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max temperature of 372K.  The fuel flow measurement however became 

unreliable at around 338K. It was determined that by only heating the fuel, this 

would in turn cause the density of the fuel to decrease which leads to a smaller 

mass flow rate and therefore a leaner mixture.  To separate the effects of the 

heated fuel from the effects of a change in stoichiometry, a second test was 

needed. 

 The second experiment consisted of again slowly heating the n-Heptane 

fuel and comparing it to varying the ambient temperature fuel flow rate by the 

carburetor high speed needle.  Due to the difficulty of obtaining a small accurate 

step size with the human eye, the step size was limited to 1/8 of a turn at a time 

over a range of 1/2 of a turn. The same positions were used at each fuel 

temperature and are illustrated in Figure 9. 

RICH 
Mixture 

LEAN 
Mixture 

CARBURETOR POSITION NUMBER 

1 2 3 4 5 

Figure 9. Carburetor position overview 
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IV. Analysis and Results 

Cylinder Pressure and Knock 

The first series of tests performed used the PCB pressure transducer.  

The high speed data was taken at 40 kHz for 0.5 seconds.  With this transducer, 

the profile of the pressure curve in the data is accurate, however the magnitude 

and true pressure value may not be.  This is due to not having a reference 

pressure and the spark plug mount had a slight crack in it causing pressure loss.  

Therefore, all of the pressure curves were normalized by dividing the pressure by 

the peak pressure of the profile.  Expectations were that knock would not be 

seen with iso-Octane, but would be exhibited with n-Heptane [5].  Two methods 

used to evaluate the knocking characteristic were visually and statistically.   

To visually address the knock, the recorded pressure curves were 

compared with Figure 2.  The iso-Octane performed as expected, and did not 

exhibit any signs of knocking in the load ranges evaluated.  When n-Heptane 

was used however, signs of slight knocking were evident at the high load data 

points, which were less than 3000 RPM at 80% throttle and less than 3300 RPM 

at 90% throttle.  Figure 10 shows an example of n-Heptane slightly knocking with 

90% throttle at 3000 RPM.  As seen in the figure after the peak cylinder pressure 

is reached, the pressure curve begins to oscillate slightly.   

To statistically evaluate the knock, a standard deviation of the pressure 

curve was calculated.  A range of pressure beyond the peak (10-40) was chosen 

so that a linear fit could be used to provide estimated “no knock” pressures. 
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mean standard deviation with error is plotted in Figure 11 with corresponding 

throttle position and engine speed shown in Table 11.   

 

Table 11. Engine speed, throttle position and BMEP for data in Figure 11 

 

  

Figure 11. Standard deviation for pressures of iso-Octane and n-

Heptane at multiple engine loadings using stock timing 
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As with the visual analysis, the trend of deviation versus BMEP shows no 

significant increase.  Analyzing the trend further, it can be argued that when the 

error is taken into account, the deviation across the BMEP becomes constant.  

To address the severity of the knock by the standard deviation value proved to 

be a challenge.  Since there is no documented correlation between the standard 

deviation knock severity, only a comparison of the two fuels could be made.  

When compared, n-Heptane shows no higher deviation than iso-Octane.   

Therefore, the only conclusion that can be made is that both fuels have the same 

knocking characteristics in this engine at the engine loads evaluated.   

The severity of the knock that was shown with n-Heptane was much less 

than what was expected.  The mild knock severity is thought to be due to both 

the high cylinder surface area-to-volume ratio and the low compression ratio of 

the engine.  The result of a high area-to-volume ratio is that more heat can be 

dissipated, thus leaving less “hot spots” on the cylinder walls that could cause 

surface ignition.  In addition, this engine’s compression ratio, approximately 8, is 

near the lower end of the range for small spark-ignition engines [5].  A lower 

compression ratio results in lower cylinder temperatures and pressures and thus 

reduces the probability of pre-ignition/knock.   However, even though this mild 

severity was demonstrated, different ambient conditions could provide different 

results.   

