and all of them have good points. Nevertheless, many of 

them are paid software that allows to do better and higher studies and simulations, as ANSYS 

Fluent, CFD of Autodesk, CFD of Solidworks, etc. However, free software is also good to do 

simple simulations. In that case, it is OpenFoam or Flowsquare, for example. 

 

Although, in followings studies it is using ANSYS Fluent software because contains the broad 

physical modeling capabilities needed to model flow, turbulence, heat transfer, and reactions 

for industrial applications ranging from air flow over an aircraft wing to combustion in a 

furnace, from bubble columns to oil platforms, from blood flow to semiconductor 

manufacturing, and from clean room design to wastewater treatment plants. Special models 

that give the software the ability to model in-cylinder combustion, aeroacoustics, 

turbomachinery, and multiphase systems have broadened its reach. 
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Figure 5.1.2.1: it is showed the logo of ANSYS Fluent 

 
 

5.2 Choosing study domains 

Studying aerodynamics car is very complicated due to multiple surfaces that Formula 1 car is 

composed which affects directly in the car aerodynamic, such as wheels, front wing, 

undertray, DRS, etc. However, in fact all the components of a Formula 1 car are designed to 

provide better high-speed o better velocity on the curve, to provide better stability or other 

aspect necessary to win races.  

 

Therefore, it will be difficult to carry out a study with all the single-seater components and for 

this reason, it is decided to realize a more simplified car study, but just as representative, due 

to it is decided to delete zones as front wing and wheels, as well as other kind of geometries. 

In this way, it can get good conclusions taking into account only the most influential 

components for the undertray aerodynamic. 

 

Therefore, it will choose a study domain in which highlighted a simplified profile of the single-

seater.  In this domain, aside form referencing the silhouette of the car, it will take into 

account the appropriate dimensions to carry out a good flow study, because it will be 

established: 

- A distance before the car so the flow comes to the car with some percentage of 

turbulence. 

- A distance upper the car so ANSYS can simulate also the free airflow above the single-

seater. 

- The minimum distance of the undertray for each study to be carried out. 

- A distance after the car in order to display correctly the turbulence effect so end part 

of the domain, which has to be configured with 0 pressure (i.e. atmospheric pressure); 

will be sufficiently away from the single-seater for not interfering in the study 

calculation.  

 

Thus, in the study is shown below it will be applied two different configurations: 

1) Setting the undertray parallel to the ground. 
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Figure 5.2.1: it is showed the first domain to study 

 

2) Setting the actual undertray configuration which end part of the undertray has a small 

inclination to the horizontal axis. 

 

 
 

Figure 5.2.2: it is showed the second domain to study 

 

5.3 Mesh configuration for the studies 

Given the different possibilities of ANSYS configuration, the proper selection of the mesh as 

well as the steps taken with the chosen parameters and their reasoning, are detailed in the 

specific Appendix section. 

 

In the table showed below, it is summarized detailed data used for the mesh: 
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Mesh Numb. Elements Aspect Ratio Skewness Orthogon. Quality 
Ideal - 5 0,5 1 

1 685 4,07243 0,27089 0,84367 

2 21168 1,17742 5,06E-02 0,9858 

3 88427 4,8788 0,61865 0,60076 

4 174584 3,67E+16 0,20691 0,88892 

5 253372 2,53E+16 0,19067 0,88845 

6 253372 17,35622 0,24309 0,83903 
7 100655 4,91E+17 0,24793 0,83708 

 

Therefore, the selected mesh is sixth mesh as is described in the specific Appendix section: 

 

 

 
 

Figure 5.3.1: it is showed the selected mesh (6th) 

 

 

 
 

Figure 5.3.2: it is showed the selected mesh (6th) 
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Numb. Elements Aspect Ratio Skewness Orthogon. Quality 
253372 17,35622 0,24309 0,83903 

 

In addition, to performing a more objective study of the domains, it should be established for 

the two domains the same type of chosen mesh, the sixth mesh type. 

 

5.4 Expected study result 

 

With the found mesh and the defined geometry (which were set step by step in the respective 

Appendix section), it is the moment to carry out the aerodynamic study for the different 

domain configuration: 

1) First configuration:  undertray is parallel to the asphalt. 

2) Second configuration: undertray, which end part of it, has a small inclination to the 

horizontal axis. 

 

It is necessary to remind that it is expected to achieve the opposite results to those obtained 

by studying an airplane profile wing profile. In the case of Formula 1 car, it does not want to 

lift off the ground, but what it is searched is to find the best aerodynamic configuration to 

increase the car pressure against the floor when the car increases its velocity and improve its 

stability, manageability and security of the car. 

 

Basically, it is expected to validate the ground effect in experimental studies: see how the car 

reduces its pressure below the car, that provoques the increase of the velocity. On that way, 

due to the difference of pressure between the bottom and the top of the car (which is at 

atmospheric pressure), it will be achieve a better suction from the car toward the asphalt. 

 

5.5 First configuration 

In this section, it has made the domain and mesh generation in ANYS, and it has been done 

the steps of the Fluent configuration to obtain the adequate results (this procedure is 

documented in the section 3. ANSYS Fluent in the Appendix). 

 

It is validate first drag and lift coefficients using the graphic obtained in the simulation: 

 

1) For drag coefficient, it is displayed as quickly stabilizes around of 9.000 value. This fact 

shows that the fluid used for the study is viscous fluid (similar than the real fluid). 
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Figure 5.5.1: it is showed the drag coefficient graphic 

 

2) For lift coefficient, it is displayed as quickly stabilizes around of 4.500 value, which is 

different than 0. This value makes sense because the domain is not a symmetric 

domain. 

 

 
 

Figure 5.5.2: it is showed the lift coefficient graphic 

 

Therefore, the next point is study velocity and pressure distribution to see if the ground effect 

is established: 

 

1) For velocity distribution, ANSYS Fluent display the following result: 
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Figure 5.5.3: it is showed the velocity distribution 

 

Using velocity distribution for the first domain configuration, it is highlighted different 

important areas: 

 

a) First area of the domain, is the part where the flow impact over the single-seater and, as 

it can see in the image below, the part where it find the “sticking point”. In that point the 

velocity should be very low and the image display it as well. 

 

  
 

Figure 5.5.4: it is showed the sticking point and where is 

 

b) Second area of the domain, is the part where the flow pass through the undertray at high 

speed in comparison with the top of the car. This part is where the ground effect exists. 
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Figure 5.5.5: it is showed the ground effect and where is 

 

c) Third area of the domain, is the part where the flow is more chaotic and where the velocity 

reduces regarding this chaotic area. 

 

  
 

Figure 5.5.6: it is showed the turbulence area and where is 

 

2) For pressure distribution, ANSYS Fluent display the following result: 
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Figure 5.5.7: it is showed the pressure distribution 

 

As the velocity distribution, for the first domain configuration, it is highlighted different 

important areas, which match with the same areas informed in velocity distribution: 

 

a) First area of the domain, is the part where the flow impact over the single-seater and, as 

it can see in the image below, the part where it find the “sticking point”. In that point the 

pressure are very high. 

