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ABSTRACT

The purpose of this project is to study three different potential fuels that may be used as a spec class race fuel. Sunoco race fuel, E-98, and 92 octane pump gasoline were analyzed and researched. Environmental effects, horsepower, torque, fuel consumption, and cost were all analyzed in determining the best fuel for the application. These properties were compared so that the most affordable and mindful fuel could be used by the spec class racers. 
INTRODUCTION
The objective of the group was to test three separate fuels and find their total potential for racing use in a 5.3 liter sealed engine. The engine is prospectively going to be part of a spec racing class; therefore it is sealed so that any illegal modifications can be easily found in a mandatory inspection.  E-98 was researched and tested using the Minnesota State University, Mankato facilities. E-98 is a blend of 98% ethanol and 2% Sunoco Standard Leaded gasoline.  
The group collaborated with local race engine builder Tim Schwanke. His business, Schwanke Engines, is located in Springfield Minnesota. He was a valuable resource for the group’s research. Mr. Schwanke is on the verge of starting a sealed engine race class at the local dirt tracks. His goal is to make an affordable race class with the use of a sealed, low cost, highly reliable engine. In addition to saving substantial amounts of money, Tim was also looking at lower cost fuel alternatives. One of the fuels that make financial sense is ethanol. Ethanol’s price per gallon is comparative to the price of 92 P.O.N. gasoline, but with the octane benefits of race fuel. Although they are comparatively the same price per gallon, E-98 has less energy per gallon therefore needs to be burned with a richer fuel mixture which leads to a decrease in fuel mileage. But an advantage to E-98 is that it is produced locally and is a renewable fuel. Mr. Schwanke has also found that E-98 is a more consistent fuel than pump gasoline when testing day to day.
environmental effects and THE compatibility of ethanol

Environmental

Ethanol is a natural by-product of fermented organic matter, which is relatively non-toxic when compared to gasoline.  It degrades naturally and is readily broken down in the subsurface, groundwater, and surface water.  This means that it is less of a threat to the environment than gasoline. Ethanol does not contaminate ground water because it binds easily with soil and poses no threat to surface water because it is easily diluted with water (1).  
Gasoline, on the other hand, may contain a variety of harmful chemicals such as Methyl Tertiary Butyl Ether, benzene, toluene, hexane, and xylene which are toxic and do pollute our water supply. MTBE is a gasoline additive used to increase the octane rating. Although MTBE is not used in all parts of the United States, it is an additive that needs to be replaced with a safer alternative (2).  Pure ethanol was found to have an octane rating of 115, which is more than enough octane for every street-legal vehicle. 

Fortunately, Ethanol is water-soluble and can be diluted easily, lessening the chances of combustion in the event of a spill.  In the event of a spill, water can be used to dilute the concentration of ethanol in the immediate area (1).  The soil can also be excavated to speed up the natural degradation process.

Material Compatibility

A problem commonly encountered with converting an engine from gasoline to ethanol is the corrosive properties of ethanol.  Many common materials like rubber, plastic, steel, and aluminum may be corroded by ethanol.  Elastomers such as rubber O-rings, seals, and hoses tend to swell and lose strength over prolonged contact with ethanol.  This leads to potential fuel leaks and fire hazards.  Corrosion inhibitors provide a protective shield from the ethanol and automobile manufacturers are now using materials that will not be affected by ethanol.  All of the materials that are in contact with fuel on the 5.3L engine used in this project are fully compatible with ethanol (3). These materials include the rubber used in the fuel hose and the aluminum used in the fuel tank.  
calculating power

theoretical Calculated power methods
Before the engine was coupled to the dynamometer for torque testing, theoretical values were calculated.    Theoretical power was calculated by using three mathematical methods. These three methods were the fuel injector flow rate, air flow, and engine computer simulation methods. All three methods give approximate numbers and are not exact, but they do help realize if the actual testing was done correctly. The three methods that were used are discussed below.
Fuel Injector Flow Rate Method
The fuel injector flow method was completed using a New Age fuel injector flow bench.  By measuring the amount of fluid flowed in milliliters with the injector fully open, and the time in seconds it took to be flowed, the flow of an injector can be calculated.  After the flow rates were found, Equation 1 was used to find the peak horsepower that the injectors would be able to produce. 
	Equation 1
	
