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Formula SAE is a collegiate engineering competition that has participants from around the globe. 

Of the 1000 points available throughout the event, 100 (10%) are dedicated to the fuel efficiency 

of the student built race cars. Competition rules allow either gasoline or E85, a mix of 85% 

ethanol and 15% gasoline, to be used as the primary fuel source. Because of the reduced specific 

energy content of E85, scores are normalized by applying a 1.4 divider to the final consumed 

volume of E85. With the desire to earn more points, a quantifiable way to determine if E85 could 

be an advantage was needed. 

 

To measure fuel consumption on the race track where every gram added to the car matters, a way 

to characterize flow rate and dead time of the fuel injector in the car was devised by finding the 

static flow rate and the associated combination of opening and closing times, or dead time. The 

method devised was designed to be simple to perform and data analysis was automated to make 

post processing a simple matter of transferring flow rate and dead time numbers into the engine 

control unit. 

 



 

 

Data recorded on track at the Formula Student Germany 2013 event and on the Oregon State 

University engine dynamometer were compared, and a method to estimate fuel consumption on 

any recorded track from engine dynamometer data was created. The estimation was first 

compared with recorded results from competition with an error of 2.1%, indicating that the 

results were reasonable to use for different engine configurations.  

 

Engine data was recorded for E85 and run through the estimation to determine how much E85 

fuel would have been required to run the same event. 

The estimation was also used to determine how much work was done on track by the engine, 

which is another indicator of total system efficiency.  

 

Four engine configurations were tested. The baseline engine was the configuration used in the 

2013 Global Formula Racing car, consisting of a Honda CRF450X engine, 3.8 liter intake 

plenum, Bosch 945 fuel injector, 13.5:1 compression piston, and a Megacycle X2 camshaft. This 

configuration was running on gasoline. Configuration 2 switched to a Honda 16450-MEN-A51 

fuel injector. Configuration 3 changed fuel from gasoline to E85. The last configuration 

increased the compression ratio to 14:1. 

 

Configuration 2 had the highest overall efficiency at 34%, with configuration 4 having the 

highest energy generation over the course of the FSG 2013 endurance at 29.4 MJ. After 

normalizing energy generation, configuration 4 required the least volume of fuel to complete 

endurance at 2.5 liters, a reduction from 2.7 liters that the baseline required. This resulted in an 

approximate point increase of about 4.4. While this is an increase in point, the was determined 



 

 

that it was not enough to justify the use of E85 at FSAE events due to increased procurement and 

handling difficulty, along with reduced engine starting reliability. 
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NOMENCLATURE 

td = Injector dead time 

topen = Injector opening time 

tclose = Injector closing time 

Fs = Solenoid force 

Bs = Magnetic field strength 

Icoil=Current through wire 

Vcoil = Supplied voltage 

Rcoil = Solenoid electrical resistance 

f = test frequency (hz) 

ttest = total test time (s) 

Mfull = Nominal mass of fuel after 60 seconds of injection (g) 

Mmeas = measured test mass after 120 seconds at 50% duty cycle (g) 

MFlow = Static mass flow rate of injector (g/min) 

PW = Injector pulsewidth 

injectorV


= Volume flow rate of fuel injector 

cyclet = data step engine cycle time 

stepf = Data Frequency 



 

 

Vtotal = Total fuel volume consumed 

E = energy, joules 

stepP = Power output at data step, watts 

stept = Step time, seconds 

totalE = Total energy generated by engine during endurance, joules 

fuelE = Energy content of fuel used for endurance, joules 

fuelV = Estimated fuel volume used for endurance, liters 

fuel =Density of fuel, kg/liter 

fuelu = Energy density of fuel, J/liter 
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1 - Introduction 

 Formula SAE (FSAE) is a collegiate competition started by the Society of 

Automotive Engineers. Teams of students are challenged to design, build, test, and race a small, 

open wheel, formula style race car. The competition is hosted in numerous locations around the 

world, as FSAE in the United States and Formula Student (FS) in Europe. Every year, nearly 450 

universities from around the world participate in these competitions. 

 Oregon State University SAE (OSU SAE) has a unique position in the FSAE and FS 

series, being the only team composed of students from two universities. This collaborative effort 

is partnered with Duale Hochschule Baden-Württemberg-Ravensburg (DHBW-R) in 

Friedrichshafen, Germany. By combining the talents of both schools in 2010, Global Formula 

Racing (GFR) was formed. 

Competitions are governed by strict rules [1] that must be followed to be able to compete 

in dynamic events. These rules focus primarily on safety by limiting the maximum power the 

engine can produce, along with dictating certain aspects of the chassis to prevent major injury in 

the event of a collision or rollover.  

 A significant portion (10%) of the points available at a competition is tied directly to how 

much fuel is used during the endurance event. Because of this, teams typically tune engines to 

run on as little fuel as possible, while still making a reasonable amount of power. According to 

internal work of Takaro [7], the torque output reduction and subsequent lap time increase and 

point loss from tuning to use less fuel during the endurance event is significantly outweighed by 

the point gain from using less fuel.  
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The fuel of choice for GFR has been premium pump gas with an octane rating of 92. 

While being readily available and cheap, there are points disadvantages associated with this fuel 

choice brought about by FSAE rule D8.21 under fuel economy scoring which states, “The 

volume of E85 fuel will be divided by a 1.40 correction factor to determine the gasoline 

equivalent volume.  This correction factor is equal to the ratio of energy (lower heating value) 

per unit volume of gasoline to E85.” Since the rules allow the use of either gasoline or E85 as the 

combustion fuel source, a choice has to be made.  

 While the rules make the fuel choice sound arbitrary, the thermodynamic properties of 

each fuel [4] mean that the decision must be made using an engineering process. The goal of this 

project was to quantitatively determine which fuel is the better choice for the FSAE competition 

using recorded track data from previous competitions, data recorded on an engine test bench, and 

competition fuel efficiency scores from previous years. 

1.1 - Research Need 

 While significant research has been done by the automotive industry into the viability of 

alcohol as a primary fuel source, very little has been publically published relating to motorsport 

[9, 10, 11]. This is most likely due to the competitive nature of motorsport, and the desire for 

teams in that industry to keep any technological advantage found within the team.  

