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Abstract 

This project explores the influence of piston design on the power output of an 

internal combustion engine; with a specific focus on the effects of piston 

material on design and heat transfer. Two bespoke piston designs 

conforming to the 2014 FIA Formula 1 technical regulations have been 

completed and are presented along with design methodology and 

background information. The pistons were designed using AA2618A 

aluminium and ASTM S30815 steel alloys. The properties of these materials 

were used to discern differences in their performance through modelling and 

simulation.  

This report contains a literature review of subjects specifically related to the 

design of the pistons, as well as an overview of the modelling methodologies 

used in their analysis. The exact techniques used to simulate the operation 

of the piston in Gamma Technologies GT Suite software, as well as the 

boundary conditions employed, are covered in detail. Models developed by 

Han et al. and Pachernegg were used to calculate heat transfer coefficients 

and heat flux through the piston, respectively. Further, a single-cylinder 

model inclusive of turbulence and combustion modelling was developed and 

used to determine heat transfer, piston temperatures and power losses. 

Results showed that although the ASTM S30815 steel design generated 

more frictional heat, it yielded 5.0% more power than the aluminium design – 

primarily due to lower heat transfer from the piston to the crank case.  

Findings agree with expectations set out before the project began. Results 

suggest that due to its ability to operate at higher temperature, the steel 

design could also benefit a Formula 1 car in other areas, such as fuel 

conservation and aerodynamics.  Further work is suggested, including further 

development of this study via physical testing, and deeper investigation into 

combustion efficiencies of high speed direct injection (DI) spark ignition (SI) 

internal combustion engines (ICE).  
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1. Introduction 

1.1 Impetus 

Effective for the 2014 season, the FIA will introduce new regulations 

governing Formula 1. Central to this investigation, these technical regulations 

will influence the direction of investment in this well-funded industry. 

Decreased engine size, a lower engine speed limit, a limit to fuel flow rate, 

and an allowance for turbocharging are the principal changes to the ICE 

(Federation Internationale de l'Automobile, 2013). The ability of the FIA’s 

regulations to influence engine development should not be overlooked 

(Young, 2012). Previous regulations in place since the 2000’s encouraged 

engine manufacturers to become very proficient at reducing friction losses; 

some were able to achieve engine speeds in excess of 22,000 rpm before 

regulations changed and an upper limit on engine speed was dictated (Alten 

& Illen, 2002). As a benefit of this previous work, it is believed that the 2014 

engines, with their 15,000 rpm limits, will not provide as much of a challenge 

in regards to friction reduction (mechanical efficiency). Current ICE research 

has shifted to focus on increasing combustion efficiency and better 

management of heat losses from the combustion chamber (thermodynamic 

efficiencies).  

Internal combustion engines are limited in their ability to generate power by 

the amount of fuel they can transform into work. Traditionally, low efficiencies 

have been overcome by simply injecting more fuel. However, under 

regulations which limit fuel flow and engine speed (air flow), greater 

emphasis is placed on development of efficiency. Changes to piston material 

and design can have a measurable effect on both combustion and heat 

transfer, as factors like surface area, crown geometry, thermal conductivity 

and operating temperature limits influence the air fuel mixing process and 

heat transfer. This investigation will focus specifically on the relationship 

between piston material and heat transfer. 
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1.2 Background and Explanation 

The internal combustion engine has been used to propel automobiles since 

the late 19th century and, aside from a brief period directly following its 

inception, has completely dominated the marketplace. Throughout its 

development, the ICE has evolved to meet various challenges imposed by 

changes in societal norms and expectations. Most recently, a strong push 

towards environmental awareness has lead manufacturers into a new stage 

of development. For many, this current stage represents a break-even point 

where investment into further development of the internal combustion engine 

is deemed to no longer be economically advantageous over the incorporation 

of new technologies – such as supplemental electric engines. Still, despite 

the apparent marketing disadvantages of ICE only systems, others believe 

that further development of the ICE is the best approach to take 

economically and environmentally.  

Motorsport is an important element in this debate because it has traditionally 

been, and continues to be, the core medium for automotive technical 

advancement. The ICE owes its increases in volumetric and mechanical 

efficiencies directly to motorsport; the latter specifically benefiting greatly 

from the previous generation of F1 engine regulations. Under those rules, 

manufacturers spent hundreds of millions of dollars developing engines, 

processes, materials and coatings, enabling ultrahigh (> 95%) mechanical 

efficiencies and reducing frictional power losses. Many of these technologies 

have since found widespread use in consumer vehicles, increasing the 

power and efficiency of powertrains available to the public, and reiterating 

the validity of motorsport as a development medium (Young, 2012).  

Until recently, the highest level of motorsport (Formula 1, WEC LMP1, etc.) 

was hesitant to choose a side in this dispute, pushing reformed regulations to 

later dates. However due primarily to pressure from the public’s demand for 

more efficient automobiles and the relaxing of austerity measures put in 

place due to the great recession, both series have recently decided to 

implement new technical regulations. Both sets of regulations allow for the 
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development of hybrid electric energy recovery systems but this investigation 

has focused on the 2014 Formula 1 Technical Regulations. These 

regulations are more rigid, which is helpful when designing a single engine 

component, such as a piston, as there is less variability in other design 

parameters.  

It could be argued that the advancement of energy recovery systems and 

electric powertrains are the most important field of study under these new 

regulations. However, it must not be forgotten that these systems remain 

sub-systems, and not the primary source of power for the vehicle. 

Furthermore, these areas lack the ability to enact widespread change in the 

general automotive industry as quickly as changes to the ICE. With this in 

mind, this project will focus exclusively on development of the ICE, 

specifically through exploration of the heat transfer characteristics of pistons 

designed from two materials (AA2618A aluminium and ASTM S30815 steel). 

Within the ICE, two areas remain as major opportunities for improvement: 

combustion efficiency and thermodynamic efficiency. With the exception of 

massive marine diesel engines, well under half the energy provided via 

combustion (generally 30-40%) is turned into pressure and used to move the 

piston assembly (Pulkrabek, 2004). The rest is lost, primarily to heat through 

the exhaust gasses, cylinder walls, cylinder head and piston. By limiting fuel 

flow, the FIA (the governing body responsible for administering the sporting 

and technical regulations in Formula 1) has put an emphasis on development 

in these two areas – defining them as the regions within ICE design that will 

separate the champions from the rest. This, combined with the ability for 

advancements in this field to improve the efficiency of all vehicles using ICE 

(pure ICE and hybrid-electric), are the principal reasons for research in this 

field.  

Traditionally, pistons used in high performance spark-ignition (SI) 

applications have been constructed from aluminium, as its lower density is 

advantageous in reducing reciprocating mass. However, one of the 

properties that enables aluminium to be used in the harsh conditions of a 
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combustion chamber, its high thermal conductivity, also hinders its ability to 

allow for high levels of thermal efficiency.  Therefore, in the pursuit of higher 

levels of thermodynamic efficiency, the application of other materials should 

be explored. Since the FIA’s regulations only allow for aluminium and ferrous 

based alloys to be used in the construction of pistons, steel was chosen as 

the basis for comparison against an aluminium standard.   

The comparison will consist of an application of earlier works, such as that of 

Han et al., which use a combination of empirically derived formulae and 

simulation software to determine heat transfer coefficients, bulk heat transfer, 

and finally power losses. In order to carry out the comparison in such a way 

that it is relevant, bespoke pistons needed to be designed from aluminium 

and steel. These pistons have been designed from scratch, using regulations 

and target values as a starting point, and backward calculating the sizes of 

features, such as valve pockets and crown thicknesses. Analytical methods 

will initially be corroborated with results from Gama Technologies GT Power 

software to attain base line data and understanding, before the same 

software is used in conjunction with the geometric modelling of each piston 

to yield more accurate results. 

1.3 Project Objectives 

Building on the background of, and reasons for, this investigation, the two 

primary objectives (piston design and heat transfer analysis) are explained in 

more detail. Secondary objectives, offering further explanation into the 

methods by which the primary objectives were achieved, are also provided. 

1.3.1 Design of Aluminium and Steel Pistons (Catia V5) 

Due to the rarity and speciality of Formula 1 components, before any 

thermodynamic analysis can be performed, a piston design must be 

created from scratch. Because the nature of this project is to 

investigate the differences in piston heat transfer performance as a 

function of material, and because each material (aluminium and steel) 

has vastly different mechanical properties, two unique designs were 
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required. Each design is completely unique aside from the piston 

crown, which was unchanged due to its effect on surface area, and 

therefore heat transfer. Catia V5 was chosen as the design medium 

as it is widely regarded as the industry standard three-dimensional 

CAD tool in Formula 1.  

i. Determination of Combustion Chamber Environment and 
Piston Loading 

Research into comparable engines from Formula 1’s previous 

turbocharged era was performed and used in conjunction with 

information gathered through conversation with former 

Cosworth engine designer Professor Geoff Goddard to 

establish boundary conditions for engine operating parameters 

and outputs. Next, the parameters were used as boundary 

conditions for software modelling (GT Power) to verify their 

validity. The original plan of scaling data collected from a 

1600cc turbocharged BMW engine was abandoned upon 

discovering that the data produced in this fashion was hindered 

by the low engine speed and loading during the original test 

and, therefore even when scaled, did not represent the 

performance of a Formula 1 style power plant.   

ii.  Investigation of Fatigue Performance  

Since piston loading is cyclical, it is important to perform an 

analysis to determine the expected life of the design. Crucially, 

the pistons are designed to the same life, as this ensures that 

each material will be used to its design limits (i.e. different wall 

thicknesses and shapes generated by different strengths of 

material). Fatigue analysis was performed using a combination 

of hand calculations (used to generate a stress-life equation), 

test data from material manufacturers, and finite element 

analysis software (used to identify areas of weakness and 

confirm hand calculations).  
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1.3.2 Determination of Heat Transfer Losses 

Ultimately heat transfer from the combustion chamber through the 

piston was calculated (per degree of crankshaft movement) by two 

methods: a hand method using a combination of methods developed 

by Han et al. and Pachernegg, and a more accurate software assisted 

model pioneered by Mizuno et al. Heat transfer out of the combustion 

chamber represents a loss in energy available to perform work and 

therefore the design which rejects less heat while maintaining its other 

attributes is favourable in this sense.  

Since access to a genuine engine is impossible, confirmation of trends 

between the two types of modelling was used as evidence in the 

argument regarding the use of steel in the design of this type of 

pistons.  

i. Calculation of Heat Transfer Coefficient (Han et al. Method) 

A method developed by Han et al. was used to approximate the 

instantaneous heat transfer coefficient (h) for every degree of 

crankshaft movement. This method builds on work by Annand 

and Woschni, but eliminates the need for engine specific 

empirical constants. The coefficients calculated by this method 

were used in the Pachernegg model to estimate heat transfer 

through the piston. 

ii. Implementation of Disk Model (Pachernegg) 

The Pachernegg model, which offers a solution to estimating 

the heat transfer into the piston through the crown and out of 

the piston through the ring area and underside, was 

implemented. Compared to the cylinder liners, the piston with 

its more complex geometry is more difficult to accurately model. 

However, Pachernegg found that substituting the actual piston 

geometry for a disk the side of the ring area was sufficient to 

accurately estimate heat transfer.  
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iii. Inclusion of Turbulence and Combustion Models (Mizuno) 

The Han et al. model and subsequently the Pachernegg disk 

model are bulk heat transfer models which do not explicitly 

incorporate the influences of combustion or turbulent flow of the 

air-gas mixture. In order to more accurately approximate the 

process, these factors, as well as the piston, cylinder head and 

liner geometry were included through use of analytical software 

(Gamma Technologies GT Suite) and guidance from the work 

of Mizuno et al. 

a. Integration of Geometrical Attributes into Analytical 
Software 

Catia models of each piston were not able to be imported 

into the software used. However, dimensions of critical 

geometries were taken and used to create a model of the 

piston in GT Suite. The use of dimensions from the CAD 

models ultimately links the design and analysis portions of 

the project, while providing the highest level of accuracy 

possible in the scope of this project. 

