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Abstract:



Changes to engine geometry and specifications can produce better torque, power, volumetric efficiency and more. The technique known as wave tuning can lead to better engine torque and power. This paper focuses on increasing the engine torque by improving the exhaust fluid flow through the exhaust manifold. Phasing and intensity of the pressure waves in the exhaust manifold have significant effects on scavenging, valve overlapping and pumping losses. In this research, individual and combined effects of variable exhaust runner diameter and exhaust valve timing on the fluid flow from exhaust of the engine are studied using computer simulation. An engine simulation software, Ricardo Wave, is utilized in this research. The analysis is conducted on a 1-D model of a KTM 510 cc single cylinder, four-stroke Sl engine. The data gathered shows that varying only the exhaust pipe diameter continuously with speed yields an average of 4.23% improvement in torque from the original engine model. However, due to practical constraints, the diameter is limited to vary in three steps (36 mm, 45 mm and 60 mm). This has reduced the average improvement of torque to 3.78%. Varying the valve timing alone gains an average of 1.94% improvement in torque. Varying both the exhaust pipe diameter in three steps and the exhaust valve timing yields an average of 4.69% improvement in torque. This average is conducted over the engine speed ranges from 2000 to 11,000 rpm.
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1. Introduction


The fluid flow and performance of an engine largely depends on the geometry and operational variables of the intake and exhaust systems of an engine. Wave tuning of intake and exhaust manifolds in an engine have previously been a source of much fascination due to its possibilities to enhance engine performances without being entirely dependent on components such as super- and turbo-chargers [1,2,3,4]. The nature of the intake system’s design causes the intake side to have greater influence on the fluid flow into the cylinder that is vital to achieve an improved engine’s performance. The intake manifold of an engine significantly influences both volumetric efficiency and torque [5,6,7,8,9]. However, this does not mean that the exhaust system does not possess the capability to effect on the engine performance [10,11,12]. Pressure waves in the fluid formed at the exhaust valve are highly dependent on the geometry and the overall design of the exhaust manifold [13,14,15]. With proper adjustments to the exhaust manifold, the engine performance can achieve noticeable improvements.



Bush et al. [14] highlighted the importance of the pressure history through the exhaust port of an engine. An engine produces a pressure wave in the fluid at the end of the power stroke when the exhaust valve opens. Once the exhaust valve opens, a positive pressure wave formed in the fluid moves from the cylinder through the exhaust port as can be seen in Figure 1a. This positive compression wave helps carry exhaust gas out of the engine. Once the wave reaches at the end of the pipe, where the area changes, it is reflected back as a negative rarefaction or expansion wave as can be seen in Figure 1b. These waves travel back through the exhaust runner towards the cylinder. Although the wave is traveling back through the pipe, it is still pushing gas out of the engine since it is a negative wave. If timed correctly, the rarefaction pressure wave returning to the cylinder can arrive at the start of the valve overlap. This is when both the intake and exhaust valves are open at the same time. If this occurs, additional fresh charge can be pushed into the cylinder through the intake port. This process, known as scavenging, can drastically aid engine performance. In addition to pushing extra fresh charge, scavenging supports better exhaust flow out of the engine. It also helps remove lingering exhaust gases still in the cylinder [10,11,16,17,18].


Figure 1. Compression and expansion waves of gas flow [17], (a) Positive pressure wave (b) Negative rarefaction wave.
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The motion of rarefaction and compression waves in the exhaust system are crucial for the overall engine’s success. The phasing of these pressure waves can be effected by adjusting different variables in the engine’s design. Many of these variables are related to the exhaust tract geometry and valve operations. Usually, length is more evidently involved in wave tuning, as different lengths allow different timings for the waves to arrive at the start of the valve overlapping period [19]. The diameter may not be involved with the timing of the pressure waves, but it is involved in the intensity of them.



Little research has been done on the effects of varying exhaust pipe diameters. However, some studies have analyzed and published the potential benefits. Kesgin [20], Costa et al. [21] and Baechtel [16] show that the changes to the pipe diameter can have several outcomes. Increasing the pipe diameter causes the pressure and velocity of the gas to decrease. This also reduces the amount of friction in the pipes, thus the gases move easier. The piston uses less effort to exert exhaust gases out of the cylinder. This ultimately improves the engine efficiency. However, low-pressure waves that are reflected back to the cylinder do a poor job at scavenging. In addition, larger pipes may not be pragmatic depending on the size and cost constraints. In contrast, smaller pipes have higher velocity and pressure. This higher velocity helps to increase the momentum of the exhaust gas in the cylinder that improves the cylinder evacuation, therefore generating better scavenging waves. The downside is that there is a noticeable increase in pumping effort and restriction to the engine. To maximize the overall potential, a proper balance is required.



