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Abstract 

New engine development process is time consuming and requires high cost of expenses. It 

is preferred to use simulation and reach goals such as meeting power targets before the 

engine is made. This reduces cost and shortens the development time. The major challenge 

of engine modeling is ensuring the model is accurately predicting the actual engine 

behavior. Only when the simulation results are close to the actual engine output, can the 

model be used for development. 

The goal of this project was to increase the power output of a single-cylinder engine for a 

recreational vehicle application, using only a 1-D cycle simulation tool to provide insight 

of the required changes. It was necessary to make several assumptions during the model 

development because data for the engine was limited. The assumed data and specifications 

were obtained from technical paper references, textbooks, and from trial and error iteration 

until the best results were obtained. The price of development was also taken into 

consideration so changes applied to the engine were limited as not all modifications were 

practical, such as intake air boosting. 

During the simulation process, it was found that late combustion was restricting the power 

as the engine speed increased. This was due to the fixed spark timing and was addressed 

by advancing it. Once this problem was solved, volumetric efficiency was found to be the 

major reason limiting the power output. Different trials were tested considering the 

development price and it was found that changing the camshaft to different settings was 

helpful with improving the air flow rate. The increase of compression ratio was also helpful 

and could be realized with minor changes to the engine setup. It was found that the 

carburetor minimum diameter was actually not a cause of air flow restriction. 
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1 Introduction 

Internal combustion engines are widely used for transportation, power tools and power 

generation. Depending on the application, engines of all sizes are made and can be found 

in the market. In some occasions, the size of an engine might be limited. The more power 

that the engine could generate, the higher flexibility it could get. This study focuses on 

improving the power of a multi-purpose engine to further extend its use. 

1.1 Main Project Goal 

The Yamaha MZ360 multi-purpose engine was selected as a baseline engine to look for 

power improvement and extending its use. The engine operates in the range of 2000 – 4000 

rpm and has a maximum power of 7.6 kW at 3600 rpm [2]. If the speed range was extended 

and the power increased, the engine would become useful for additional applications. A 1-

D engine cycle simulation model was built to predict the possible performance with 

multiple changes. The goal was to operate the engine up to 6000 rpm and reach a power 

target of twice the baseline, i.e. ~15 kW. 

The required minimum lifetime of a utility engine depends on the rated power, total 

displacement, and the application. The Code of Federal Regulations (CFR) lists the 

nominal useful life period for a commercial non-handheld engine, with displacement above 

100 cc and maximum power below 19 kW of 1000 hours [1]. The manufacturer can choose 

to have a longer useful life in 100-hour increments but cannot exceed 5000 hours. The 

approximate doubling of the power output will more than likely reduce the useful life of 

the engine, from its original design. However, even if the useful life is reduced by 50%, it 

is believed that the engine useful life would still be deemed acceptable from a recreational-

user standpoint. 
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1.2 Objectives and Tasks  

There are two major objectives that were accomplished in this study. The first objective 

was to become familiar with using GT-Power as an engine development tool. The second 

objective was to understand the factors that were important for engine power improvement. 

In order to accomplish the goal and objectives of this report, there were three major tasks: 

⚫ Build a model in GT-Power that matched the published performance data for the 

MZ360 and use it as a base model 

⚫ Increase the displacement and extend the speed range of the base model to make a 

power improvement model 

⚫ Investigate a wide range of factors that improve the power output of the new engine 

to meet the final power target 
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2 Theoretical Power Improvement 

Before the GT-Power model was developed, calculations were performed to determine the 

theoretical power output of the engine using basic engine parameters such as bore, stroke, 

air-fuel ratio, volumetric efficiency, and fuel conversion efficiency. Since the displacement 

and test conditions were established, the air flow rate at each engine speed was able to be 

calculated, as shown in Equation 2.1.  