1.4 Project Limitations 

The scope of this project extends to the modelling of three-dimensional CAD 

pistons in order to determine heat flux though the piston for the purposes of 

determining which of two possible designs (materials) is most suitable for 

use in 2014 Formula 1 engines. This project was limited in both time and 

industry access, so certain concessions had to be made in order to complete 

the work. The inability to evaluate or test any genuine 2014 specification 

engine led to the use of theoretical methods for the estimation of heat 

transfer. Time limitations also shaped the project, dictating a lower level of 

detail in areas such as combustion and turbulence modelling – which were 

used in the simulation software to more accurately model heat loss through 

the piston designs.  
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Furthermore particular aspects of the analytical methods used, such as the 

Han et al. method for estimating the bulk instantaneous heat transfer 

coefficient, have their own limitations – due largely to the empirical method 

from which they were derived. More detail will be given on the limitations of 

each particular analytical method in the main body of this report; however, as 

with all theoretical methods, those used in this report are only an estimation 

of the natural process and their accuracy is limited by the initial and 

boundary conditions specified.  

2. Piston Design Methodology 

This chapter has been separated into two main chapters: piston design 

methodology (including the resulting design highlights), and an overview and 

comparison of the final aluminium and steel piston designs. 

2.1 Piston Design 

Three major considerations dominated the initial design of both aluminium 

and steel pistons:  

i. Forces on the crown and ring landings represented by the 

indicated mean effective pressure generated by combustion (both 

maximum and average) 

ii. Inertia and reaction forces generated by the pistons motion up and 

down the cylinder  

iii. Specific alloy selection of the piston material, taking into account 

forces and operating temperatures 

Further, several additional factors were considered and incorporated into the 

final designs. These aspects include: cooling, lubrication, coatings and 

fatigue life. Finally, before beginning the design process, investigation into 

the anticipated operating environment took place. Accuracy in this particular 

area was critical not only to the design of the pistons, but to their analysis 

during later stages of the project.  
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2.1.1 Operating Environment  

To understand the impact of any particular aspect of an internal combustion 

engine on design of a piston, it is first necessary to have knowledge of the 

cycle the ICE operates under. Modern Formula 1 engines operate under the 

Otto cycle, which has four stokes: induction, compression, expansion 

(power) and exhaust. In basic modelling, the intake and expansion strokes 

are considered isentropic, and heat input is considered at constant volume 

(Heywood, 1988). In reality the process is neither isentropic nor adiabatic 

and the Otto cycle also generates a pumping loop during the induction and 

exhaust strokes which, in naturally aspirated applications, generates 

negative work and lowers the net power generated (Figure 1) (Ferguson & 

Kirkpatrick, 2001). 

 
Figure 1. The Otto cycle as seen from data collected from a BMW N18 

turbocharged 1.6L petrol engine. Pumping loop pressure is positive due to 

turbocharging.  

The correlation to the ideal gas law is important because it allows for 

simplistic analysis to be carried out through the application of basic formulae 

and relatively small amounts of temperature or pressure data (Equations 1-

11) (Pulkrabek, 2004).  
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(1) 𝑃𝑉 = 𝑚𝑅𝑇 

(2) 𝑑ℎ =  𝑐𝑝𝑑𝑇 

(3) 𝑑𝑢 =  𝑐𝑣𝑑𝑇 

(4) 𝑃𝑣𝑘 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(5) 𝑇𝑃(1−𝑘)/𝑘 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

(6) 𝑤1−2 = (𝑃2𝑣2 − 𝑃1𝑣1)/(1 − 𝑘) 

(7) 𝑤1−2 = 𝑅(𝑇2 − 𝑇1)/(1 − 𝑘) 

(8) Process 1-2:  𝑇2 = 𝑇1(𝑟𝑐)𝑘−1 

(9) Process 1-2:  𝑃2 = 𝑃1(𝑟𝑐)𝑘 

(10) 𝑇3 = 𝑇𝑚𝑎𝑥 

(11) 𝑃3 = 𝑃𝑚𝑎𝑥 

Fundamental equations derived from the ideal gas law 

Further, if pressure data for each degree of crank movement is available 

then the ideal gas law can be applied to each degree of movement and yield 

relatively accurate results. The accuracy in results attained by this method 

can be attributed to the fact that as the time interval is reduced the changes 

in temperature and pressure also reduce, meaning the process is closer to 

being reversible (Heywood, 1988). The relationship between the ideal gas 

law and the Otto cycle allows a foundation for both design and analysis in 

this study. 

Further, the lack of access to 2014 specification Formula 1 engines meant 

that research was necessary to determine realistic specifications for the 

engine which lay outside the scope of this project (i.e. beyond the piston). 

The 2014 Formula 1 Technical Regulations were reviewed to determine the 

hard constraints set by the FIA in regards to dimensions, flow rates and 

materials. Next, data on previous generation racing engines with similar 

limitations took place to verify results of basic calculations for component 
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sizing (which were mainly derived from the relationship between the ideal 

gas law and the Otto cycle). The Honda RA168E was one such engine from 

Formula 1’s previous period of forced induction, but contrary to many others 

data on this engine was published by the SAE.  

The engine won the 1988 F1 World Championship for McLaren-Honda and 

offered insights into the design process, materials, and operating conditions 

of ultra-high performance, small displacement (less than 2.0 litres) 

turbocharged engines. Attributes of the RA168E are displayed alongside the 

relevant 2014 F1 technical regulations in to show similarity (Table 1) (Otobe, 

et al., 1988). 

Item Constraint RA168E 
Engine capacity <1.600 L 1.494 L 

Number of Cylinders 6 6 
Configuration 90° V 80° V 

Maximum Engine Speed 15,000 rpm > 13,500 rpm 
IMEP Unknown 170 Bar 

Number of Turbochargers 1 2 

Fuel flow rate 100 kg/h max. Unrestricted  
(minimum 124 kg/h) 

Bore 80 mm 79 mm 
Coatings <0.8 mm* Unrestricted 

Table 1. Key regulations influencing piston design in the 2014 F1 Technical 

Regulations and the same factors as used in the Honda RA168E engine. 

The RA168E offered a good upper-limit starting point for calculations of key 

operating parameters, such as indicated mean effective pressure (IMEP), in 

the design stages of this project.  

To confirm the IMEP assumptions made regarding the base-line data for 

design calculations, GT-Power software was used. A basic model of one 

cylinder of the engine was employed, using the limits imposed by the FIA’s 

regulations. The data correlated well with that from Honda’s research (Figure 

2, Figure 3) and was then considered a satisfactory basis for design. 
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Figure 2. Simple GT Power model used to determine IMEP 

 
Figure 3. IMEP predicted by GT Power model and max reported IMEP for 

Honda RA168E Formula 1 engine 

2.1.2 Pressure Forces 

Primary to the design of any piston is its ability to transmit the energy acting 

on it due to the pressure of combustion. As a result of this in-cylinder 

pressure and energy transfer process, the piston, wrist pin, connecting rod 

and crankshaft encounter large forces and must be properly designed – 

especially when attempting to remove as much mass as possible as is seen 

in a racing applications (Lumley, 1999). Therefore, forces acting on the 

piston as a consequence of pressure generated by combustion were a 

primary point of consideration in this project’s design process. The maximum 
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IMEP was used in the initial designs, and an average of instantaneous 

pressures per degree of crankshaft movement were used in the fatigue 

analysis.  

Turbocharged engines use a compressor to increase the pressure of inlet air 

into the combustion chamber. Due to this, and their lower engine speeds, 

turbocharged engines designed for road use generally generate pressure 

forces that exceed those of the inertia component. However, Formula 1 

engines often see very high rotational speeds (up to 250 rotations per 

second in 2014) and inertia loads become much more significant – especially 

in cyclical analysis as the inertial loading is more evenly distributed over the 

full range of crankshaft motion. As such, it was important to consider loading 

from both of these sources when deciding which route to take with the design 

of this piston (Figure 4). 

 
Figure 4. Piston loading as a function of crankshaft angle for a 200g piston 

To withstand pressure forces, the crown of the piston must withstand the 

bulk of the loading generated by pressure from combustion (Figure 5). The 

secondary areas of pressure loading are along the piston rings and ring 

landings, but this pressure is generally decreased by the nature of the 

additional volume created by the ring landing cut outs. Furthermore, the 

addition of detonation bands inserted above the ring pack can reduce 
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pressures even further, while serving an additional purpose of reducing early 

detonation (knock) around the rim of the crown.  

 
Figure 5. Piston loading due to pressure caused by combustion 

Since the pressure is created by an exothermic combustion reaction, large 

amounts of heat are released. Some of this heat enters the piston and 

therefore, piston materials with adequate properties at the desired operating 

temperature needed to be selected. The operating temperature of the steel 

piston will be higher than that of the aluminium design, due to the material’s 

ability to operate at higher temperatures – this difference will be seen in 

Section 3 of this report. To withstand pressure forces and still reduce the 

mass of the piston, crown and webbing is designed to be as thin as possible. 

Webbing below the crown acts as a rigid body holding the crown material in 

place, and aims to allow nearly even distribution across the areas of the 

piston face where stress raisers (i.e. smoothened valve cut-outs) are present. 

The design of a combustion chamber is outside of the scope of this project 

and so the crowns of the pistons have been designed in a relatively generic 

fashion (Figure 6, Figure 7).  
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Figure 6. Piston crown viewed from above (Intake valves on left-hand side) 

 
Figure 7. Piston viewed from an angle (Intake valves on right-hand side) 

Despite this, calculations were made to calculate the clearance height from a 

specified compression ratio of 11.3:1 (Table 2). As such, the necessary 

volume of the piston crown was able to be approximated (Table 2).  
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Swept Volume 266.7 cc 
Compressed Volume 25.89 cc 

Generic Combustion Chamber 
Volume 

23.60 cc 

Combustion Chamber Volume* 18.00 cc 
Squish 11.00 cc 

Piston dome 6.110 cc 

Table 2. Calculated volumes resulting in the estimation of piston crown dome 

size. *Estimated value inclusive of design features, used in further 

calculations 

2.1.3 Inertia Forces 

Inertia generated by the reciprocation of the piston assembly’s mass, and 

that of counterweights on the crankshaft, creates forces which need to be 

accounted for in design. The piston is attached to the crankshaft via a 

connecting rod and wrist pin (Figure 8) (Heywood, 1988). The sizes and 

masses of each of these components factors strongly into the amount of 

inertial force generated. 

 
Figure 8. Piston dynamic system diagram 
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The ability to understand the exact displacement, velocity and acceleration of 

a piston in the cylinder is of importance to designers, and is attainable by 

applying Fourier series approximations to the instantaneous piston position 

described by the geometry of the system. Instantaneous piston displacement 

can be used in conjunction with per-degree pressure readings to quantify: 

work, velocity and acceleration values fundamental to determining inertia 

forces, and friction levels (Ferguson & Kirkpatrick, 2001). The equations for 

position, displacement, velocity and acceleration are given in Equations 12-

15. 

(12) 𝑥 = (�
𝑆
2
� 𝑐𝑜𝑠𝜃 + 𝐿𝑐𝑜𝑠𝜑) Instantaneous 

Position 

(13) 

𝑥 = �
𝑆
2
� 𝑐𝑜𝑠𝜔𝑡

+ 𝐿 �1 − (
𝜀2

2
)((1

− 𝑐𝑜𝑠2𝜔𝑡)/2)� 

Instantaneous 
Displacement 

(14) �̇� =  −�
𝑆
2
�𝜔(𝑠𝑖𝑛𝜔𝑡 + �

𝜀
2
� 𝑠𝑖𝑛2𝜔𝑡) Instantaneous 

Velocity 

(15) �̈� = −�
𝑆
2
�𝜔2(𝑐𝑜𝑠𝜔𝑡 + 𝜀𝑐𝑜𝑠2𝜔𝑡) Instantaneous 

Acceleration 

Equations for position, displacement, velocity and acceleration 

Following this path further reveals the forces (reactionary, inertial and 

frictional) acting on the piston at the wrist pin (Equations 16-20).  