Previous tests have been conducted to comprehend the effects of engine geometry on wave tuning. Sammut and Alkidas [22] performed a study in which pipe length and valve timing were varied to observe the changes in volumetric efficiency. They concluded that varying the length in the intake system had a positive effect on volumetric efficiency, but varying the length in the exhaust system showed very little change. When observing the effects of valve timing, they concluded that valve timing had no effect on intake tuning, but was visible for exhaust tuning. Ultimately, intake and exhaust tunings are independent of one another, and changes to engine geometry do play a role in engine behavior. This particular paper will only focus on the fluid flow going out of the exhaust by changing the exhaust runner diameter, variable exhaust valve timing, and most importantly, the effects of both together.



Previously, Kesgin [20] observed the effects of adjusting the exhaust valve timing on the fluid flow out the exhaust. Valve timing was shown to have a greater influence over the gas exchange process. Certain exhaust valve situations can create different negative effects to the engine. Opening the valve too early leads to work being lost. Opening too late leads to excess pressure build up in the cylinder. This excess pressure opposes piston motion in the exhaust stroke and lowers the overall performance. Closing the valve too early causes trapping where excess exhaust gas is kept in the cylinder, thus the volumetric efficiency decreases. Closing too late causes valve overlap in which back flow of exhaust gas returns to the intake decreasing the next engine cycle performance. A proper variable valve timing system effectively reduces pumping losses and enhances fuel economy as well [12,23,24,25,26]. Bonatesta et al. [27] even mention that an optimized valve timing strategy could improve the peak fuel economy by 5–8% in addition to minimizing exhaust blow-down losses, which subsequently increases the engine power. Studies from Lee et al. [28], Li et al. [29], Cairns et al. [12], Deng et al. [30] and Yeom et al. [31] also show that adjusting valve timings can reduce NOX emissions, while also achieve high power and efficiency.



Previous studies have shown that pipe diameter and valve timing for the exhaust system play a prominent role in overall engine performance. For this paper, these values are tested and compared to previous findings over a range of speeds from 2000 to 11,000 rpm in increments 200 rpm. In addition, the combined effects of valve timing and exhaust diameter are also analyzed to find out their effects on the engine performance. The novelty of this research is, therefore, this combined effect on engine performance that has not been done before. The findings from this research can be applied to Sl engines without super- or turbo-chargers to improve the torque and power. From the design point of view, for the same power as the original engine model, the engine can be downsized using the findings from this research. Consequently, this will reduce the overall weight of the engine that will achieve lower fuel consumption and emissions.




2. Methodology


2.1. Modelling


This study utilizes a 1-D engine simulation software which is a reliable means to test the varying intake and exhaust systems of an engine. Due to cost effectiveness, simplicity, and capability to adjust countless engine properties, engine simulation software has been frequently used in recent studies [19,32,33,34]. This particular study utilizes Ricardo WAVE which is an ISO approved commercially accepted one dimensional (1-D) engine simulation software. As mentioned by Benajes [13], Winterbone and Yoshitomi [34], Silvestri et al. [33], Ohata et al. [35], Deshmukh et al. [19] and Claywell et al. [32], one dimensional wave models like Ricardo Wave are suitable and effective means to gather data concerning engine intake and exhaust systems.



The initial conditions are entered into the software which are shown in Table 1. Several of the values are obtained from the original engine specifications and geometry of the KTM 500 model [36]. Figure 2 shows the complete 1-D engine schematic modelled in Ricardo Wave.


Figure 2. 1-D engine model in Ricardo Wave.
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Table 1. Engine specifications and initial conditions for simulation [36].