In addition to high engine loading, knock characteristics were analyzed 

during the heated fuel tests.  Three temperatures were evaluated with n-

Heptane, 289K (ambient), 311K and 344K, all at 100% throttle and 4000 RPM.  
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This set of data was captured using the Optrand pressure sensor.  The high 

speed data was taken at 40 kHz for 0.5 seconds.  The pressure sensor did 

however fail at the end of this testing.  The magnitudes of the pressure profiles 

are assumed to be inaccurate due to the overheated pressure sensor, but the 

profiles are assumed to be true.  Similarly with earlier data, the pressures were 

normalized by dividing by the peak value.  Two data sets were taken for ambient 

and 311K fuel temperature, however once the pressure transducer failed, only 3 

power cycles were able to be captured at the 344K fuel temperature (Raw data 

can be found in Appendix E).   The same statistical approach was used for this 

data to obtain an average standard deviation at each temperature and can be 

seen in Figure 12. 

 

Figure 12. Knock variance vs. fuel temperature for n-Heptane at 4000 RPM 

with 100% throttle, 42° BTDC timing and 289K air temperature 
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The expectation for the standard deviation versus fuel temperature trend is an 

increase in deviation as fuel temperature increases.  Comparing our results 

however, the standard deviation stayed constant through the three temperatures.  

The upper x-axis of Figure 12 is the estimated mixture temperature, which is 

based off an air temperature of 289K.  From the plot, it is clear that heating the 

fuel by 50 Kelvin only increases the mixture temperature by about 10 Kelvin.  

This fact could explain why no increase in knock was exhibited with higher fuel 

temperatures.  On the other hand, if the air temperature was increased by 50 

Kelvin, the knock characteristics with n-Heptane could be much worse. 

Engine Performance Map 

One of the research objectives was to compare the BSFC for the two fuels 

in a stock, factory delivered configuration.  The engine map for iso-Octane and n-

Heptane were used to complete this objective and can be seen in Figure 13 and 

Figure 14, respectively.  Comparing the contour lines over the entire engine map 

indicate n-Heptane has on average a 4.1% lower BSFC than iso-Octane.  

Alternatively, to perhaps obtain a more useful result, the BSFC was compared 

along a 17x10 propeller engine loading (shown in Figure 13).  The resulting 

BSFC with both fuels was plotted against engine speed and is shown in Figure 

15.  N-Heptane is shown to exhibit on average 12.91% lower BSFC along this 

specific loading line when compared to iso-Octane.  Generally when comparing a 

low ON fuel with a high ON fuel, a decrease in brake specific fuel consumption 

should be evident [12], and it appears to be verified in this engine by these results. 
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Figure 13. Fuji BF-34EI engine map with iso-Octane using stock timing 

 

Figure 14. Fuji BF-34EI engine map with n-Heptane using stock timing 
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Since the torque is constant along a particular load line, the BSFC’s shown in 

Figure 15 must be driven by fuel flow.  To make a comparison of the two engine 

maps simpler, a percent difference contour plot was created and can be seen in 

Figure 16.  The contour lines on this plot relate to the percent decrease in BSFC 

from iso-Octane to n-Heptane. Therefore a positive percentage favors n-Heptane 

(black scan line area) and a negative one favors iso-Octane (green checkered 

area).  This figure is particularly helpful in showing that there are distinct loading 

areas that are desirable depending on the type of fuel being used.  Ultimately, 

even though on average n-Heptane exhibits less specific fuel consumption, in 

order to truly assess the positive (or negative) impact of using n-Heptane the real 

world operating conditions are needed.   

 

Figure 15. BSFC vs. engine speed for n-Heptane and iso-Octane using a 

factory configured engine (stock timing, carburetor needle position) 

with a typical 17x10 propeller load 
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For example, even if on average n-Heptane has 14.1% lower BSFC over the 

17x10 prop loading, the scenario could be that 90% of the time the UAV is 

operating in the favorable iso-Octane region, therefore making the use of the 

average value inaccurate. 

Spark Timing Optimization  

The first objective before optimizing on spark timing was to see if it was 

even needed.  To address this concern, the peaks of the cylinder pressure 

profiles were analyzed.  Figure 17 shows a comparison of a selected pressure 

profile of n-Heptane and iso-Octane for the Fuji engine.  For this plot, the ignition 

 

Figure 16. Percent difference contour plot between n-Heptane and iso-

Octane engine maps 
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signal was not recorded, but it is indicated on the n-Heptane curve at 2 

milliseconds.   