(16) �𝐹𝑥 = −𝐹𝑟𝑐𝑜𝑠𝜑 + 𝑃(
𝜋
4

)𝑏2 ± 𝐹𝑓 Reactionary 
Force 

(17) �𝐹𝑦 = 𝐹𝑟𝑠𝑖𝑛𝜑 − 𝐹𝑡 = 0 Reactionary 
Force 

(18) 𝐹𝑖𝑥 = −𝑚𝐴(−�
𝑠
2
�𝜔2𝑠𝑖𝑛𝜔𝑡) Inertial Force 

(19) 
𝐹𝑖𝑦 = −𝑚𝐴 �− �

𝑆
2
�𝜔2𝑐𝑜𝑠𝜔𝑡�

− 𝑚𝑏[−�
𝑆
2
�𝜔2(𝑐𝑜𝑠𝜔𝑡 + 𝜀𝑐𝑜𝑠2𝜔𝑡)] 

Inertial Force 

(20) 
𝑇𝑖 = �

1
2
�𝑚𝐵 ��

𝑆
2
�
2

𝜔2� [�
𝜀
2
� 𝑠𝑖𝑛𝜔𝑡 − 𝑠𝑖𝑛2𝜔𝑡

− �
3
2
� 𝜀𝑠𝑖𝑛3𝜔𝑡] 

Inertial 
Torque 

Forces and torques acting on the piston 
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In order to apply Equations 12-15 initial designs were made using Equations 

16-20. The resulting instantaneous attributes were calculated for each piston 

design in order to evaluate the total combined force (inclusive of pressure), 

thrust force, and the timing (relative to crankshaft angle) of the maxima and 

minima of these forces (Figure 9).  

 
Figure 9. Net forces acting on the piston at the wrist pin 

These maxima and minima were then used to calculate the sizing of the wrist 

pin (19mm) using simple bending formulae. Furthermore, forces calculated 

were used as boundary conditions in a cyclical finite element analysis (FEA) 

(Catia V5) analysis of each piston (Figures 10-13). Careful attention was paid 

to limiting stresses around the areas where the wrist pin boss meets webbing 

and the crown by adding edge fillets and other smoothing techniques. 

-100000

-50000

0

50000

100000

150000

200000

0 100 200 300 400 500 600 700 800N
et

 F
or

ce
 (N

) 

Crankshaft Angle (θ) 

Net Forces on Piston 

Aluminium Steel



 
 

Page 31 of 88 
 

Ryan K. Dingle The Effects of Piston Material on Heat Transfer in 2014 Specification Formula 1 Internal 
Combustion Engines September 2013 

 

 
Figure 10. Cyclical FEA result for AA2618A piston design – top view (Max 

Stress 51.5 MPa, fatigue limit 63.7 MPa)  

 
Figure 11. Cyclical FEA result for AA2618A piston design – bottom view 

(Max Stress 51.5 MPa, fatigue limit 63.7 MPa) 
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Figure 12. Cyclical FEA result for ATSM S30815 piston design – top view 

(Max Stress 59.4 MPa, fatigue limit 333 MPa) 

 
Figure 13. Cyclical FEA result for ATSM S30815 piston design – bottom 

view (Max Stress 59.4 MPa, fatigue limit 333 MPa) 
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2.1.4 Thrust Forces 

The combined inertia and pressure forces act, for the most part, parallel to 

the bore of each cylinder, resulting in positive work. However, comparatively 

small forces are generated in a direction offset from the bore angle; these 

forces are thrust forces (Yagi & Yamagata, 1982). Because thrust forces act 

to push the piston into the cylinder wall (along the central axis of the 

connecting rod) the piston must grow ‘skirts’ in order to survive. Both 

aluminium and steel designs feature no offset at the wrist pin. Offsets are 

used in road cars to reduce piston slap, but were deemed unnecessary in 

this application due to high manufacturing tolerances.  

Being a result of the combination of pressure and inertial forces, thrust forces 

increase with increased IMEP and mass of components. Additionally, 

because thrust forces are a result of contact with the cylinder liner, a 

frictional force component (which always acts against the direction of motion) 

must also be taken into consideration (Equation 21).  

(21) 𝐹𝑡 = [−�𝐹𝑥 + 𝑃(
𝜋
4

)𝑏2 ± 𝐹𝑓 Thrust Force 

Equation for estimating thrust force 

Peak thrust forces (i.e. the maxima and minima of the blue line in Figure 4) 

were used to design the skirts of both aluminium piston, while the same 

process was followed (with different values) for the steel design. While the 

ASTM S30815 steels’ inherent strength advantage allows its skirting to 

theoretically be smaller than that of the aluminium piston, forces acting on 

the steel piston are higher due to its mass and therefore a slightly larger skirt 

was implemented (Figure 14, Figure 15). 
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Figure 14. AA2618A aluminium piston skirt (dimensions in mm)  

(calculated minimum area: 75.1 mm2) 

 
Figure 15. ATSM S30815 steel piston skirt (dimensions in mm)  

(calculated minimum area: 73.4 mm2) 

2.1.5 Material Selection  

The scope of this project dictated by the 2014 Formula 1 Technical 

Regulations did not allow for a full materials selection process to be followed. 

However it was possible for the same methodology to be applied within the 

aluminium and steel alloy groups. In this regard, a standard materials 

selection procedure was first applied, determining the key types of loading 

that the piston was forecast to experience (in this case tensile and 

compressive loading). Next key material parameters (i.e. strength, density, 

wear resistance) were selected and Ashby charts, which plot two material 

properties against each other under certain loading conditions, were 
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consulted (Ashby, 2010). Beyond this, access to former engine designer, 

Professor Geoff Goddard, also helped to shape the direction of material 

selection. Conversations with Professor Goddard were instrumental in 

revealing the areas that actual Formula 1 engine designers focus on when 

designing a piston. 

The following properties were found to be important for the base piston 

material: fatigue strength at elevated temperature, density, abrasion 

resistance, machinability, resistance to thermal shock and coating affinity. 

Above all others, two properties – fatigue strength at elevated temperature 

and density – were determined to be the dominating factors. As such the 

aluminium alloy AA2618A and stainless steel alloy ASTM S30815 were 

chosen (attributes shown in Tables 3 and 4). 

Parameter Property 
Modulus (GPa) 75 

Yield Strength (MPa) 425 
Yield Strength at 325C (MPa) 245 
Fatigue Limit Strength (MPa) 150 

Density (kg/m3) 2760 
Thermal Conductivity (W/ m·K) 146 

Coefficient of 
Thermal Expansion (mm/m·K) 0.000645 

Max Service Temperature (K) 670 

Table 3. Properties of AA2618A aluminium (efunda, 2013) (Goddard) 

Parameter Property 
Modulus (GPa) 200 

Yield Strength (MPa) 630 
Yield Strength at 500C (MPa) 495 
Fatigue Limit Strength (MPa) 180 

Density (kg/m3) 7800 
Thermal Conductivity (W/ m·K) 15.0 

Coefficient of 
Thermal Expansion (mm/m·K) 0.0000185 

Max Service Temperature (K) 1378 

Table 4. Properties of ASTM S30815 steel (Outo Kumpu, 2013) 
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Ultimately, the two materials selected represent the pinnacle of the alloys 

available for this application today. However, materials remain a limiting 

factor in the design of mechanical systems, such as pistons. Should the FIA 

open the regulations to include more exotic metals or composites, the 

possibility of what can be achieved will change dramatically compared to the 

results of this investigation. 

2.1.6 Fatigue  

Fatigue life of components, and the materials that comprise them, is an 

important area of study for design engineers. In practice fatigue related 

failures vastly outnumber failures due to other means, as very few properly-

designed components ever see loading past their yield limits (Todinov, 2013). 

Fatigue of components has traditionally been completed by testing a 

specimen of the material comprising the component, to gain the material’s 

ultimate tensile strength. Then, an S-N equation is developed and applied to 

the regions of the component where the highest loading is expected – taking 

into account geometry through the use of a stress concentration factor 𝐾𝑓 

(Suresh, 1998). Loading conditions, surface conditions and operating 

environments are represented by other factors (𝐶𝐿 ,𝐶𝐷 ,𝐶𝑆,𝐶𝑂). Equations 22 – 

29 are necessary in the construction of a basic S-N equation (Table 5). 

(22) 𝑆𝑎𝑜′ (10𝑥) =  𝑆𝑎𝑜(10𝑥) ∗
𝐶𝐿𝐶𝐷𝐶𝑆𝐶𝑂

𝐾𝑓
  

(23) 𝑆𝑎 (10𝑥) =  𝑆′𝑎𝑜(10𝑥) ∗ �1 −
𝜎𝑚
𝜎𝑈𝑇𝑆

�  

(24) 𝑎 =  [𝑆𝑎�10
3�𝑒

𝑆𝑎(10𝑒)3]1/(𝑒−3)   e = 8 for aluminium  

(25) 𝑏 =  − 1
𝑒−3

∗ log (𝑆𝑎𝑜
′ �103�
𝑆𝑎𝑜′ (10𝑒) )  e = 8 for aluminium  

(26) 𝑆𝑎 = 𝑎 ∗ 𝑁𝑏  
(27) 𝐶𝐿 = 𝐶𝐷 = 𝐶𝑆 = 𝐶𝑂 = 𝐾𝑓 = 1 N = 103 only 
(28) 𝑆𝑎𝑜′ (103) = 𝑆𝑎𝑜(103) =  0.9𝜎𝑈𝑇𝑆 N = 103 only 

(29) 
𝐶𝐿 = 1; 𝐶𝐷 = 0.61𝑑−0.097;  𝐶𝑆 = 0.8; 𝐶𝑂 = 1; 𝐾𝑓

= 1;  
𝑆𝑎𝑜(108) = 0.4 ∗ 𝜎𝑈𝑇𝑆 

N = 108 only 

Equations necessary for formulation of a basic S-N curve 
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Piston Material S-N Equation 
AA2618A Aluminium 1.72 × 108 ∗ 𝑁−0.057367 
ASTM S30815 Steel 7.04 × 108 ∗ 𝑁−0.043142 

Table 5. Calculated S-N equations for each piston 

Current techniques for determining fatigue limits of components include the 

use of finite element analysis software to determine the regions of highest 

stress concentration, and the loading in those regions. The S-N relationship 

can then be directly applied using the loads predicted by FEA, essentially 

eliminating the need for the stress concentration factor 𝐾𝑓. 

2.1.7 Fluid Dynamics 

Fluid dynamics, as related to air entering the combustion chamber was 

explored briefly in order to determine the required size of valve cut-outs in 

the crown of each piston. The sizing and geometry of intake valves 

influences the speed of the air entering the combustion chamber, as well as 

the energy that air carries with it (in the form of turbulence via tumble and 

swirl) (Yagi, et al., 1970). Turbulent air flow is more difficult to ignite (as 

shown by Equation 33, Section 2.1.8) but burns more quickly once ignited 

(Borman & Ragland, 1998). To this end, a balance must be struck to find the 

optimum design. Although detailed investigation into this topic lies outside 

the scope of this project (due to the fact that the combustion chamber 

geometry is unknown), it is of the utmost importance to the crown design of 

the piston, heat transfer, and combustion. The crown’s design also affects 

the turbulence of the air in the chamber through the phenomenon of squish 

(Turns, 2000). The bore of the piston also has a large effect on the 

turbulence of air flow entering the chamber (Bianchi, et al., 1998). 

One of the aims of this project is to investigate the dynamics of air entering 

the combustion chamber to get a sense of valve sizing so the appropriate 

cut-outs could be made into the piston crown (Equations 30-32) (Table 6) 

(Figure 16, Figure 17) (Heywood, 1988) (Pulkrabek, 2004). Intake valves 

enter the combustion chamber at an 82 degree angle (to the crown face) and 

exhaust valves exit at an angle of 110 degrees, in accordance with advice 
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given by Professor Goddard. This creates a larger surface on the piston 

crown for the larger intake valve cut-outs. The other aim was related to 

combustion and turbulence modelling used in the simulation model to 

determine heat transfer (discussed in Section 2.2.6). 