	
Engine Specifications and Initial Conditions






	
Number of Cylinders

	
1




	
Displacement

	
510.4 cm3




	
Bore

	
95 mm




	
Stroke

	
72 mm




	
Compression Ratio

	
11.9




	
Clearance Height

	
2 mm




	
Number of Valves

	
4




	
Intake Valve Diameter

	
40 mm




	
Exhaust Valve Diameter

	
33 mm




	
Intake Valve Lift

	
9.7028 mm




	
Exhaust Valve Lift

	
8.5852 mm




	
IVO

	
13 deg BTDC




	
IVC

	
72 deg ABDC




	
EVO

	
109 deg ATDC




	
EVC

	
36 deg ATDC




	
Intake Runner Diameter

	
42.86 mm




	
Original Exhaust Runner Diameter

	
46.04 mm




	
Fuel Type

	
Indolene




	
Air to Fuel Ratio

	
14




	
Heat Transfer Model

	
Woschni Heat Transfer




	
Combustion Model

	
SI Wiebe Combustion










Figure 3 shows the conventional engine induction assembly. Figure 3a shows the conventional engine intake and exhaust manifold, and Figure 2b shows the conventional valve-timing diagram. This research aims to investigate the individual and combined effects of the exhaust pipe diameter (Figure 3a) and exhaust valve opening timing (Figure 3b). The baseline simulation is run using the stock dimensions with the exhaust pipe diameter of 46.04 mm and exhaust valve opening timing of 109 degrees crank angles after TDC.


Figure 3. Conventional engine induction assembly, (a) Induction assembly (b) Valve timing.
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This simulation uses the SI Wiebe combustion model and the Woschni heat transfer model as shown in Figure 4. As provided by Ricardo Wave, they are given as follows:


[image: ]



(1)




where:

	
f = mass fraction burn;



	
[image: ] = crank angle;



	
[image: ]= angle of the start of the heat addition;



	
[image: ] = combustion duration;



	
[image: ] = efficiency parameter;



	
m = shape factor.







Figure 4. SI Wiebe combustion model and Woschni heat transfer model in WAVE, (a) Combustion model (b) Heat transfer model.
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[image: ]



(2)




where:

	
h = heat transfer coefficient;



	
b = cylinder bore;



	
P = cylinder pressure;



	
T = cylinder temperature;



	
v = average gas velocity;



	
C = user entered multiplier.








2.2.1. Variable Runner Diameters


The Helmholtz Resonance theory works on the principle of acoustic resonance. As air tries to ram into a resonator through a pipe/chamber, the column of air begins to flow as compression and rarefaction waves. This wave keeps travelling unless it encounters an abrupt change in cross-section, which could be a step, a collector or an opening to the atmosphere. These waves have energy, tone and amplitude and travel at the speed of sound at local temperature. The idea of tuning is to capitalize these pressure waves and make sure that the low-pressure wave arrives exactly at the time the exhaust valve opens.



The occurrence and properties of these pressure waves are governed by the geometry of the exhaust runners. The exhaust pipe diameter governs the velocity and pressure of the flow of these waves. Reducing the cross-section area of flow would increase the flow velocity at the cost of flow-pressure. Whereas, increasing the cross-section area would increase the flow pressure, but at the cost of flow velocity. This would be detrimental to engine scavenging. The optimal cross-section area of flow would be a function of engine speed. Hence, varying the flow cross-section area i.e., the exhaust pipe diameter with respect to engine speed will provide more effective control on these pressure waves and provide a boost to the engine performance [10,15,37].



For further simulations to optimize the exhaust port diameter, the initial optimal cross-sectional area of the exhaust pipe is found using the formula given by Baechtel [16] and Bell [38]. In equation form:
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(3)




where:

	
Ac/s = primary pipe cross sectional area (square meters)



	
V = volume of one single cylinder (cubic meters)



	
rpm = Engine speed (revolutions per minute)



	
88,200 = constant of proportionality








After calculating the ideal cross-sectional area, the ideal pipe size (diameter) is found using the equation given by Baechtel [16] which is shown below:
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(4)




where:

	
Ac/s = primary pipe cross sectional area (square meters)



	
1.273 = constant of proportionality








The pipe diameter obtained from this formula serves only as the starting point. To get the optimum pipe diameters for each speed the engine performance needs to be simulated and tested around the theoretically calculated values until the peak performance is attained. Accordingly, the diameter is varied from 33 mm to 60 mm in steps of 3 mm which includes the stock diameter of 46.04 mm.