	

	Horsepower
	=
	Injector Flow Rate (Lbs./Hr) x # of injectors x inj. on time

	
	
	Brake Specific Fuel Consumption


Two sets of injectors, P/N: GM 25317628 (stock) and P/N: GM 24508208, were flowed using the same procedure.  The injectors were statically flowed one at a time starting with 20ml in the graduated cylinder.  Using the appropriate stock fuel pressure (58 psi), the duration of time that the injector was flowing and the amount of fuel flowed, the injector flow rate was found.  
	Equation 2
	
	
	
	
	
	

	Lbs.
	=
	mL
	x
	g
	x
	3600 sec
	x
	S.G. of Test Fluid
	x
	Lbs.

	Hour
	
	sec
	
	mL
	
	Hour
	
	
	
	453.59g


These two sets of data were combined to obtain milliliters per second.  Then, using Equation 2, pounds per hour values were obtained.  The #25317628 injectors used were the stock injectors for the 5.3 liter engine advertised as 26 lb/hr and the #24508208 injectors advertised as 46 lb/hr.  
The measured flow rates were 27.0 lb/hr and 44.4 lb/hr respectively.
Using the “as tested” pressures, the theoretical flow rate for each injector was calculated using Equation 3.  This calculation yielded 30.7 lb/hr for stock and 47.3 lb/hr for the aftermarket injectors.
	  Equation 3
	
	
	
	
	

	Lbs.
	=
	√(
	P1
	)
	x
	Measured  Lbs.

	Hour
	
	
	P2
	
	
	Hr


With the calculated flow rates for both sets of injectors and the brake specific fuel consumption obtained from dyno testing, the theoretical horsepower produced by the engine was calculated with Equation 1 (4).  This calculation gave 445.4 horsepower for the stock injectors with Mobil 92 P.O.N. fuel, and 450.2 horsepower for the #24508208 injectors and E98.  The maximum injector on time was assumed to be 85% and the BSFC was .469 for Mobil 92 P.O.N. and 0.714 for E-98.   
The stock injectors were found to have sufficient flow rates for the Sunoco race gas and the optimum fuel pressure was found to be 58 psi which is the same configuration as with the Mobil 92 P.O.N. octane fuel.  Since this is the same configuration as the Mobil gasoline, the calculations for injector flow rate and horsepower for race gas were identical to that of the Mobil 92 P.O.N. octane fuel. 
Air Flow Method

When testing an engine it is always good to know as much information about the engine specifications as possible. The more information that is known about the cylinder heads, the more accurate the power numbers can be predicted. The most important thing to know about a cylinder head is what quantity of air can pass through it.  By knowing how much air the cylinder head flows it is possible to predict the potential horsepower of the engine and what RPM the peak occurs.  

The effective valve area was calculated by measuring the intake valve area and the valve stem area. This measurement is necessary to compare different intake valves on an equal basis.  

The cylinder heads from the 5.3L engine were tested using a SuperFlow SF-1020 flow bench.  A series of three tests were done to find an average flow rate of the head. Table 1 also displays the results from a series of valve lift points and shows how much air was flowed through the cylinder head at each respective point. This important flow information was then used with SuperFlow’s theoretical equation to find out how much power can be produced with these heads.