𝑚̇𝑎(
𝑘𝑔

𝑠⁄ ) =
𝑛𝑣 × ρ(

𝑘𝑔
𝑚3⁄ ) × 𝑉𝑑(𝑚3) × 𝑁(𝑟𝑒𝑣

𝑠⁄ )

2
 ( 2.1 ) 

The volumetric efficiency was unknown, so it was swept from 100% down to 50% to 

determine the impact on air flow. The intake air density was computed assuming an intake 

air temperature of 25°C and a pressure of 101 kPa. Once the air flow rate was known, the 

fuel flow rate was calculated assuming an AFR of 14.7, as shown in Equation 2.2. 

Stoichiometric air-fuel ratio of gasoline was used, instead of actual operation (12.5). An 

AFR of 12.5 would over-estimate the actual fuel burned in the cylinder.  

𝑚̇𝑓 =
𝑚̇𝑎

𝐴𝐹𝑅⁄  ( 2.2 ) 

Total fuel power supplied to the engine was computed by multiplying the fuel flow rate by 

the fuel lower heating value, assumed to be 44,000 kJ/kg. The theoretical power output of 

the engine was then calculated assuming 1/3 of the fuel power was converted to crankshaft 

power. The results of the calculations with different volumetric efficiencies are shown in 

Figure 2.1. 
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Figure 2.1: Theoretical power output of different volumetric efficiencies 

With a target power output of 15 kW, the theoretical calculations showed that a minimum 

volumetric efficiency of 63% was required at 6,000 rpm. As engine speed decreases, 

volumetric efficiency must increase in order to reach the same target power output. For 

example, at 5,000 rpm, the volumetric efficiency must be at least 75% to theoretically 

produce 15 kW of power at the crankshaft. 
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3 Base Engine Modeling 

3.1 Background Information 

A Yamaha MZ360 engine was chosen in order to build a base model to tune several of the 

parameters in GT-Power. The two primary parameters of interest were the flame speed 

multiplier and the heat transfer multiplier. The engine is shown in Figure 3.1. 

 

Figure 3.1: Yamaha MZ360 (base engine) 

This engine was similar in displacement and features for the final engine. There was no 

actual engine used for measurements or collecting data. In order to collect the 

specifications required to build the model, data was found using multiple websites, the 

engine user’s manual, and information that Yamaha provided. The base model was built 

and verified with the data collected. 

3.1.1 Engine Specifications and Output 

The MZ360 engine specifications are shown in Table 3.1.  
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Table 3.1: Base engine specifications 

Parameter Value 

Bore x Stroke 85 mm x 63 mm 

Displacement 357 cc 

Compression Ratio 8.1:1 

Max Power (Net) 7.6 kW (10.4 PS) @ 3600 rpm 

Max Torque (Net) 23.9 Nm (17.6 ft-lbf) @ 2400 rpm 

Fuel delivery Carburetor 

Spark timing Fixed 

Fuel Gasoline 

The engine performance curves for torque, power, and fuel consumption were obtained 

from the product page on the internet and are shown in Figure 3.2.  

 

Figure 3.2: Base engine performance curves 

Actual numbers were not provided on the curves so data was collected by drawing grids 

on the figure and reading the nearest number, as shown in Table 3.2. The power, torque, 

and brake specific fuel consumption (BSFC) at each engine speed were used in the 

validation part of the model. 
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Table 3.2: Base engine performance data extracted from published curves 

Speed (RPM) 2000 2500 3000 3500 

Torque (N•m) 23.9 23.5 22.7 21 

Power (kW) 5 6.2 7.1 7.4 

BSFC (g/kW•h) 320 335 350 370 

3.1.2 Intake System Design 

The base engine parts manual [3] displayed the parts required to build the intake system, 

which is shown in Figure 3.3. The manual did not provide the diameter and length of the 

components used in the intake system, so the sizes of the parts were assumed based on 

prior experience with similar engines.  