2.2.2. Variable Valve Timings


Exhaust valve closing timing is an important parameter as it determines the amount of exhaust charge that is retained in the cylinder. It is desired to emit as much exhaust gas as possible to make space for the fresh charge to be entered into the cylinder in the intake stroke. Another significance of the exhaust closing event is that the EVO event is the major reason for the occurrence of compression and rare-faction pressure waves in the exhaust runner. It is important to open the exhaust gas exactly at the time the negative pressure wave arrives just behind the valve. This creates a low-pressure zone behind the exhaust valve. This increases the pressure differential between the gases in the combustion chamber and the cavity in the exhaust runner, thus helping the scavenging process. The speed and frequency of this low-pressure wave is a function of engine operating speed. Hence, varying the exhaust opening and the closing event with respect to engine speed will allow enhanced control on these pressure waves and help boost the engine performance [39,40,41].





2.2. Validation


To validate the data gathered from the 1-D simulation in Ricardo WAVE software, the engine fitted into a FSAE car is tested on a chassis dynamometer from 5500 to 7500 rpm. Brake torque and power are compared between the dynamometer and the simulation as shown in Figure 5 [15,37,41].


Figure 5. Engine performance vs engine speed- simulation results validated against experimental torque [15,37,41], (a) Engine power (b) Engine torque.
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The nature of the brake torque and power curves obtained from the dyno test and simulation followed closely and a variance of around 5% is observed. The variations are mainly due the losses such as drive axle losses, drivetrain losses and losses due to friction between the roller and tire which occur from the shaft of the engine to the car wheel standing on the roller of the dynamometer. During simulations these losses are not considered.





3. Results and Discussion


The engine performance is simulated from 2000 to 11,000 rpm in increments of 200 rpm. The effects of variable exhaust runner diameter and variable exhaust valve timing on engine performance are observed.



3.1. Exhaust Pipe Diameter


The exhaust pipe diameter is varied from 33 to 60 mm in steps of 3 mm. The original diameter is 46.04 mm. The direct effect of variable diameter at different speeds on engine torque can be viewed in Figure 6 and Table 2. In the table, the dark green color denotes values at which least torques are obtained, followed by yellow, which shows values for torques lying in the middle range, and dark red color denotes the peak values for each engine speed. Figure 6a appears to undergo more changes than Figure 6b,c. It should be noted that the modeled engine is not generally intended to operate under 3000 rpm, and usually runs above 5000 rpm. The effects of increasing diameter for most engine speeds wanes once it reaches roughly 50 mm. From here, increasing the diameter produces diminishing returns in most cases. Figure 6b shows a transition phase of the engine. From 5500 to 6500 rpm, there is a small drop in torque only for it to increase again. This could be the rarefaction wave arrival time not coinciding with valve overlap timing. This parabolic wave motion can be seen in any of the diameter plots. Once speed is above 6000 rpm, the wave motion almost completely levels off when the diameter reaches 50 mm. This trend can be seen in Figure 6c.


Figure 6. Effects of exhaust pipe diameter at specific speeds, (a) 2000 and 3000 rpm (b) 4000, 5000 and 6000 rpm (c) 7000, 8000 and 9000 rpm.
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Figure 7 gives a closer look as to why there are inflections and changes to the wave motion at certain points. The diameter is held constant at its original value of 46.04 mm for these plots, while only the speed is adjusted. The crank angle starts at 109 degrees to designate where the EVO event occurs. For all the engine speeds shown, the exhaust valve is opened almost where the lowest point of the pressure wave occurs. In the simulations, a pressure sensor is attached just 5 mm above the exhaust valve to closely monitor the static pressure near the exhaust valve. Figure 7a shows the exhaust port pressure waves at 4000 and 5000 rpm. At 4000 rpm, the pressure at EVO is less than 1 bar, thus the pressure is sub-atmospheric. This indicates that a rarefaction wave arrives at the exhaust valve at the EVO event. Since the pressure is lower than atmospheric, more gas is pushed out of the exhaust valve while also bringing in more fresh charge. This increases scavenging in the engine [16,42]. At 5000 rpm, a compression wave greater than 1 bar arrives at EVO. This reduces the amount of intake charge flow when the intake valve opens. Figure 6b supports this finding. At roughly 46 mm, engine performance increases for 4000 rpm, but decreases for 5000 rpm. A similar effect for 6000 and 7000 rpm can be seen in Figure 7b.