(30) 𝑉�𝑖𝑣 = 𝑐𝑖(
𝑏
𝑑𝑖𝑣2

)𝑈�𝑝 Average velocity 
across intake valve 

(31) 𝐴𝑖𝑣 = 𝑐𝑖𝑏2(
𝑈�𝑝
𝑎

) Area of intake valve 

(32) 𝑑𝑖𝑣 = ��
4
𝜋
� 𝑐𝑖𝑏2(

𝑈�𝑝
𝑎

) 
Diameter of intake 

valve 

Equations used to determine intake valve sizing 

Valve Type Diameter (mm) 
Intake 34.52 

Exhaust 29.50 

Table 6. Calculated Valve Sizes 

 
Figure 16. Intake valve cut-outs  

(orange lines represent actual valve size at an offset angle of 10 degrees) 
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Figure 17. Exhaust valve cut-outs  

(orange lines represent actual valve size at an offset angle of 8 degrees) 

2.1.8 Minimum Ignition Energy, Knock and Quenching  

There are several factors that affect how the combustion process occurs and 

how a flame propagates within a combustion chamber. Factors such as fuel 

type, fluid flow in the combustion chamber, temperature and pressure 

influence this process, and as such it is very important to be able to control 

and design these factors as much as possible (Turns, 2000).  

Under normal combustion circumstances, minimum ignition energy defines 

the minimum amount of energy required to heat a sphere of combustible gas 

to a critical flame temperature (Equation 22) (Borman & Ragland, 1998). 

(33) 𝐸𝑖𝑔𝑛 = 61.6(
𝑃

𝑅𝑏𝑇𝑏
)𝑐𝑝(𝑇𝑏 − 𝑇𝑢)(

𝛼
𝑆𝐿

)3 

Equation for estimation of minimum ignition energy 
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In turbocharged engines, such as those prescribed by the 2014 Formula 1 

technical regulations, in-cylinder pressures can be extremely high leading to 

unintended detonation away from the spark source which cannot accurately 

be modelled using the minimum ignition energy theory (Otobe, et al., 1988) 

(Turns, 2000). This detonation, also known as knock, generally occurs in the 

space between the piston and the wall – as this area is at a pressure even 

higher than the bulk cylinder pressure. It is important for designers of pistons 

to take this phenomenon into consideration, particularly as engine speed 

decreases. Lower engine speeds give the detonation flame front sufficient 

time to expand and meet the normal flame front, creating a destructive wave 

(Turns, 2000). 

The detonation phenomenon can be avoided by understanding the minimum 

requirements for quenching the particular fuel used. Solutions such as 

altering the clearance height of the combustion chamber, or adding 

detonation rings to the piston can then be employed to manipulate volume in 

critical regions, reducing the possibility of detonation by aligning the design 

with the natural quenching properties of the fuel (Figure 18) (Turns, 2000). 

 

Figure 18. ‘Detonation bands’ (red) included to increase volume in critical 

region around the ring of the piston crown, lowering temperatures and 

quenching gasoline in this region (reducing detonation). Piston ring landing 

also included. All measurements in millimetres 
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2.1.9 Friction and Lubrication 

Frictional mean effective pressure (FMEP) forces directly reduce the brake 

power of an engine and create heat (Pulkrabek, 2004). While the 

relationships between engine speed, mean piston velocity and frictional 

power loss differ from engine to engine, empirical relationships can be 

determined with as little as three sets of data points (Equations 34-38) 

(Pulkrabek, 2004).  

(34) 𝑏𝑚𝑒𝑝 = 𝑖𝑚𝑒𝑝 − 𝑓𝑚𝑒𝑝 
(35) 𝑊𝑏𝑟𝑎𝑘𝑒̇ = �̇�𝑛𝑒𝑡 − �̇�𝑓 
(36) 𝑓𝑚𝑒𝑝 = 𝐴 + 𝐵𝑁𝑒 + 𝐶𝑁𝑒2 
(37) 𝑓𝑚𝑒𝑝 = 𝐴′ + 𝐵′𝑈�𝑝 + 𝐶′𝑈�𝑝

2 

(38) �̇�𝑓 = 𝑓𝑚𝑒𝑝 ∗ 𝑉𝑠(
𝑁𝑒

120
) 

 
Equations relating friction to power loss 

In normal internal combustion engines, the interaction between the piston, its 

rings and the cylinder liner accounts for the largest single contribution toward 

the overall frictional losses in the engine (Tsuchida & Tsuzuku, 1991) 

(Tsuchida, 1991). This is predominantly due to the surface area of contact 

and the length of travel of the piston in the bore. These interactions lead to 

additional heat in the engine. However, for the most part this heat is 

conducted through the cylinder liner and away from the combustion chamber 

(Pachernegg, 1967). Factors such as the side thrust force during the 

expansion stroke also contribute significantly (Yagi & Yamagata, 1982). The 

piston must be engineered to reduce all sources of FMEP. This means taking 

into account both traditional friction forces and hydrodynamic forces from 

areas with excessive lubrication (Taylor, 2002).  

Forces acting on the piston were described in Sections 2.1.2 and 2.1.3, and 

from these relationships to FMEP have been established by Bishop et al. 

(Equation 39, 40) (Heywood, 1988). 
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(39) 𝑓𝑚𝑒𝑝𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 ∝ 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 ∗ (
𝑆
𝑏2

) 

(40) 𝑓𝑚𝑒𝑝ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 ∝ ((𝑈�𝑝𝐴𝑝𝑒𝑓𝑓)/𝑆𝑏2) 

Equations relating frictional pressure to piston attributes 

In terms of design, the piston may include a cooling ring for oil flow, both for 

cooling and lubrication (Aluminium piston Figure 19, Figure 23), or it may rely 

primarily upon oil mist in the crank case and oil squirt jets (steel piston, 

Figure 20, 24). Cooling rings are fed oil by squirt jets in the block and the 

subsequent motion of the piston up and down the bore acts to force this oil 

through the passageway, aiding in cooling of the critical region near the 

piston rings. 

 

Figure 19. Underside of AA2618A piston featuring cooling ring (two of the 

four entry points denoted by red arrows) 
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Figure 20. Underside of ASTM S30815 piston (no cooling ring) 

In either case, channels squeegeeing oil from the cylinder liner were used for 

cooling and lubrication of the wrist pin and piston skirts (Figures 21 - 24). The 

sizing and location of these passageways must be carefully decided in order 

to provide lubrication and cooling to areas encountering the highest friction – 

generally the wrist pin, skirts and ring pack (Table 7) (Taylor, 2002).  

 

Figure 21. 1.4 mm diameter oil passage ways to skirt (sectioned view) 

(AA2618A piston) 
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Figure 22. 1.4 mm diameter oil passage ways to wrist pin (long) and skirts 

(short) (AA2618A piston) 

 

Figure 23. 2.5 mm diameter oil passage ring (red) for cooling of piston ring 

pack (closer to the crown of the piston than the oil lines in Figure 23 

(AA2618A piston) 
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Figure 24. 1.4 mm oil passage ways to skirts (blue) and wrist pin (green) 

(ASTM S30815 piston) 

Piston Material Passageway Size 
Steel 1.4 mm x 8 

Aluminium 1.4 mm x 10 
2.5 x 1 (ring) 

Table 7. Oil passageway sizing 

Moreover, piston skirts will employ a serrated finish to promote oil transfer 

from the crank case to the oil passageways (Figure 25). This finish will be 

applied during the grinding/polishing phase.    

 

Figure 25.  Serration pattern employed on piston skirt 

 

Crown Direction 
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2.1.10 Coatings 

Coating materials generally serve two purposes when used in piston design: 

reduction of friction and insulation of the base metallic material from heat 

generated by combustion.  

Diamond-like-Carbon (DLC) coatings were chosen over PTFE and Tin 

plating solutions for application on the skirting of both aluminium and steel 

designs. DLC coatings offer extreme hardness (Table 8) and increase the 

pistons’ life by reducing the amount of material eroded by contact with the 

cylinder liner (Berger, 2010 ). When applied to steel, such coatings form a 

carbide layer that promotes stronger bonding than is possible with aluminium 

based alloys. Further, according to Professor Goddard, the most successful 

processes for applying these coatings (chemical vapour deposition) require 

extended periods of time at moderately high temperatures and pressures 

below 1 ATM. Often these processes can deteriorate the base aluminium 

alloy, as they require temperatures above that required to anneal the 

material.  

Physical Property Value 
Hardness (Vickers) 1500-3500 

Coefficient of Friction < 0.1 
Max. Operating Temperature 500 C 

Table 8. DLC Coating physical properties (Morgan Advanced Materials, 

2009) 

The piston crown sees very high temperatures due to combustion, and if it 

were not for boundary layer laminar flow most alloys would not successfully 

withstand these conditions (Heywood, 1988). If used correctly, coatings such 

as Yttria stabilized Zirconium (YSZ) can further insulate base metals from 

these conditions and allow for more heat to be retained in the combustion 

chamber – a key element in improving combustion and thermodynamic 

efficiencies (Table 9).  
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Physical Property Value 
Coefficient of Thermal Expansion 

(µm/m·K) 0.0000105 

Thermal Conductivity 325C (W/ m·K) 2.7 
Thermal Conductivity 500C (W/ m·K) 2.5 

Table 9. Insulating Properties of YSZ (Han, et al., 2005) 

YSZ of a thickness 0.20 millimetres is recommended for both designs (steel 

and aluminium); beyond thicknesses of approx. 0.3 millimetres the heat 

stored in these coatings can cause uncontrollable, premature detonation of 

fuel and subsequently knock (Han, et al., 2005). Moreover, the additional 

heat in the combustion chamber works to preheat intake air charge, which 

decreases volumetric efficiency. Despite this, YSZ was determined to be 

beneficial and implemented, particularly when considering that volumetric 

efficiencies are predicted to be very high due to the turbocharged nature of 

the engine.  

2.2 Final Piston Designs 

Finial AA2618A aluminium and ASTM S30815 steel pistons were derived 

through consideration of all attributes covered in Sections 2.1.1 through 

2.1.10 (Figures 26, 27). Despite sharing the same design philosophy, each 

resultant piston has unique attributes which can be attributed to the 

properties of their construction material and an increase in design experience 

of the author (Table 10).  
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Figure 26. AA2618A aluminium piston webbing 

 

Figure 27. ATSM S30815 steel piston webbing 
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Design Feature AA2618A ASTM S30815 
Webbing minimum thickness 2.5 mm 2.15 mm 
Crown minimum thickness 3.4 mm 2.9 mm 

Cold bore at crown (bore expands 
during use due to thermal 

expansion) 
79.2 mm 79.9 mm 

Angle of gas ring landing (helps 
piston ring align under combustion 

pressure) 
3 degrees 3 degrees 

Length of wrist pin (shorter wrist 
pins experience lower bending 

forces) 
45 mm 45 mm 

Table 10. Primary design features of AA2618A aluminium and ATSM 

S30815 steel piston designs 

Ultimately, despite its higher strength and thinner webbing, the steel piston is 

twice as heavy as the aluminium design. This factor, as well as material 

properties and geometries, will be used in modelling and simulation to 

quantify advantages of each design. 

3. Modelling and Simulation Techniques 

This chapter covers: an overview of various heat transfer models applicable 

to heat flux in and about the piston, the methodology used to form a basis for 

analytical investigation, and the conditions used to derive an appropriate 

simulation model for this study. 

3.1 Analytical Methodology 

Three models relating to heat transfer in the combustion chamber were 

studied in depth and implemented to determine heat losses through the 

piston. Each method builds on the last, increasing the expected accuracy of 

results gathered. 

i. The Han et al. method for deriving a heat transfer coefficient in an 

SI engine (Han, et al., 1997) 

ii. Pachernegg’s puck model for determining heat flux into and out of 

a piston (Pachernegg, 1967) 
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iii. A method established by Mizuno et al. implementing three-

dimensional piston geometry, turbulence and combustion models 

into software simulation of in-cylinder heat transfer (Mizuno, et al., 
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Before employing any of the methods, background understanding of the 

processes affecting heat transfer in the combustion chamber were studied. 

Beginning with combustion itself, research was performed into areas that 

would impact modelling techniques to understand how each parameter might 

change the results of simulation. 

