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Abstract

:

The exhaust system of the light-duty diesel engine has been evaluated as a potential environment for a mechanical energy recovery system for powering an IoT (Internet of Things) remote sensor. Temperature, pressure, gas speed, mass flow rate have been measured in order to characterize the exhaust gas. At any engine point explored, thermal energy is by far the most dominant portion of the exhaust energy, followed by the pressure energy and lastly kinetic energy is the smallest fraction of the exhaust energy. A piezoelectric flexible device has been tested as a possible candidate as an energy harvester converting the kinetic energy of the exhaust gas flow, with a promising amount of electrical energy generated in the order of microjoules for an urban or extra-urban circuit.
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1. Introduction


European emissions standards [1,2] tighten limits on air pollutant emissions and require the best technology currently available for vehicle emission control. Many of these technologies require the on-board measurement of regulated pollutant emission levels in order to guarantee the maximum conversion efficiency.



On the other hand, in Europe the New European Driving Cycle (NEDC) procedure has been proven nonrepresentative of real world vehicle operation, thus leading to a gap between officially reported emissions and the ones experienced during real world operation [3]. New procedures require the measurement of pollutant emission levels during real driving emission conditions and portable emission sensing devices have been reported and proven to be reliable ways of monitoring real driving emissions [4,5,6].



The above considerations both lead to a pressing need for portable gas monitoring systems. The exhaust gas monitoring system is a comprehensive system made of the gas sensors, data logger, data transceiver, and power system. In order to avoid issues related to replacing batteries powering the sensors and the transceiver, several ways have been reported to recover energy from the engine [6,7,8,9,10,11,12,13,14,15,16]. The scope would be to design a complete IoT system for sensing, logging and transmitting data from the exhaust gas [17] and ideally, the system should be self-powered using the energy available in the environment in which it operates.



Piezoelectric transduction is a very promising mechanism to directly convert the kinetic energy of a fluid into available electrical energy and piezoelectric energy harvesting has been evaluated and reviewed [18,19] in several applications. The vortex-induced vibration method is a common practice used to harvest the kinetic energy of a fluid using piezoelectric transducers [20].



This work reports the comprehensive evaluation of the energy available and harvestable in exhaust gas in different forms, such as thermal, pressure and kinetic, at different positions of the exhaust system, and at different engine operating conditions (engine speed and torque). Physical properties of the gas such as temperature, pressure, gas speed have been measured, in order to provide a complete description of the environment in which the harvester and the IoT smart gas sensor would operate.



The work also describes the preliminary results of the installation of a piezoelectric harvester and simultaneous measurement of several parameters of the engine in real driving conditions and measurement of the electrical energy produced.



Thoretical Model for Evaluating Exhaust Gas Energy


In a conventional internal combustion engine, approximately one-third of total fuel input energy is converted to useful work, one-third is dissipated by the cooling system, radiation and friction, and, finally, another third is expelled by the exhaust gases [21,22].



Diesel internal combustion engines’ cycles have a substantial quantity of energy that is expelled from the exhaust system in the exhaust gases as described with the energy split diagram shown in Figure 1.



The energy balance is shown in Equation (1):


    Q ˙   t o t a l   =  P i  +   Q ˙   c o o l a n t   +   Q ˙   f r i c t i o n   +   Q ˙   e x h a u s t   g a s    



(1)




where     Q ˙   t o t a l     is the total power provided by the fuel,    P i    is the useful mechanical power (or internal power) used for mobility and accessories,      Q ˙   c o o l a n t     is the power adsorbed by the cooling system of the engine,     Q ˙   f r i c t i o n     is the power dissipated by radiation and friction,     Q ˙   e x h a u s t   g a s     is the power expelled through the exhaust system.