Figure 7. Exhaust port pressures at various speeds, (a) 4000 and 5000 rpm (b) 6000 and 7000 rpm.
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Figure 8 represents the ideal diameter at each speed of the engine. At these values, the maximum engine torque is accomplished. In real world applications, it may be difficult to have a pipe that changes diameter as frequently as what is shown in Figure 8. It may be more cost effective to have an exhaust set-up that only varies across a few different diameter sizes. For instance, a 36 mm diameter pipe is roughly the optimal diameter across several speeds. Another size could be 60 mm and another could be 45 mm.


Figure 8. Optimal diameters for each engine speed.
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Having three different exhaust pipe diameter would be superior to have only one pipe diameter. Hence, it is chosen to operate the variable diameter assembly with only three sets of exhaust pipe diameters as can be seen in Figure 9. This will reduce the gain in the torque, but will still keep the engine torque considerably higher than the one obtained from fixed exhaust setup.


Figure 9. Three-diameter exhaust setup—Optimal diameters for each engine speed.
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Figure 10 shows the gain in engine torque as an effect of variable diameter runner set up. The engine torque increases by an average of 4.23% by continuously varying the exhaust pipe diameters at all engine speeds. When we consider the more practical and feasible option of having only three variations in the exhaust runner diameters, the engine torque still increases at all engine speeds except at the lower engine speed of 2200 rpm. Since this is a high revving engine whose idling speed itself would be above 2000 rpm, this slight reduction in the engine torque could be considered as negligible. With this set-up, the average increase in engine torque is 3.78%. To make up for the loss of gain in the engine torque because of considering a more practical setup, exhaust valve opening and closing time are further varied, keeping the valve open duration constant.


Figure 10. Comparison of (i) Fixed Exhaust Diameters; (ii) Infinitely Variable Exhaust Diameters; (iii) Variable Exhaust Diameters (3 Variations).
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3.2. Exhaust Valve Timing


After testing the effects of varying diameter only, the effects of valve timing only are tested. Valve timings are varied from 80 to 120 degrees ATDC in steps of 2 degrees. The original angle is 109 degrees ATDC. The valve duration is held constant. Figure 11 shows the effect of changing the exhaust valve opening timing on engine torque. Valve timing has less of an impact than diameter. Continuous valve timing alone shows an average torque improvement of 1.94% than the original model. A valve timing between 90 and 105 degrees usually contains the largest torque. Similarly to the data found by Kesgin [20], once the EVO angle exceeds 109 degrees, the quality of the performance of the engine starts to decline as can be seen in Figure 11. Likewise to varying the diameter, torque increases while speed increases up to about 4000 rpm. After that, the torque declines and then increases again at around 5500 rpm. Performance drops steadily after 7000 rpm.


Figure 11. Effects of valve opening timing at specific speeds, (a) 2000 and 3000 rpm (b) 4000, 5000 and 6000 rpm (c) 7000, 8000 and 9000 rpm.
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3.3. .Combined Variation of Exhaust Runner Diameter and Exhaust Valve Timing


In order to maximize the performance of the engine, a combination of variable diameter and valve timing needs to occur. For this research, the maximum torque is recorded for each case: original exhaust assembly, variable diameter only (case I), variable diameter (3 diameters) and valve timing together (case II). At each speed, the maximum torque is recorded for all cases. The maximum values for torque are plotted in Figure 12.


Figure 12. Percent increase in brake torque for (i) Original Exhaust Setup; (ii) Practical Variable Diameters (3 variations); and (iii) Variable Diameters (3 variations) & Variable Valve timings.
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These maximum torque values are compared to the original model, independent of changes. The figure shows that all two cases produce visibly more torque than the original model at all engine speeds except around 6500 rpm. The gains in torque using pipes of three diameters are less than the gains using infinitely variable diameters. However, using pipes of three diameters and the addition of the variable valve timing recover that losses. Continuously varying the diameter shows an average torque improvement of 4.23% than the original model. However, when the variation of diameter is limited to three diameters of 36 mm, 45 mm and 60 mm, the average improvement of torque is reduced to 3.78%. The addition of variable valve timings increase the torque output by an average of 4.69%, which is 0.91% addition to the increase obtained by three steps variable diameter exhaust diameters alone.