 

Figure 3.3: Base engine air filter, carburetor, and intake manifold 

Critical dimensions of the carburetor were important as wrong settings would cause a 

difference in the model output. One of the online parts sellers [4] provided very detailed 

pictures of the inside diameters of the carburetor, which are shown in Figure 3.4.  
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Figure 3.4: Base engine carburetor dimensions from online retailer 

The throat diameter of the carburetor was set as 16.5mm, as shown in Figure 3.5. The 

length of each part was set by measuring another engine’s carburetor and rounding to some 

integer close to the measurement. A detailed sketch of the final carburetor layout for the 

engine simulation is shown in Figure 3.5. 

  

Figure 3.5: Base engine carburetor schematic for simulation 

The carburetor was modeled as a collection of shapes because GT-Power does not have a 

carburetor component. The fuel delivery was modeled using a fuel injector, located at the 

throat of the carburetor. It was assumed that the air to fuel ratio was constant. The air flow 

rate at the inlet to the carburetor was used to compute the required fuel to reach the target 

AFR. Indolene was used as the fuel in the model. 
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3.1.3 Cam Profile and Valve Discharge Coefficient 

Yamaha provided the cam lift and duration data for the base engine but due to 

confidentiality of the information, the data was not shown in the report. Discharge 

coefficient is the ratio of actual mass air flow rate past the valve to the theoretical flow past 

the valve. It is commonly used to evaluate how efficient the air flows past the valve. In 

order to run the simulation, the valve discharge coefficient was also required. Since such 

data was not provided for this engine, another set of data was used as a substitute. This set 

of data came from a reference paper [5] measuring a 407cc engine which was a reasonable 

approximation to the base engine. The displacements were not significantly different and 

the valve diameters are quite similar. Figure 3.6 shows the 407cc engine data discharge 

coefficients for both intake and exhaust.  

 

Figure 3.6: Reference intake and exhaust valve discharge coefficients 

The discharge coefficients were collected from the reference paper [4] using a L/D interval 

of 0.025. The exhaust was further extended to 0.275 since the maximum value of dividing 

the actual exhaust valve lift to exhaust valve diameter for the base engine was 0.26. The 
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value of CD at that point was assumed that CD doesn’t increase much for L/D value above 

0.25. The data used in the model is shown in Figure 3.7. 

 

Figure 3.7: Base model intake and exhaust valve discharge coefficients 

3.1.4 Volumetric Efficiency Calculation 

Since power and BSFC were known from the published data, volumetric efficiency was 

calculated and used to assist with validating the GT-Power model. Volumetric efficiency 

is a good indicator of model accuracy. The calculation followed the formulas listed below: 

Fuel flow rate (𝑚̇𝑓) was calculated from known power and BSFC. 

𝑚̇𝑓 = 𝑃 ×  𝐵𝑆𝐹𝐶           ( 3.1 ) 

Air flow rate (𝑚̇𝑎 ) was calculated from fuel flow rate and assumed air-to-fuel ratio. 

Carbureted engines in this category typically run rich of stoichiometric. An AFR of 12.5 

was used to compute the air flow. 

𝑚̇𝑎 = 𝑚̇𝑓  ×  𝐴𝐹𝑅                ( 3.2 ) 

Volumetric efficiency (𝑛𝑣) was calculated by using previous calculated numbers and air 

density, with a temperature of 298K and a pressure of 101kPa. 
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𝑛𝑣 = 
2 × 𝑚̇𝑎(

𝑘𝑔
𝑠⁄ )

ρ(
𝑘𝑔

𝑚3⁄ ) × 𝑉𝑑(𝑚3) × 𝑁(𝑟𝑒𝑣
𝑠⁄ )

                                                       ( 3.3 ) 

The calculated BSFC values at each engine speed are shown in Table 3.3. 