Ideally, independent of what fuel is used, the pressure profile should be 

similar during the compression phase of the engine cycle up to ignition.  The plot 

shows a close correlation in the curves before the ignition event.  After the 

ignition of the n-Heptane mixture, the peak pressure occurred at about 0.4 

milliseconds sooner than the iso-Octane mixture.  This result agrees with 

documented ignition times [9] and with experimental results showing a 5-10 cm/s 

increase in laminar flame speed with n-Heptane over iso-Octane [13].  In Figure 

17, the maximum cylinder pressure for n-Heptane was consistently higher for this 

data point, which should correlate to overall higher power.  However, when the 

data is compared at the 85% throttle/4000 RPM operating point, the iso-Octane 

 

Figure 17. Fuji cylinder pressure profile for iso-Octane & n-Heptane at 85% 

throttle, 4000 RPM, 42° BTDC timing and 295K ambient temperature 
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mixture outputs 0.87 Hp compared to 0.8 Hp from n-Heptane.  The cause for this 

occurrence is hypothesized to be due to spark timing.  In theory, the ideal peak 

cylinder pressure for any fuel should occur around 16 degrees ATDC [5].  

Converting the 0.4ms difference in peak values to degrees at 4000 RPM, you 

obtain 9.6 degrees.  Assuming that the iso-Octane peak pressure occurs at or 

near the ideal point of 16 degrees ATDC, leaves the n-Heptane peak at 6.4 

degrees ATDC.  This result alone would indicate than in order to obtain the 

maximum work from the combustion cycle for n-Heptane, the spark timing needs 

to be optimized to allow the peak of the pressure curve to be at 16 degrees 

ATDC. 

The Optrand pressure sensor was used to take another look at the 

cylinder pressures with n-Heptane.  For this data, a reference pressure was not 

used, but the magnitudes are correct.  Also, the spark signal and crankshaft 

signal were recorded to be able to accurately place the pressure profiles on a 

degree axis.  The three n-Heptane pressure curves versus crankshaft position 

can be seen in Figure 18 and versus time in Figure 19.  These figures show 

several important things; the magnitude of pressure, location of the peaks and 

timing of the spark.  The stock timing box is variable and a function of engine 

speed.  The spark timing demonstrated on these pressure profiles match up well 

with the stock timing curve (can be seen in Figure 25); which validate the results. 

The 4000 and 4500 RPM curves both have similar magnitudes, but the 3500 

RPM curve is considerably lower.  To help explain this, the recorded fuel flow 

rates were looked at.  Theoretically, if the throttle and carburetor needle valves 
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are held at a fixed location, the amount of fuel per cycle used should be the same 

regardless of engine speed.   

 

Figure 18. Cylinder pressure vs. crankshaft position for n-Heptane at 

3500, 4000 and 4500 RPM with stock timing, 100% throttle and 293K 

ambient temperature 

 

Figure 19. Cylinder pressure vs. relative time (0 ms at spark event) for n-

Heptane at 3500, 4000 and 4500 RPM with stock timing, 100% throttle and 

293K ambient temperature 
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Table 12 shows that for 4000 and 4500 RPM, the average volume of fuel per 

cycle is about the same, but this is not the case for 3500 RPM.   

Table 12. Average volume of n-Heptane per cycle 

Avg Engine

Speed (RPM)
4504.29 4020.00 3506.67

Avg Torque (ft-lb) 1.29 1.22 0.60

Avg Fuel Flow 

Rate (cc/min)
7.96 7.00 4.48

Volume of Fuel 

per Cycle (mm3)
3.54 3.48 2.56

 

If less fuel was being brought into the cylinder each cycle, this would lead to less 

energy being produced and in turn less cylinder pressures, which would account 

for the pressure profile of 3500 RPM in Figure 18.  This demonstrates the need 

for a small scale fuel injector, as it is clear this carburetor is not the most 

accurate at metering the fuel.  Lastly, the location of the peak pressure profile 

needed to be examined to determine if spark timing should be adjusted for max 

performance.  It should be noted, for all of the pressure data presented in Figure 

18 and Figure 19, a representative profile was chosen for each condition.  The 

location of the peak pressure and magnitudes of the pressures can change 

slightly from one cycle to another due to the nature of IC engines (as seen in the 

raw data in Appendix E).  In Figure 18, the peak pressure lies at 6.44, 13.44 and 

14.57 for 4500, 4000 and 3500 RPM, respectfully.  One reason for the difference 

in location with respect to TDC is the fact that the timing is changing versus 

engine speed.  The measured timing for the three curves 4500, 4000 and 3500 

RPM is 45, 42 and 41 degrees, respectfully.  It is clear that the stock timing is not 
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ideal for n-Heptane.  Alternatively, when these same pressure profiles are plotted 

versus time (Figure 19), an interesting trend is noticed.  The time it takes the 

combustion event to reach its maximum pressure decreases as engine speed 

increases.  This trend will be important later during the spark timing discussion.  