4. Conclusions


The effects of exhaust manifold tuning by varying the pipe diameter and exhaust valve timing have been simulated and studied. The simulation is carried out using Ricardo Wave software. The analysis shown concludes that varying the exhaust runner diameter and the exhaust valve timing can influence the torque of the engine. Of the two parameters viewed, the diameter has a greater effect than valve timing. Both can be varied simultaneously to produce the best results. Varying only the exhaust diameter continuously with speed improves the torque on average by 4.23%. However, varying the diameter continuously will be difficult to implement in a real-world situation. It may be more practical to vary valve timings across an extensive range, while varying the diameter only across several key values that produce the best torque. As an effort to overcome the practical limitations of varying the diameter continuously, only three variations (36 mm, 45 mm and 60 mm) are made to the exhaust pipe diameters ensuring that the research proposes a feasible, packable and cost-efficient approach for exhaust manifold tuning compared to infinitely variable diameter exhaust manifold assembly. Varying the diameter alone in three steps produces an average 3.78% improvement in torque and varying the diameter and valve timing together has a 4.69% improvement in torque. Butterfly valves can be used to direct the exhaust gas to different diameter pipes. The technology to use different pipes at different speeds are already in use in Mahindra 2 wheelers [43] and Toyota’s Acoustic Control Induction System (ACIS) [44,45]. They use this technology to switch to different length pipes for the intake runner at different speeds. A similar approach can be utilized for the proposed exhaust system in this research. Several telescopic pipes that changes at different speeds, could also be implemented. Such a system can improve the torque of gasoline engines without super- or turbo-charger.
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Abbreviations




	EVO
	Exhaust Valve Opening



	EVC
	Exhaust Valve Closing



	IVO
	Intake Valve Opening



	IVC
	Intake Valve Closing



	BTDC
	Before Top Dead Center



	ATDC
	After Top Dead Center



	BBDC
	Before Bottom Dead Center



	ABDC
	After Bottom Dead Center



	rpm
	Revolutions per Minute
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Table 2. Torques at optimized pipe diameters.



[image: Energies 11 01545 i001]








© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
Engine Torque (N-m)
w = IS «
S & & 2

2

N
]

2000

4000 6000 8000 10000
Engine Speed (RPM)
——Orignal exhaust setup
—Variable Diameter (3 variations)
—Variable Diameters(3sets) + Variable Valve Timings






media/file27.png
51

/ =
/[ ™~

N
(@)

N
[N

W
(@)}

Engine Torque (N-m)

31 \

26
2000 4000 6000 8000 10000
Engine Speed (RPM)
—Orignal exhaust setup
——Variable Diameter (3 variations)
——Variable Diameters(3sets) + Variable Valve Timings






media/file13.png
41
o
1

Engine Torque (N-m)
N I

B
o
T

S S S
~ o (e}
T T T

Engine Torque (N-m)
B
D

35

45
44 -
4000 rpm
43
2000 rpm — 5000 rpm
— 3000 rpm ~—— 6000 rpm
1 | | 1 42 L 1 1 | 1 J
40 45 50 55 60 30 35 40 45 50 55 60
Exhaust Diameter(mm) Exhaust Diameter(mm)
(a) 2000 and 3000 rpm (b) 4000, 5000 and 6000 rpm
46
Eal
<
S a2t
=4
kS
o 40
R=
=4
o 38 [
36 -
7000 rpm
34 + — 8000 rpm
~—— 9000 rpm
32 1 1 1 1 1 J
30 35 40 45 50 55 60

Exhaust Diameter(mm)

(c) 7000, 8000 and 9000 rpm





media/file12.jpg
CotE)

iy
e
[

R N T
(@)2000 and 3000 rpm () 4000, 5000 and 6000 rpm

\3

gu
¢
E=
M -
i ===
C— e w w w

)
ExvoustOomatrirm)
(€) 7000, 8000 and 9000 rpm





media/file18.jpg
Optimal Diameter (mm)
] & 3 &8 3

&

LLLTTLLLITPPTTTT

2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Engine Speed (rpm)





media/file9.png
[T Case #1: Woschni Heat Transfer Model _ s
Model Name
woschnil

' Properies

| model Type  Qriginal -

' Heat Transfer Multiplier When Intake Valves are Open 1.0

(b) Heat transfer model





media/file14.jpg
e W e E
o e 3
4000 3nd 500 rpm

TP






media/file20.jpg
Engine Torque (N-m)
W ow s B w
S o ETET

g

2000

4000 6000 8000
Engine Speed (RPM)

al exhaust setup

— Infinitely Variable Diameter

— Practical Variable Diameter (3 variations)