Table 3.3: Base engine volumetric efficiency 

Speed (RPM) 2000 2500 3000 3500 

Power (kW) 5 6.2 7.1 7.4 

BSFC (g/kW•h) 320 335 350 370 

𝑚̇𝑓 (g/min) 0.0267 0.0346 0.0414 0.0456 

𝑚̇𝑎 (g/min) 0.3333 0.4327 0.5177 0.5704 

𝑛𝑣 (%) 79.5 82.6 82.4 77.8 

3.1.5 Turbulent Combustion Model 

GT-Power provided two types of models for simulating combustion in spark ignition 

engines. One of them was non-predictive, the SI Wiebe combustion model. This model 

required more data from the actual engine such as combustion phasing (CA50) and 

combustion duration (D10-90). The data would be acquired by actually running the engine, 

but since it was not available, a more predictive combustion model was utilized. The 

predictive model was the SI turbulent flame model, which required the combustion 

chamber design and tuning of parameters to produce accurate results. For the combustion 

chamber geometry, the size of the cylinder was known, but the cylinder head shape was 

not provided. Cylinder head was assumed to be flat in the model based on previous 

experience with engines of this type and displacement, it won’t affect the results much. 

The primary tuning parameter for the turbulent combustion model was the flame speed 

multiplier. It affected the overall duration (D10-90) and the location of combustion (CA50). 

More detailed effects are compared in the validation part of this report. 
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3.1.6 Heat Transfer Multiplier 

The heat transfer model in the 1-D cycle simulation requires a tuning parameter to improve 

the heat transfer results. As the flame speed is modified, the heat transfer must also be 

modified, in order for the power, BSFC, and volumetric efficiency values to match the 

published data. While the flame speed multiplier was effective at improving the model fit 

at higher engine speeds, the heat transfer multiplier was used to improve model results at 

lower speeds. Lower speeds provided more time for heat transfer and thus, the turning of 

the heat transfer multiplier was more effective in this operational regime. The effect of 

tuning data was discussed in the validation part of this report. 

3.2 GT-Power Model of Base Engine 

The base engine model was constructed by using the specifications provided publicly and 

applying the previously mentioned assumptions. Base engine specifications are shown in 

Table 3.4.  

Table 3.4: Base engine GT-Power model specifications 

Parameter Value 

Bore (mm) 85 

Stroke (mm) 63 

Compression ratio 8.1:1 

Intake valve diameter (mm) 32 

Exhaust valve diameter (mm) 28 

Carburetor inside diameter (mm) 16.5 

Spark timing (degrees BTDC) 15° 
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Air-fuel ratio 12.5:1 

Fuel Indolene 

The model consists of the intake system starting from the air cleaner to the engine block 

and finally the exhaust system which ends at the exhaust pipe. The GT-Power model is 

shown in Figure 3.8. 

 

Figure 3.8: Base engine GT-Power model 

3.2.1 Exhaust Back Pressure 

The model was built with a throttle as a butterfly valve in the exhaust system to simulate 

the effect of exhaust back pressure caused by the muffler in the actual engine. A Kohler 

Command Pro CH395 engine [6] had a similar displacement and intake/exhaust valve 

configuration as the base model so the same exhaust back pressure limit was applied to the 

base engine model. Kohler listed the exhaust back pressure of 30 inches of water which 

equals 0.075 bar so the back-pressure target value for the model was set at 1.075 bar 

absolute at 3500 rpm.  

To determine the butterfly valve setting to reach this value in the model, the Optimizer in 

GT-Power was applied and found the correct opening angle. The butterfly valve angle was 

set as the independent parameter and the pressure at that point was set as the dependent 

variable. The target was set as mentioned above with a 5% tolerance. A butterfly valve 

angle of 51° opening gave the closest result and is shown in Figure 3.9. 
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Figure 3.9: Exhaust butterfly valve angle and effect on exhaust back-pressure 

3.2.2 Model Assumptions 

In order to build the base engine model, the following assumptions were made: 

1. Initial air conditions set at 25° C and 1 bar absolute 

2. Cylinder head: flat geometry 

3. Intake and exhaust system lengths were assumed based on previous experience 

4. Heat Transfer Multiplier (HTM) set to 1.0 (default) 

5. Flame Speed Multiplier (FSM) set to 1.0 (default) 

6. Exhaust back pressure set to 1.075 bar absolute 

7. AFR = 12.5:1 

3.2.3 Base Engine Model Performance 

The simulation performed with the initial settings showed that the model was over-

predicting the performance compared to the actual engine, as shown in Figure 3.10. The 

over-estimated volumetric efficiency led to over-estimated power and torque which also 

caused the under-estimated BSFC. Further adjustment to the model tuning parameters was 

required to match the known and calculated data points from the actual engine. 
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Figure 3.10: Base engine model output with no parameter tuning 

