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An analytic study of applying miller cycle to reduce nox emission from petrol engine

An analytic investigation of applying Miller cycle to reduce nitrogen oxides (NOx) emissions from a petrol engine is carried out. The Miller cycle used in the investigation is a Late Intake Valve Closing version. A detailed thermodynamic analysis of the cycle is presented. A comparison of the characters of Miller cycle with Otto cycle is presented. From the results of thermodynamic analyses, it can be seen that the application of Miller cycle is able to reduce the compression pressure and temperature in the cylinder at the end of compression stroke. Therefore, it lowers down the combustion temperature and NOx formation in engine cylinder. These results in a lower exhaust temperature and less NOx emissions compared with that of Otto cycle. The analytic results also show that Miller cycle ratio is a main factor to influence the combustion temperature, and then the NOx emissions and the exhaust temperature.

with the previous experimental results. An empirical formula from the previous experimental results that showed the relation of NOx emissions with the exhaust temperature at different engine speed is presented. The results from the study showed that the application of Miller cycle may reduce NOx emissions from petrol engine. 

Introduction

In the last several decades since 1960's, the environmental problems caused by the human activities have been seen, such as global warming and worse air pollutions.

This trend has aroused the public awareness to protect the environment on the earth.

This has spread in to all sectors of life with new legislation's being formed as a result.

The engine industry has taken a series of measures to improve the engine emissions and to comply with the continued restrictions on the quality and quantity of emissions.

The need to comply with emissions legislation means that it is always appropriate to investigate ways of reducing emissions without compromising engine efficiency and increasing the costs of manufacturing of engines.

The emissions from petrol engines mainly are: hydrocarbon (HC), carbon monoxide (CO), carbon dioxide (CO 2 ) and nitrogen oxides (NOx). Among them, NOx is the most harmful emissions. It contributes to the formation of Ozone (O 3 ), and other irritating smog components, which cause the urban summer eye and nose, etc.

The formation of NOx in engines, are greatly influenced by the following factors.

First of all, the combustion flame temperature; secondly, the duration of high temperature, and thirdly, the oxygen content in the flames. Among these factors, flame temperature is the key factor. The higher of combustion temperature of flame in the engine is, the higher NOx emission will be.

In order to reduce NOx emissions from engines, currently there are two main ways:

one is after-treatment that uses catalysts to react with the NOx emitted from the engines; another is in-cylinder treatment that reduces the formation of NOx in the cylinders of engines. For the first method, it reduces NOx emissions effectively, but it increases the cost of the engine manufacturers and then customers for the converter and catalysts, and the additional space required for fixing the converter on vehicles.

Consequently, the aims to apply in-cylinder treatment measure are always pursued.

Miller Cycle was first proposed by R H Miller In 1947 [START_REF] Miller | Supercharging and Internal Cooling Cycle for High Output[END_REF]. The proposal was the use of early intake valve closing (EIVC) to provide internal cooling before compression so as to reduce compression work. Miller further proposed increasing the intake pressure to compensate for the reduced charge due to the early intake valve closing [START_REF] Miller | The Miller Supercharging System for Diesel and Gas Engines Operating Characteristics[END_REF]. The Miller Cycle is a cold cycle which has allowed in the past an increase in engine performance with an upraising of the knocking threshold. At this time, Miller

Cycle focused on improving the thermal efficiency of engine [3 -9].

Since Miller cycle is a cold cycle, making use of this characteristic of Miller cycle to achieve lower combustion temperature may result in lower NOx formation in engine cylinder and then lower NOx emissions. A previous experimental study for the application of Miller cycle to reduce NOx emissions has shown the effect of the reduction of NOx emissions [START_REF] Wang | An Experimental Investigation of NOx Emission Reduction from Automotive Engine Using the Miller Cycle[END_REF]. But a thermodynamic investigation has not been carried out yet. The aim of this study is to continue the investigation on the base of the experimental results, to carry out a thermodynamic analysis of the application of Miller cycle on petrol engine to reduce NOx emissions.

The Concept of Miller Cycle

The basic characteristic of Miller Cycle

The characteristic of Miller cycle is: The effective compression stroke of engine is shorter than the expansion stroke. compression stroke 1-2, combustion and expansion stroke 2-3-4, and exhaust stroke 4-1-0, where the compression ratio is identical to the expansion ratio, a higher expansion ratio causes a higher compression ratio and results in harmful engine knocking while the compression ratio excesses 10 ~ 12.