The analysis of the n-Heptane pressure profiles showed the need to 

optimize the timing to obtain our maximum performance.  When several BMEP 

versus rpm points were evaluated corresponding to the typical load profile 

(shown in Figure 13), it is shown that varied spark timing only has a small affect 

on BSFC.   High speed data was taken for each spark timing step which included 

the crankshaft signal, timing box output signal, spark signal and cylinder 

pressure.  An example of one cycle of the raw data can be seen in Figure 20.   

 

Figure 20. High speed data example using n-Heptane at 2700 RPM, 35° 

BTDC timing, 16% throttle and 296K ambient temperature 
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Each one of these files were analyzed and one of the items looked at was the 

actual spark timing versus the input spark timing.  The crankshaft sensor’s high 

to low signal is known to occur at 45.1 degrees BTDC, therefore the delta 

between the crankshaft high to low signal and spark signal was taken and 

converted to degrees.  Figure 21 shows the true error between the set value and 

actual value for each engine speed.  Excluding the endpoints of 3000 RPM, the 

error is within +/- 5 degrees.  Due to the non-constant nature of the IC engine 

and only knowing the crankshaft position at one point in the cycle, there was a 

small amount of error in the timing from cycle to cycle.   

Only one cycle was analyzed per data point however, which would explain the 

inconsistent error versus timing.  To obtain a more accurate error estimate for 

each engine speed, in order to plot the actual timing, the average of each of the 

errors were taken.  A bar graph of these average errors can be found in Figure 

 

Figure 21. Input vs. actual spark timing 
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22.  The DAQ records the spark timing which you have inputted, therefore the 

average error was needed to obtain actual spark timing.   

There are three main items that will be looked at to determine the optimum spark 

timing; torque, fuel flow and BSFC.  Depending on the situation, one may want to 

set the timing to obtain the maximum torque or vice versa, the minimum fuel flow.  

The raw data consisted of eight to ten data points per timing value.  The data 

was plotted and any obvious outliers in the data were discarded.  The remaining 

data points were averaged based on timing.  Additionally, as discussed earlier, 

the timing values were adjusted according to the average error for that particular 

engine speed.  Next, the averaged values of torque, fuel flow and BSFC were 

plotted against the actual timing.  It is known [5]  that the trend of torque versus 

spark advance should be parabolic; therefore a parabolic trend line was fitted to 

the averaged torque data.  The trend seen with the fuel flow rate is that it stays 

constant versus spark timing, which should be expected since the throttle and 

carburetor were held fixed at each engine speed and theoretically would allow 

 

Figure 22. Average spark timing error 
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the engine to intake the same amount of fuel each cycle.  The averaged data 

plots for each of the load points and the raw data can be found in Appendix E.   

All of this data is summarized in Figure 23 for minimum BSFC and Figure 24 for 

maximum torque.   

The curves represent the parabolic trend lines fitted to the averaged data (in 

Appendix E).   Since the fuel flow rate was constant over the timing, the average 

value for each engine speed is overlaid onto the trend line.  Next, the optimum 

timing location and stock timing locations were overlaid onto the trend lines for 

each engine speed.  Lastly, (ignoring the 2700 RPM curve) a line was drawn 

connecting the optimum and stock points.   

 

Figure 23. Summary of BSFC vs. ignition timing for n-Heptane for a 17x10 

prop engine loading 
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Depending on engine loading it appears that BSFC and torque can be greatly 

affected by the spark timing.  Comparing the optimum and stock points show that 

for n-Heptane, the timing needs to be shifted five to seven degrees.  Next, the 

optimum timing points for n-Heptane are looked at more closely.  

Since the fuel flow rates being near constant through the range of timing, 

the resulting optimum timing for a minimum BSFC and maximum torque is very 

similar.  For each engine speed tested, the optimum spark timing for max torque 

and minimum BSFC were tabulated and plotted (Figure 25).  In addition, the 

stock ignition box spark timing sequence was plotted.   