 

  
 

Figure 5.5.8: it is showed the sticking point and where is 

 

b) Second area of the domain, is the part where the flow pass through the undertray at very 

low pressure in comparison with the top of the car. This part is where the ground effect 

exists. 
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Figure 5.5.9: it is showed the ground effect and where is 

 

c) Third area of the domain, is the part where the flow is more chaotic and where the 

pressure increases a little bit regarding this chaotic area. 

 

  
 

Figure 5.5.10: it is showed the turbulence area and where is 

 

Finally, as it can validate in the study above, for this domain configuration, the ground effect 

exists, because the area where the undertray is closer than asphalt and where the car ends, is 

the area where the pressure is lower and the velocity is higher. This fact provokes a difference 

of pressure between the undertray and the top of the car rising the needed ground effect. 
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Figure 5.5.11: it is showed the comparison between velocity distribution (left image) and pressure 

distribution (right image) that established the ground effect. 

 

5.6 Second configuration 

In this section, it has made the domain and mesh generation in ANYS, and it has been done 

the steps of the Fluent configuration to obtain the adequate results (this procedure is 

documented in the section 3. ANSYS Fluent in the Appendix). 

 

It is validate first drag and lift coefficients using the graphic obtained in the simulation: 

 

1) For drag coefficient, it is displayed as quickly stabilizes around of 9.000 value. This fact 

shows that the fluid used for the study is viscous fluid (similar than the real fluid). 

 

 
 

Figure 5.6.1: it is showed the drag coefficient graphic 

 

 

2) For lift coefficient, it is displayed as quickly stabilizes around of 2.500 value, which is 

different than 0. This value makes sense because the domain is not a symmetric 

domain. 
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Figure 5.6.2: it is showed the lift coefficient graphic 

 

 

Therefore, the next point is study velocity and pressure distribution to see if the ground effect 

is established: 

 

1) For velocity distribution, ANSYS Fluent display the following result: 

 

 
 

Figure 5.6.3: it is showed the velocity distribution 

 

Using velocity distribution for the first domain configuration, it is highlighted different 

important areas: 

 

a) First area of the domain, is the part where the flow impact over the single-seater and, as 

it can see in the image below, the part where it find the “sticking point”. In that point the 

velocity should be very low and the image display it as well. 
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Figure 5.6.4: it is showed the sticking point and where is 

 

b) Second area of the domain, is the part where the flow pass through the undertray at high 

speed in comparison with the top of the car. This part is where the ground effect exists. 

 

  
 

Figure 5.6.5: it is showed the ground effect and where is 

 

 

c) Third area of the domain, is the part where the flow is more chaotic and where the velocity 

reduces regarding this chaotic area. 
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Figure 5.6.6: it is showed the turbulence area and where is 

 

2) For pressure distribution, ANSYS Fluent display the following result: 

 

 
 

Figure 5.6.7: it is showed the pressure distribution 

 

As the velocity distribution, for the first domain configuration, it is highlighted different 

important areas, which match with the same areas informed in velocity distribution: 

 

a) First area of the domain, is the part where the flow impact over the single-seater and, as 

it can see in the image below, the part where it find the “sticking point”. In that point the 

pressure are very high. 
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Figure 5.6.8: it is showed the sticking point and where is 

 

b) Second area of the domain, is the part where the flow pass through the undertray at very 

low pressure in comparison with the top of the car. This part is where the ground effect 

exists. 

 

  
 

Figure 5.6.9: it is showed the ground effect and where is 

 

c) Third area of the domain, is the part where the flow is more chaotic and where the 

pressure increases a little bit regarding this chaotic area. 
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Figure 5.6.10: it is showed the turbulence area and where is 

 

Finally, as it can validate in the study above, for this domain configuration, the ground effect 

exists, because the area where the undertray is closer than asphalt and where the car ends, is 

the area where the pressure is lower and the velocity is higher. This fact provokes a difference 

of pressure between the undertray and the top of the car rising the needed ground effect. 

 

  
 

Figure 5.6.11: it is showed the comparison between velocity distribution (left image) and pressure 

distribution (right image) that established the ground effect. 

 

5.7 Study conclusions 

After completion of the studies about the two different configuration, it is the moment to 

analyze and asses if the new configuration of the undertray is better or worse that the 

configuration used a few years ago. 

 

First, it is important to compare the drag and lift coefficients. 
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On the one hand, the drag coefficient, it can see that in the two domains the result is really 

closer, in both the Cd is around of 9.000. So, this implies that: 

1) The change of configuration of the domain does not cause an improvement of 

aerodynamics in the sense of reducing the drag. 

 

On the other hand, the lift coefficient has changed when the position of the undertray was 

changed, because in this case the second configuration has decreased. So, this implies that: 

2) With the second configuration, it is a pressure distribution more symmetric, and for 

that, a velocity distribution more uniform along the single-seater. 

 

Then, it is the moment to analyze velocity and pressure distributions in both domain 

configuration. 

 

On the one hand, in the velocity distribution can validate that the increased inclination of the 

undertray makes benefits to the car adherence to the asphalt. Due to this change, the single-

seater gets increase the airflow velocity at the end part of the undertrary, it means, in the 

diffuser part. 

 

This point is strongly linked with the information that the pressure distribution has displayed 

in both configurations. Therefore, it can observe that the small inclination in the undertray 

causes the pressure decrease in the closer part of the diffuser. 

 

  



Aerodynamic analysis of the undertray of Formula 1 

42 
 

  
 

Figure 5.7.1: it is showed the comparison between: velocity distribution (left image) and pressure 

distribution (right image); and between first domain configuration (first couple of images) and the second 

domain configuration (the last couple of images). 

 

These facts imply that: 

3) The increase of the velocity airflow causes a reduction of the pressure, validating the 

Bernoulli’s principle. 
4) With the new configuration it gets improve the ground effect on the Formula 1 car, 

due to the pressure difference between the upper and lower part of the car, increase 

and it is generated more pressure against the asphalt. 
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6. Time schedule and costs 
The schedule of this project is linked with the second academic quarter of the year. So, when 

the project enrollment was done, it was started to work on it. This start date was 15/02/2016 

and the work will be finished at the last delivered date, it means, at 23/06/2016. However, 

there was a week in this period that the work performance was stopped due to partial exams. 

 

In addition, this work is split in different areas which ones are detailed below: 

- First ideas: in this part it was filled on paper the first ideas and intentions about the 

project, using brainstorming method to collect all the things that the project will be 

display. 

- Making index and summary: with the first ideas established, it was the moment to put 

them in order and performed a good index and a short introduction summary. 

- Time schedule: this part extends along the project due to where it is arranged and 

delimited in the time all the project phases. 

- Searching information: it is referring to all theoretical part of the project, it was 

necessary to search valid information about what parts of the project have to be 

populated (in memory and in appendix). 

- Glossary and bibliography: this is another large part of the project because is related 

to the searched information. 

- Introduction and theoretical points: it is referring to the first project part 

documentation, where is detailed all theoretical aspect of the memory and appendix. 

- Learning CFD software: starting with the experimental section, it was necessary to 

achieve good basic knowledge about ANSYS and about their respective principal 

components that will be used in the project. 

- Model study using CFD: with basic ideas about CFD, it was the time to define and create 

study domains and perform the simulation with ANSYS software. 