10000






media/file7.jpg
[ Case #1: Woschni Heat Transf

Model Type  Original -
Heat Transfer Multiplier When Intake Valves are Open 1.0

Heat Transfer Multiplier When Intake Valves are Closed

0K

(b) Heat transfer model





media/file28.png





media/file5.png
INTAKE OPENS
TDC EXHAUSYT CLOSES

INTAKE CLOSES EXHAUST OPENS

BDC

(a) Induction assembly (b) Valve timing






media/file15.png
Exhaust Port Pressure
—— 4000 —— 5000 rpm

2.0

Pressure [bar]

0.6 : 1 1 L 1 1 1 ’1 1 1 1 1 1 | 1 - 1 1 1 1 1 1 1
100.0 Bog 8.2 EXHA2U881T'4 T %7‘6 |N4r§28 5!‘3"9
Crank Angle [deg] 1
(a) 4000 and 5000 rpm
Exhaust Port Pressure
—— 6000 rpm —— 7000 rpm
2.5
2.0 -

Pressure [bar]
(&)

EVO I _%vc
0.5 | 1 1 1 1 1 1 III L 1 1 1 1 L 1 II 1 1 1 1 L 1 1 Il L 1 1 1 1 L 1 Il 1 1 1 1 L 1 1 1

109.0 1952 2814 367.6 453.8 4
BDC EXHAUST TDC INTAKE BD

Crank Angle [deg]

g

(b) 6000 and 7000 rpm





media/file19.png
55 | ! ! ! ! | | !

60 I alolnle nlnlnlnlnlnlnlnlnlnlnlnlnlnlnlnlnlnlnl)

o N -
ﬂ - on
5 | |
<)

€

<)

£

<

<

€

<)

Optimal Diameter {(mm)

b
-
!
|

35 —

LT TTTTITITY

2000 3000 4000 5000 6000 7000 8000 9000 10000 11000
Engine Speed (rpm)






media/file2.jpg
ke

Tvste_Body

on

nske_Pors

Engine_Cpinder

Exvm pors Fange

Ehaut o





nav.xhtml


  energies-11-01545


  
    		
      energies-11-01545
    


  




  





media/file11.png
38

®

32

Engine Power (KW)

w
o

28

Engine Power- Simulated & Measured

T T T T T T

* Simulated results
* * #  Experimental results

5400 5600 5800 6000 6200 6400 6600 6800 7000 7200 7400
Engine Speed (rpm)

(a) Engine power

Engine Torque (N-m)

49

48

S
~

S
o)

S
o

43

Engine Torque- Simulated & Measured

s RS

Simulated results
+  Experimental results

1 1 1 1 1 1 1 1 ] 1 1

5400 5600 5800 6000 6200 6400 6600 6800 7000 7200 7400
Engine Speed (rpm)

(b) Engine torque





media/file6.jpg
Model Name

[defaulc_si_wiebe_combustion

Properties.
Location of 50% Burn Point (5.0 deg =
Combustion Duration (10%-90%) |20.0 deg =

Exponentin Wiebe Function [2.0

Profile Control | Terminateat v [1-0

310 oos
fos oot
Sos 0w
oo owed
joz a01
200 000
©
[ET——

woy | cancel | Help

(2) Combustion model






media/file29.png
Exhaust Port Diameters (mm)
33 36 39 42 45 48 51 54 57 60
44 11 4396 43.27 42.40

2000

2200 4029 41.89 4321 44.14
2400 39.76 4021 40.75 41.21
2600 4053 39.15 38.52

39.87
42.89

2800
3000

43.69 42.03

45.12

40.71
43.86

3200 46.92 4597 45.10
3400 4747 4710 46.73
3600 46.04 46.27

46.00
45 50
41.62 42.73
39.81

3800
4000
4200
4400
4600

39.95 40.03

39.84 39.86  39.80

43800 42.34
5000 45.33 44.44
5200 46.41 45.77

5400
5600
53800
6000 47.65
6200
6400
6600
6800
7000
7200
7400
7600
7800
8000
8200
8400
8600
8800
9000
9200
9400
9600
9800
10,000
10,200
10,400
10,600
10,300
11,000