 

Figure 24. Summary of torque vs. ignition timing for n-Heptane for a 

17x10 prop engine loading 
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The stock timing is assumed to be optimized for gasoline; therefore one 

expectation was for n-Heptane to require less spark advance.  A second 

expectation was that the optimum timing (regardless of fuel type) at 

stoichiometric conditions should follow a trend of greater advance as engine 

speed increases.  The first expectation was verified with the exception of the 

2700 RPM data point.  Out of each of the engine speeds tested, the 2700 RPM 

point actually had the highest correlation from its trend line, which suggests it 

being the most accurate in the set.  The test temperatures at each optimum 

timing point are tabulated in Table 13.  The average ambient and fuel 

temperatures for each data set are within 6 Kelvin, but head temperatures vary 

up to 27 Kelvin.  The goal of looking at the test temperature was to correlate a 

lower mixture or cylinder temperature to the 2700 RPM point, which would result 

 

Figure 25. Optimum spark advance (BTDC) for maximum torque and 

minimum BSFC vs. stock with n-Heptane 
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in the mixture burning slower and thus requiring more spark advance, but there 

seems to be no real correlation between test temperatures and optimum timing.   

Table 13. Test temperatures at the optimum spark timing for n-Heptane 

 

The carburetor is equipped with both a low speed and high speed jet.  Although 

the engine speed that it transitions is not known, if 2700 RPM happened to be 

using the low speed fuel jet, it could have been set to a different air/fuel ratio 

therefore altering the time it would take for the mixture to fully combust.  

The second expectation did not seem to be as clearly met.  The optimum 

spark timing advance increased until 3500 RPM and then leveled off at around 

35 degrees BTDC.  If the crankshaft position is translated back to the time 

domain, the constant degrees would translate to a decrease in time between the 

spark event and peak pressure as the engine speed increased.  This trend has 

been seen before in Figure 19.  One cause of this trend may be that the 

equivalence ratio is not constant across the engine speeds.  It is known [8] that 

laminar flame speeds decrease as the air to fuel mixture drifts from stoichiometric 

conditions.  Unfortunately, since the air flow was not measured and the 

RPM Head Temp (K) Fuel Temp (K) Ambient Temp (K)

2700 353.52 286.30 295.75

3000 355.22 284.11 294.11

3500 376.08 282.44 292.75

4500 347.22 281.33 291.33

5000 382.36 287.44 292.87

5500 370.32 284.67 292.49

5700 380.00 283.00 292.33

Average Temperatures at the Optimum Timing
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volumetric efficiency is not known, the equivalence ratio cannot be calculated or 

estimated to any degree of accuracy.  Another reason for this trend could be that 

at higher engine speeds, the flow into the cylinder is becoming more turbulent, 

which leads to better mixing of the air and fuel and in turn to greater flame 

speeds, therefore eliminating the need to advance the spark.  

To analyze the performance effects of optimizing the spark timing by itself, 

both the minimum BSFC and maximum torque was tabulated.  Table 14 shows 

the percent decrease in BSFC between the stock timing and optimum timing.  

Table 15 outlines the desired torque and the percent increase from the actual 

torque at stock timing and optimized torque.   

Table 14. BSFC comparison between stock and optimized spark timing with 

n-Heptane at a typical 17x10 propeller engine loading 

RPM

BSFC w/Stock 

Timing (lb/hr/hp)

BSFC w/Optimized 

Timing (lb/hr/hp) % Decrease

2700 3.103 2.012 35.16%

3000 5.274 5.111 3.09%

3500 3.084 3.016 2.21%

4500 2.911 2.537 12.83%

5000 1.477 1.441 2.39%

5500 1.077 1.002 7.01%

5700 0.812 0.789 2.85%

9.36%Average . 

As seen in the both tables, depending on the engine speed and loading, the 

benefit can vary from slight to considerable.  The 2700 and 4500 RPM points 

benefitted the most.  On average, for the loading and speed points that were 

assessed, the BSFC was decreased by 9.36% and torque increased by 4.45%.   
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Table 15. Torque comparison between stock and optimized spark timing 

with n-Heptane at a typical propeller engine loading 

RPM

Desired Torque

for Prop 

Load (ft-lb)

Actual Torque 

at Stock 

Timing (ft-lb)

Torque at 

Optimized 

Timing (ft-lb) % Increase

2700 0.1920 0.1693 0.2004 18.40%

3000 0.2160 0.0851 0.0867 1.89%

3500 0.2780 0.3646 0.3673 0.74%

4500 0.4680 0.3955 0.4077 3.08%

5000 0.6010 0.5987 0.6068 1.37%

5500 0.7400 0.7982 0.8221 3.00%

5700 0.8010 0.9323 0.9572 2.68%

4.45%Average  

This isolated result highlights the fact that a factory configured engine is able to 

be used with n-Heptane without a real need to optimize the spark timing.   