- Costs: it is the part where was studying which cost could assign to this project. 

- Environmental impact: regarding with costs part, it was the period where was studying 

environmental impact of the project. 

- Conclusion: one of the most important parts of the project, it is where it informs about 

the project conclusions. 

- Presentation: the last part where it is prepared the presentation of the project. 
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On the other hand, at the time to perform the economic costs about the project, it is necessary 

to consider all the expenses taken throughout the project, as designer salary, software used, 

power consumption or the tools used to achieve to complete the project. 

 

Therefore, it is considered that this project is from consulting company, where a section of 

the FIA has contacted for studying different ways to improve the single-seater security, at the 

same time, as it is improved car velocity and the public interest for the Formula 1. 

 

Then it is a project of 12 ECTS, where each ECT equals to 25 hours, however, it was necessary 

increase 100 hours due to unforeseen, training and additional studies. It means a total amount 

of 400 hours distributed in 16 weeks of project development. In addition, in the expenses have 

to be consider software as Microsoft Office 2013, SolidWorks 2015 and, especially, ANSYS 

Workbench R15; also acquiring a personal computer, which can use the detailed software. 

 

It was estimated different useful life for each software and hardware, as well as hours done 

using it, in order to be able to adjust costs as real as possible. 

 

Finally, it has taken into account an estimation of the power consumption during the project. 

 

Each part is detailed in table 6.1, although as summary, there is the following graphic: 

 

 
 

Graphic 6.1: it is showed the detailed split of the costs 

  

ENGINEERING; 

13.500,00

SOFTWARE; 

2.317,63

POWER 

CONSUMPTION; 

44,50

WORK TOOLS; 

33,96

TAXES; 3.331,05

COSTS
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E
N

G
IN

E
E

R
IN

G
 Concept Hour Price [€/h] Total time 

[h] 
  Total [€] 

Documentation 25 150   3.750,00 

Use of 

software 
40 200   8.000,00 

Results analysis 35 50   1.750,00 

Total   400   13.500,00 

SO
FT

W
A

R
E

 

Concept 
Pruchase price 

[€] 
Useful life 

[h] 

Time used 

[h] 

Amortization 

[€] 
Office 2013 150 4000 150 5,63 

SolidWorks 

2015 
4500 2500 40 72,00 

ANSYS WB R15 40000 3750 210 2.240,00 

Total     400 2.317,63 

P
O

W
E

R
 Concept 

Consumption 

[kW/h] 

Useful life 

[h] 

Price 

[kW/h] 
Total [€] 

Personal 

computer 
0,8 400 0,13907 44,50 

T
O

T
A

L 
C

O
ST

S 

Concept       Total [€] 

Total costs 

without taxes 

Engineering + 

Software + PW 

Consumption 

    15.862,13 

I.V.A. 

21% of Total 

costs without 

taxes 

    3.331,05 

Total costs 

with taxes 

Total cost 

without taxes + 

I.V.A. 

    19.193,17 

W
O

R
K

 

T
O

O
LS

 Concept 
Pruchase price 

[€] 
Useful life 

[h] 

Time used 

[h] 

Amortization 

[€] 
Personal 

Computer 
849 10000 400 33,96 

TOTAL COST OF THE 

PROJECT 
      19.227,13 

 
Table 6.1: it is showed the detailed costs components 
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7. Environmental impact 
In this section, it is exposed information related to which is the environmental impact of the 

current project. Nevertheless, due to the kind of the project, this study goes to save resources 

used during the investigations done, so it is a previous step before doing this project using real 

prototypes. 

In addition, if it is analyzed in a global way, it is observed that in any moment there is no action 

proposed in the immediately future that undertakes tests and experiments out of the 

simulation environment using a personal computer. This is it, because the project is 

performed with the objet to be the first step to a valid approximation of the complex issue 

solution. Therefore, there is no environmental solution in the execution of the project. 

On the other hand, this project has a positive environmental impact in this kind of projects, 

due to with the simulation done during the project, it was no necessary to build any prototype 

or win tunnel. 

 

 

  



Aerodynamic analysis of the undertray of Formula 1 

48 
 

8. Conclusions 
From the available knowledge of fluid mechanic and of the information gathered and 

displayed throughout of this project, different conclusions can be extracted: 

 

1) It is very important to consider the impact of aerodynamics inside of Formula 1. 

Perform a good design of each element of the car, can affect in many areas such as 

safety, speed, grip or single-seater control; due to, at the end, are key parameters that 

perform a winner car. 

 

2) It is validated the great complexity and many number of elements that make up a 

Formula 1 car. Thus, for each car element it can be performed a project about its 

aerodynamic study, such as the current project. Hence the importance of having a 

good engineering team in the Formula 1. 

 

3) Among all the elements, that performs a Formula 1 car, it is validated one of the most 

influential component, which is the undertray. This element had its golden age of the 

80s when each Formula 1 team had fully freedom of the design in their cars and then 

it was created the Lotus 78, which began to give much importance to the ground effect. 

Due to this aerodynamic importance of this component, regarding to speed/security 

characteristics, it had to be regulated the design of the undertray. 

 

4) Related to the current configuration of the undertray, it has been validated the 

existence and the increase of the ground effect, thanks to a small variation of the 

inclination of the undertray (the difference between both domain analyzed); because 

it has been impacted directly to decrease the pressure in the undertray, and encourage 

the ground effect, effect that improves the car grip against the asphalt. 

 

In this way, in this project have been able to extract conclusions in a qualitative way on the 

aerodynamics of the undertray. From this project, it has been able to validate that the change 

of the undertray configuration has been successful. 
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1. Flow concepts 

1.1 Potential flow 

In fluid dynamics, potential flow describes the velocity field as the gradient of a scalar function: 
the velocity potential. As a result, a potential flow is characterized by an irrotational velocity 
field, which is a valid approximation for several applications. The irrotationality of a potential 
flow is due to the curl of the gradient of a scalar always being equal to zero. 
 
In the case of an incompressible flow the velocity potential satisfies Laplace's equation, and 
potential theory is applicable. However, potential flows also have been used to describe 
compressible flows. The potential flow approach occurs in the modeling of both stationary as 
well as nonstationary flows. 
 
Applications of potential flow are for instance: the outer flow field for aerofoils, water waves, 
electroosmotic flow, and groundwater flow. For flows (or parts thereof) with strong vorticity 
effects, the potential flow approximation is not applicable. 
 

 
 

Figure 1.1.1: It is showed a potential-flow streamlines around wing profile 
 

1.2 Characteristics and applications 

In fluid dynamics, a potential flow is described by means of a velocity potential φ, being a 
function of space and time. The flow velocity v is a vector field equal to the gradient, ∇, of 
the velocity potential φ: 
 

 
 
Sometimes, also the definition v = −∇φ, with a minus sign, is used. But here we will use the 
definition above, without the minus sign. From vector calculus it is known, that the curl of a 
gradient is equal to zero: 
 

 
 
and consequently the vorticity, the curl of the velocity field v, is zero: 
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This implies that a potential flow is an irrotational flow. This has direct consequences for the 
applicability of potential flow. In flow regions where vorticity is known to be important, such 
as wakes and boundary layers, potential flow theory is not able to provide reasonable 
predictions of the flow. Fortunately, there are often large regions of a flow where the 
assumption of irrotationality is valid, which is why potential flow is used for various 
applications. For instance in: flow around aircraft, groundwater flow, acoustics, water waves, 
and electroosmotic flow. 
 