There have been several studies to analyze and quantify the energy expelled in the exhaust gases and recover it for several applications [6,9,10,24]. While the power exploited for car mobility is:


   P  i     = E n g i n e   s p e e d · T o r q u e =  (  r p m  )  ·  (  N m  )   



(2)







The total exhaust gas energy can be broken down into residual thermal energy, residual pressure energy, and residual kinetic energy, giving the following total energy equation:


    Q ˙   e x h a u s t   =   Q ˙   k i n e t i c   +   Q ˙   p r e s s u r e   +   Q ˙   h e a t    



(3)







In the equation,     Q ˙   e x h a u s t     is the total flow of exhaust gas energy, J/s;     Q ˙   k i n e t i c     is the flow of residual kinetic energy, J/s;     Q ˙   p r e s s u r e     is the flow of residual pressure energy, J/s;     Q ˙   h e a t     is the flow of residual thermal energy, J/s.



The mass flow rate at the exhaust gas is equal to:


    m ˙   e x h a u s t   =   m ˙   a i r     +   m ˙   f u e l      



(4)







In the equation above,     m ˙   e x h a u s t    ,     m ˙   a i r       and     m ˙   f u e l     are, respectively, the exhaust gas, air and fuel mass flow rates.



The specific heat capacity of the exhaust gas is a function of temperature; however, we can consider    c p    constant, by assuming the behavior of the exhaust gas as perfect. If the exhaust gas were assumed to be real gas, the use of a cp varying with temperature would give an error of 2–3% on the results of thermal power, which is acceptable, given the accuracy of the experimental measurements.



Therefore, the flow of residual thermal energy can be solved with the following equation:


    Q ˙   h e a t     =   m ˙   e x h a u s t     ·  ∫   T 0     T  e x h a u s t      c p  d T   ~     m ˙   e x h a u s t   ·  c p  · Δ T    



(5)







In the equation,    c p    is the specific heat capacity of exhaust gas [25], in J/(kg·K);    T  e x     is the temperature of exhaust gas, in K;    T 0    is the environment temperature, in K.



The exhaust gas pressure energy can be calculated through the following equation [26]:


    Q ˙   p r e s s u r e   =   m ˙   e x h a u s t   ·  k  k − 1   ·  R g  ·  T  e x   ·  [  1 −      p 0     p  e x         k − 1  k     ]   



(6)







In the equation,    p  e x     is the pressure of the exhaust gas;    p 0    is the atmospheric pressure under standard conditions, Pa;    R g    is the gas constant of the exhaust gas, J/(kg·K);  κ  is the specific heat capacity.



The equation for the residual kinetic energy is:


    Q ˙   k i n e t i c   =  1 2  ·  ρ  e x h a u s t   · A ·  v  e x h a u s t     3  =  1 2  ·   m ˙   e x h a u s t   ·  v  e x h a u s t     2     



(7)







In the calculations of residual pressure energy and residual thermal energy, the standard atmospheric conditions are considered.



Any energy recovery system would need to operate in the harsh environment of the exhaust gas system. In order to design and maximize the efficiency of the harvester, it is fundamental to know the temperature, pressure and the speed of the exhaust gas, as well as information about the level of turbulence of the same gas. The purpose of the experimental session is to characterize the different parameters of the exhaust gas at different operating points of the engine, i.e., at different loads, torque, and rpm. Several works have been published related to the recovery of exhaust energy through thermal or pressure conversion [6,9,10,11,13,27]. However, kinetic energy can be potentially converted into useful electrical energy for powering IoT sensors for monitoring the gas properties such as concentration of polluting species, fuel not combusted or temperature. A special emphasis has been given to the calculation of the kinetic energy available in the exhaust gas with the goal in mind of converting it into electric power by means of piezoelectric conversion. A test of the conversion of kinetic energy of exhaust gas into electrical energy has been attempted using a flexible piezoelectric harvester.