	Table 1
	
	

	 
	Data for Cylinder Head # 862 
	 

	 
	Average Air Flow of Three Tests
	 

	 
	Valve Lift (in.) 
	Flow (cfm)
	
	 

	 
	0.095
	54.1
	
	 

	 
	0.19
	107.4
	
	 

	 
	0.285
	159.4
	
	 

	 
	0.38
	190
	
	 

	 
	0.475
	192.3
	
	 

	 
	0.525
	194.8
	
	 

	 
	0.57
	198.9
	
	 

	 
	0.665
	206.1
	
	 

	Intake Valve Diameter (inches) : 
	1.9

	 
	Valve Stem Diameter (inches) :
	0.313

	Effective Valve Area (cubic inches) : 
	2.757

	Intake Port Volume (mL of water) : 
	202

	Port Length (inches) : 
	5.5

	 
	Max Camshaft Lift (inches) : 
	0.525

	Effective Valve Area = Intake Valve Area - Valve Stem Area


Using Equation 4 (5), the calculated maximum horsepower that the cylinder heads could support while running on gasoline was 420.77 hp.  The RPM at which the peak horsepower would occur was found to be 6066 RPM by using Equation 5 (5).  Since the dynamometer measures torque, Equation 6 was used to convert the horsepower number to torque.  This yielded 364.3 lb-ft of torque.  

Equation 4
	HP
	=
	0.27
	x
	Corrected Flow (cfm)


Equation 5
	RPM
	=
	1265
	x
	Corrected Test Flow (cfm)
	x
	# of Cylinders

	
	
	Engine Displacement


Equation 6
	Torque
	=
	Horsepower
	x
	5252

	
	
	RPM


These calculated figures are just theoretical numbers.  The engine would only be able to produce these power numbers if all the variables in the engine were optimized.  

Engine Analyzer Software Method
The Engine Analyzer Version 3.0 allows simulation of an engine build-up or modification on a personal computer. It uses complex mathematical formulas to solve predicted power levels and curves.  To utilize these formulas all of the important engine dimensions and dynamic measurements were entered into the software program. 
Some of the measurements include bore, stroke, camshaft profile, head flow data, and exhaust flow. A 5.3L cylinder head was flowed on a SuperFlow flow bench three times and the numbers were averaged so that the head flow was known. The camshaft was measured using the Cam Pro Plus machine so that the specifications could be entered into the cam specification part of the software.
The software makes it much easier to predict performance changes if future modifications are to be done. This would give an idea of what the most cost effective modification would be. 
The engine analyzer program calculated that peak horsepower would occur at 5670 RPM and would be 409 HP. It also predicted that peak torque would occur at 4430 RPM and would be at 396 lb-ft. 

summary table of theoretical methods 
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Dynamometer Testing
After using the theoretical approaches to find approximate power numbers, the three different fuels were tested using an engine dynamometer. In this section the dynamometer calibration and testing procedure along with the gathered data are presented. The calibration procedure was used before a set of ten successive runs were made with each type of fuel. 
Calibration Procedure
1.
Calibrate Dynamometer – Hang calibration arm and weight on load cell. Following test procedures found in the Superflow SF-901 operators manual, adjust torque measurement until board reads 436.13 lb-ft.

2.
Take reading from the barometer in Nelson Hall 103.  Be sure to correct for temperature and latitude.

3.
With the dynamometer room fan on, engine at 180 degrees Fahrenheit and loaded by the servo at 2500 RPM, take a relative humidity reading with the sling psychrometer directly in front of the air turbine.  Using the table in the SF-901 operator’s manual, convert temperatures to vapor pressure and enter the value into the input data.

Making a run
1.
Set the load control to Servo, make sure test RPM is set at 300RPM per sec and the test selector is set in the acceleration mode.  Start test selector is at 3500 and upper test is set at 6300.  Erase memory and monitor oil and water temps.
2.
Let the engine oil warm up to 196 degrees Fahrenheit.  Slowly open throttle to wide open.  Let the engine speed stabilize at 3500 RPM and as soon as the oil temperature goes to 198 degrees Fahrenheit and the water temp is approximately 180 degrees Fahrenheit, hit the auto test button.   
3.
During the run, monitor exhaust gas temperatures, fuel level, oil pressure, and listen for normal operation.  

4.
When the run is finished, decrease throttle slowly and turn on floor fan to help cool the oil pan.  Shut down engine and wait for oil temp to get below 193 degrees before starting another run.  Doing this will allow the water temperature to reach the oil temperature.  Before starting another run, be sure to turn the floor fan off. 