 
 
Figure 1.2.1: A potential flow is constructed by adding simple elementary flows and observing the result. In 
this case, superimposing a uniform flow (A) with a doublet (B) will yield a friction-less flow past a cylinder. 
 
In case of an incompressible flow — for instance of a liquid, or a gas at low Mach numbers; 
but not for sound waves — the velocity v has zero divergence: 
 

 
 
with the dot denoting the inner product. As a result, the velocity potential φ has to satisfy 
Laplace's equation 
 

 
 
where ∇ 2 = ∇ ⋅  ∇  is the Laplace operator (sometimes also written Δ). In this case the flow can 
be determined completely from its kinematics: the assumptions of irrotationality and zero 
divergence of the flow. Dynamics only have to be applied afterwards, if one is interested in 
computing pressures: for instance for flow around airfoils through the use of Bernoulli's 
principle. 
 
In two dimensions, potential flow reduces to a very simple system that is analyzed using 
complex analysis. 
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Figure 1.2.2: Potential flow around a circular cylinder. The cylinder is placed in an incompressible and 
otherwise uniform flow. 

 
Potential flow does not include all the characteristics of flows that are encountered in the real 
world. Potential flow theory cannot be applied for viscous internal flows. Richard Feynman 
considered potential flow to be so unphysical that the only fluid to obey the assumptions was 
"dry water" (quoting John von Neumann). 
 
Incompressible potential flow also makes a number of invalid predictions, such as 
d'Alembert's paradox, which states that the drag on any object moving through an infinite 
fluid otherwise at rest is zero. 
 
More precisely, potential flow cannot account for the behaviour of flows that include a 
boundary layer. 
 
Nevertheless, understanding potential flow is important in many branches of fluid mechanics. 
In particular, simple potential flows (called elementary flows) such as the free vortex and the 
point source possess ready analytical solutions. These solutions can be superposed to create 
more complex flows satisfying a variety of boundary conditions. These flows correspond 
closely to real-life flows over the whole of fluid mechanics; in addition, many valuable insights 
arise when considering the deviation (often slight) between an observed flow and the 
corresponding potential flow. 
 
Potential flow finds many applications in fields such as aircraft design. For instance, in 
computational fluid dynamics, one technique is to couple a potential flow solution outside the 
boundary layer to a solution of the boundary layer equations inside the boundary layer. 
 
The absence of boundary layer effects means that any streamline can be replaced by a solid 
boundary with no change in the flow field, a technique used in many aerodynamic design 
approaches. Another technique would be the use of Riabouchinsky solids. 
 

1.3 Stokes stream function: axisymmetric flow 

In fluid dynamics, the Stokes stream function is used to describe the streamlines and flow 
velocity in a three-dimensional incompressible flow with axisymmetry. A surface with 
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a constant value of the Stokes stream function encloses a streamtube, everywhere tangential 
to the flow velocity vectors. Further, the volume flux within this streamtube is constant, and 
all the streamlines of the flow are located on this surface. The velocity field associated with 
the Stokes stream function is solenoidal—it has zero divergence. This stream function is 
named in honor of George Gabriel Stokes. 
 

 
 

Figure 1.3.1: it is showed forces on and streamlines around a sphere in Stokes flow. 
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2. Undertray physical properties 

2.1 Bernoulli’s principle 

Bernoulli's principle states that an increase in the speed of a fluid occurs simultaneously with 
a decrease in pressure or a decrease in the fluid's potential energy. The principle is named 
after Daniel Bernoulli who published it in his book Hydrodynamica in 1738. 
 
Bernoulli's principle can be applied to various types of fluid flow, resulting in various forms of 
Bernoulli's equation; there are different forms of Bernoulli's equation for different types of 
flow. The simple form of Bernoulli's equation is valid for incompressible flows (for example, 
most liquid flows and gases moving at low Mach number). More advanced forms may be 
applied to compressible flows at higher Mach numbers. 
 
Bernoulli's principle can be derived from the principle of conservation of energy. This states 
that, in a steady flow, the sum of all forms of energy in a fluid along a streamline is the same 
at all points on that streamline. This requires that the sum of kinetic energy, potential energy 
and internal energy remains constant. Thus an increase in the speed of the fluid – implying an 
increase in both its dynamic pressure and kinetic energy – occurs with a simultaneous 
decrease in (the sum of) its static pressure, potential energy and internal energy. If the fluid is 
flowing out of a reservoir, the sum of all forms of energy is the same on all streamlines because 
in a reservoir the energy per unit volume (the sum of pressure and gravitational potential ρ g 
h) is the same everywhere. 
 
Bernoulli's principle can also be derived directly from Newton's 2nd law. If a small volume of 
fluid is flowing horizontally from a region of high pressure to a region of low pressure, then 
there is more pressure behind than in front. This gives a net force on the volume, accelerating 
it along the streamline. 
 
Fluid particles are subject only to pressure and their own weight. If a fluid is flowing 
horizontally and along a section of a streamline, where the speed increases it can only be 
because the fluid on that section has moved from a region of higher pressure to a region of 
lower pressure; and if its speed decreases, it can only be because it has moved from a region 
of lower pressure to a region of higher pressure. Consequently, within a fluid flowing 
horizontally, the highest speed occurs where the pressure is lowest, and the lowest speed 
occurs where the pressure is highest. 
 

 
 

Figure 2.1.1: it is Bernoulli’s law derivation diagram. 
 



Aerodynamic analysis of the undertray of Formula 1 

7 
 

2.1.1 Incompressible flow equation  
 
In most flows of liquids, and of gases at low Mach number, the density of a fluid parcel can be 
considered to be constant, regardless of pressure variations in the flow. Therefore, the fluid 
can be considered to be incompressible and these flows are called incompressible flow. 
Bernoulli performed his experiments on liquids, so his equation in its original form is valid only 
for incompressible flow. A common form of Bernoulli's equation, valid at any arbitrary point 
along a streamline, is: 
 

 
 
Where: 

    , is the fluid flow speed at a point on a streamline, 
    , is the acceleration due to gravity, 
    , is the elevation of the point above a reference plane, with the positive z-
direction pointing upward – so in the direction opposite to the gravitational 
acceleration, 
    , is the pressure at the chosen point, and 
    , is the density of the fluid at all points in the fluid. 

 
For conservative force fields, Bernoulli's equation can be generalized as: 
 

 
 
Where Ψ is the force potential at the point considered on the streamline. For example, for the 
Earth's gravity Ψ = gz. 
 
The following two assumptions must be met for this Bernoulli equation to apply: 

- The flow must be incompressible – even though pressure varies, the density must 
remain constant along a streamline. 

- Friction by viscous forces has to be negligible. 
 