 There is a lack of published information about using E85 as the primary fuel source for 

high RPM, high specific output, and high performance internal combustion engines. Of the 

research found, most covered the use of E85 in typical industrial applications [4] or production 

vehicles for the consumer market [2, 14]. 

 A significant area that needs improvement pertaining to the research of fuel choice goes 
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back to basic thermodynamics. At its essence, an internal combustion engine is a self-sustaining 

air pump, which is governed by the laws of thermodynamics. When comparisons between 

gasoline and ethanol are made [2, 4, 11, 14], they are typically only made using the power output 

of a specific engine, whether it is industrial or automotive in nature [2, 4, 11, 14]. This makes it 

difficult to create an overall statement about efficiency gains or losses incurred from the use of 

E85.  

1.2 - Scope 

 The goal of this thesis is to determine if utilizing the increased anti-knock capability and 

increased latent heat of vaporization to increase charge density entering the combustion chamber 

can improve engine efficiency to overcome the reduced volumetric energy content of E85. 

Research will be focused on a small displacement, high speed, high specific output internal 

combustion engine to see if choosing E85 vs. gasoline at a FSAE competition will result in an 

increase in the number of points that can be won, and to estimate the point change based on fuel 

selection. 

To make this estimation, a method of estimating endurance event fuel use and energy 

output was devised using data recorded at a typical FSAE competition, specifically Formula 

Student Germany 2013 (FSG13), as a baseline. This information was combined with data from 

an engine dynamometer to be able to predict the amount of fuel used during an endurance event 

based on power output and injector pulse width. Fuel injection characterization was carried out 

in house at OSU so that reasonable estimations could be made. 
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1.3 – Objectives 

 This thesis documents the process of obtaining reasonable fuel requirement estimations to 

complete a typical FSAE endurance event. Topics covered in this thesis are as follows. 

 An overview of using E85 as a fuel versus gasoline 

 Fuel system requirements for E85 

 Fuel injector physical characterization to accurately measure fuel consumption of the 

engine 

 Engine dynamometer testing for power and efficiency 

 In cylinder pressure measurement for ignition timing tuning and to find the knock limit of 

the engine 

 Endurance fuel consumption estimations based on collected on track and engine data. 

 Discussion to determine if changing the GFR car from gasoline to E85 is a significant 

benefit 
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2 - E85 fuel Benefits and Challenges 

 Differing physical and thermodynamic properties lead to challenges when changing from 

gasoline to E85. Benefits and challenges from different energy content, heat of vaporization, 

corrosion issues, and handling requirements make the switch non-trivial. 

E85’s reduction in energy content requires that a larger volume of fuel be used 

throughout an endurance event, since for a given acceleration and distance the total work output 

must be the same. This means that the vehicle will have to carry a slightly heavier amount of 

fuel, and would normally be penalized because the rules use the volume of fuel consumed for the 

fuel economy score. This penalty is negated by FSAE rule D8.21.  

 One of the most significant problems with E85 is cold starting. Fuel in the combustion 

charge must be vaporized before it will burn, which is achieved by the temperature increase from 

the reciprocating piston compressing the charge during the compression stroke [28]. With the 

heat of vaporization of E85 being 2.5 times higher than gasoline [9, 14, 33], it can be very 

difficult to introduce enough heat in the compression process to ignite the charge during starting 

when the rotational speed of the engine is slow. 

 The thermodynamic benefit of the increased latent heat of vaporization comes from the 

reduction of intake charge temperature. The primary factor in determining engine power output 

is the mass of air that enters the chamber to be combusted, since it has a density that is 3 orders 

of magnitude lower than the fuel being supplied [8]. When ethanol is used, the amount of heat 

that is absorbed to atomize the fuel is about 2.5 times higher than gasoline, which results in a 

reduction in intake air charge temperature [4]. This increases the density of the air, allowing an 

increase in the total mass of air that enters the combustion chamber, thus increasing the engine’s 

potential for power output. 



 

6 

 

 

 

 The largest thermodynamic benefit of E85 comes in the form of increased auto-ignition 

resistance [2, 10]. Auto ignition, or knock, is typically the performance limit for modern internal 

combustion engines [8, 10, 26]. When an abnormal ignition event occurs, pressures in the 

combustion chamber quickly spike as the charge burns at an accelerated rate. This spike 

manifests as a reduction in the area under a p-v diagram of the Otto cycle [16], reducing power 

output and efficiency [2, 3, 10, 11, 26]. It also elevates combustion chamber temperature and 

pressure, possibly to the point of physical damage to the engine. 

Auto ignition can be caused by the compression of the piston raising the charge above the 

auto-ignition temperature of the fuel, by a hot spot in the chamber starting the combustion 

process early, or by the concussive shock wave of the initial combustion event causing a second 

flame front. Ignition of the spark plug too early in the cycle can also cause pressure in the 

combustion chamber to peak too soon, creating a greater chance for abnormal secondary 

combustion. 

The ability for a fuel to resist abnormal combustion is indicated by its octane rating. 

There are two different established ways of determining the octane rating, the Research Octane 

Number (RON) and the Motor Octane Number (MON) [10]. Fuels are rated by running them in a 

test engine, finding the knock point, and comparing it to a reference fuel with an octane rating of 

100. In the US, the octane rating shown on fuel pumps is expressed as the average of RON and 

MON. 

To combat abnormal combustion, gasoline has a number of added chemicals to obtain a 

given amount of auto ignition resistance [3]. Pure ethanol, or E100, has an equivalent octane 

rating of 107.5 [4], compared to 93 (RON+MON)/2 octane which is typical of pump gasoline. 
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Since E85 is a blend of 85% ethanol and 15% gasoline, the octane rating is specified at 105 for 

E85 [9].  

Because of the increased knock resistance, E85 can be run at higher compression ratios, 

making the specific thermodynamic efficiency higher than gasoline. Specific thermodynamic 

efficiency can be thought of as how well an engine is able to extract the energy contained in the 

volume of fuel that enters the engine, without considerations of the volume of fuel [10]. 