Accuracy of measured information 

To be sure that the gathered information on fuel consumption was accurate, a Depac fuel management system for fuel injection was used. The purpose of the system is to ensure that the SuperFlow Dynamometer Bench receives accurate fuel flow information. It works as an accumulator for the fuel system, utilizing a high pressure and a unique pyramid shape to supply a steady flow of un-aerated fuel to the engine’s fuel pump. This ensures that there isn’t any air in the fuel flow meter. 

This allows for accurate readings of the engines fuel consumption because air induced fuel would cause error by being read by the flow meter. The system is plumbed after the dynamometer supply fuel pump and fuel meter. Once the fuel is accumulated in the pyramid, fuel is supplied to the engine’s high pressure pump. The fuel not used by the engine is returned to the pyramid by the engines pressure return line. A picture of the pyramid is shown in Figure 5. 
Another procedure was also used to make sure that the dynamometer was reading the correct lambda number.  A lambda sensor was used to electronically measure the ratio. It was placed in a bung located on the exhaust header collector. The oxygen sensor relayed information to a data acquisition system which recorded the air fuel ratio. The dynamometer was reading the exact same information as the oxygen sensor which proved that the readings were correct.  

Figure #5   Depac Fuel Management System
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Changes made to engine for running different fuels

The changes made to the engine to accommodate the different fuels consisted of changing the fuel injectors and adjusting the fuel pressure.  For testing Mobil 92 P.O.N. octane fuel, the stock 27 lb/hr injectors did not have to be changed, nor did the fuel pressure need changing to run adequately.   However, changing the fuel pressure to 58 psi from the baseline 52 psi yielded peak horsepower for Mobil 92 P.O.N. octane fuel.  The optimum fuel pressure was found by testing the engine and noting the value of horsepower produced.  Then the fuel pressure was changed and the engine was tested again while noting the change in horsepower. Using this method repeatedly, the optimum pressure was found for each fuel.  The stock 27 lb/hr injectors were used for Mobil 92 P.O.N. octane fuel and race gas at 58 psi.  The aftermarket 44.4 lb/hr injectors were used for E-98 at 51 psi.    

To find optimum fuel pressure, the engine was tested for maximum power by adjusting the fuel pressure.  The stock 27 lb/hr injectors were used for 92 octane fuel, and the aftermarket 44.4 lb/hr injectors for E98.  The optimum pressure for Mobil 92 P.O.N. octane fuel was found to be 58 psi.  Optimum pressure for E98 was found to be 51 psi.  
Dynamometer Test Numbers
Three different fuels were tested to find their optimum power. These fuels were Mobil 92 P.O.N gasoline, 110 P.O.N Sunoco race fuel, and 98 percent ethanol. Each of these fuels was tested on two different days and on each day 10 runs were made. After the 10 runs were made the average of the runs was then calculated. The average runs can be seen in Figures 1. The statistics of each of the averages can be seen in Table 2. 
Figure 1. Averages of Three Fuels
[image: image3.emf]Measured Torque Comparison

300

320

340

360

380

400

3600390042004500480051005400570060006300

Engine Speed RPM

Torque (lb-ft)

Pump Gas

Race Gas

E-98


Using pump gas as the base fuel, Table 2 shows whether or not the test fuels (race gas and E-98) actually had a positive, negative or no change in power over an average of dynamometer test results. The method was determined by finding the max power (Torque lb-ft @4500 rpm) for all three fuels and then determining the standard deviation and using the 95% confidence level of the base fuel to determine a range of power in which the test fuel had to fall outside of to be considered a definite change of a 95% confidence level. If the test fuel results fell in between the range then no change in power could be recognized with a 95% level of confidence. According to the table results the race gas proved no certain gain or loss in power, being that one result was no change, one positive (Yes +), and two negative (Yes -). As for the E-98 all four comparisons vs. pump gas yielded a positive gain in power with 95% confidence, as shown on Table 2 by a Yes +. 