By multiplying with the fluid density , first equation can be rewritten as: 
 

 
 
Or: 
 

 
 
 
Where: 
 

  is dynamic pressure, 
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 is the piezometric head or hydraulic head (the sum of the elevation 
z and the pressure head) and 
 

 , is the total pressure (the sum of the static pressure p and dynamic 
pressure q). 
 
The constant in the Bernoulli equation can be normalized. A common approach is in terms of 
total head or energy head H: 
 

 
 
The above equations suggest there is a flow speed at which pressure is zero, and at even 
higher speeds the pressure is negative. Most often, gases and liquids are not capable of 
negative absolute pressure, or even zero pressure, so clearly Bernoulli's equation ceases to be 
valid before zero pressure is reached. In liquids – when the pressure becomes too low – 
cavitation occurs.  
 
The above equations use a linear relationship between flow speed squared and pressure. At 
higher flow speeds in gases, or for sound waves in liquid, the changes in mass density become 
significant so that the assumption of constant density is invalid. 
 

2.1.2 Simplified form  
 
In many applications of Bernoulli's equation, the change in the ρ g z term along the streamline 
is so small compared with the other terms that it can be ignored. For example, in the case of 
aircraft in flight, the change in height z along a streamline is so small the ρ g z term can be 
omitted. This allows the above equation to be presented in the following simplified form: 
 

 
 
Where p0 is called total pressure, and q is dynamic pressure. Many authors refer to the 
pressure p as static pressure to distinguish it from total pressure p0 and dynamic pressure q. 
 
The simplified form of Bernoulli's equation can be summarized in the following memorable 
word equation: 
 

static pressure + dynamic pressure = total pressure 
 
Every point in a steadily flowing fluid, regardless of the fluid speed at that point, has its own 
unique static pressure p and dynamic pressure q. Their sum p + q is defined to be the total 
pressure p0. The significance of Bernoulli's principle can now be summarized as total pressure 
is constant along a streamline. 
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If the fluid flow is irrotational, the total pressure on every streamline is the same and 
Bernoulli's principle can be summarized as total pressure is constant everywhere in the fluid 
flow. It is reasonable to assume that irrotational flow exists in any situation where a large body 
of fluid is flowing past a solid body. 
 
However, it is important to remember that Bernoulli's principle does not apply in the 
boundary layer or in fluid flow through long pipes. 
 

2.2 Venturi effect 

The Venturi effect is the reduction in fluid pressure that results when a fluid flows through a 
constricted section (or choke) of a pipe. The Venturi effect is named after Giovanni Battista 
Venturi (1746–1822), an Italian physicist. 
 
In fluid dynamics, a fluid's velocity must increase as it passes through a constriction in accord 
with the principle of mass continuity, while its static pressure must decrease in accord with 
the principle of conservation of mechanical energy. Thus any gain in kinetic energy a fluid may 
accrue due to its increased velocity through a constriction is balanced by a drop in pressure. 
 
By measuring the change in pressure, the flow rate can be determined, as in various flow 
measurement devices such as venturi meters, venturi nozzles and orifice plates. 
 
Referring to the diagram below, using Bernoulli's equation in the special case of 
incompressible flows (such as the flow of water or other liquid, or low speed flow of gas), the 
theoretical pressure drop at the constriction is given by: 
 

 
 

Figure 2.2.1: it is Venturi effect graphic. 

 

 
 
Where  is the density of the fluid,  is the (slower) fluid velocity where the pipe is wider,  
is the (faster) fluid velocity where the pipe is narrower. 
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2.3 Continuity equation 

A continuity equation in physics is an equation that describes the transport of some quantity. 
It is particularly simple and particularly powerful when applied to a conserved quantity, but it 
can be generalized to apply to any extensive quantity. Since mass, energy, momentum, 
electric charge and other natural quantities are conserved under their respective appropriate 
conditions, a variety of physical phenomena may be described using continuity equations. 
 
Continuity equations are a stronger, local form of conservation laws. For example, a weak 
version of the law of conservation of energy states that energy can neither be created nor 
destroyed. A continuity equation is the mathematical way to express this kind of statement. 
 
Any continuity equation can be expressed in an "integral form" (in terms of a flux integral), 
which applies to any finite region, or in a "differential form" (in terms of the divergence 
operator) which applies at a point. 
 
In fluid dynamics, the continuity equation states that, in any steady state process, the rate at 
which mass enters a system is equal to the rate at which mass leaves the system. 
 
The differential form of the continuity equation is: 
 

 
 
Where 
 

- ρ is fluid density. 
- t is time. 
- u is the flow velocity vector field. 

 
In this context, this equation is also one of the Euler equations (fluid dynamics). The Navier–
Stokes equations form a vector continuity equation describing the conservation of linear 
momentum. 
 
If ρ is a constant, as in the case of incompressible flow, the mass continuity equation simplifies 
to a volume continuity equation: 
 

 
 
Which means that the divergence of velocity field is zero everywhere. Physically, this is 
equivalent to saying that the local volume dilation rate is zero. 
 

2.4 Newton’s third law 

The third law states that all forces between two objects exist in equal magnitude and opposite 
direction: if one object A exerts a force FA on a second object B, then B simultaneously exerts 
a force FB on A, and the two forces are equal and opposite:  

FA = −FB 
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The third law means that all forces are interactions between different bodies, and thus that 
there is no such thing as an unidirectional force or a force that acts on only one body. This law 
is sometimes referred to as the action-reaction law, with FA called the "action" and FB the 
"reaction".  
 
The action and the reaction are simultaneous, and it does not matter which is called the action 
and which is called reaction; both forces are part of a single interaction, and neither force 
exists without the other. In addition, the two forces in Newton's third law are of the same 
type. 
 
From a conceptual standpoint, Newton's third law is seen when a person walks: they push 
against the floor, and the floor pushes against the person. Similarly, the tires of a car push 
against the road while the road pushes back on the tires—the tires and road simultaneously 
push against each other. The reaction forces account for the motion in these examples. These 
forces depend on friction. 
 

 
 

Figure 2.4.1: it is showed Action-Reaction forces. 

 

2.5 Dimensionless numbers 

Dimensionless numbers in fluid mechanics are a set of dimensionless quantities that have an 
important role in the behavior of fluids. 
 
From all dimensionless numbers that are exist in fluid mechanics, if it focusses in the case of 
real flow with the high speeds that Formula 1 single-seater can move in the circuit, 
dimensionless numbers which are essential to aerodynamic study are, specially, two numbers: 
Reynolds number and Mach number. 
 

2.5.1 Reynolds number 
 
In fluid mechanics, the Reynolds number (Re) is a dimensionless quantity that is used to help 
predict similar flow patterns in different fluid flow situations. The concept was introduced by 
George Gabriel Stokes in 1851, but the Reynolds number is named after Osborne Reynolds 
(1842–1912), who popularized its use in 1883. 
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The Reynolds number is defined as the ratio of inertial forces to viscous forces and 
consequently quantifies the relative importance of these two types of forces for given flow 
conditions. Reynolds numbers frequently arise when performing scaling of fluid dynamics 
problems, and as such can be used to determine dynamic similitude between two different 
cases of fluid flow. They are also used to characterize different flow regimes within a similar 
fluid, such as laminar or turbulent flow: 
 

- Laminar flow occurs at low Reynolds numbers, where viscous forces are dominant, and 
is characterized by smooth, constant fluid motion. 
 