  The result of increased heat of vaporization and increased octane rating is that, while 

there is 1.4 times less energy per volume in E85, an engine set up specifically for this fuel will be 

able to extract more useful work, to the point where the amount of fuel used would only be about 

1.3 times as much throughout an endurance compared to gasoline. Depending on the 

competition, this can yield a points gain of between 10 and 15 points [7]. 

There are several mechanical drawbacks when using E85. Compared to gasoline, E85 is 

more corrosive to all types of materials found in a fuel system [4, 17, 27], including fuel pump 

internals, rubber fuel lines, aluminum fuel rails, and fuel injector internals. A significant part of 

changing to E85 would be sourcing components that would be able to handle this corrosiveness 

over time. This corrosiveness also makes its way to the piston rings, increasing engine wear and 

the requirement for more preventive maintenance.  

Procuring and storing E85 can also be a challenge, as the E85 blend found at most 

regional stations can be between E70 and E85 depending on the season. During winter months, 

more gasoline is put in the mix to aid cold starting. Storing requires careful attention since 

certain algae and bacteria will grow on the alcohol in the mix, which will plug fuel filters, 

pumps, and injectors.  
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 Overall, there is no qualitative reason to choose E85 over gasoline since the rules have a 

compensation to equalize the energy density difference in the fuels. To make a clear choice, each 

challenge will need to be tested to measure which is the more appropriate choice. 

3 - Fuel System Design 

 To utilize E85 as a fuel source, the fuel system in the car will have to be redesigned 

around the different requirements of the new fuel. Fuel handling is more difficult, and because of 

the decreased energy content, fuel mass flow rate requirements are different. This section 

discusses how fuel handling issues were solved, and how a new fuel injector was chosen and 

characterized to be able to correctly run the Honda CRF engine on E85. 

3.1 – Fuel Handling 

 One of the significant problems with using E85 is the corrosiveness to metals from the 

added oxygen in the fuel, and the breakdown of typical rubber fuel system parts by the organic 

acids that are a natural part of ethanol [4, 9]. To combat this, advanced materials and coatings 

will be used to prevent fuel system failure. Major components in the fuel system include: 

 Fuel tank—Stores fuel for use by the engine and holds fuel pump. Previous GFR cars have had 

fuel tanks made from a rapid prototype (RP) nylon 12 material [19]. 

 Fuel pump—Modern fuel pumps are driven by DC electric motors and are installed internal to 

the fuel tank, which cools the motor. The brushes required for DC motors tend to experience 

accelerated wear when alcohol is used as the primary fuel source [17]. 

 Fuel line—Flexible hose that is designed to operate at pressures up to 24 BAR. Typical rubber 

fuel lines are susceptible to attack by the organic acids present in E85 [9]. 

 Fuel rail—Small reservoir that contains a small volume (~100ml) of pressurized liquid fuel to 
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feed the fuel injector. Typical fuel rails are made of aluminum, which will oxidize at an 

accelerated rate when exposed to E85. 

 Fuel injector—Meters, directs, and atomizes the fuel that enters the combustion chamber. 

Older designs utilized carbon steel internals that will quickly rust when exposed to E85. 

 For each of these components there will be a study to determine if the current 

components used in the GFR FSAE car will be able to handle E85, or if a new option will need 

to be found. A block diagram of the fuel system can be seen in Figure 1. 

  

 

Figure 1 - Block Diagram of Fuel System 

 For the fuel tank, work was done with the RP manufacturer to ensure that the material 

used is compatible with E85. If the tank cannot be directly made from a compatible material, 

there are options for coatings that can handle E85. An example of such a coating is Desoto IFT 

Integral Fuel Tank Coating [18]. The downside to these coatings is the added complexity of 
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ensuring 100% coverage in a very small fuel tank with limited access, and the possibility of 

issues if the coating were to start coming off.  

 The short term problem with the fuel tank coating coming off would be the coating 

particles quickly clogging the fuel filter. If this were to happen in the middle of an event, the 

engine would be starved of fuel, leading to engine damage and a failure during the competition. 

Longer term problems with the coating coming off would be possible structural problems with 

the fuel tank if the E85 were allowed to attack the material. The solution to this is to perform 

physical testing using of all materials for the fuel tank before it is used in the car to verify that all 

materials perform as expected. 

Depending on the construction of the electric motor in the fuel pump, the current solution 

might be a possibility. Since 2009, GFR has used the fuel pump from a Honda CRF450R moto-

cross motorcycle. This is an extremely compact unit that integrates the fuel pump, filter, and 

pressure regulator into a single unit, shown in Figure 2. This decreases complexity and allows for 

tighter fuel tank packaging. The primary consideration when switching from gasoline to E85 will 

be to make sure the brushes used in the DC motor are made from carbon, rather than copper [9, 

17]. This will reduce brush wear due to the lower lubricity of ethanol, and prevents corrosion 

[17]. 
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Figure 2- Honda CRF450R Fuel Pump Package [20] 

 

To verify that the pump will perform with E85, one pump was torn apart to verify the 

materials of construction, and was run on the OSU engine dyno to verify operation and lifetime.  

After the pump is inspected for lifetime, it must be able to supply the required volume of 

fuel [4, 9]. Because of the reduced energy content in E85, a greater volume will need to be 

supplied to the engine. The pump flow rate was verified to be adequate during injector testing. 

 Fuel line selection would come down to working the manufacturers to find a hose that is 

both lightweight and completely resistant to E85. Brown and Miller Racing Solutions offers 

PTFE fuel hose with an abrasion resistant Kevlar braid that is 100% compatible with E85 show 

in Figure 3 [21]. 

 

Figure 3 - Brown and Miller Teflon Hose (Left), Optional Kevlar Braid (Right) [21] 
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 To supply fuel to the injector, a small accumulator called a fuel rail is required. Per the 

rules, the rail must be made from metal. GFR utilizes aluminum alloy to build the rail, but there 

are issues with corrosion causing seal and Foreign Object Debris (FOD) damage from flaking 

corrosion. Anodizing the rail will prevent this from occurring [9]. 