The average torque that was found for running pump gasoline at 58 psi was 385.48 lb-ft. While the race gasoline produced an average of 383.96 lb-ft when also being ran at the optimum 58 psi. The average measured torque for E-98 was found to be 401.06 lb-ft while being ran at the optimum 51 psi. 
Table 2

	95% confidence of Base (pump gas) at 4500 rpm
	 
	 
	 

	 
	
	 Test #1
	Test #2

	 
	H.P.
	Torque (lb-ft) 
	382.03(+/-)1.0927
	388.93(+/-)1.5998

	Pump Gas
	
	
	380.103--383.957
	387.330--390.53

	Test #1
	355.5
	382.03
	                                        
	                                     

	Test #2
	360.1
	388.93
	                                        
	                                    

	Average of Test 1 and 2
	358
	385.48
	
	
	 

	 
	
	
	
	
	 

	 
	
	
	382.03(+/-)1.0927
	388.93(+/-)1.5998

	Race Gas
	
	
	380.103--383.957
	387.330--390.53

	Test #1
	355.6
	383.57
	No Change
	Yes -

	Test #2
	354.8
	384.34
	Yes +
	Yes -

	Average of Test 1 and 2
	355
	383.96
	
	
	 

	 
	
	
	
	
	 

	 
	
	
	382.03(+/-)1.0927
	388.93(+/-)1.5998

	E- 98
	
	
	380.103--383.957
	387.330--390.53

	Test #1
	370.7
	400.77
	Yes +
	Yes +

	Test #2
	371.3
	401.34
	Yes +
	Yes +

	Average of Test 1 and 2
	371
	401.06
	
	
	 

	 
	
	
	No means no change

	 
	
	
	Yes +, Positve Gain

	 
	
	
	Yes -, Negative Gain

	 
	 
	 
	From Base fuel, Tests vs both base fuel tests


 Cost Analysis of the fuels
After the runs were performed and the average horse power was calculated, the cost for running the engine for 1 hour was calculated using Equation 6 (6). The number of gallons of fuel used per hour is included so the price changes can be accounted for in the future. This was accomplished by using the measured average Brake Specific Fuel Consumption (BSFC) numbers from the dynamometer runs.  These numbers can be seen in Tables 3, 4 and 5. 
	Equation 6
	
	
	
	
	

	Cost Analysis Formula: 
	 
	 
	 

	$
	x
	1 Gal   
	x
	Ft^3    
	x
	=
	$

	Gal    
	
	.1336806 Ft^3
	
	62.4 lb
	
	
	

	Sg  
	x
	B.S.F.C. 
	(
	lb     
	)
	
	  Hp Hour

	
	
	
	
	 Hp Hr.
	
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	Table 3
	
	
	
	
	
	
	
	

	E-98
	
	
	
	
	
	
	
	
	
	

	(Avg. Hp 1  +  Avg. Hp 2 )/2  =  (346.5 Hp + 347.2 Hp)/2 = 346.85 Hp

	(Avg. BSFC 1  +  Avg. BSFC 2 )/2 = 
	
	
	
	
	
	 

	(0.7267 lb/Hp hour +0.7532 lb/Hp hour)/2 = 0.73995 lb/Hp Hour

	 
	
	
	
	
	
	
	
	
	
	 

	$1.60 
	x
	      1 Gal   
	x
	Ft^3
	x
	0.79
	x
	0.73995 lb     
	=
	$0.11 

	Gal
	
	.1336806 Ft^3
	
	62.4 lb 
	
	
	
	Hp  Hour
	
	Hp Hour

	 
	
	
	
	
	
	
	
	
	
	 

	$0.11 
	x
	 346.85 Hp 
	=
	$38.89 / Hour
	
	
	
	 

	Hp Hour
	
	
	
	
	
	
	
	 

	$38.89 
	x
	1 Gal
	=
	24.31 Gal / Hour
	
	
	
	 

	Hour      
	
	$1.60 
	
	
	 
	 
	 
	 

	Table 4
	
	
	
	
	
	
	
	

	110 Octane Race Gas 
	
	
	
	
	
	