However the result presented here is for one load profile and could be 

considerable different at a different engine loading and/or ambient conditions.  I 

believe the benefit of optimizing on the spark timing can only be accurately 

assessed if a wider range of engine operating conditions are looked at and if it is 

coupled with the optimization of equivalence ratio and mixture temperature at the 

same time. 

Heated Fuel Analysis  

 For the first test using a heated n-Heptane mixture, the results of BSFC 

can be seen in Figure 26 and Figure 27 for torque and fuel flow.  The results 

were plotted against fuel temperature.  Analyzing Figure 26, the results seem 

very positive, with BSFC decreasing dramatically as the fuel temperature is 

increased.   
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Figure 26. BSFC vs. fuel temperature for heated n-Heptane test #1 at 

4000 RPM, 85% throttle and 42° BTDC timing 

 

Figure 27. Torque and fuel flow rate for heated n-Heptane test #1 at 

4000 RPM, 85% throttle and 42° BTDC timing 
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However, when the raw torque and fuel flow data are plotted, it can be seen that 

torque does not appear to be dependent on fuel temperature, but the fuel flow 

rate is decreasing with fuel temperature.  Therefore it appears that BSFC is being 

dominated by the fuel flow rate. The experiment was run at a constant throttle, 

engine speed and carburetor needle position, but as fuel is heated, its density 

decreases which in turn leads to a leaner mixture. Therefore, the decreased 

specific fuel consumption seems to be more a function of equivalence ratio than 

fuel temperature.  To separate the effects of equivalence ratio from the effects of 

fuel temperature, a second experiment was completed.   

 In this experiment, two variables were changed.  First, using n-Heptane at 

ambient room temperature, the carburetor’s high speed needle was changed 

while engine speed and throttle were held fixed.  Next, once again the heater 

was turned on and the fuel constantly rose in temperature.  The resulting BSFC 

and torque from each of these scenarios can now be plotted versus fuel flow and 

compared (Figure 29 and Figure 28).  Using heat to lean the mixture appears to 

increase BSFC and decrease torque.  However at the lowest fuel flow rates, the 

heated mixture appears to produce as much torque and lower BSFC than the 

ambient temperature mixture.  Ideally with heating the fuel, it should cause the 

ignition times to decrease, therefore incorrect spark timing for the heated mixture 

could be a cause for the decrease performance at higher fuel flow rates. Even 

thought the first two experiments did not isolate the effects of fuel temperature on 

performance, it is clear from the results that equivalence ratio has a substantial 

effect on BSFC and torque.   
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Figure 28. Equivalence ratio affect on torque vs. volumetric fuel flow 

rate with n-Heptane at 4000 RPM, 42° BTDC timing, 100% throttle 

 

Figure 29. Equivalence ratio affect on BSFC vs. volumetric fuel flow 

rate with n-Heptane at 4000 RPM, 42° BTDC timing, 100% throttle 
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The last heated fuel experiment took another step to increase accuracy 

and separate the affect of a heated mixture from equivalence ratio. This test was 

completed with both n-Heptane and iso-Octane for reference.  For n-Heptane, 

the leanest mixture (carburetor needle position 5 in Figure 9) caused the engine 

to run rough, which led to scattered data.  These fuel flow rates are denoted on 

the resulting figures.  Similarly for iso-Octane, position 4 had scattered data, but 

the engine would not run at all using position 5.  Additionally for iso-Octane, only 

ambient temperature, 300 and 311K data was taken before the engine slipped its 

rear crankshaft seal and ended the experiment.   In the heated fuel analysis 

(Appendix C), at an ambient temperature of 280 K, both a stoichiometric n-

Heptane and iso-Octane mixture should not need heat addition to fully vaporize 

in the air.  Using the highest fuel temperatures (311K for iso-Octane and 344K for 

n-Heptane) the estimated stoichiometric mixture temperature at 280K ambient 

temperature is 284K for iso-Octane and 289K for n-Heptane.  Both of these 

mixture temperatures are above the liquid vapor lines, therefore much benefit is 

not expected from the vaporization standpoint.  One other benefit would be the 

extra energy you could obtain from a heated mixture.  This however, if assuming 

a 10K increase (best case), would only attribute to 20 kJ/kg when multiplied by 

the specific heat of the fuel.  This value is only 0.045% of the heat of combustion.   