3.2 - Fuel Injectors 

Fuel injectors are electromechanical valves that regulate fuel entering the combustion 

chamber. Injectors are relatively simple devices, but are critical to correct engine operation and 

performance. They must deliver precise amounts of fuel throughout extreme temperature and 

operating voltage changes over the course of hundreds of thousands of driven miles. To that end, 

fuel injectors are characterized by both their static flow rate and dead time. A cutaway diagram 

of a typical fuel injector can be seen in Figure 4 

 

Figure 4 - Cutaway Diagram of a Typical Electrical Fuel Injector [23] 

 

Because of the decreased energy content of E85, it was determined that a fuel injector 

with increased capacity would be required. This was done using the air/fuel ratio (AFR) and 

injector duty cycle data recorded while running the CRF450X engine on gasoline. The average 

mass flow rate of air was determined to achieve a near stoichiometric AFR at maximum torque. 
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Using the calculated air mass flow rate and the stoichiometric AFR of E85, a new injector flow 

rate requirement was calculated. 

Fuel injectors are rated by the static volume flow rate of gasoline at a given pressure, 

typically cm3/minute at 300 kPa. Deviations from this fuel pressure will change the static flow 

rate by the square root of the pressure change, that is, to double the flow rate, the pressure will 

have to be quadrupled. Flow rate for a given engine is based on the air flow rate that an engine is 

able to sustain. A common way to size injectors in the aftermarket industry is to use the rated 

power of the engine and divide that into the number of injectors. 

Static flow rate does not tell the entire story. To maintain the correct AFR during all 

engine operation modes, the Engine Control Unit (ECU) pulses the injector for a specific amount 

of time during each cycle [6]. To calculate the pulse time, the ECU uses 3D lookup tables or 

“maps” to determine the exact pulse width that is needed. This pulse time is influenced primarily 

by the speed and load on the engine. As the load increases, the amount of fuel that needs to be 

injected will increase to maintain the correct AFR value. Increasing speed will increase the 

number of times the ECU will need to inject fuel in a given amount of time.  

Since AFR for a chemical reaction is based on the mass of each reaction component, 

environmental factors play a role in determining the correct pulse time of the injector for each 

cycle [8]. Because an internal combustion engine is a pump that is limited by the volume of air it 

can flow, significant changes in air density will change fuel requirements [8]. Barometric 

pressure and air temperature are significant environmental factors that directly impact fuel needs 

of an engine because they directly impact the density, and thus the mass of air, that flows into the 

engine.  
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To account for environmental effects, the ECU uses compensation tables that are 

formulated around the pulse time required to correctly account for these changes. Barometric 

pressure and air temperature are easy to compensate for by utilizing the ideal gas law to calculate 

for the mass of air each cycle will take in. MoTeC, the manufacturer of the ECU used in the GFR 

cars, expresses this as a percentage of the nominal pulse width [6]. A well sized injector on a 

well-tuned engine will have the injection time per cycle between 2 ms at idle and 8 ms at full 

load.  

3.2.1 - Injector characterization 

A critical aspect of performance common to all electronic fuel injectors used in 

automotive and motorsport applications is dead time characterization [23]. Due to the electro-

mechanical nature of the fuel injector, each time the injector is opened and closed there is an 

associated waiting period as the magnetic coil is energized and the valve of the injector opens. 

 During this time, fuel is considered to not be flowing. At the end of the injection pulse, 

there is a similar waiting period as the magnetic field in the injector coil collapses and allows the 

valve to close. During this time period, the injector is considered to still be flowing fuel [23]. 

This is illustrated in Figure 5. 
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Figure 5 - Injector Dead Time Illustrated 

 

Dynamics of the fuel system are designed such that the injector valve must fight fuel 

pressure to open [23]. This is opposite on injector closing, where fuel pressure is helping to close 

injector. This leads to an opening time that is longer than the closing time. Subtracting the 

closing time from the opening time is called the injector dead time. The injector is considered to 

not be flowing fuel for this amount of time during each pulse [6].  

d open closet t t   

When the ECU makes corrections to the injector pulse width based on changing 

environmental factors such as air temperature or barometric pressure, it makes a percentage 

change to the nominal pulse width, without changing the dead time. If the dead time is not 

correctly entered into the ECU, it will affect the AFR value of the combustion reaction as 

environmental parameters are varied [23].  
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This variation in AFR arises because the nominal injection time will be tuned at the 

environmental conditions of the tuning facility. If this is a test bench with relatively constant air 

temperature and pressure, the base injection times will be tuned with an inherent error that is 

equal to the difference of the entered dead time minus the true dead time of the injector.  

As the ECU varies the nominal injection time by a percentage based on environmental 

compensation tables, this error in dead time is also varied by a percentage while the actual dead 

time remains constant. These percent errors in dead time lead to large swings in AFR as air 

temperature and pressure change. 

3.2.2 - Dead time factors of influence 

To estimate the effect of dead time on the injector, a free body diagram of the injector 

valve is used, shown in Figure 6. Forces acting on the injector during the opening and closing 

cycles are the spring force from the injector spring, fuel pressure from the supply rail, viscous 

force from fuel flowing around the valve, inertial forces from moving the injector valve, and the 

magnetic force from the injector coil [23]. 

 

Figure 6 - Free Body Diamgram of Injector Valve [23] 
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valve spring fuelpres viscous inertia solenoidF F F F F F      

Assuming that spring force, fuel pressure, viscous force, and inertia of the valve assembly are 

constant or small compared to other forces, the only parameter that varies during operation of the 

engine is the force from changing supply voltage [23]. 

Voltage across the injector has a significant impact on the opening time. The field 

strength is proportional to current, which is equal to the voltage across the coil divided by the 

coil resistance. The magnetic force of a solenoid is proportional to the square of the magnetic 

field strength within. [23, 31]. 
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Assuming the solenoid resistance is constant, this results in the solenoid force being 

proportional to the square of the voltage across the coil. 

2F Vs coil  

Based on the assumption that all other forces acting on the injection valve are constant or 

very small, it can be assumed that the injector dead time will be proportional to the square of the 

voltage. 

2

d coilt V  

Supply voltage varies due to load on the electrical charging system in the car. System 

voltage typically varies between 12.6 and 14 volts DC as seen in data from competition 
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endurance in Figure 7. During cranking, when system voltage is low from the starter motor 

drawing a large current from the battery, the system voltage can drop to 11 VDC. 