3.1.1 Heat Transfer in General 

Heat transfer in internal combustion engines relates to the redistribution of 

thermal energy through convection, conduction and radiation. In bulk 

analysis, conductive energy transferred in the form of heat (Q) is described 

by Fourier’s law (41); convection is defined by Newton’s law of cooling (42) 

and, for a black body, radiation is defined by Equation 43 (Heywood, 1988). 

The terms 𝑘 and ℎ𝑐 represent properties of the material (thermal 

conductivity) and gas (heat transfer coefficient), while 𝜎 represents the 

Stefan-Boltzmann constant.  

(41) 𝑞 =
𝑄
𝐴

= −𝑘∆T Conduction 

   

(42) 𝑞 =
𝑄
𝐴

= ℎ𝑐(𝑇 − 𝑇𝑤) Convection 

   

(43) 𝑞 =
𝑄
𝐴

= 𝜎(𝑇14 − 𝑇24) Radiation 

Equations describing conductive, convective and radiated heat transfer  

Heat flux (q) is defined as heat transfer per unit area. Ultimately, this is the 

parameter this work aims to quantify, as it incorporates both material 

properties and geometry. Geometry of the piston crown, which influences 

area, changes with: combustion chamber design, crown design and surface 

roughness. Ultimately, coatings were not included in this analysis due to the 

inconsistencies in surface roughness (and subsequently area) sometimes 
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encountered during their application, and the added complexity they present 

to computer simulation. Engine speed, air-fuel ratio, and the temperature of 

the intake air were determined to be further factors important in determining 

heat flux. 

Further, a direct correlation between brake power and heat transfer can also 

be made by manipulating equations defined in Section 2.21 and those shown 

in equations 41 through 43 above. The result is equation 44 (Heywood, 

1988). 

 

(44) 𝜂𝑡𝑏𝑟𝑎𝑘𝑒 = 𝑏𝑝/(𝑚𝑓̇ 𝑄𝐻𝑉𝜂𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛) 

Brake thermal efficiency 

This subject has been further explored separately by Annand (equation 45) 

and Woschni (Annand, 1963). Both methods rely on the application of 

empirically gathered data for a specific family of engine to estimate heat 

transfer coefficients and, subsequently, rates; both also attempt to account 

for gas motion within the combustion chamber.  

(45) 𝑞 = 𝑎 �
𝐿
𝐷
�𝑅𝑒𝑏(𝑇 − 𝑇𝑤) + 𝑐(𝑇4 − 𝑇𝑤4) 

Heat transfer coefficient estimation by Annand 

The heat transfer coefficient (h) is influenced by several factors, including 

characteristic length (bore), gas velocity, temperature and pressure. As will 

be elaborated upon in Section 3.1.2, accurately determining this coefficient 

has been the focus of many studies, and remains an area under constant 

improvement. 

3.1.2 Han et al. Method 

Accurate determination of the instantaneous heat transfer coefficient in the 

combustion chamber is crucial to the accuracy of heat transfer calculations 

(Pachernegg, 1967). Many researches have attempted to derive a set of 

universal empirical formulae, but until Han et al., all methods required 

constants that depended on data gathered empirically for each specific 
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engine family. Furthermore, while the bulk of previous research (Annand, 

Woschni, etc.) focussed on compression ignition (CI) engines, Han et al. 

consider the SI combustion environment exclusively.   

In agreement with most other research (Yoshida et al. being a notable 

exception) the Han et al. method, relies on gas temperature as the 

foundation for calculation. Building upon this, IMEP, average instantaneous 

gas velocity and characteristic length (bore) were determined to be the 

contributing factors. This determination is reached by manipulation of the 

relationships established between Nusselt, Reynolds and Prandtl numbers 

(Equations 48-51). Of the inputs, temperature, IMEP and gas velocity change 

with crankshaft angle. Instantaneous gas velocity is the most difficult of the 

three to estimate (IMEP can be measured directly), and increases during the 

combustion event – as heat released from the combustion reaction, which 

excites the gas mixture. Using values derived from testing and careful 

employment of previously established results, Han et al. developed an 

empirical equation for instantaneous gas velocity from average piston 

velocity, instantaneous pressure and instantaneous volume (Equations 46, 

47). 

(46) ℎ = 687𝑃0.75𝑉�𝑝
0.75𝐷−0.25𝑇−0.465 

(47) 𝑈(𝜃) = 0.494𝑉𝑝 + 0.73 × 10−6(
1.35𝑃𝑑𝜃
𝑑𝜃

+ (
𝑉𝑑𝑝
𝑑𝜃

)) 

Han et al. equations for calculating heat transfer coefficient 

(48) 𝑁𝑢 = 𝑎𝑅𝑒𝑚𝑃𝑟𝑛 
(49) 𝑁𝑢 = ℎ𝐷/𝑘 
(50) 𝑅𝑒 = 𝜌𝑈𝐷/𝜇 

(51) ℎ = 𝑎 �
𝑘
𝐷
� �
𝜌𝑈𝐷
𝜇

�
𝑚

= (
𝑎
𝑅𝑚

)(
𝑘
𝜇𝑚

)(
𝑃
𝑇

)𝑚𝑈𝑚𝐷𝑚−1 

Equations relating Nusselt, Reynolds & Prandtl numbers to heat transfer 

coefficient 

Implementation of the Han et al. method yielded results which matched well 

with trends observed in simulation software (Figure 28). Admittedly, 
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simulation software is also limited due to the fact that the genuine 

combustion process does not follow the rigid constraints defined by 

modelling techniques. However, given the circumstances, these results 

represent a success and demonstrate that this method may be implemented 

even at engine speeds and in-cylinder pressures significantly higher than 

those under which it was developed. 

 
Figure 28. Correlation between Han et al. method calculated heat transfer 

coefficient and GT Power simulation 

3.1.3 Pachernegg Model 

Pachernegg chose to build on the work of Annand, Woschni and others; by 

attempting to determine heat flux into and out of the piston specifically 

(earlier work had focused on the combustion chamber as a whole). 

Pachernegg’s research revealed that heat transfer through the skirt region of 

the piston could be considered negligible, as the bulk of the energy 

transmitted was thought he disk shaped region which housed the ring pack, 

and the underside of the piston. Using a disk of this size to represent the 

piston dramatically increases the simplicity of calculations and reduces the 

zones of flux calculation to three. 
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In this investigation, this disk method was used to build upon the heat 

transfer coefficient calculated using the Han et al. method. It was employed 

as an initial estimate of heat flux through the piston and provided a means by 

which more detailed simulations could be compared to ensure accuracy. 

Results reveal that, although heat flux into the aluminium design during the 

combustion event is higher (due to its lower average temperature), more 

heat is transmitted through the piston compared to the steel design (Figures 

29, 30) (Table 11). 

 

Figure 29. Pachernegg’s puck piston schematic 

 
Figure 30. Zone 1 heat flux (same conditions for each piston) 
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Material Zone 1 (kW) Zone 2 (kW) Zone 3 (kW) Total (kW) 
AA2618A 5568.8 -3763.4 -7694.0 -5888.8 

ASTM 
S30815 5568.8 -4406.2 -2948.7 -1786.1 

Table 11. Heat transfer in aluminium and steel designs using Pachernegg’s 

method 

Beyond providing the disk model, Pachernegg also makes several other 

notable observations that are applicable to this investigation: 

i. Gas temperature in the combustion chamber is higher at higher 

engine speeds due to the fact that combustion speed doesn’t 

increase at the same rate as engine speed 

ii. Heat generated by friction between the piston and the cylinder liner 

is not a significant source of heat flux into the piston, but does 

detract from the cylinder liner’s ability to accept heat flux – 

resulting in a similar effect 

iii. Specific heat capacity and the coefficient of heat transfer are 

effected greatly by changes in charge density initiated by 

turbocharging 

iv. Intercooling will lower the charge temperature and subsequently 

piston temperatures 

3.1.4 Combustion 

Combustion is a series of exothermic chemical reactions involving a fuel and 

an oxidizer. It the main process responsible for the addition of heat into the 

cylinder, greatly outweighing any contribution of friction. The rate and 

intensity of this reaction is greatly dependent upon the fuel and the speed at 

which fuel and oxidizer (air) mix. Subsequently, the timing of the valve train, 

and engine outputs, is also determined by these elements. Regulations 

specify that isooctane (gasoline) will be used as the fuel and air will be used 

as the oxidizer (basic reactions shown in Reaction 1). 

(R1) 2𝐶8𝐻18(𝑙) + 25𝑂2(𝑔) → 16𝐶𝑂2(𝑔) + 18𝐻2𝑂(𝑔) + 10,900𝑘𝐽 

Balanced isooctane reaction 
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Fundamental engine parameters, such as bore and stroke, influence the 

turbulence of the intake air and can greatly affect combustion rates (Bianchi, 

et al., 1998). Further, traditional direct injection (DI) engines can suffer from 

poor mixing of air and fuel compared to manifold injection engines (due to 

relatively short mixing times), increasing the possibility for localized high 

temperature zones and in extreme cases even detonation (Pulkrabek, 2004).  

Modelling of an environment as harsh and dynamic as a combustion 

chamber does not, generally, result in highly accurate results.  However, it is 

possible to use a piezoelectric sensor installed in the spark plug boss to 

record in-cylinder pressure and manipulate that data via utilization of the 

Rassweiler-Withrow method (52) or Wiebe function (53). It is then possible to 

estimate mass fraction of fuel burned relative to crankshaft angle (Stone, 

1999).  

(52) 𝑚𝑏 = ((𝑝𝑉𝑛)𝜃 − (𝑝𝑉𝑛)𝑠𝑡𝑎𝑟𝑡)/((𝑝𝑉𝑛)𝑒𝑛𝑑 − (𝑝𝑉𝑛)𝑠𝑡𝑎𝑟𝑡) 
  

(53) 𝑚𝑏 = 1 − exp [−𝑎 �
𝜃 − 𝜃𝑠
∆𝜃

�
𝑚+1

] 

Equations used to estimate the mass fraction of fuel burned 

Attributes like mass fraction burned and burn rate are important to the 

simulation of heat transfer as they directly determine the timing and rate of 

heat release, temperature, pressure and gas velocity – which, in turn, are 

responsible for estimation of the instantaneous heat transfer coefficient. In 

more complex simulations, such as those performed in this study and by 

Mizuno et al., accurate combustion modelling is included to provide a higher 

level of accuracy and better reflect the variability in these direct relationships 

(Figure 31). 
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Figure 31. GT Power estimated mass fraction burned (Wiebe method) 

3.1.5 Mizuno et al. 

The method displayed by Mizuno et al. best reflects the methodology 

currently employed in industry. Using a combination of measurement and 

geometrically inclusive heat transfer simulation, a transient analysis of piston 

temperature was performed. While this study lacks access to engines for 

verification, it has successfully incorporated the effects of flame propagation, 

intake air charge, combustion, in-cylinder flow, and geometry as outlined by 

Mizuno et al. 

Mizuno et al. performed testing and simulation under constant engine speed 

and load conditions which agree with those carried out in this study (Table 

12).  

Study Load Conditions Engine Speed 
Mizuno et al. WOT Constant 5600 rpm 

Current WOT Constant 15000 rpm 

Table 12. Simulation conditions (WOT – Wide open throttle) 
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The simulation techniques applied by Mizuno were also applied in this study. 

A three-dimensional combustion simulation was employed to determine the 

crown side boundary conditions (heat transfer coefficient of the gas), which 

were subsequently used to map temperature distribution on and in the piston. 

Constant boundary conditions for aspects such as the cylinder liner geometry, 

head geometry, initial temperatures, and friction were used (Table 13). This 

study focused on the application of a combustion model to accurately 

determine heat flux through the piston but did not delve into as much detail 

as Mizuno’s study in relation to the nature of gas flow within the combustion 

chamber. 

Boundary Condition Value 
Initial Cylinder Liner Temperature 360 C 
Initial Cylinder Head Temperature 360 C 

Cylinder Wall Material Aluminium 
Cylinder Head Material Aluminium 

Wall Thicknesses 20 mm 
Water Jacket length 88 mm 

Head Gasket Thickness 0.5 mm 
Friction (Constant Pressure vs. 