2. Materials and Methods


2.1. Tests at the Engine Bench


The engine used for the measurements was an AUDI A4, year 2011, 2000cc, TDI, diesel engine of the VAG group developed by Audi; it is a four-cylinder in-line four-stroke compression ignition system, with four valves per cylinder, “turbocharged”, and equipped with a common rail (CR) injection system. The engine delivers a maximum power of 105 kW (143 HP) at 4200 rpm and a maximum torque of 320 Nm between 1750 and 2500 rpm (Figure 2).



In addition to the use of the common rail injection system and the piezoelectric injectors, which guarantee meticulous control of the quantity of fuel injected into the combustion chamber, thereby decreasing the quantity of unburned fuel expelled at the exhaust, other technologies, such as electric EGR valve (exhaust gas recirculation), an EGR cooling system, and a particulate filter equip the engine in order to lower polluting emissions.



These characteristics make the engine perfectly suited to the study thanks to the optimization of combustion, which limits the fluctuations of torque and power, and thanks to the use of the turbocharger, it allows for a range of air speeds in the intake and exhaust, interesting for the analysis of the energy harvesting system.



The power, torque and specific consumption curves for different percentages of pedal were obtained during several tests carried out in the “Internal Combustion Engines” laboratories of the University of Salento, to better characterize the engine and define the most interesting test points for the study.



The engine bench characterization and the implemented layout allowed for the experimental definition of the test engine points, checking of all the parameters of the control unit and the percentage of the pedal, and the ability to identify torque and power in urban, suburban and freeway use.




2.2. Test Cycles


The idea of defining the engine operating points was to define operating conditions characteristic of urban, suburban and freeway routes under particular driving conditions, which are listed in Table 1.



The points described in Table 1 were inserted within the torque curves of the engine to establish the gas pedal percentages to be supplied to the engine in order to obtain the required torque and power as an output.



It should also be noted that points 3 and 5 are characterized by a low percentage of turbocharger operation, while points 2, 4 and 6 represent the points of maximum torque that can be delivered by the engine at the given engine speed.




2.3. Measurement Systems


The average gas speed was measured with a pitot tube [28], which included also a thermocouple for measuring temperature, and data logger Testo 480 [29], with a sampling rate of 1 sample/sec.



The exhaust tube was drilled to host the pitot tube (approximately 6 mm in diameter), which was used to measure the total pressure and the dynamic pressure, from which the logger calculated the gas speed using Bernoulli’s equation [30].



All parameters related to the engine were monitored and measured while driving on the road by using a commercial OBD II (on-board-diagnostics), which is a device that is connected to the electronic central unit (ECU) of the car. The OBD logger was inserted into the OBD port of the car, and the data collected were transferred via blue-tooth protocol to the mobile application.




2.4. Exhaust Gas Positions


As indicated below, the chosen measuring points were located along the exhaust line starting from downstream of the particulate filter up to the point of expulsion of the gases into the atmosphere.



The exhaust system studied is shown in Figure 3, with the 5 positions at which the gas was measured. Position 1, ”Engine Exit”, was directly downstream of the particulate filter; position 2, “Resonator” was in the empty cylinder approximately 600 mm downstream of position 1; position 3, “Between Resonator and Muffler” was approximately 300 mm downstream of the resonator; finally, positions 4 and 5 were the two exits of the muffler.




2.5. Piezoelectric Conversion


According to the theory of flow around bluff bodies, introduced by T. von Karman [31], the Karman vortex street was created to improve the vibrational energy of the exhaust gas. The forces from shedding vortices make the flexible piezoelectric harvester (Aluminum Nitride-based) device vibrate periodically. The electromechanical energy conversion is then completed based on the direct piezoelectric effect, which is the process of formation of an electrical field within the material through the separation of charge due to applied strain. Figure 4 shows the process of the energy conversion from kinetic to electrical by the flexible piezoelectric harvester.



The piezoelectric constitutive equations, also known as “coupled equations” are given below [32]:


  S =  s E  T + d E  



(8)






  D = d T +  ε T  E  



(9)




where S is the strain tensor, sE is the matrix of compliance coefficient, T is the stress tensor, d is the matrix of the piezoelectric strain constant, D is the tensor of elecric displacement, εT is the permittivity.