 

Figure 7 - Battery Voltage Variation during FSG 13 Endurance 

 

To inject the correct amount of fuel the ECU needs to know the dead time of the injector 

at all operating voltages. To make the system robust, the ECU should be provided with dead 

times well outside of typical operating ranges. MoTeC recommends measuring injector dead 

time from 8 to 15 VDC [6]. Measuring the dynamic response of a fuel injector as it opens and 

closes is called injector characterization. 

3.2.3 - Injector flow and dead time measurement 

Measuring static flow rate and dead time was accomplished using a test stand built in the 

OSU engine lab. The stand was built using the components detailed in Table 1. 
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Table 1- Injector Test Stand Components 

Test stand Custom 

Fuel Pump Honda 16450-MEN-A51 

Fuel accumulator 1 liter aluminum 

Accumulator pressure sensor Variohm EPT2100-H-01000-B-5-A 

Voltage source Tektronix PS2520G 

Injector Controller MoTeC M400 

Timer and control interface MoTeC ACL 

Injector power supply control MoTeC E888 

Signal measurement Tektronix TDS 3054B 

Scale Mettler Toledo 

 

The test article is a Honda 16450-MEN-A51 electronic fuel injector. This is a Denso part 

that is specified for the 2011-2014 CRF450R motorcycle. It is easily available from any Honda 

Powersports dealer.  

3.2.4 - Measuring static volume flow rate 

To measure the static flow rate of the injector, a positive displacement gear type flow 

meter was used. This type of flow meter eliminates flow measurement inaccuracy that comes 

from viscosity changes in a fluid. It is also simple to operate and read. Specifications for the flow 

meter used can be found in table 2. 
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Table 2- AW Gears JVM-20KG-25 Flow Meter Specifications 

AW Gears  JVM-20KG-25 [24] 

Values recalculated to SI from imperial given in datasheet 

Minimum flow rate 0.0378  Liters/min 

Maximum flow rate 26.5 Liters/min 

Maximum working pressure 345 Bar 

Maximum working temperature 204 °C 

Accuracy 0.5% with 30cP fluid  

Repeatability 0.1%  

Output Digital Frequency Hz 

Pulses/liter 1743 cycle 

 

The flow meter was installed in the flow path between the fuel pump and the fuel rail. 

Since the Honda fuel pump is return-less, the only fuel that will flow through the flow meter is 

fuel spraying out of the injector. For the static flow test, the scale was not used. To measure the 

frequency of the flow meter, a MoTeC E888 expander module digital input was used. Flow rate 

was calculated by the MoTeC Advanced Central Logger (ACL) based on the meter output 

frequency specifications. 

To measure static flow rate, the injector was held open by the M400 in test mode with the 

test pressure at 3.5 Bar. The injector was allowed to flow for 1 second before flow rate 

observations were made to eliminate transient behavior of the injector, flow meter, and any 

pressure transient in the fuel rail. The flow meter measures the full flow rate of the fuel, so an 

extended test is not necessary after observations. The test was repeated 10 times. 
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Results  

Measured flow rate for the Honda 16450-MEN-A51 injector static flow rate are presented 

in table 3. 

Table 3- Measured Injector Flow Rates with Each Fuel 

Fuel Flow Rate 

Gasoline 410 cc/min 

E85 370 cc/min 

 

The most significant finding is that the static flow rate for E85 is significantly reduced 

compared to gasoline. This is expected due to the dynamic viscosity of E85 being 4 times greater 

than gasoline [30]. The difference in static injector flow rate will have a significant impact on the 

results of fuel use estimations because the primary method of measuring the mass per injection 

of fuel is to use the injector pulse width and static flow rate. 

3.2.5 - Measuring dead time 

Measuring dead time was done by the catch and weigh method. Using the test stand 

detailed in Table 1, dead time was found by first flowing the injector at full flow for 60s to find a 

per minute mass flow. After, the test was changed to pulsing the injector so that the transient 

dynamic dead time could be measured. 

To make calculating the dead time straight forward, the parameters listed in table 4 were 

used to perform the test. 
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Table 4- Injector Dead Time Test Parameters 

Parameter Value Unit 

Duty Cycle (DC) 50 % 

Frequency (f) 50 Hz 

Resultant pulse width (1/f)*DC 10 ms 

Test time 120 s 

 

Assuming the injector had zero transient time, performing the test for 120s at 50% duty 

cycle would result in an amount of fuel equal to 60s with the injector open. When the transient is 

included, the amount of fuel injected will be less. This is because for each 10ms pulse sent to the 

injector by the ECU, there is no fuel flow for part of that pulse.  

To find the dead time, the difference between the nominal mass per 10ms was compared 

to the actual mass measured per pulse. The dead time is then calculated as the amount of extra 

time the injector would need to stay open for each pulse to equal the nominal mass per 10ms 

pulse. 

To calculate the dead time, the following equations were used. 
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 The resultant unit of Injector dead time is in minutes. MoTeC ECUs are 

programmed to accept dead time numbers in microseconds [6]. To accomplish this, dead time 

values are multiplied by 60,000,000.  

The test was performed from 8 volts DC (VDC) to 15 VDC in 1 VDC steps. Each voltage 

step was performed 3 times and the average value was put into the compensation table in the 

M400 ECU software. Results are summarized in Table 5 and Figure 8. Results for the Bosch 945 

injector from GFR13 were measured by Yaw Power Products and were used to validate the 

method used for the OSU injector test stand. 