These theoretical calculations were verified by the experiment.  The BSFC was 

plotted against the volumetric fuel flow rate for each temperature and fuel and 

can be seen in Figure 30 and Figure 32.  Additionally, torque was plotted against 

volumetric fuel flow rate and is shown in Figure 31 and Figure 33.   
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Figure 30. Heated fuel affect on BSFC vs. volumetric fuel flow for n-

Heptane at 4000 RPM, 42° BTDC timing, WOT 

 

Figure 31. Heated fuel affect on Torque vs. volumetric fuel flow for n-

Heptane at 4000 RPM, 42° BTDC timing, WOT 
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Figure 32. Heated fuel affect on BSFC vs. volumetric fuel flow for iso-

Octane at 4000 RPM, 42° BTDC timing, 100% throttle 

 

Figure 33. Heated fuel affect on Torque vs. volumetric fuel flow for iso-

Octane at 4000 RPM, 42° BTDC timing, 100% throttle  
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For n-Heptane, its minimum BSFC and maximum torque appear to occur at 

ambient fuel temperatures, but it is argued that the measurement error leads to it 

overlapping the other data.  There was no benefit seen in the data for iso-

Octane. The increased fuel temperature and ultimately the mixture temperature 

appear to have little to no effect on the performance of this engine.  Alternatively 

the equivalence ratio seems to have the greatest effect.  The raw data can be 

found in Appendix F.  

 Specifically comparing the iso-Octane and n-Heptane performance, the 

iso-Octane for this operating point has a greater torque output and leads to a 

lower BSFC.  This could have been predicted as this result matches well with 

BSFC difference map in Figure 16. 
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V.  Conclusions and Recommendations 

Conclusions of Research 

The FUJI BF34-EI, a stock gasoline spark ignition engine, successfully ran 

a zero ON fuel (n-Heptane) with decreased BSFC compared to a high ON fuel 

(iso-Octane); specifically an average of 4.1% lower in a stock configuration over 

its entire engine loading and an average of 12.61% lower over a 17x10 propeller 

load profile.  If only spark timing was varied using n-Heptane over the propeller 

load, an average decrease of 9.4% for BSFC and increase of 4.45% for torque 

was exhibited.  These particular results were at ambient conditions and it is 

expected that BSFC can be reduced greater by optimizing equivalence ratio with 

spark timing. The effect of slightly heating both fuels to increase mixture 

temperature was shown to have negligible effects on the BSFC and torque of this 

engine.  If the mixture temperature (via the air) is above the liquid-vapor 

temperature, the fuel temperature must be heated much higher to see an 

increase in energy, due to the magnitude of the fuels heat of combustion.   

The knocking characteristic of this engine using n-Heptane was shown to 

be very slight to non-existent when compared to iso-Octane.  Ultimately, the 

results show that a factory, as delivered, engine will run n-Heptane with 

negligible effects of knock and with increased performance (min BSFC) at 

specific engine loading points when compared to iso-Octane.  The results of this 

Thesis can be directly related to JP-8, which provide steps toward NATO and the 

OSD’s single fuel approach with this engine.  A future objective is to maximize 
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performance by optimizing spark timing and equivalence ratio to reduce the 

BSFC to less than 0.5 lb/hr/hp across a specific propeller load profile. 

Recommendations for Future Research 

 Below is a list of recommend future research and objectives.  Using JP-8 

and maximizing efficiency with it in these small engines are critical for the future 

of UAS’s.    

1. Complete an efficiency and power optimization on three variables; 

spark timing, equivalence ratio and fuel mixture temperature, for a 

given number of engine loading points.  Suggest choosing a grid of 

operating points on the performance map.   

2. Optimizing the Fuji engine with JP-8.  Use #1 as a starting point. 

3. Due to limited UAS payload, the volumetric efficiency of this engine 

needs to be mapped in order to effectively vary equivalence ratio via a 

fuel injector without needing an air flow sensor. 

4. Setup new hardware in support of tests in #1 to #3 

a. Setup a higher accurate throttle controller which includes a 

measurement of actual throttle butterfly valve position. 

b. Use the Lee Company micro dispensing valve to setup a fuel 

injector for this engine.  

c. Setup an air flow sensor to be able to obtain actual fuel/air ratio. 

d. Add encoder to the crankshaft to allow for a high accuracy spark 

timing setting.  
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