3. Results


The data of mass flow of fuel and air were taken from the electronic central unit of the engine (ECU) relative to the different engine operating conditions, and are listed in Table 2.



Detailed Results Relative to the Exhaust Gas for Each Exhaust Position


The exhaust gas was characterized at different positions of the exhaust system, and gas pressure, gas speed and temperature were measured using the methods described in Materials and Methods. Detailed plots of the measured gas parameters are presented in Table A1, Table A2, Table A3 in Appendix at the end of the document.



Results of the measurements are summarized in Figure 5.





4. Discussion


Based on the data collected with the measurement of the fundamental gas properties, several calculations have been carried out using the equation presented in the introduction in order to calculate the power of the exhaust gas. A preliminary discussion on the measurement of the gas speed is presented first.



4.1. Validation of Gas Speed Measured by Pitot Tube


As described by Gonzales et al. [33], there is a high frequency component to the pressure waves of the exhaust gas, therefore the exhaust gas flow is not steady or constant. However, for the purpose of the present work, where the measurement of the gas speed has been performed with a sampling rate of 2 samples/s, we can consider the flow as quasi-static.



The average gas speed measured by the pitot tube has been compared with values of gas speed calculated by a mathematical model based on the measured mass flow of the gas speed at each engine point and the density and temperature of the gas, as shown in Table 3. The calculation of the average gas speed starting from the measured mass flow rate has been performed using Equation (8).


      volume   flow   rate  =    mass   flow   rate    density     ;          gas   velocity  =    volume   flow   rate    area       



(10)







As described in previous work [34,35], the main component of the gas exhaust as it is in the air is N2. When considering the gas properties, neglecting the combustion products the error is typically not higher than 2%, therefore we have used air density when needed for the gas exhaust.



Given the relatively small discrepancy between measured and calculated values, the measured values of the gas speed can be considered reliable, therefore they have been used for the calculation of the kinetic energy in the following sections.




4.2. Estimation of Power at the Engine Exhaust for the Bench Engine


Three forms of energy at the exhaust were evaluated, and the power was calculated using Equations (5)–(7) for thermal, pressure and kinetic power, respectively. The results showed that thermal power was by far the most dominant form of power present in the exhaust gas, followed by pressure power, and finally kinetic power was the smallest fraction.



Figure 6a–c give a graphic summary of the power results. Figure 6d shows the trend of the different forms of power with the value of the torque fixed at 320 N*m, while the engine speed (RPM) variable between 1500 rpm and 3000 rpm, which is the most common range of engine speeds experienced in real driving conditions. Figure 6d represents the values on the Y-axis with a logarithmic scale, showing the kinetic power in the order of W, which was a small fraction of the exhaust energy available in other forms (thermal and pressure).



It is noteworthy that in position 2 (resonator), the pressure was approximately the same as the pressure measured in position 3 (between resonator and muffler). However, the gas speed, and consequently the kinetic energy associated with the gas, was significantly higher in position 3 compared to position 2. The reason for this behavior is currently unclear. The exhaust system is a complex fluid dynamic environment, in which several factors such as cross-section variation, pressure wave propagation and reflection and heat exchange, contribute to complex effects on the gas speed. For example, pressure wave propagation leads to maxima and minima which could be further emphasized in positions closer to the resonator. Further studies would be needed to clarify these aspects.




4.3. Piezoelectric Conversion from the Exhaust Pipe under Real Driving Conditions


Real driving emission conditions were evaluated by carrying out measurements of the exhaust gas while driving a car on the road. The car tested was a Fiat Freemont 2000cc TDI, therefore equipped with an engine very similar to the one tested in the lab. In addition to measuring pressure, temperature and gas speed of the exhaust gas, a first test on the piezoelectric conversion was performed in order to evaluate the efficiency of the energy conversion. A flexible piezoelectric transducer fabricated according to the process described by Guido et al. [19,34] was held inside the exhaust pipe, and the electrical signal generated by the piezoelectric transducer was recorded and shown in the figure below.