Engine Speed) 0.28 bar 

Table 13. Boundary conditions used for modelling in this study 

In order to accurately compare the simulation results to those the piston 

experienced during testing, a method correlating the hardness of AC8A-T6 

aluminium alloy to steady state temperature exposure was used by Mizuno 

et al. (Figure 32). Test specimens were run at various temperatures for ten 

hours before their hardness was recorded and compared to that of the 

sectioned piston after it had also been run in the test engine for ten hours 

(Figure 33). A strong correlation was made between results of simulation and 

testing, verifying the modelling technique. 
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Figure 32. Hardness as a function of temperature in AC8A-T6 (Mizuno et al.) 

 
Figure 33. Sectioned piston showing testing grid (Mizuno et al.) 
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3.1.6 GT Suite Simulation 

Using the template established by Mizuno et al., Gamma Technologies GT 

Suite was used in this study. The software is capable of higher level 

calculations, and hence more accurate simulation than hand calculation 

methods such as that established by Pachernegg. The fundamental 

architecture of the software still relies upon empirically derived relationships 

(such as those shown by Han et al. and Wiebe), but as was demonstrated by 

Mizuno et al., proper application of these techniques can yield accurate 

results.  

A one-cylinder model incorporating the design characteristics established in 

Section 2.1 was created (Figure 34).  

 
Figure 34. One-cylinder thermally inclusive model 

The architecture includes combustion, turbulence, geometrical and heat 

transfer modelling (Table 14).  
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Attribute Modelling Technique Justification 

Combustion Wiebe Most accurate model 
currently available 

Turbulence GT Power v71 b1 

Incorporates successful 
attributes of other 

models, such as those 
developed by Taylor 

and Kolmogorov 

Heat Transfer Modified Woschni 

Similar to the Han et al. 
method, high accuracy 

in calculations of 
instantaneous gas 

velocity 

Table 14. Modelling methodologies used   

Design of intake and exhaust systems was outside the scope of this project 

and therefore straight piping to and from the end environments was used 

(Figure 35).  A one cylinder model was chosen for its simplicity and 

accuracy; a multi-cylinder model would yield the same results for each 

cylinder with the type of intake/exhaust design employed.  

 

 

Figure 35. Straight entry/exit intake (above) and exhaust (below) systems 

Items such as valve timing, lift and duration were determined through trial 

and error by attempting to optimize the predicted volumetric efficiency (Table 

15).  
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Engine Attribute Specification 
Intake Valve Timing 239 degrees 
Intake Maximum Lift 10.204 mm 

Intake Camshaft Duration 155 degrees 
Intake Venturi Angle 7 degrees 

Intake System Initial Wall 
Temperatures 350 K 

Exhaust Valve Timing 126 degrees 
Exhaust Maximum Lift 10.204 mm 

Exhaust Camshaft Duration 155 degrees 
Valve Lash 0.1 

Exhaust system initial wall 
temperatures 550 K 

Volumetric Efficiency (T/C) 213% 

Table 15. Finalized engine attributes 

Although the 2014 regulation engines will the turbocharged, the model 

implemented in this study did not employ a compressor or turbine. Because 

the design of such systems (in particular compressor and turbine maps) was 

outside the scope of this work, the end environment conditions were adjusted 

to reflect the conditions imposed by turbocharging (Table 16). It can 

therefore be suggested that the effects of the turbocharging system have 

been accurately modelled, without having modelled the system itself.   

Environmental Condition Specification 
Inlet Environment Pressure 2.5 bar 

Inlet Environment Temperature 300 K 
Inlet Environment Composition Air (23.3% Oxygen) 
Exhaust Environment Pressure 1.0 bar 

Exhaust Environment Temperature 300 K 
Exhaust Environment Composition Air (23.3% Oxygen) 

Table 16. End environment conditions 

The thermal model is attached to the single-cylinder model and uses friction, 

combustion and flow attributes directly from the single-cylinder. A coolant 

and oil network was also set-up around the thermal model (Figure 36) (Table 

17). In accordance with the work of Taylor, 0W30 oil was chosen for its low 

viscosity at high engine speeds. 
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Figure 36. Coolant and oil system 

Coolant System Attribute Specification 
Coolant Flow Rate (Initial) 15.0 L/s 

Coolant Flow Rate (Final Steel) 3.0 L/s 
Coolant Type EGL 50-50 

Initial Coolant Temperature 300K 
Number of Coolant Connections 7 (3 cylinder wall, 4 head) 

Coolant Piping Diameter 50 mm 
Oil Flow Rate (Initial) 50 L/s 

Oil Flow Rate (Final Steel) 2.0 L/s 
Oil Type 0W30 

Initial Oil Temperature 350K 
Number of Oil Connections 2 

Oil Piping Diameter 20 mm 

Table 17. Coolant and oil system parameters 

Unfortunately, the software did not allow for a direct link between the CAD 

model of the piston and the thermal model, so geometries in the thermal 

model were input in accordance with results from piston design (Table 18). 

Geometries extended to include the head, valve positions, ports and cylinder 

liner (Figures 37-47).  

Geometric Attribute Specification 
Crown Thickness  2.0 mm 

Piston Height  35 mm 
Skirt Thickness 3.5 mm 

Piston Ring Thickness 1.0 mm 
Piston Cup Diameter (3-D only) 64 mm 

Piston Cup Max Depth (3-D only) 5 mm 
Piston Cup Edge Diameter (3-D only) 64 mm 
Piston Cup Center Depth (3-D only) 0 mm 

Table 18. Geometric attributes used to model piston (AA2618A piston)  

Coolant Oil 
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Figures 37. Modelled cylinder head geometry and temperatures (AA2618A 

piston) 

 
Figures 38. Modelled cylinder head geometry and temperatures (ASTM 

S30815 piston) 
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Figure 39. Modelled Port geometry and temperatures (AA2618A piston) 

 
Figure 40. Modelled Port geometry and temperatures (ASTM S30815 piston) 
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Figure 41. Modelled cylinder liner geometry and temperatures (AA2618A 

piston) 

 
Figure 42. Modelled cylinder liner geometry and temperatures (ASTM 

S30815 piston) 
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Figure 43. Modelled piston geometry 2-D (AA2618A) 

 

Figure 44. Modelled piston geometry 2-D (ASTM S30815) 
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Figure 45. Modelled piston geometry 3-D (AA2618A) 

 
Figure 46. Modelled piston geometry 3-D (ASTM S30815) 
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Figure 47. Modelled piston geometry 3-D using same boundary conditions 

as AA2618A design (ASTM S30815) 

3.2 Discussion of Analytical Results 

This section compares and discusses the results of analytical simulation of 

both aluminium and steel piston designs. In accordance with the goals of this 

investigation, major areas of discussion all relate to heat transfer to and from 

the combustion chamber – specifically through the piston – and its effects on 

overall engine output.  

3.2.1 Frictional Comparison 

As was presented in Section 2.1.9, frictional forces are not only detrimental 

to mechanical efficiencies but also contribute heat to the cylinder 

environment (either directly or indirectly by reducing the heat carrying 

capacity of the cylinder liner). Although Pachernegg argued that the majority 

of this heat was conducted through the cylinder wall instead of entering the 

piston, the results of this study suggest that the contribution due to friction 

between the piston and cylinder liner is significant (Figures 48, 49).  
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Figure 48. Energy generated by friction entering the piston (AA2618A)

 

Figure 49. Energy generated by friction entering the piston (ASTM S30815) 

These results seem to agree more closely with the work of Taylor (which was 

specific to high speed Formula 1 engines) and suggests that there may be a 

limit in regards to the application of heat transfer studies based on road 

engines to research in the field of high speed racing engines. Results from 

GT Suite modelling show that the steel piston accepts roughly the same 

amount of energy from friction as the aluminium design, despite its smaller 

skirt surface area and lower thermal conductivity (Table 19). The primary 

suspected reason for this additional friction is the added forces generated by 
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the higher mass of the steel design. This mass leads to higher inertia forces 

and subsequently higher thrust forces, generating more friction and heat 

(Figure 50).  

Piston Friction Induced Heat Transfer (W) 
AA2618A 6560 

ASTM S30815 6555 

Table 19. Friction induced heat transfer into each piston design 

 
Figure 50. Thrust forces on aluminium and steel piston designs 

In initial simulations, boundary conditions relating to cooling of the piston and 

cylinder liner were the same for both designs; as such, this is not believed to 

be a source of any differences between designs.  

3.2.2 Heat Flux 

Overall heat flux from the combustion chamber, as well as heat flux 

specifically into and out of the piston designs were simulated (Table 20) 

(Figures 51, 52). Simulation took place in three zones for each component, 

allowing for the influences of boundaries such as cylinder walls and the 

piston crown (piston zones shown in Figure 53). Results of the simulation 

show that there is less heat transfer from the combustion chamber in the 
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steel design. Further, results from the Pachernegg method and simulation 

indicate that heat transfer through the pistons is the likely cause of the 

discrepancy.  

Piston Heat Flux into Piston 
(W) 

Heat Flux Piston to Oil 
(W) 

AA2618A 6409 9287 
ASTM S30815* 3870 4272 

Table 20. Simulated heat flux involving the piston for both aluminium and 

steel designs * – simulation occurred at higher temperature 

 

Figure 51. Simulated heat flux to and from the combustion chamber 

(AA2618A) 
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Figure 52. Simulated heat flux to and from the combustion chamber (ASTM 

S30815) 

 

Figure 53. Piston heat transfer zones for modelling 
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Despite creating more heat energy from friction and rejecting slightly more 

heat to the cylinder liner and head, the steel design rejects significantly less 

energy to the crank case through the piston. The heat rejected by the 

aluminium design to the crank case environment (oil) is estimated to be 

nearly 1.8 kW higher than that of the steel design per cylinder. Quantitatively, 

this can be understood as the difference between the power outputs of the 

two designs (although it is not inclusive of mechanical losses). The lower 

thermal conductivity of the ASTM S30815 steel, combined with its ability to 

operate at high temperatures is advantageous thermally – even under the 

same cooling boundary conditions.  

When boundary conditions are changed and the steel piston is taken closer 

its operating temperature limits (956 C on the surface of the crown), even 

less heat is rejected (Table 21). These conditions, imposed by reducing oil 

and coolant flow rates, result in approximately 4.0 kW less heat being 

rejected via each of the engines six pistons. Cumulatively, this would result in 

an approximate power gain of 22 kW (30 bhp) for a six-cylinder configuration 

with a 92 % mechanical efficiency. Since the engine design goals specified a 

power output of 441 kW (from the ICE only), this represents a 5.0 % increase 

in engine power. According to former Formula 1 engine designer Professor 

Geoff Goddard, any brake power gain over 0.5% (measured on an engine 

dynamometer) is significant. Moreover, under these conditions temperatures 

in the combustion chamber are increased, which leads to higher combustion 

efficiency (Figure 54) (Heywood, 1988). 

Piston Temperature (K) Heat Rejected to Crank Case (kW) 
450 3.073 
900 4.272 

Table 21. Heat rejected by ASTM S30815 piston under different boundary 

conditions 
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Figure 54. Resultant combustion chamber temperature for each piston  

Results of this investigation show that a piston constructed from a steel alloy 

capable of operating at high temperature, such as ASTM S30815, is 

advantageous in terms of converting the energy provided by combustion into 

usable mechanical work. This appears to be the case due to the material’s 

ability to operate at higher temperatures, and its lower thermal conductivity. 

Although steel has been used as a piston material in compression ignition 

(CI) engines for some time, this study shows that there may be an advantage 

to using this material (as opposed to traditional aluminium alloys, such as 

AA2618A) in high performance, turbo-charged engines such as those 

specified by the 2014 Formula 1 regulations. 

3.2.3 Further Considerations  

Although the results of this study show a potential for increasing engine 

output by employing steel as the base material for the piston, it is important 

to recognize the limitations of this work and its results.  