Table 5- Injector Dead Time Results 

Supply Voltage (DC) Bosch 945 Dead Time (ms) Honda 16450-MEN-A51 

Dead Time (ms) 

8 1.76 2.02 

9 1.42 1.58 

10 1.06 1.24 

11 0.86 1.08 

12 0.64 0.88 

13 0.54 0.74 

14 0.44 0.62 

15 0.36 0.52 
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Figure 8 - Injector Dead Time Plot 

 

The results for both injectors follow a 2nd order polynomial trend with R2 >.99 as 

predicted. Results from injector dead time testing will be used when taking pulse width 

information from the engine dynamometer and on track testing to estimate how much fuel will 

be required to finish an endurance. 
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4 - Engine Efficiency Testing 

 To be able to compare different fuels in a controlled manner, an engine dynamometer 

was used to measure important engine parameters. Torque measurement was performed on the 

OSU Superflow SF-901 water brake engine dynamometer. The load cell on the Superflow water 

brake was connected to a MoTeC Versatile Input Module (VIM) using a differential voltage 

input. All data was recorded by a MoTeC ACL over a Controller Area Network (CAN) bus [25]. 

 RPM, load, and pulse width data was exported as recorded. Recorded torque data was 

filtered using a 1st order, 0.5 hz low pass filter performed forward and backward in time using 

MoTeC i2 software. Filtering was necessary for the torque data because of the extreme transient 

torque variation during each cycle that was recorded by the ACL [25]. 

 Four engine configurations were used for comparison, detailed in Table 6, with the 

significant change from baseline in bold. Each engine configuration was otherwise kept the same 

to be able to directly measure the result of each change on engine performance. When the change 

to E85 was a made, significant work was done to re-tune the fuel map to the same level of 

performance as gasoline. 

Table 6 - Efficiency Testing Engine Configurations 

Configuration  

1 – Baseline GFR13 

gasoline 

CRF450X Engine, 13.5:1 compression, Megacycle X2 camshaft, 

3.8 liter intake plenum, 350mm exhaust, Bosch 945 fuel injector 

2 – New injector CRF450X Engine, Honda 16450-MEN-A51 injector 

3 – E85 CRF450X Engine, Honda 16450-MEN-A51 injector, E85 

4 – High compression E85 CRF450X Engine, 14:1 compression, E85 
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Each configuration was run through the same controlled method to record RPM, load, and 

injector pulse width data, detailed below. 

1. Bring cooling system to operating temperature using external engine heater. 

2. Start engine and allow engine oil to warm to 80°C 

3. Ensure all data collection systems are running 

4. Run engine through load and RPM sweep to collect data 

a. Bring throttle up to 10%, load engine to 5000 RPM (low end of driving range) 

b. Slowly release load on dyno until dyno load is completely released 

c. Increase throttle by 5%, load engine to 5000 RPM, release load 

d. Repeat step c until 100% throttle is reached 

i. Maintain engine oil temperature below 110°C 

5. Allow engine to cool and repeat entire sweep 3 times. 

 To generate P-V diagrams, the engine was brought up to operating temperature and run at 

the torque peak, 9000 RPM. Five sets of pressure versus crank angle measurements were made 

for 10 engine cycles each. Ignition timing was increased in 5 steps of 5° adjustments from 

nominal to directly measure the knock point for each engine configuration. Ignition timing was 

then reduced in 5 steps of 5° adjustments from nominal to find the Minimum timing for Best 

Torque (MBT) [8]. 

 Results from the ignition timing sweeps were also used to evaluate knock performance. 

Since knock is undesirable, it is critical to know how close to the limit the engine is running 

when it is making the most torque in a given configuration [13]. Knock also negatively affects 
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fuel efficiency because part of the combustion charge energy is not being used to drive the piston 

[26].  

4.1 – Engine Dynamometer Testing Results 

As can be seen in Figure 9, raw engine torque data is extremely noisy. This is, in part, 

due to the extremely transient nature of a single cylinder engine [25]. To make the data usable, 

the torque data was filtered using a first order low pass filter set at 0.5 hz. Filtering was 

performed forward and backward in time to eliminate the phase shift.   

 

Figure 9- Engine torque output directly recorded from Superflow load cell 

 

Filtered torque data was used in conjunction with RPM data to calculate engine power 

output at each relevant engine operating point. 
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Looking at results for torque in Figure 10, it can be seen that E85 delivers slightly more 

throughout much of the RPM range, a delta of 0-1.25 N-m. This translates to a similar increase in 

power throughout the driving range seen in Figure 11. 

 

Figure 10 - Engine Torque Output, Pink is E85, White is gasoline 

 

Figure 11 - Engine Power Output, Blue is E85, White is gasoline 
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Curves showing torque output vs. rpm of the engine are useful for determining overall 

performance of the engine, along with showing characteristics of how “drivable” the engine will 

be in a car. Drivability is subjective, but in general an engine that has lower transient variation in 

torque throughout the driving RPM range will be easier to handle since it provides more 

consistent acceleration force to the tires.   

4.2 - Brake Specific Fuel Consumption Results 

 

 Brake specific fuel consumption is a direct measure of how efficiently an engine is able 

to convert chemical energy stored in a fuel into usable work out of an engine. Brake specific fuel 

consumption is found by dividing engine power output into fuel mass flow rate. In SI units, this 

results in BSFC expressed as grams/joule. Since increasing efficiency means using less fuel to 

make the same amount of power, it is desired to reduce the BSFC value of an engine. 

Looking at slices of Brake Specific Fuel Consumption (BSFC) results for both gasoline 

and E85 in Figures 12 and 13 shows that E85 requires between about 1.3 and 1.45 times more 

fuel to reach the same power output as gasoline. Taking into account the 1.4 fuel volume divider, 

at the low end of the driving range, 7000 RPM, E85 is about 6% more efficient than gasoline. As 

the engine move up the RPM scale, E85 loses efficiency down to about 4% less efficient than gas 

at 9500 RPM, shown on Figure 14.  

During endurance, the engine is limited to 9500 RPM because of the increase in BSFC 

seen in both E85 and gasoline. Looking at a histogram of endurance RPM data in Figure 15, it 

can be seen that the engine spends the most time around 8000 RPM, where the efficiency 

advantage is about 3% for E85. 
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Figure 12- Gasoline Brake Specific Fuel Consumption at 100% Engine Load 

 

Figure 13- E85 Brake Specific Fuel Consumption at 100% Engine Load 
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Figure 14- E85 to Gasoline BSFC Ratio 

 

 

Figure 15- FSG13 Endurance Engine RPM Histogram with Throttle Position Data 
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 BSFC is a good way to characterize the efficiency of an overall engine package. The rise 

in BSFC seen from E85 data is most likely caused by a lack of in depth ignition timing tuning. 