Figure 7 shows the parameters of the engine and the exhaust gas measured simultaneously during the real driving conditions road test. The temperature of the exhaust gas at the muffler grew rapidly over 100 °C, therefore the choice of the material of any harvester needs to consider this constraint.



The harvester used in this work was made of piezoelectric aluminum nitride on a flexible substrate of polyimide (commercial Kapton). Theoretical models showed that harvester efficiency could experience a drop with temperature due to thermal stresses [35]. Noteworthy, no creeps in the aluminum nitride piezoelectric layer were observed with temperature, suggesting the harvesting device could withstand the temperature range measured. The gas speed was generally below 10 m/s, with a few spikes over 15−20 m/s.



Figure 8a shows the bluff body and holder of the piezoelectric harvester, made of a polyimide substrate and 1 micron thick layer of piezoelectric AlN, responsible for the electro-mechanical conversion during the vortex-induced vibration. No visible buildup of carbon on the harvester, potentially changing its mechanical response, was observed, even after repeated tests. The deposition of carbon cannot be excluded, and further study will be conducted to determine its potential effect. Figure 8d shows the retrofit system including the harvester and the measurement setup of the exhaust gas. Figure 8c shows the voltage generated during the car drive of approximately 10 min in a mix of urban and extra-urban settings. The power calculated based on the voltage measured at the piezoelectric device using a 1 Mohm probe is reported in Figure 8d. There was a delay between the spikes of RPM, torque and engine load, and the spikes of voltage generated that were not synchronized with the peaks of the engine parameters. Considering that the harvester is based on a vortex-induced vibration mechanism, it is possible that the piezoelectric conversion could be more efficient during the transitions between operating conditions of the engine than in fixed regime conditions. These topics will be treated in following studies in order to optimize the design of the harvester.



Table 4 summarizes the electrical voltage, power and energy generated by the piezoelectric harvester during the 10 min ride on the road. Although the harvester generated a few peaks of power in the order of µW, the average power was in the order of nW. The simultaneous use of several harvesters working in parallel could be pursued but, in order to enhance the efficiency of the whole system, the set of harvesters needs to work in phase. Recently, the optimization of energy harvesters networks through Artificial Intelligence have shown a valuable strategy to follow [36].




4.4. Efficiency of Piezoelectric Harvester


The efficiency of the piezoelectric harvester was evaluated at several gas speeds. The efficiency curve was constructed by dividing the electrical power output by the available fluid power (kinetic power) available in the cross-sectional area in which the harvester operated, according to the following equation:


  η = P /  (   1 2  · ρ · A ·  v 3   )   



(11)




where  η  is the efficiency, P is the electrical power outout,  ρ  is the air density, A is the cross sectional area presented to the incoming stream and  v  is the air velocity [37]. Figure 9 shows the trend of the efficiency of conversion of the piezoelectric harvester.



It was noticeable that there was a decreasing trend of efficiency with increasing gas speed, probably due to a couple of factors: von Karman vortex excitation losing efficacy on the piezoelectric component, and possible generation of opposite charge in different parts of the piezoelectric component due to vibrational modes different from mode I. Further studies are needed to explain this trend.





5. Conclusions


The gas at the exhaust of an internal combustion engine carries power that can be classified in three portions: thermal, pressure and kinetic. The thermal power is most dominant, with values in the order of kW, while the pressure and the kinetic are of the order of watts at the exhaust muffler.