3.3 Base Engine Model Tuning and Validation 

Three parameters were modified to improve the simulation output and reach the target 

values. They were the flame speed multiplier, the heat transfer multiplier, and the air-fuel 

ratio.  
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Lowering the FSM decreased the combustion speed and lowered the power output. As 

shown in Figure 3.11, the effect of decreasing the FSM increased as the engine speed 

increased. In order to maintain enough power at 3500 rpm but still reduce the lower speed 

power, the FSM was set at 0.85. This was a 15% decrease of the default setting (1.0). 
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Figure 3.11 Effect of FSM on torque, power, BSFC, and volumetric efficiency 

3.3.2 Effect of Heat Transfer Multiplier (HTM) 

Modification of the FSM was not enough to sufficiently improve the simulation output. 

The model was still over predicting the torque, power, and volumetric efficiency. Therefore, 

the heat transfer multiplier was modified to improve the model. By increasing the HTM, 

the power at lower speeds decreased but had a minimal effect at higher engine speed, as 

shown in Figure 3.12. The values of torque and power were closer to the target values after 

increasing the HTM. However, the BSFC was not matched well at high and low ends and 

the volumetric efficiency was still over-predicted. A further step was required to improve 

the model. 
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Figure 3.12: Effect of HTM on torque, power, BSFC, and volumetric efficiency 

 (Base Model’ had FSM set at 0.85) 

3.3.3 Effect of AFR 

BSFC was directly impacted by AFR, because it changed the amount of fuel delivered to 

the engine, at different engine speeds. The effect on power and torque was not obvious 

since the AFR only changed slightly. An increase in AFR resulted in a reduction in BSFC 

as shown in Figure 3.13. 
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Figure 3.13: Effect of AFR on torque, power and BSFC  

(Base Model’’ had FSM set at 0.85 and HTM set at 1.85) 
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Figure 3.14: Effect of AFR on volumetric efficiency 

3.4 Final Model for Base Engine  

The angle of the exhaust throttle (butterfly valve) had to be changed due to the 

modifications applied to FSM, HTM and AFR. Each of these affected the exhaust back 

pressure. The four modifications applied to the initial settings of the base model are listed 

below: 
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2. HTM: 1 → 1.85 

3. AFR: 12.5:1 → 12.7:1 

4. Exhaust butterfly valve open angle: 51° → 49° 

The final results for the base engine model are shown in Figure 3.15. The model showed 

satisfactory prediction of engine performance after the four parameters were modified. This 

was used as the starting point for the new engine model that would be used to study the 

options for the power increase. 

 

  

Figure 3.15: Final performance data comparison for base engine model 

23.9

23.5
22.7

21

27.0 27.1
25.8

22.6

23.6

23.9
23.0

20.2

16

18

20

22

24

26

28

2000 2500 3000 3500

TO
R

Q
U

E 
(N

-M
)

ENGINE SPEED (RPM)

BRAKE TORQUE

Target Base Model Validated Base Model

5.00 6.20
7.10 7.40

5.65
7.08

8.12 8.30

4.94

6.25

7.23 7.40

3

4

5

6

7

8

9

10

11

2000 2500 3000 3500

P
O

W
ER

 (K
W

)

ENGINE SPEED (RPM)

BRAKE POWER

Target Base Model Validated Base Model

320 335
350

370

297.8 305.3
319.7

344.4
324.2 330.7

346.5

376.1

280

300

320

340

360

380

400

420

440

2000 2500 3000 3500

B
SF

C
 (G

/K
W

-H
)

ENGINE SPEED (RPM)