- Turbulent flow occurs at high Reynolds numbers and is dominated by inertial forces, 
which tend to produce chaotic eddies, vortices and other flow instabilities. 

 

 
 

Figure 2.5.1.1: A simple sketch of difference between laminar fluid flow and turbulent fluid flow in a pipe 
 
In practice, matching the Reynolds number is not on its own sufficient to guarantee similitude. 
Fluid flow is generally chaotic, and very small changes to shape and surface roughness can 
result in very different flows. Nevertheless, Reynolds numbers are a very important guide and 
are widely used. 
 
Reynolds number interpretation has been extended into the area of arbitrary complex 
systems as well: financial flows, nonlinear networks, etc. In the latter case an artificial viscosity 
is reduced to nonlinear mechanism of energy distribution in complex network media. 
Reynolds number then represents a basic control parameter which expresses a balance 
between injected and dissipated energy flows for open boundary system. It has been shown 
that Reynolds critical regime separates two types of phase space motion: accelerator 
(attractor) and decelerator. High Reynolds number leads to a chaotic regime transition only in 
frame of strange attractor model. 
 
The Reynolds number can be defined for several different situations where a fluid is in relative 
motion to a surface. These definitions generally include the fluid properties of density and 
viscosity, plus a velocity and a characteristic length or characteristic dimension. This 
dimension is a matter of convention – for example radius and diameter are equally valid to 
describe spheres or circles, but one is chosen by convention. For flow in a pipe or a sphere 
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moving in a fluid the internal diameter is generally used today. For fluids of variable density 
such as compressible gases or fluids of variable viscosity such as non-Newtonian fluids, special 
rules apply. The velocity may also be a matter of convention in some circumstances, notably 
stirred vessels. The Reynolds number is defined: 
 

 
 
Where: 

- v is the maximum velocity of the object relative to the fluid (SI units: m/s) 
- L is a characteristic linear dimension, (travelled length of the fluid; hydraulic diameter 

when dealing with river systems) (m) 
- μ is the dynamic viscosity of the fluid (Pa·s or N·s/m2 or kg/(m·s)) 
- ν (nu) is the kinematic viscosity (ν = μ/ρ) (m2/s) 
- ρ is the density of the fluid (kg/m3) 

 
2.5.2 Mach number  

 
In fluid dynamics, the Mach number (M or Ma) is a dimensionless quantity representing the 
ratio of flow velocity past a boundary to the local speed of sound. 
 

 
 

Where 
- M is the Mach number 
- u is the local flow velocity with respect to the boundaries (either internal, such as an 

object immersed in the flow, or external, like a channel) 
- c is the speed of sound in the medium 

 
The local speed of sound, and thereby the Mach number, depends on the condition of the 
surrounding medium, in particular the temperature and pressure. The Mach number is 
primarily used to determine the approximation with which a flow can be treated as an 
incompressible flow. The medium can be a gas or a liquid. The boundary can be traveling in 
the medium, or it can be stationary while the medium flows along it, or they can both be 
moving, with different velocities: what matters is their relative velocity with respect to each 
other. The boundary can be the boundary of an object immersed in the medium, or of a 
channel such as a nozzle, diffusers or wind tunnels channeling the medium. As the Mach 
number is defined as the ratio of two speeds, it is a dimensionless number. If M < 0.2–0.3 and 
the flow is quasi-steady and isothermal, compressibility effects will be small and a simplified 
incompressible flow equations can be used. 
 
The Mach number can be roughly classified in six categories: 
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Regime Subsonic Transonic Sonic Supersonic Hypersonic High-
hypersonic 

Mach <0.8 0.8–1.2 1.0 1.2–5.0 5.0–10.0 >10.0 

km/h <980 980-1470 1470 
1470–
6126 

6126–
12251 

12251–30626 

 

2.6 Boundary layer 

A boundary layer is the layer of fluid in the immediate vicinity of a bounding surface where 
the effects of viscosity are significant. In the Earth's atmosphere, the atmospheric boundary 
layer is the air layer near the ground affected by diurnal heat, moisture or momentum transfer 
to or from the surface.  
 
Laminar boundary layers can be loosely classified according to their structure and the 
circumstances under which they are created. The thin shear layer which develops on an 
oscillating body is an example of a Stokes boundary layer, while the Blasius boundary layer 
refers to the well-known similarity solution near an attached flat plate held in an oncoming 
unidirectional flow. When a fluid rotates and viscous forces are balanced by the Coriolis effect 
(rather than convective inertia), an Ekman layer forms. In the theory of heat transfer, a 
thermal boundary layer occurs. A surface can have multiple types of boundary layer 
simultaneously. 
 
The viscous nature of airflow reduces the local velocities on a surface and is responsible for 
skin friction. The layer of air over the wing's surface that is slowed down or stopped by 
viscosity, is the boundary layer. There are two different types of boundary layer flow: laminar 
and turbulent. 
 
Laminar Boundary Layer Flow 

The laminar boundary is a very smooth flow, while the turbulent boundary layer 
contains swirls or "eddies." The laminar flow creates less skin friction drag than the 
turbulent flow, but is less stable. Boundary layer flow over a wing surface begins as a 
smooth laminar flow. As the flow continues back from the leading edge, the laminar 
boundary layer increases in thickness. 
 

Turbulent Boundary Layer Flow 
At some distance back from the leading edge, the smooth laminar flow breaks down 
and transitions to a turbulent flow. From a drag standpoint, it is advisable to have the 
transition from laminar to turbulent flow as far aft on the wing as possible, or have a 
large amount of the wing surface within the laminar portion of the boundary layer. The 
low energy laminar flow, however, tends to break down more suddenly than the 
turbulent layer. 
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Figure 2.6.1: A simple sketch of boundary layer flow types. 
 
 

2.7 Aerodynamic forces 

The fact of airflow goes through a streamlined profile differently, with different speed, that 
generates a pressure difference and therefore a force with direction from higher to the lesser 
pressure known as aerodynamic forces. 
 
In the case of Formula 1, it is interested, specially, in studying two types of aerodynamic forces, 
the drag force and the lift force. 
 

2.7.1 Drag force (CD) 
 
The drag force is caused by the friction of the profile with the air. The air particles in contact 
with the moving body adhere to it due to viscosity, and nearby particles are held back by them, 
thus creating the phenomenon of boundary layer. This favors the appearance of resistance to 
the advance. This force also depends on the shape of the body in motion, as more cross 
section, greater surface contact with the air that adheres and slows down it. 
 
To give value to this force is defined a drag coefficient CD which represents the opposition 
suffered a body to move in the direction of the movement. 
 

Object CD 
Sport car 0,2-0,3 
Sfere 0,47 
Tursim 0,5 
Cilinder 0,6-1,2 
Truck 0,8-1,0 
Motorcycle 0,8 
Formula 1 1,0 

 
It is observed that the Formula 1 single-seaters has a high drag coefficient, and it is due to 
often to get more downforce it is necessary increase, also, the resistance to the advance. 
 