Getting ignition timing set for maximum efficiency requires a much more complex feedback 

system than fuel, which can be done with a commonly available wideband AFR sensor.  

Tuning ignition timing with precision requires the ability to measure the pressure in the 

cylinder as the combustion process is happening. The best ignition timing point is found when 

peak cylinder pressure is maximized without causing the engine to suffer from abnormal 

combustion or knock. Ignition tuning can take significantly more time to tune than fuel since the 

data from an in cylinder pressure system is generally not available in real time and must be post 

processed to be useful. 

4.3 - In Cylinder Pressure Measurement 

 

 To determine the knocking point of each engine configuration with a high level of 

certainty, a team developed in cylinder pressure measurement system was used [15]. The system 

consists of an AVL ZF43 spark plug with integral GH13Z-24 pressure sensor, Kistler type 5010 

charge amplifier, BEI H25 digital encoder, and a National Instruments PCIe 6361 DAQ board. 

The system was developed in 2012 by John Sprainis and has been refined by Robert Culbertson 

to better determine offset angles.  

 Figure 16 shows the complete Otto cycle for a 4 stroke piston engine, starting at the 

beginning of the intake stroke. The figure shows a cycle that does not exhibit abnormal 

combustion behavior, indicated by the smoothness of the power stroke as the pressure drops 

from the peak at 60 BAR. 
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Figure 16- Cylinder Pressure Data Showing the complete 4 stroke Otto cycle 

 

Thermodynamic results of in cylinder pressure measurement are beyond the scope of this 

project. The primary use of measuring cylinder pressure during testing was to find the knock 

point of both gasoline and E85 fuels and to evaluate the possibility to push the engine further 

with increased compression or forced induction.  

Finding the knock point by varying ignition timing will show how close to the limit the 

fuel is being run [34]. If the point of maximum torque is close to the knock limit, then the fuel is 

being used near its maximum potential. Conversely, if ignition advance can be increased a 

significant amount after the torque peak is found without inducing knock, then there is room to 
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increase combustion chamber pressures and gain more power [2, 13]. Figure 17 shows an 

example of cylinder pressure exhibiting minor knock, shown by the jagged nature of the pressure 

trace as pressure falls from the peak. Severe abnormal combustion would show larger pressure 

spikes and variation through the power stroke, and will lead to premature engine failure. 

 

Figure 17- Example of cylinder pressure while engine is knocking 

 

 Based on testing performed, the baseline gasoline engine is near the knock point when 

ignition timing is producing the maximum brake torque. Increasing ignition timing does not 

increase torque output before the engine suffers from knock, as seen in Figure 12. This indicates 

that trying to increase power in the engine with more mechanical compression or forced 

induction will lead to problems with abnormal combustion.  
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E85 has a much larger margin for knock, and even running the highest compression 

piston commercially available, did not suffer knock before losing torque with increased ignition 

timing. This indicates that the engine is capable of running with increased charge density, 

although that would require a turbo or supercharger to achieve, increasing the complexity of the 

engine system significantly. 

5 – Linking Dynamometer and Competition Data to Make Fuel Choice 

  Low frequency of events and changing tracks make choosing which fuel to use based on 

competition testing difficult. Testing the car outside of competition can help, but requires many 

more resources than an engine test bench, and can be hampered by component failure on the rest 

of the car. By taking engine dynamometer and linking it to data taken at previous competitions, 

an estimate for how much fuel will be used to complete an endurance was performed.   

 To estimate fuel volume used, a MatLab script was constructed that fit a polynomial 

function to RPM, load, and pulse width data. The polynomial was generated using the polyfitn 

function and is 5th order in RPM and Load,  

( ,Load)Pulsewidth f RPM  

Running an internal combustion engine always results in some small variations of pulse 

width at a given RPM and load based on environmental compensations. Because of this, the R 

squared term for polynomial fit was expected to be relatively low, on the order of .95 to .98. To 

be sure that the polynomial would reasonably fit the data, it was graphed with the recorded data 

to provide a visual check, shown in Figure 18. 



 

36 

 

 

 

 

Figure 18- Injector Pulsewidth Polyfit 3D surface overlaid on recorded data, CRF450R Injector. 

Data indicates that the polynomial fit is reasonable to use for estimating fuel use. 

 

Using collected injector, engine dyno, and on track running data, the required amount of 

fuel to complete the endurance run was estimated. At each data point from FSG13 endurance, the 

RPM and load were used to evaluate the fuel injector pulse width. For each data step, the 

following equations calculate the amount of fuel injected: 

injector

step

cycle step

PW V
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t f
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 Summing the volume of fuel used for each data step results in an estimation for the total 

amount of fuel used over the dataset. Initially the fuel volume used was reported approximately 

10% higher than measured during the FSG13 endurance, 2.94 liters VS. 2.69 liters as measured 

at competition. This was found to be from a discrepancy between how the M400 reports the 
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injector pulse width and the signal that the injector receives. The M400 always reports the 

calculated injector pulse width based on the main fuel map and any environmental 

compensations. This does not take into account over run fuel cut.  

When the M400 senses that the throttle is closed, it stops pulsing the fuel injector so that 

fuel is not used when the car is decelerating. Because of the discrepancy between reported pulse 

width and the actual signal sent to the injector, the volume of fuel that the car would use is 

overestimated by about 10%. This was confirmed by running the estimation calculator with a 

statement that set Vstep equal to zero if the throttle position was equal to zero.  

After correcting the script to include overrun fuel cut, the estimated volume of fuel use 

for FSG13 endurance was 2.72 liters, an error of 2.1% compared to 2.69 liters from the official 

FSG13 results. This estimation was done using the engine as it was configured for FSG13 to 

check the validity of the estimation. The difference is likely due to the air temperature difference 

between the OSU engine room and FSG13, around 25°C compared to around 35°C during 

competition. To maintain the correct running AFR, the ECU decreased pulse widths at 

competition to compensate for the air density reduction. 