BRAKE SPECIFIC FUEL CONSUMPTION

Target Base Model Validated Base Model

80.8

83.9 83.7

79.0

84.2

86.5 86.5

81.681.5

84.0 84.8

80.8

76

78

80

82

84

86

88

2000 2500 3000 3500

V
O

L.
 E

FF
. (

%
)

ENGINE SPEED (RPM)

VOLUMETRIC EFFICIENCY

Target Base Model Validated Base Model



www.manaraa.com

21 

4 Power Improvement Engine Modeling 

From the theoretical power output solutions, it was known that the power improvement 

model could reach the power target if volumetric efficiency values could be met. In 

addition, the fuel conversion efficiency would need to be around 33% to reach the power 

target. When running the new model, the tuning parameters from the base model were not 

changed, as it was assumed the HTM, FSM, and AFR would not be affected by the new 

engine. 

4.1 Power Improvement Model  

Several parameters within the power improvement model were modified for the first 

iteration, which attempted to minimize the engine changes to keep costs low. As shown 

below, the overall displacement and compression ratio both increased, and the carburetor 

was changed to a larger size. 

1. Carburetor throat diameter: 16.5mm → 21mm 

2. Bore: remained the same as base engine 

3. Stroke: 63mm → 71mm 

4. Compression ratio: 8.1:1 → 8.2:1 

The performance of the power improvement model is shown in Figure 4.1. It can be noted 

that the power is negative after 5500 rpm due to the lack of air flow. This is a direct 

indicator that it requires a work input to the crankshaft to get the engine to operate above 

5500 rpm. The very high BSFC value after 5000 rpm indicates incomplete combustion. 

The combustion event was still occurring when the exhaust valve opens. Also note the very 

late combustion phasing (CA50) as engine speed increased, due to the fact that the spark 

timing was fixed at 15° BTDC. A typical CA50 for best fuel conversion efficiency is 

around 8° ATDC. The volumetric efficiency of the engine also dropped down dramatically 

after 3500 rpm. This would become the limitation for further power improvements. 
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Figure 4.1: Power improvement base model performance (   Theoretical volumetric 

efficiency for 15kW) 
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2. Carburetor diameter 

3. Compression ratio 

4. Exhaust back pressure 

5. Camshaft timing, duration, and lift 

4.2.1 Effect of Spark Advance 

Advancing the spark timing was believed to have a direct impact on power output due to 

the fact that the combustion event was not completed when the exhaust valve opened at 

higher engine speeds. The original setting of the spark timing was fixed at -15° ATDC. 

The Optimizer in GT-Power was used and a target value of CA50 at each speed was set to 

15° ATDC by changing the spark timing. Figure 4.2 shows that by optimizing the spark 

timing at each engine speed, the target CA50 could be reached and the combustion event 

was finished before the exhaust valve opened. 

 

Figure 4.2: CA50 of fixed and variable spark timing  
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combustion phasing was critical at higher engine speeds and the following modifications 

required the use of the optimizer to reach the same CA50 value for each of the test runs.  

  

  

Figure 4.3: Effect of spark advance on torque, power, BSFC, and volumetric efficiency 
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efficiency. 
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Figure 4.4: Effect of compression ratio on torque, power, BSFC, and volumetric 

efficiency 
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Figure 4.5: Effect of carburetor diameter on torque, power, BSFC, and volumetric 

efficiency 

4.2.4 Effect of Exhaust Back Pressure 

The exhaust butterfly valve angle was set at 100% open in order to study the effect of 

decreasing exhaust back pressure on volumetric efficiency. Figure 4.6 shows that once the 
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atmospheric pressure (1 bar). 

 

Figure 4.6: Exhaust back pressure at engine speed of 3500 rpm 
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the remaining tests used the previous exhaust butterfly valve setting so the effect of a 

muffler was included in the final model results. 

  

  

Figure 4.7: Effect of exhaust back pressure on torque, power, BSFC, and volumetric 

efficiency 
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Figure 4.8: Cam timing settings 

Retarded cam timing is shown as a positive change and advanced cam timing is shown as 

a negative change. Figure 4.9 shows that by changing the original cam setting to either a 

retarded intake or exhaust had a positive effect on the volumetric efficiency and thus power 

output at higher engine speeds. 