46.26
46.37
47.09
48.27

45.44
45.56
46.30
47.61
48.76

47.71
48.68 48.34
49.22 48.86 43.47
49.25 43.99 48.60
48.89

Engine Speed (RPM)

MINIMUM MAXIMUM






media/file1.png
- Compression Wave Motion

|
Particle flow direction > \K /

Compression waves drive particles
in same direction as wave

(a) Positive pressure wave

Expansion Wave Motion

S v

Particle flow direction

Expansion waves drive particles
in opposite direction of wave

(b) Negative rarefaction wave





media/file23.jpg
Engine Torque [N.m]

5o ENIne Torque Vs Valve Timing

48—

461

a4

421

160 1;0
Valve Timing (deg)

7000 rm|
8000 fpm|
9000 fpm|

124

(c) 7000, 8000 and 9000 rpm





media/file10.jpg
L L 1

Enann Spand (om)

(a) Engine power






media/file24.png
Engine Torque vs Valve Timing
7

46 4

Engine Torque [N.m]
B

43

42

-
o

80 90 100
Valve Timing (deg)

110

|

2000 rpm
3500 rpm

120

Engine Torque [N.m]

" Engine Torque Vs. Valve Timing

S
[os)

S
(o]

.
B

42

80 90 100 110

Valve Timing (deg)

4000 rpm
5000 rpm
6000 rpm

124

(a) 2000 and 3000 rpm

(b) 4000, 5000 and 6000 rpm





media/file16.jpg
Engine Speed (rpm)

2000 3000 4000 5000 6000 7000 8000 9000 10000 11000





media/file3.png
Intake

Throttle_Body

arif3

Flenum

Intake Ports

Engine_Cylinder

Exhaust_Ports

Exhaust

Flange

arif2

puagoeg L






media/file22.jpg
o O Yergie e Vi Yo " 700 Toram Ve Vae Tenng.
4
1L
H :
L1

(@) 2000 and 3000 rpm. (b) 4000, 5000 and 6000 rpm





media/file17.png
m)

Optimal Diameter (m

b
=
]

55 ! ! | ! | ! !

60 ninn Q@ QO

N
on
|

2N
3
i
T T
£)
oy
A

I
O
)

Q QP

LTI

2000 3000 4000 5000 6000 7000 8000 9000
Engine Speed (rpm)

10000 11000





media/file4.jpg
INTAXE CLOSES BouausT oPEns

80C
(a) Induction assembly (b) Valve timing,






media/file8.png
WM Case #1: 51 Wiebe Combustion Model

— Model Mame

defanl T = i_T.-ri E]:-E_c:::rm]:-us tion

— Properties
Location of 50% Burn Point | . | deg -
Combustion Duration (10%-90%) [20. 2 | deg |
Exponent in Wiebe Function \E-ﬂ
Profile Control | Terminateat «| [2.0
_ — e 0.05
............ ; A 1 v S B
............ .,pill""' e
T BLTEI AT . .
........... TR _.;._.;Eﬁ
L e f ............ - 0.0
, 5 i 0.00
10 20 40
Zrank Angle [deg]
Apply ‘ Cancel Help

(a) Combustion model





media/file25.png
Engine Torque [N.m]

. Engine Torque Vs. Valve Timing

—— 7000 rpm|
— e e 8000 rpm
POARIEE oot AP oW . ecnin
46 -
44
42
40
38 . ,
80 90 100 110 120

Valve Timing (deg)

(c) 7000, 8000 and 9000 rpm






media/file0.jpg
J/ y Compression Wave Motion ——» lllf \

Particle flow direction ————> \\ /

Compression waves drive particles
in same direction as wave

(a) Positive pressure wave

«——— Particle flow direction

Expansion waves drive particles
in opposite direction of wave

(b) Negative rarefaction wave





media/file21.png
Engine Torque (N-m)

(US)
e

N
e

~
@)

~
ek

o
@)

(\)
@)

2000

4000 6000 8000
Engine Speed (RPM)
—Orignal exhaust setup
— Infinitely Variable Diameter
—— Practical Variable Diameter (3 variations)

10000