	(Avg. Hp 1  +  Avg. Hp 2 )/2  =  (333.2 Hp + 332.2 Hp)/2 = 332.7 Hp 

	(Avg. BSFC 1  +  Avg. BSFC 2 )/2 = 
	
	
	
	
	
	 

	(0.5263 lb/Hp hour +0.5365 lb/Hp hour)/2 = 0.5314 lb/Hp Hour

	 
	
	
	
	
	
	
	
	
	
	 

	$3.85 
	x
	      1 Gal   
	x
	Ft^3
	x
	0.73
	x
	0.5314 lb     
	=
	$0.18 

	Gal
	
	.1336806 Ft^3
	
	62.4 lb 
	
	
	
	Hp  Hour
	
	Hp Hour

	 
	
	
	
	
	
	
	
	
	
	 

	$0.18 
	x
	 332.7 Hp 
	=
	$59.57 / Hour
	
	
	
	 

	Hp Hour
	
	
	
	
	
	
	
	 

	$59.57 
	x
	1 Gal
	=
	15.47 Gal / Hour
	
	
	
	 

	Hour      
	
	$3.85 
	
	
	 
	 
	 
	 

	Table 5
	
	
	
	
	
	
	
	

	Mobil 92 P.O.N. Pump Gas 
	
	
	
	
	
	

	(Avg. Hp 1  +  Avg. Hp 2 )/2  =  (337.4 Hp + 333.4 Hp)/2 = 335.4 Hp 

	(Avg. BSFC 1  +  Avg. BSFC 2 )/2 = 
	
	
	
	
	
	 

	(0.4535 lb/Hp hour +0.4590 lb/Hp hour)/2 = 0.4562 lb/Hp Hour

	 
	
	
	
	
	
	
	
	
	
	 

	$1.60 
	x
	      1 Gal   
	x
	Ft^3
	x
	0.72
	x
	0.4562 lb     
	=
	$0.06 

	Gal
	
	.1336806 Ft^3
	
	62.4 lb 
	
	
	
	Hp  Hour
	
	Hp Hour

	$0.06 
	x
	 335.4 Hp 
	=
	$21.00 / Hour
	
	
	
	 

	Hp Hour
	
	
	
	
	
	
	
	 

	$21.00 
	x
	1 Gal
	=
	13.13 Gal / Hour
	
	
	
	 

	Hour      
	
	$1.60 
	
	
	 
	 
	 
	 


Conclusion
The first part of the project was to study the environmental and compatibility issues concerning the fuels. Some gasoline was found to have very toxic additives that contaminate drinking water. These additives are to increase the octane rating of the fuel. Since ethanol is by nature a high octane fuel these harmful additives are unnecessary.  Ethanol was found to be the superior fuel environmentally speaking.  

The theoretical power values were then studied so that future testing done on the dynamometer could be somewhat verified. The theoretical horsepower values ranged from 420.77 to 409.

Before the testing was started a simple but effective calibration procedure was devised. This ensured that our day to day testing was going to give us relative and meaningful information instead of giving us false numbers.

Dynamometer testing revealed that E-98 produced 15.58 lb-ft more torque than pump gas and 17.1 lb-ft more than race gasoline.  
The only changes that were necessary to run the E-98 fuel was to switch fuel injectors and adjust fuel pressure accordingly so that optimum power output was achieved. The most power for E-98 was found while running the 44.4 lb/hr injectors at 51 psi while the pump gasoline and race gas required running the 27 lb/hr injectors at 58 psi.   

The cost of running each fuel was then calculated using the information that was gathered on brake specific fuel consumption and the cost of the fuel itself. Pump gasoline was found to be the most affordable at $21.00 per hour while E-98 was in the middle for cost at $38.89 per hour, leaving race gas to be the highest costing fuel at $59.57 per hour. 

In conclusion; E-98 is the most mindful fuel that was tested when compared to pump and race gasoline. E-98 is the least hazardous and produces more power than the other two fuels. If affordability is the biggest concern with the spec class then pump gasoline is the most beneficial to use.  
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