  

  

Figure 4.9: Effect of cam timing on torque, power, BSFC, and volumetric efficiency 
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4.2.6 Effect of Cam Duration 

Extending the overall cam duration increases the area of the cam lift profile, which 

increases the air flow at higher speeds. In this test, the cam duration multiplier in GT-Power 

was increased 5% and 10% to extend the duration of both the intake and exhaust valves 

which is shown in Figure 4.10.  

 

Figure 4.10: Cam duration settings 
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Figure 4.11: Effect of cam duration on torque, power, BSFC, and volumetric efficiency 
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The limit on valve lift was to avoid the valves from hitting the piston near top-dead-center. 

The valve lift multiplier in GT-Power was increased from 1.13 to 1.18 and 1.2, which is 

shown in Figure 4.12. 

 

Figure 4.12: Valve lift settings 
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Figure 4.13: Effect of valve lift on torque, power, BSFC, and volumetric efficiency 

4.3 Final Model Performance 
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• Exhaust back pressure minimized 
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• Stock exhaust cam timing 

• Cam duration increased 5% 

• Valve lift increased from 1.13 to 1.2 
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The final cam duration and cam phase settings applied was not the ones which gave the 

best results. This was because previously, the best result was obtained by examining the 

effects separately. Once by combining the effects, a decision was made to balance the 

improvement in power at higher engine speed with minimal loss in power at lower speed. 

  

  

 

Figure 4.14: Power improvement best result performance 
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5 Conclusions and Future Work 

GT-Power is a powerful software program which can provide predictions on power, fuel 

consumption, and combustion, before an actual engine is made. For this project, a base 

model was built and validated which represented the actual performance of the base engine. 

After validating the base engine simulation, an additional model was constructed by 

changing several parameters which includes increased displacement by extending the 

stroke, increased carburetor size, and compression ratio. These were believed to increase 

the power output of the engine in the modeling process. 

The results were not as expected and the model only produced 0.58 kW of additional power 

compared to the base model. The two major problems found limiting the power were the 

late combustion timing at higher speeds and the low volumetric efficiency of the engine. 

After observing these issues, an improvement plan was developed and different solutions 

were tested. Considering the cost that a company might be willing to spend, setting changes 

were limited to parts which cost less for making changes. In this point of view, the effect 

of changing the carburetor, camshaft timing, adding variable spark timing, and the exhaust 

back pressure were examined. By combining changes which were positive for power 

increase, the maximum power output was 10.0 kW @ 4000 rpm. The target of 15 kW at 

6000 rpm was not reached due to a significant reduction in volumetric efficiency as engine 

speed increased. Although the target power was not reached, the simulation results 

produced a 35% improvement compared to the base model (MZ360). The simulations were 

also able to provide some useful clues that the power limitation was still caused by low 

volumetric efficiency. If the lifetime of the engine was also considered, typically this type 

of engine provides reliable energy around 3000 hours. Even if running at 6000 rpm would 

cut off half of the operation hours, it could still operate 8 hours a day for approximately 

half of a year. This would still be a decent amount of lifetime compared to how much 

flexibility that could be further extended to the engine. 
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Since the discharge coefficient was referenced from a paper, there was a concern on 

whether it could represent the base model or not. If the stock cylinder head was provided 

and the CD could be measured using a flow bench, the model accuracy could be further 

improved. A possible way of improving volumetric efficiency would be an intake air 

pressure boost system. It was noticed that increased valve lift and modified cam timing 

provided more air flow to the engine. Additional modifications to the cam timing may 

produce additional power. 3D computational fluid dynamics simulation would provide 

information about the effect of changing engine head geometry such as valve angle or 

intake/exhaust port geometry. Changing from two valves to four valves in the head would 

provide more area for air flow and increase volumetric efficiency. Only by solving the air 

restriction issue would the engine be able to reach a higher power output. 
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