The additional mass of the ASTM S30815 piston results in higher forces and 

requires the strengthening of components such as the connecting rod and 

crankshaft – increasing the mass of those components. Further mass must 

also be added to the crankshaft in the form of balancing masses. Additional 
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strengthening of areas such as the main bearings, crank case and even the 

mounting points between the engine and chassis may also be required, all 

adding mass. 

Conversely, the ability of the steel piston to operate at higher temperatures 

places a lower demand on cooling resources and therefore less coolant and 

oil flow to the piston region will be necessary. Although this may result in a 

slight removal of mass, the main benefit of this (aside from the additional 

power provided by the engine) is that it would allow for the use of smaller 

radiators, allowing more freedom in aerodynamic design. Since modern 

Formula 1 cars are so dependent on aerodynamics for their performance, 

this may in fact be the most beneficial result of using steel in piston design. 

Moreover, because of its ability to operate at higher temperatures, more 

options for fuel saving maps may be used. Fuel is often used to cool the 

piston and keep it within its operating temperature range, limiting the 

engine’s ability to run lean (i.e. greater than 14:1 air-fuel ratio) for extended 

periods of time. A higher operating temperature limit would mean that more 

aggressively lean mixtures could be used when maximum performance is not 

necessary (i.e. during safety car periods). This could save fuel and allow for 

more aggressive maps (i.e. those which allow the engine to make more 

power) to be used the rest of the time. Such techniques have been 

implemented in Formula 1 since in-race re-fuelling was removed in the late 

2000s, and will gain even more importance under the more restrictive 2014 

regulations, which specify a fuel flow limit and reduce fuel tank size 

(Federation Internationale de l'Automobile, 2013). 

Finally, the findings of this investigation were the result of simulation via 

Gamma Technologies GT Suite software, and have not been correlated via 

testing. This particular software is limited in its ability to perform simulations 

and cannot be used on geometries imported from three-dimensional CAD 

programs. As such, approximations in geometry were made for the purposes 

of evaluation via simulation. Furthermore, the simulated engine lacked detail 

in both intake and exhaust systems, and valve timing. However, due to the 
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generally positive results of this study, further research into this field is 

suggested via development of more accurate simulation models or, 

preferably, physical testing. 

3.2.4 Suggestions for Future Work 

The results of this investigation demonstrate that significant gains can be 

made to enhance engine efficiency, power, reduced cooling needs and 

mapping flexibility by using a steel alloy (i.e. ASTM S30815) in place of an 

aluminium one (i.e. AA2618A) for piston design. Further work should be 

done to validate the results of this study. In particular, this work should be 

continued by physical testing of a 2014 specification Formula 1 engine using 

both aluminium and steel piston designs created by applying the 

methodology shown in this report. If the data from that research correlates 

with the results of this study, then in-car testing and design of sub-systems 

(i.e. cooling systems and engine control unit programming) should be 

performed to verify conclusions drawn regarding aerodynamic impacts. 

Beyond building directly on the results of this study, research in the area of 

combustion efficiency should also be pursued. Further explorations of the 

effects of higher DI SI combustion chamber temperatures on the conversion 

of isooctane fuels’ chemical potential energy to pressure (combustion 

efficiency) should be performed, especially at high engine speeds. This 

remains the second major area (the first being thermal efficiency) where 

large gains can be made in the development of the ICE.   

4. Conclusions 

4.1 Closing Remarks 

With the 2014 technical regulations, the FIA is shifting its technical focus and 

aligning its top formula, Formula 1, with the direction demanded by 

consumers and automakers. Smaller, more efficient turbocharged engines 

are mandated and will see an emphasis placed on increasing combustion 

efficiency, lowering thermal losses, and maximizing energy recovery. 
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Ultimately, the goal of this study was to determine which of the allowable 

piston alloying materials (aluminium or steel) would form the best basis for a 

2014 specification Formula 1 piston.  

To achieve this, a methodology for piston design was determined, and 

pistons of AA2618A aluminium and ASTM S30815 steel were designed 

using hand calculations and three-dimensional CAD software. Boundary 

conditions were initially taken from research into similar engines before a 

simplified GT Suite model was used to simulate and verify these 

assumptions. Several unique design highlights were employed to combat 

high in-cylinder pressures, such as: detonation bands around the crown of 

the piston that reduce pressure and temperature in this critical region 

(reducing the likelihood of unwanted detonation), serrated piston skirting to 

squeegee more oil into the piston, and an oil cooling ring employed on the 

underside of the aluminium piston to reduce ring pack temperatures. The 

resultant steel design (430 g) had a higher mass than the aluminium design 

(187 g), and therefore generated more inertia, higher loads at the wrist pin 

and piston skirt, and more friction.  

Attributes of the designed pistons and their operating conditions were used 

to develop a more detailed single-cylinder model with GT Suite software. The 

model incorporated combustion, turbulence, heat transfer and geometric 

models. Although it was first thought that CAD generated designs could be 

directly imported, this was not the case and key geometries had to be 

manually entered. Despite this set-back, results agreed with general trends 

from other studies, such as that performed by Han et al. and Mizuno. Key 

differences were seen in the area of heat transfer due to friction when 

compared to the trends in a study performed by Pachernegg. 

The results of this work show that the ASTM S30815 steel design rejects 

less heat to the environment outside of the combustion chamber and 

subsequently generates a predicted gross power improvement of 5.0% over 

the aluminium design. Despite rejecting less heat, the steel materials’ higher 

operating temperature allows it to operate in an environment will less coolant 
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and oil flow, which will also have positive effects on combustion efficiency 

and mapping flexibility. The benefits may even reach as far as vehicle 

aerodynamics, although further investigation should be performed to validate 

this hypothesis.   

This project was limited in scope and chose to focus primarily on the impact 

of material selection on heat transfer through the piston on a high speed 

racing engine. Further work should be performed in this field so that the 

opportunities presented by increasing the thermodynamic efficiency 

(reducing heat transfer out of the combustion chamber) of the ICE can be 

realized. This study shows the potential for continued improvement in the 

ICE field remains a strong option and may provide a more cost effective and 

environmentally sound method to winning races and selling vehicles. 

4.2 Primary Results of this Study 

1. Given the constraints of the 2014 Formula 1 technical regulations, the 

most appropriate design materials for 2014 Formula 1 piston design 

were determined to be ASTM S30815 steel and AA2618A aluminium, 

in that order 

2. The aluminium design required an additional cooling ring and coolant 

flow in order to withstand the operating conditions in the combustion 

chamber 

3. The steel design removed less heat from the combustion chamber, 

resulting in higher thermal efficiency and a 5.0% increase in brake 

engine power 

4. The steel piston places less demand on oil and coolant systems and 

allows for higher combustion chamber temperatures (potentially 

yielding higher combustion efficiencies) 
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APPENDIX A – Inputs and Results 

General Values     
Mean IMEP 1.73 MPa 
Safety Factor for Design 2.31 - 
Degrees per radian 57.2957795 - 

 
Engine Specifications     
Bore 0.08 m 
Stroke 0.053 m 
Crank Radius 0.027 m 
Rod to Stroke Ratio  4.712 - 
Stroke to Rod Ratio 0.212207 - 
# of Cyl 6 - 
Capacity 1600 cc 
Capacity  0.0016 m3 
Rod Length 0.125 m 
Max Engine Speed 15000 rpm 
Max Engine Speed 1570.796 rad/s 
Time for 1 degree 1.11E-05 s 
Static Compression Ratio 11.3 :1 
Average Piston Velocity 26.53 m/s 
Expected N/A Power 150 kW 
Expected T/C Power (Calc.) 441 kW 
Power Rejected by I/C 145 kW 
Expected Avg. IMEP N/A 0.75 MPa 
Vol. Efficiency N/A  1.25 - 
Vol. Efficiency T/C 1.4 - 
Mech. Efficiency N/A 0.95 - 
Mech. Efficiency T/C 0.92 - 
Turbo Efficiency 0.75 - 
Boost 3 bar 
Mass of Aluminium Piston 0.18 kg 
Mass of Steel Piston 0.44 kg 
Mass of Connecting Rod 0.5 kg 
Mass of Wrist Pin 0.05 kg 
Phi @ TDC 8.68179 degrees 
Wrist pin length 0.045 m 
Wrist Pin Diameter 0.019 m 
Wrist Pin Area 0.000284 m2 
Crankshaft Balancing % 0.25 - 
Crank Balancing Mass Al 0.1825 kg 
Crank Balancing Mass Steel 0.2475 kg 
Wrist pin offset 0.018798 m 
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Conditions     
Ambient Temperature (T1) 298 K 
Ambient Air Density  1.184 kg/m3 
R 0.287 kJ/kg·K 
cp 1.005 kJ/kg·K 
cp/cv = gamma 1.4 - 
Pr 0.712 - 
I/C Exit Temp (T3) 330 K 
Pressure Inlet (T/C) 3.508 bar 
T2 (Calculated) 444.5 K 
Piston Temp. 590 K 
   
Material Properties     
Aluminium AA2618A 

  Modulus of Elasticity 75000000000 Pa 
Yield Strength (25C) 425000000 Pa 
Yield Strength (325C) 245000000 Pa 
Fatigue Limit Strength 150000000 Pa 
Density 2.76 kg/L 
Coefficient of Thermal Expansion 0.000022 m/K 
Specific Heat Capacity 875 J/kg·K 
Thermal Diffusivity 0.0000605 m2/s 
Thermal Conductivity 146 W/m·K 

   Steel ASTM S30815 
  Modulus of Elasticity 2E+11 Pa 

Yield Strength (25C) 850000000 Pa 
Yield Strength (325C) 472000000 Pa 
Fatigue Limit Strength 180000000 Pa 
Density 7.8 kg/L 
Coefficient of Thermal Expansion 0.0000188 m/m·K 
Specific Heat Capacity 500 J/kg·K 
Thermal Diffusivity 0.0000605 m2/s 
Thermal Conductivity 20 W/m·K 

   YSZ Coating 
  Density 5.7 kg/L 

Coefficient of Thermal Expansion 0.0000098 m/m·K 
Specific Heat Capacity 490 J/kg·K 
Thermal Diffusivity 0.00000049 m2/s 
Thermal Conductivity 1.2 W/m·K 

   Metallic Thermal Barrier Coating (TBC) 
 Density 7.077 kg/L 

Coefficient of Thermal Expansion 0.000015 m/m·K 
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Specific Heat Capacity 255 J/kg·K 
Thermal Diffusivity 0.00000068 m2/s 
Thermal Conductivity 1.22 W/m·K 

 
Fatigue at 325C     
Aluminium AA2618A 

  S(mean) -1.496306 Pa 
Sao' 103 2.21E+08 Pa 
Sao 103 1.16E+08 Pa 
Sao' 108 79380000 Pa 
Sao 108 59954683 Pa 
a 1.72E+08 - 
b -0.057366 - 
N (input) 35100000 cycles 
Sa 63.7 MPa 
Equivalent Bending Force 

 
kN 

   Steel ASTM S30815 
  S(mean) -2.289106 Pa 

Sao' 103 4.25E+08 Pa 
Sao 103 2.24E+08 Pa 
Sao' 106 1.91E+08 Pa 
Sao 106 1.36E+08 Pa 
a 7.04E+08 - 
b -0.043142 - 
N (input) 35100000 cycles 
Sa 332.8 MPa 
Equivalent Bending Force 

 
kN 

   I 0.00016 kg/m2 
y  0.03 m 

 
Results     
Max Thrust Force Aluminium 11.3 kN 
Minimum Area 75.10 mm2 
Max Thrust Force Steel 13.2 kN 
Minimum Area 73.38 mm2 
Max Force Aluminium 141 kN 
Max Force Steel 158 kN 
Force of Balancing Mass Al 11944.59707 N 
Force of Balancing Mass Steel 16198.83712 N 
Mass Air Flow 0.982157473 kg/s 
Torque 281 Nm 
Clearance Height Volume 2.36E-05 m^3 
Clearance Height (if cylindrical) 0.0047 m 
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   Density of Fuel 0.69 kg/L 
Fuel Flow Max 100 kg/h 
Fuel Flow Max 27.8 g/s 