For this reason, this coefficient has not a value fixed in the Formula 1 single-seaters, since 
according to the circuit where it is going to be compete, as if it has straighter or more curves, 



Aerodynamic analysis of the undertray of Formula 1 

16 
 

it can be modified some aerodynamic components for losing a little downforce in exchange 
for reducing the resistance to the advance. 
 
How much faster is the circuit, it is minor interested to be this coefficient. 
 
Presented this concept, the drag force can be defined as: 
 

 
 
Where 

- U is the fluid density, in that case, air 
- v is the velocity that the car moves 
- A is the frontal single-seater area 

 

 
 

Figure 2.7.1.1: it is showed different shapes with different drag coefficient 
 

2.7.2 Lift force (CL) 
 
On other hand, lift force appears when the air has to travel differently a profile by top and 
bottom. As the trajectory is different of the current line speed that crosses it is also different, 
causing the pressure to be different at the top and at the bottom of the profile. This difference 
in pressure causes the strength of bearing capacity, perpendicular to the speed of the air, and 
it can be both ascending and descending sense depending on the profile geometry.  
 
In the case of the Formula 1, it is interested that this force is in the negative sense, understood 
as negative toward the ground, so push the single-seater towards the asphalt making so be 
extra grip allowing greater speed through curves. 
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Even being a negative lift, in the case of the Formula 1 it will be considered as positive 
downforce. 
 
In the same way that in the case of resistance to the advance forces, in this case defined a 
coefficient of lift, which provides a rough idea of the facility that has a body to cause this type 
of forces. The value of this coefficient depends essentially on the studied body. 
 

 
 

Figure 2.7.2.1: it is showed different forces in wing profile 
 
Also it can obtain an expression to give an approximate value to this force: 
 

 
 
Where this time the area to be considered will be section in the studied element plant, in 
other words, the area of the body that receives this force. 
 
In this way, it is obtained the most representative aerodynamic forces, both for others areas 
and for the Formula 1, resistance to the advance force and lift force are known as aerodynamic 
charge. 
 

 
 

Figure 2.7.2.2: it is showed different aerodynamic forces in wing profile 
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2.8 Vortices 

A Vortex is a region in a fluid in which the flow is rotating around an axis line, which may be 
straight or curved. The plural of vortex is either vortices or vortexes. Vortices form in stirred 
fluids, and may be observed in phenomena such as smoke rings, whirlpools in the wake of 
boat, or the winds surrounding a tornado or dust devil. 
 
Vortices are a major component of turbulent flow. The distribution of velocity, vorticity (the 
curl of the flow velocity), as well as the concept of circulation are used to characterize vortices. 
In most vortices, the fluid flow velocity is greatest next to its axis and decreases in inverse 
proportion to the distance from the axis. 
 
In the absence of external forces, viscous friction within the fluid tends to organize the flow 
into a collection of irrotational vortices, possibly superimposed to larger-scale flows, including 
larger-scale vortices. Once formed, vortices can move, stretch, twist, and interact in complex 
ways. A moving vortex carries with it some angular and linear momentum, energy, and mass. 
 

 
 

Figure 2.8.1: it is showed vortices in a fluid 
 

2.8.1 Vorticity 
 
The vorticity is a pseudovector field that describes the local spinning motion of a continuum 
near some point (the tendency of something to rotate), as would be seen by an observer 
located at that point and traveling along with the flow. 
 
Conceptually, vorticity could be determined by marking the part of continuum in a small 
neighborhood of the point in question, and watching their relative displacements as they 
move along the flow. The vorticity vector would be twice the mean angular velocity vector of 
those particles relative to their center of mass, oriented according to the right-hand rule. This 
quantity must not be confused with the angular velocity of the particles relative to some other 
point. 
 
More precisely, the vorticity is a pseudovector field (ω), defined as the curl (rotational) of the 
flow velocity (u) vector. The definition can be expressed by the vector analysis formula: 
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Where ∇ is the del operator. The vorticity of a two-dimensional flow is always perpendicular 
to the plane of the flow, and therefore can be considered a scalar field. 
 
The vorticity is related to the flow's circulation (line integral of the velocity) along a closed 
path by the (classical) Stokes' theorem.  
 
Many phenomena, such as the blowing out of a candle by a puff of air, are more readily 
explained in terms of vorticity rather than the basic concepts of pressure and velocity. This 
applies, in particular, to the formation and motion of vortex rings. 
 

2.8.2 Pressure in a vortex 
 
The fluid motion in a vortex creates a dynamic pressure (in addition to any hydrostatic 
pressure) that is lowest in the core region, closest to the axis, and increases as one moves 
away from it, in accordance with Bernoulli's Principle. One can say that it is the gradient of 
this pressure that forces the fluid to follow a curved path around the axis. 
 
In a rigid-body vortex flow of a fluid with constant density, the dynamic pressure is 
proportional to the square of the distance r from the axis. In a constant gravity field, the free 
surface of the liquid, if present, is a concave paraboloid. 
 
In an irrotational vortex flow with constant fluid density and cylindrical symmetry, the 
dynamic pressure varies as P∞ − K/r2, where P∞ is the limiting pressure infinitely far from the 
axis. This formula provides another constraint for the extent of the core, since the pressure 
cannot be negative. The free surface (if present) dips sharply near the axis line, with depth 
inversely proportional to r2. The shape formed by the free surface is called a Hyperboloid, or 
"Gabriel's Horn”. 
 
The core of a vortex in air is sometimes visible because of a plume of water vapor caused by 
condensation in the low pressure and low temperature of the core; the spout of a tornado is 
an example. When a vortex line ends at a boundary surface, the reduced pressure may also 
draw matter from that surface into the core.  
 

 
 

Figure 2.8.2.1: rear wing of McLaren it is generating vortices 
 

 



Aerodynamic analysis of the undertray of Formula 1 

20 
 

3. ANSYS Fluent 

3.1 Mesh domain 

3.1.1 Comparing different meshes 
 
Below is the detailed process followed to choose the more suitable mesh for the study. 
Therefore, it was experimented with different kinds of mesh trying to adjust the mesh to the 
ideals parameters. But the final decision has also influenced the limitation of processing 
power of the computer used for the study. 
 
The ideal main parameters for the mesh in ANSYS are: 
 

Aspect Ratio Skewness Orthogonality Quality 
# 5 # 0,5 # 1 

 
1) It was analyzed the mesh that ANSYS Meshing tool creates by default. Below 

screenshots are detailed mesh parameters. 
  

 
 

Figure 3.1.1.1: it is showed the first mesh analyzed 
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Figure 3.1.1.2: it is showed the first mesh analyzed 

 
Numb. Elements Aspect Ratio Skewness Orthogon. Quality 

685 4,07243 0,27089 0,84367 
 

2) It was analyzed the mesh that ANSYS Meshing tool creates by default improving some 
skills: Relevant Center to Fine, Smoothing to High. Below screenshots are detailed 
mesh parameters. 
 

 
 

Figure 3.1.1.3: it is showed the second mesh analyzed 
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Figure 3.1.1.4: it is showed the second mesh analyzed 

 
Numb. Elements Aspect Ratio Skewness Orthogon. Quality 

21168 1,17742 5,06043E-02 0,98580 
 

3) It was analyzed the mesh using Refinement tool, assigning one refinement mesh to 
each face. Below screenshots are detailed mesh parameters. 