Temperature rapidly exceeds 120 °C in most of the points of the exhaust system at several engine points. Therefore, the use of piezoelectric harvesters has to be restricted to materials whose piezoelectric properties can withstand those temperatures. The piezoelectric conversion, using high temperature-resistant transducers (AlN on polyimide), has been demonstrated to be a good candidate to be used as an energy harvester in a harsh environment in the exhaust system. However, further studies are needed to study the influence of temperature (in the range of the exhaust gas temperatures), in order to quantify its effect on the performance of the device as a whole.
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Appendix A


Results of measurement of temperature, pressure and gas speed of the exhaust gas are summarized below in Table A1, Table A2, Table A3.
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Table A1. Results summary: gas speed.






Table A1. Results summary: gas speed.





	
Engine Regime Rpm Torque

	
Engine Exit

	
Resonator

	
Between Resonator/Muffler

	
Muffler Right Tube

	
Muffler Left Tube




	
Position #

	
1

	
2

	
3

	
4

	
5






	
1500 rpm

	
30 Nm

	
12 m/s

	
2 m/s

	
13 m/s

	
4 m/s

	
9 m/s




	
1500 rpm

	
320 Nm

	
17 m/s

	
3 m/s

	
17 m/s

	
9 m/s

	
11 m/s




	
2000 rpm

	
50 Nm

	
7 m/s

	
3 m/s

	
9 m/s

	
2 m/s

	
5 m/s




	
2000 rpm

	
320 Nm

	
26 m/s

	
6 m/s

	
25 m/s

	
14 m/s

	
16 m/s




	
3000 rpm

	
40 Nm

	
23 m/s

	
5 m/s

	
30 m/s

	
12 m/s

	
15 m/s




	
3000 rpm

	
320 Nm

	
37 m/s

	
8 m/s

	
41 m/s

	
22 m/s

	
23 m/s









Table resembling Table A2 of the article by Nontharkan [26].
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Table A2. Results summary: temperature.






Table A2. Results summary: temperature.





	
Engine Regime Rpm Torque

	
Engine Exit

	
Resonator

	
Between Resonator/Muffler

	
Muffler Right Tube

	
Muffler Left Tube




	
Position #

	
1

	
2

	
3

	
4

	
5






	
1500 rpm

	
30 Nm

	
485 °C

	
450 °C

	
280 °C

	
100 °C

	
165 °C




	
1500 rpm

	
320 Nm

	
630 °C

	
550 °C

	
320 °C

	
110 °C

	
175 °C




	
2000 rpm

	
50 Nm

	
340 °C

	
370 °C

	
300 °C

	
115 °C

	
183 °C




	
2000 rpm

	
320 Nm

	
640 °C

	
380 °C

	
300 °C

	
125 °C

	
195 °C




	
3000 rpm

	
40 Nm

	
645 °C

	
370 °C

	
310 °C

	
160 °C

	
220 °C




	
3000 rpm

	
320 Nm

	
740 °C

	
400 °C

	
300 °C

	
190 °C

	
220 °C
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Table A3. Results Summary: pressure (kPa).






Table A3. Results Summary: pressure (kPa).





	
Engine Regime Rpm Torque

	
Engine Exit

	
Resonator

	
Between Resonator/Muffler

	
Muffler Right Tube

	
Muffler Left Tube




	
Position #

	
1

	
2

	
3

	
4

	
5






	
1500 rpm

	
30 Nm

	
164

	
167

	
162

	
101

	
101




	
1500 rpm

	
320 Nm

	
182

	
200

	
190

	
101

	
101




	
2000 rpm

	
50 Nm

	
116

	
120

	
117

	
101

	
101




	
2000 rpm

	
320 Nm

	
225

	
225

	
225

	
101

	
101




	
3000 rpm

	
40 Nm

	
137

	
133

	
135

	
101

	
101




	
3000 rpm

	
320 Nm

	
225

	
225

	
225

	
101

	
101
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Figure 1. Energy split for a diesel engine (light truck or passenger vehicle) [23]. 
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Figure 2. (a) Lab engine photo; (b) torque and power curves of the engine; (c) map of the engine and engine points explored, circled; (d) power curves of the engine, the legend shows the percentage of load (gas pedal). 
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Figure 3. Exhaust system and characterized positions. Each muffler tube has a diameter of 60 mm, and an area of 2800 mm2. 