 
0.44 g/cycle 

Avg. Main Force (Al) 49228.11815 N 
Avg. Thrust Force (Al) 11265.4452 N 
Avg. Frictional Force (Al) 5485.898109 N 
Avg. Main Force (Steel) -68050.63391 N 
Avg. Thrust Force (Steel) 13209.13562 N 
Avg. Frictional Force (Steel) 7560.902092 N 

APPENDIX B - Calculations 

θ θ Time Connecting Rod 
Angle 

Piston 
Displacement 

Surface 
Area 

Volume 
(θ) dV/dθ 

Degree
s rads s rads m m^2 m^3  

0 0 0 0 0.151525824  
0.000155

34 0 

1 0.01745
3 1.1E-05 0.0037 0.1515 0.0493 0.0002 

-
0.000

5 

2 0.03490
7 2.2E-05 0.0074 0.1515 0.0493 0.0002 

-
0.000

2 

3 0.05236 3.3E-05 0.0111 0.1515 0.0493 0.0002 0.000
2 

4 0.06981
3 4.4E-05 0.0148 0.1515 0.0493 0.0002 0.000

5 

5 0.08726
6 5.6E-05 0.0185 0.1514 0.0493 0.0002 0.000

8 

6 0.10472 6.7E-05 0.0222 0.1514 0.0493 0.0002 0.001
1 

7 0.12217
3 7.8E-05 0.0259 0.1513 0.0493 0.0002 0.001

5 

8 0.13962
6 8.9E-05 0.0295 0.1513 0.0493 0.0002 0.001

8 

9 0.15708 1.0E-04 0.0332 0.1512 0.0492 0.0002 0.002
1 

10 0.17453
3 1.1E-04 0.0369 0.1511 0.0492 0.0002 0.002

4 

11 0.19198
6 1.2E-04 0.0405 0.1510 0.0492 0.0002 0.002

7 

12 0.20944 1.3E-04 0.0441 0.1509 0.0492 0.0002 0.003
0 

13 0.22689
3 1.4E-04 0.0478 0.1508 0.0491 0.0002 0.003

3 

14 0.24434
6 1.6E-04 0.0514 0.1507 0.0491 0.0002 0.003

6 

15 0.26179
9 1.7E-04 0.0550 0.1506 0.0491 0.0002 0.003

9 

16 0.27925
3 1.8E-04 0.0585 0.1505 0.0491 0.0002 0.004

2 

17 0.29670
6 1.9E-04 0.0621 0.1504 0.0490 0.0002 0.004

4 

18 0.31415
9 2.0E-04 0.0656 0.1502 0.0490 0.0002 0.004

7 

19 0.33161
3 2.1E-04 0.0691 0.1501 0.0490 0.0002 0.005

0 

20 0.34906
6 2.2E-04 0.0726 0.1499 0.0489 0.0002 0.005

2 

21 0.36651
9 2.3E-04 0.0761 0.1498 0.0489 0.0002 0.005

5 
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22 0.38397
2 2.4E-04 0.0796 0.1496 0.0488 0.0002 0.005

7 

23 0.40142
6 2.6E-04 0.0830 0.1494 0.0488 0.0002 0.006

0 

24 0.41887
9 2.7E-04 0.0864 0.1492 0.0487 0.0002 0.006

2 

25 0.43633
2 2.8E-04 0.0898 0.1490 0.0487 0.0002 0.006

4 
 

Gas 
Temp 

N18 2400-
100Nm 

N18 2400-
100Nm 

Scaled F1 
V6 

Scaled F1 
V6 

Scaled F1 
V6 

GT 
Power GT Power Gas 

Force 
K P (bar) P (MPa) P (bar) P (MPa) P (Pa) P (bar) P (Pa) N 

640.4 1.1 0.1 0.2 0.0 15366.1 3.2 317514.3 77.2 

635.0 1.1 0.1 0.2 0.0 15831.5 3.1 308866.0 79.6 

629.6 1.1 0.1 0.2 0.0 15953.4 3.0 300266.2 80.2 

624.4 1.1 0.1 0.2 0.0 15267.4 2.9 291822.2 76.7 

619.2 1.1 0.1 0.2 0.0 15200.2 2.8 283674.0 76.4 

614.1 1.1 0.1 0.1 0.0 14711.0 2.8 275991.3 73.9 

608.9 1.1 0.1 0.1 0.0 14741.0 2.7 268900.4 74.1 

603.7 1.1 0.1 0.1 0.0 13909.5 2.6 262452.9 69.9 

598.5 1.1 0.1 0.1 0.0 14197.7 2.6 256667.6 71.4 

593.3 1.1 0.1 0.1 0.0 14901.1 2.5 251529.4 74.9 

588.1 1.1 0.1 0.2 0.0 15164.6 2.5 247012.0 76.2 

583.0 1.1 0.1 0.2 0.0 16018.7 2.4 243071.7 80.5 

577.8 1.1 0.1 0.2 0.0 16367.3 2.4 239662.6 82.3 

572.8 1.1 0.1 0.2 0.0 16785.0 2.4 236732.6 84.4 

567.8 1.1 0.1 0.2 0.0 18115.3 2.3 234231.9 91.1 

562.8 1.1 0.1 0.2 0.0 18668.4 2.3 232110.6 93.8 

557.9 1.1 0.1 0.2 0.0 19886.2 2.3 230323.1 100.0 

553.1 1.1 0.1 0.2 0.0 21183.1 2.3 228826.5 106.5 

548.4 1.1 0.1 0.2 0.0 21654.9 2.3 227580.6 108.8 

543.7 1.1 0.1 0.2 0.0 23208.0 2.3 226550.4 116.7 

539.2 1.1 0.1 0.2 0.0 23123.1 2.3 225678.1 116.2 

534.7 1.1 0.1 0.2 0.0 23582.1 2.2 224915.6 118.5 

530.3 1.1 0.1 0.2 0.0 24587.4 2.2 224227.0 123.6 

526.0 1.1 0.1 0.2 0.0 23849.2 2.2 223587.4 119.9 

521.9 1.1 0.1 0.2 0.0 24549.6 2.2 222977.2 123.4 

517.8 1.1 0.1 0.3 0.0 25674.9 2.2 222383.7 129.1 

 

Piston 
Velocity 

Piston 
Acceleration Inertia Force Inertia 

Force 
Force at Wrist 

Pin 
Force at Wrist 

Pin 
m/s (m/s)^2 Aluminium 

N Steel N Aluminium N Steel N 

0 -72394 49228 68051 56834 78531 

-1 -72383 49221 68040 56828 78521 

-2 -72350 49198 68009 56803 78486 

-2 -72295 49161 67957 56756 78423 

-3 -72218 49108 67885 56695 78339 

-4 -72119 49041 67792 56614 78228 
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-5 -71998 48958 67678 56520 78097 

-6 -71855 48861 67543 56403 77938 

-6 -71690 48749 67388 56275 77761 

-7 -71503 48622 67213 56133 77562 

-8 -71294 48480 67017 55971 77338 

-9 -71064 48324 66800 55795 77093 

-10 -70812 48152 66564 55600 76822 

-10 -70539 47966 66307 55388 76529 

-11 -70244 47766 66029 55164 76217 

-12 -69928 47551 65732 54920 75877 

-13 -69590 47321 65414 54662 75518 

-13 -69231 47077 65077 54388 75137 

-14 -68851 46819 64720 54093 74728 

-15 -68450 46546 64343 53788 74303 

-16 -68028 46259 63947 53457 73845 

-17 -67586 45958 63531 53113 73368 

-17 -67123 45644 63095 52756 72872 

-18 -66639 45315 62641 52372 72344 

-19 -66135 44972 62167 51981 71802 

-19 -65612 44616 61675 51577 71241 

 

 Aluminium   Steel  
Thrust Force Main Force Frictional Force Thrust Force Main Force Frictional Force 

N N N N N N 

0 44890 -3591 0 62332 -4987 

255 44884 -3591 351 62323 -4986 

509 44859 -3589 701 62288 -4983 

763 44812 -3585 1051 62225 -4978 

1016 44752 -3580 1400 62142 -4971 

1268 44672 -3574 1747 62032 -4963 

1519 44578 -3566 2092 61903 -4952 

1768 44462 -3557 2435 61744 -4940 

2015 44336 -3547 2776 61569 -4926 

2261 44195 -3536 3114 61372 -4910 

2504 44034 -3523 3449 61150 -4892 

2745 43860 -3509 3780 60908 -4873 

2982 43667 -3493 4107 60639 -4851 

3217 43457 -3477 4431 60348 -4828 

3449 43235 -3459 4750 60039 -4803 

3677 42993 -3439 5063 59702 -4776 

3901 42738 -3419 5372 59347 -4748 

4122 42466 -3397 5676 58969 -4718 

4338 42174 -3374 5973 58563 -4685 

4550 41871 -3350 6265 58142 -4651 
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4757 41543 -3323 6549 57688 -4615 

4959 41202 -3296 6828 57215 -4577 

5157 40848 -3268 7099 56724 -4538 

5348 40468 -3237 7362 56200 -4496 

5534 40080 -3206 7619 55662 -4453 

5715 39680 -3174 7868 55106 -4408 

 

Han Gas 
Velocity 

Han Heat 
Coefficien

t 
GT Power 
Predicted 

Bulk 
Heat 
Flux 

Bulk 
Heat 

Trans 

Piston 
Heat 
Flux 

Bulk Trans 
into Piston 

Piston 
Heat 

Flux 2 
Bulk Trans 
into Piston 

U h h kW/m^
2 kW kW/m^2 Ali kW kW/m^2 Steel (kW) 

         
13.1037

5 1031.0 536.3 242.3 11.9 159.8 0.8 -242.3 -1.2 

13.1037
5 1013.4 527.2 232.7 11.5 151.6 0.8 -243.6 -1.2 

13.1037
5 995.8 517.9 223.4 11.0 143.8 0.7 -244.6 -1.2 

13.1037
5 978.7 508.5 214.5 10.6 136.2 0.7 -245.5 -1.2 

13.1037
5 962.5 499.1 206.0 10.2 129.0 0.6 -246.3 -1.2 

13.1037
5 947.6 699.1 197.9 9.8 122.1 0.6 -247.4 -1.2 

13.1037
5 934.2 1045.2 190.3 9.4 115.6 0.6 -248.8 -1.3 

13.1037
5 922.4 1051.2 183.1 9.0 109.3 0.5 -250.4 -1.3 

13.1037
5 912.2 1035.4 176.3 8.7 103.4 0.5 -252.4 -1.3 

13.1037
5 903.6 1021.5 170.0 8.4 97.7 0.5 -254.7 -1.3 

13.1037
5 896.4 1009.5 164.0 8.1 92.3 0.5 -257.3 -1.3 

13.1037
5 890.6 999.3 158.4 7.8 87.1 0.4 -260.2 -1.3 

13.1037
5 886.1 990.9 153.1 7.5 82.2 0.4 -263.4 -1.3 

13.1037
5 882.6 984.1 148.1 7.3 77.5 0.4 -266.8 -1.3 

13.1037
6 880.2 978.8 143.3 7.0 72.9 0.4 -270.4 -1.4 

13.1037
6 878.7 974.8 138.8 6.8 68.5 0.3 -274.2 -1.4 

13.1037
6 877.9 972.0 134.4 6.6 64.2 0.3 -278.2 -1.4 

13.1037
6 877.8 970.2 130.2 6.4 60.0 0.3 -282.3 -1.4 

13.1037
6 878.3 969.3 126.2 6.2 56.0 0.3 -286.6 -1.4 

13.1037
6 879.2 969.3 122.4 6.0 52.0 0.3 -290.9 -1.5 

13.1037
6 880.4 969.9 118.6 5.8 48.2 0.2 -295.2 -1.5 

13.1037
6 881.7 971.0 114.9 5.6 44.4 0.2 -299.5 -1.5 

13.1037
6 883.2 972.4 111.3 5.4 40.7 0.2 -303.8 -1.5 

13.1037
6 884.6 974.0 107.8 5.3 37.0 0.2 -308.0 -1.5 

13.1037
6 886.1 975.7 104.4 5.1 33.5 0.2 -312.1 -1.6 
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