 

 
 

Figure 3.1.1.5: it is showed the third mesh analyzed 
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Figure 3.1.1.6: it is showed the third mesh analyzed 

 
Numb. Elements Aspect Ratio Skewness Orthogon. Quality 

88427 4,87880 0,61865 0,60076 
 

4) It was analyzed the mesh using Inflation tool where Boundary Layers were top and 
bottom surfaces and, Geometry selected to the tool was the full domain. Below 
screenshots are detailed mesh parameters. 
 
For this configuration, it was studied different values of Number of Layers and 
Maximum Thickness, which are going to detail below: 

 
Number of Layers Maximum Thickness 

16 1,5e-003 
 

 
 

Figure 3.1.1.7: it is showed the fourth mesh analyzed 
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Figure 3.1.1.7: it is showed the fourth mesh analyzed 

 
Numb. Elements Aspect Ratio Skewness Orthogon. Quality 

174584 3,66586E+16 0,20691 0,88892 
 
 The fifth mesh studied: 
 

Number of Layers Maximum Thickness 
32 1,5e-003 

 

 
 

Figure 3.1.1.8: it is showed the fifth mesh analyzed 
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Figure 3.1.1.9: it is showed the fifth mesh analyzed 

 
Numb. Elements Aspect Ratio Skewness Orthogon. Quality 

253372 2,52593E+16 0,19067 0,88845 
 
 The sixth mesh: 
 

Number of Layers Maximum Thickness 
8 1,5e-003 

 
 

Figure 3.1.1.10: it is showed the sixth mesh analyzed 
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Figure 3.1.1.11: it is showed the sixth mesh analyzed 

 
Numb. Elements Aspect Ratio Skewness Orthogon. Quality 

253372 17,35622 0,24309 0,83903 
 
 The seventh mesh: 
 

Number of Layers Maximum Thickness 
1 1,5e-009 

 

 
 

Figure 3.1.1.12: it is showed the seventh mesh analyzed 
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Figure 3.1.1.13: it is showed the seventh mesh analyzed 

 
Numb. Elements Aspect Ratio Skewness Orthogon. Quality 

100655 4,90785E+17 0,24793 0,83708 
 

3.1.2 Selected mesh 
 
Summarizing data above, it was joined all values about mesh skills in the table that it is 
showed above: 
 

Mesh Numb. Elements Aspect Ratio Skewness Orthogon. Quality 
Ideal - 5 0,5 1 

1 685 4,07243 0,27089 0,84367 

2 21168 1,17742 5,06E-02 0,9858 

3 88427 4,8788 0,61865 0,60076 

4 174584 3,67E+16 0,20691 0,88892 

5 253372 2,53E+16 0,19067 0,88845 

6 253372 17,35622 0,24309 0,83903 

7 100655 4,91E+17 0,24793 0,83708 
 
As it can see, the better tool to create a mesh for our domain is Inflation tool, because using 
it; mesh skills are closer than the ideal parameters of the mesh. Nevertheless, there are not 
any studied option, which is clear from the rest. 
 
Despite this, it was decided to use the sixth mesh due to all the mesh parameters fitted better 
with the ideal parameters, moreover, this mesh is not so exigent with the computer used for 
the study. 
 

Number of Layers Maximum Thickness 
8 1,5e-003 
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Figure 3.1.2.1: it is showed the selected mesh (6th) 

 
 

 
 

Figure 3.1.2.2: it is showed the selected mesh (6th) 

 
Numb. Elements Aspect Ratio Skewness Orthogon. Quality 

253372 17,35622 0,24309 0,83903 
 
 

3.2 Configuring ANSYS Fluent 

Below are listed all the steps followed in ANSYS for the configuration and implementation of 
the studies in both domains. 
 

1) It was selected Double Precision at first of the simulation. 
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Figure 3.2.1: it is showed the Fluent Launcher setting 
 
 

2) It is showed the ANSYS Fluent menu where it is placed all the options that it should be 
configured. 
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Figure 3.2.2: it is showed the ANSYS Fluent menu 
 

3) It was chosen a specific Viscous Model: k-omega (2 eqn) which was SST k-omega 
model. The other parameters was by default. It was chosen this model type in order 
that is the model that simulates better the real condition needed for the domain study. 

 



Aerodynamic analysis of the undertray of Formula 1 

31 
 

 
 

Figure 3.2.3: it is showed the parameters of Viscous model 

 
4) It was validated materials for the fluid flow: air. Moreover, for the wall: aluminum (it 

was set by default).  
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Figure 3.2.4: it is showed the parameters of air flow 
 

 
 

Figure 3.2.5: it is showed the parameters of the wall 
 
The next steps is configure boundary conditions: 
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5) It was set the Operation Conditions, which refers to determine which is the 
atmospheric pressure that it will use for the outlet domain surface. 
 

 
 

Figure 3.2.6: it is showed the Operation Conditions 

 
6) For each name surface defined with the Mesh tool (floor and sky as a walls; inlet and 

outlet as a flow get in and get out of the domain), will be defined a boundary condition. 
 
For inlet boundary condition, it was set a Velocity Magnitud as 40 m/s and Turbulent 
Intensity as 1%. 
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Figure 3.2.7: it is showed the Velocity Inlet configuration 

 
For Floor and Sky boundary condition, it was set Absolute motion (to move with the 
domain and the airflow) and Speed as 40 m/s. 
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Figure 3.2.8: it is showed the Wall configuration 

 
Finally, for Pressure Outlet boundary condition, it was set Gauge Pressure as 0 Pa 
(because it was at atmospheric pressure); and Blackflow Turbulent Intensity as 5%. 
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Figure 3.2.9: it is showed the Pressure Outlet configuration 

 
7) Then, it was defined in Monitors section, the parameters which it should be studied: 

Drag and Lift coefficient. 
 

 
 

Figure 3.2.10: it is showed the Monitors screen 
 

8) It is necessary to initialize the inlet velocity before run the simulation. 
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Figure 3.2.11: it is showed the parameters for inlet in Solution Initialization 

 
9) Finally, it was chosen 2000 iterations for the study.  

 
 

3.3 How to see the study results 

Below are listed all the steps followed in ANSYS to see the study results when the Calculation 
was finished. 
 

1) In the command window, it is possible to change the display between lift and drag 
coefficient. 
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Figure 3.3.1: it is showed the main window with selection list 

 
2) Then, to see different vectors graphics about velocity or pressure, it is necessary to 

access at Vector, in Graphics and Animation menu. 
 

 
 

Figure 3.3.2: it is showed the menu to see Vectors graphic 
 

3) In the new window opened, it is possible to select the different parameters to see the 
wanted display of vector. It is important to define vectors and colors in order to the 
velocity. 
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Figure 3.3.3: it is showed the Vectors menu 
 

4) Nevertheless, if the needed display is Pressure graphic, it is necessary to open 
Contours graphic. In addition, it is important to select Filled inside Options menu. 
Finally, it is necessary to validate that the contours have to be defined as pressure 
direction. 
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Figure 3.3.4: it is showed the Contours menu 

 