5.1 – Estimating Endurance Fuel Use Based on Energy Requirement 

 To estimate the energy that would be generated by the engine during an endurance event, 

a power VS. RPM and load surface was generated using MatLab. The data used was collected on 

the OSU engine dyno  

At each data step, the engine power output was multiplied by the data time step, yielding 

the energy that the engine generated at the output shaft during that time step in joules. Summing 
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the energy generation over the course of the endurance yields the total amount of energy that the 

engine generated to the output shaft. 

1

step step step
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total step

E P t
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 To find the overall efficiency of the engine throughout an endurance event, the energy 

generated is divided by the total chemical energy of the fuel, in this case gasoline or E85. In 

reality, the amount of energy that can be generated by the engine might be limited by other 

performance aspects of the car. Summing the energy output possible for the FSG13 endurance 

will allow comparisons between different engine configurations. Results are summarized in table 

7. 
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Table 7- Endurance Energy Estimation 

Engine configuration Fuel 

Used, 

Actual 

Fuel Used, 

Rules 

Gasoline 

Equivalent 

Energy 

Generated 

Overall Efficiency 

Configuration 1 2.72 L 2.72 L 27.3 MJ 32.4% 

Configuration 2 2.72 L 2.72 L 28.6 MJ 34.0% 

Configuration 3 3.77 L 2.69 L 28.4 MJ 32.4% 

Configuration 4 3.77 L 2.69 L 29.4 MJ 33.6% 

 

 Based on the data collected, it can be seen that the most efficient endurance will be using 

configuration 2. After taking into account the fact that E85 fuel used volumes are divided by 1.4, 



 

39 

 

 

 

it is shown that from a simple volume use stand point, either configuration 2 using gasoline or 

configuration 4 using E85 will yield a nearly identical point value.  

Total energy generated by the engine tells a different story, as can be seen in table 7. 

Over the course of an endurance, engine configuration 4 produces 2.1 additional megajoules of 

energy. Assuming that the FSG endurance run only requires the amount of energy generated by 

the baseline engine configuration, an extrapolation was made using overall efficiency to estimate 

the volume of fuel required to generate 27.3 megajoules. Table 8 summarizes the results. 

Table 8- Extrapolated Fuel Requirement from Energy Required 

Engine configuration Fuel Used, 

Actual 

Energy 

Produced 

Fuel estimated 

for 27.3 MJ 

Fuel Used, 

Rules 

Gasoline 

Equivalent 

Configuration 1 2.72 L 27.3 MJ 2.72 L 2.72 L 

Configuration 2 2.72 L 28.6 MJ 2.59 L 2.59 L 

Configuration 3 3.77 L 28.4 MJ 3.63 L 2.59 L 

Configuration 4 3.77 L 29.4 MJ 3.50 L 2.50 L 

 

These results give configuration 4 an overall efficiency advantage by requiring just over 0.2 

fewer liters than the baseline to finish endurance. 

5.2 - Points Affect based on Fuel Use 

There are two ways to interpret the data collected. The first is that with configuration 4, 

the car will be able to produce faster lap times based on the additional 2.1 MJ of energy 

produced in the same amount of time. The FSAE rules are written such that both faster lap times 

and lower fuel consumption result in an increased efficiency score. To estimate the effect on 
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points that having more power throughout the run would make would require a complete lap 

time simulation and is beyond the scope of this project. 

 The second way to interpret the data is that the lap times are fixed, thus configuration 4 

will result in an increased efficiency score based on requiring less fuel to complete the endurance 

run. The number of points that this will gain depends largely on the lap times and efficiency 

scores of the other cars that complete the run, so data must be compared for each competition. 

 In the case of FSG13, the GFR car scored first place in fuel efficiency by using 0.15 liters 

per average lap time of 73.48 seconds [32]. This resulted in an efficiency factor of .93 because 

the volume per lap was greater than the minimum recorded. 

Second place in fuel efficiency was University of Washington with 98.15 points using 

0.14 liters per average lap of 79.77 seconds. This resulted in an efficiency factor of 0.9 because 

of lap times that were slower. 

Holding all other teams fixed, the decrease from 2.69 to 2.5 liters of fuel used would 

result in the GFR car receiving a perfect efficiency factor of 1. This would result in 2nd place 

University of Washington receiving 93.75 points, or an overall increase of 4.4 points for GFR.  
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6 - Conclusion 

Using data collected on the OSU engine dynamometer, a method was developed to 

predict the fuel volume required to finish an FSAE endurance event with different engine 

configurations and different fuels. Data from FSG13 was used to validate this method. It was 

shown with the use of in cylinder pressure measurement, that a naturally aspirated CRF450X has 

a significant reduction in torque output before the knock limit is reached with E85, even with the 

highest compression ratio possible using commercial parts.  

Based on an energy analysis, it was shown that running an engine based around E85 for 

fuel, that the number of points earned at FSG13 would have been increased by about 4.4. While 

this is not significant in the scope of a 1000 point competition, it is enough points to affect 

overall place, and in some cases, 4.4 additional points would be enough to go from 2nd place to 

1st place overall.  

Looking at the results compiled on the FS Combustion world ranking list however, there 

are only two examples since the 2009 change from 50 to 100 points for fuel efficiency were the 

additional points would have led to an overall win from 2nd place. Based on these results and the 

overall competition results of the GFR team, the switch to E85 is not advisable, partly because 

the additional points have not been needed to win, and the reduced reliability and increased work 

and weight needed to run E85 as the fuel source.  

 E85 becomes a benefit when more power output is required, which based on testing will 

require a turbo or supercharger to get from a 450cc single cylinder engine. E85’s ability to resist 

knock allows for increased combustion chamber pressures and thus increased power output, and 

the ability of E85 to cool the intake air charge more than gasoline due to increased heat of 

vaporization aids pre-ignition issue resistance and increases air charge density to increase power. 
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6.1 - Future Work 

Based on the results of engine dynamometer testing, it was shown that a naturally 

aspirated CRF450X was not able to reach the knock limit of E85 before reaching maximum 

torque output. This indicates that there is room to increase chamber pressure to extract more 

performance out of the fuel. To do this in a cost effective manner will require the use of a turbo 

or supercharger due to the physical limits of the combustion chamber to increase the 

compression ratio above 14:1. 
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