Figure 3. Exhaust system and characterized positions. Each muffler tube has a diameter of 60 mm, and an area of 2800 mm2.



[image: Energies 13 04169 g003]







[image: Energies 13 04169 g004 550] 





Figure 4. Schematic representation of the energy conversion from kinetic to electrical by the piezoelectric transducer. 
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Figure 5. Summary of the exhaust gas properties at each exhaust line position. (a) Gas speed measured at each of the five positions of the exhaust system; (b) absolute gas static pressure at each of the five positions of the exhaust system; (c) gas temperature at each of the five positions of the gas exhaust system; (d) description of the operating engine points studied. 
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Figure 6. Summary of power calculations at different engine points and at each of the five exhaust locations: (a) thermal power; (b) pressure power and (c) kinetic power, (d) thermal, kinetic, pressure and internal power. 
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Figure 7. Recorded real driving conditions parameters. 
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Figure 8. Summary of the real driving condition measurements: (a) piezoelectric converter mounted on the aluminum bluff body; (b) extender of the exhaust pipe at the muffler for mounting the piezoelectric harvester in retrofit; (c) voltage of electrical signal generated by the piezoelectric flexible transducer; (d) instant power calculated from the voltage. 
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Figure 9. Efficiency (logarithmic scale) of AlN-based piezoelectric harvester. 
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Table 1. Engine points studied.
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	Point 1
	Point 2
	Point 3
	Point 4
	Point 5
	Point 6





	RPM
	1500
	1500
	2000
	2000
	3000
	3000



	Torque
	200
	320
	50
	320
	40
	320



	Equivalent gear
	1
	2
	5
	3
	6
	6










[image: Table] 





Table 2. Measurements of gas flow at the exhaust relative to the different engine operating conditions.
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Engine Operating Point Speed_Torque

	
Fuel Gas Flow

	
Fuel Mass Flow 1

	
Total Mass Flow




	
(rpm)_(Nm)

	
(mg/stroke)

	
(g/s)

	
(g/s)






	
1500_200

	
38.8

	
37

	
38.2




	
1500_320

	
55.0

	
43

	
45.8




	
2000_50

	
11.4

	
22

	
22




	
2000_320

	
57.2

	
68

	
64.9




	
3000_40

	
11.9

	
63

	
63




	
3000_320

	
55.1

	
100

	
100.5








1 Fuel mass flow measured as mg/stroke, converted into g/s by the formula mg/stroke = 4*rpm/60 (mg/s).
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Table 3. Gas parameters at left muffler.
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Engine Point Rpm_Torque

	
Total Mass Flow

	
Gas Density

	
Volume Flow

	
Cross Section

	
Calculated Speed

	
Measured Speed

	
Error




	

	
(g/s)

	
(kg/m3)

	
(m3/s) × 10−3

	
(cm2)

	
(m/s)

	
(m/s)

	
%






	
1500_200

	
38.2

	
0.81

	
47.2

	
56

	
8.4

	
9

	
6.4




	
1500_320

	
45.8

	
0.79

	
58.0

	
56

	
10.4

	
11

	
5.9




	
2000_50

	
22

	
0.77

	
28.6

	
56

	
5.1

	
5

	
2.0




	
2000_320

	
69.4

	
0.75

	
92.5

	
56

	
16.5

	
16

	
3.3




	
3000_40

	
63

	
0.72

	
87.5

	
56

	
15.6

	
15

	
4.2




	
3000_320

	
100.5

	
0.72

	
139.6

	
56

	
24.9

	
23

	
8.4
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Table 4. Electrical energy, voltage, power.






Table 4. Electrical energy, voltage, power.





	Voltage Average
	Voltage Max
	Energy
	Power Average
	Power Max





	74 mV
	6.5 V
	21 µJ
	33 nW
	42 µW
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