For Miller cycle as shown in Fig. 1 (b), however, allows the compression and expansion ratios to be preset independently. The work process is: intake stroke 0-1a-1;

then an additional "intake blow back" process 1-1a, which is the main difference between Miller cycle to Otto cycle; compression stroke 1a-2; combustion and expansion stroke 2-3-4-4a; exhaust stroke 4a-1-1a-0. From the P-V diagram of Miller cycle, higher engine efficiency is expected with increased expansion ratio, while engine knocking can be avoided by reducing the effective compression ratio.

The basic mechanism of Miller Cycle to reduce NOx emissions

As mentioned above, the main cause of NOx formation is the combustion flame temperature in the cylinder during the combustion process. Utilizing the characteristic of Miller cycle, to reduce the compression pressure and the compression temperature at the end of compression stroke (at the point 2 in P-V diagram), therefore to achieve lower combustion temperature at the end of combustion process (point 3 in P-V diagram), then lower NOx formation and emissions may be expected. This is the thermodynamic basis of applying Miller cycle to reduce NOx emission from petrol engines. 

The methods to realize Miller Cycle

There are three main methods to realize Miller Cycle 

Experimental results from previous engine tests

Experimental studies to investigate and to compare the performance and emission characteristics of the original engine (Otto cycle) to those of Miller cycle have been carried out. The detail results are presented in the previous published paper by the author [START_REF] Wang | An Experimental Investigation of NOx Emission Reduction from Automotive Engine Using the Miller Cycle[END_REF]. The engine used for the experimental tests is a Rover "K" series [START_REF] Kesgin | Study on prediction of the effects of design and operating parameters on NOx emissions from a leanburn natural gas engine[END_REF] the NOx emissions were low; when the exhaust temperatures were higher, the NOx emissions were higher when the engine run at the same speed. 

Thermodynamic analysis of Miller cycle

The following is the thermodynamic analyses of the LIVC version of Miller cycle, compared to that of Otto cycle.

Otto cycle

As shown in Fig 2, the petrol engine working on the standard Otto cycle has the following process: intake, compression, combustion and expansion, and exhaust. The equations for the cycle calculation can be found in literatures [START_REF] Taylor | The Internal Combustion Engine in Theory and Practice[END_REF] and are not listed here.

Late Intake Valve Closing Miller Cycle

As also shown in Fig 2, the petrol engine working on the Late Intake Valve Closing Miller cycle has the following process:

Intake stroke, constant pressure suction process 0 -1, P 1 = P 0 = P atm ; T 1 = T 0 = T atm [START_REF] Miller | Supercharging and Internal Cooling Cycle for High Output[END_REF] Intake blowback process 1 -1a,

P 1a = P 1 ; T 1a = T 1 (2) 
Compression stroke 1a -2a, isentropic compression process 1a 2a,

k a a a a V V P P = 2 1 1 2 (3) 1 1 2 1 1 2 - - = = k M k a a a a V V T T ε (4)
Where M is the compression ratio of Miller Cycle:

a a M V V 2 1 = ε (5)
In order to compare the difference between Miller cycle and Otto cycle, a concept of "Miller Cycle Ratio r M " [START_REF] Hatamura | A study of the improvement effect of Miller-cycle on mean effective pressure limit for highpressure supercharged gasoline engines[END_REF] is adopted to describe the difference.

ε ε M M r = (6)
When r M = 1, M = , the Miller cycle is identical with the Otto cycle.

Combustion and expansion stroke 2a -3a -4a:

Constant volume heat addition process 2a 3a Where the expansion ratio of Miller cycle is not the same as the compression ratio, which is: 

) ) ( ) ( 1 4 1 4 T T c u u q a v a out - = - = (13) 12 
Constant pressure exhaust process 1 0, P 5a = P 1 = P 0 [START_REF] Wunning | Flameless oxidation to reduce thermal NOformation[END_REF] The exhaust gas expands to the atmospheric pressure when the exhaust valve opens, the exhaust temperature can be seen as the gas temperature at the state 5a ( ) ( )

1 2 4 3 u u m u u m W a a a - - - = (16)
The engine indicated power Pi (kW) produced by the engine is Pi = m W cps i ( 17)

1 1 1 T R V P m = (18)
The brake power produced by the engine is:

P e = b Pi (19) 
Cycle thermal efficiency:

( ) ( ) ( ) a a a a a in th u u u u u u Q W 2 3 1 2 4 3 - - - - = = η ) ( ) ( 1 2 3 1 4 a a a T T T T - - - = (20)
For a real engine, its cycle can be described as a kind of fuel-air-cycle [START_REF] Taylor | The Internal Combustion Engine in Theory and Practice[END_REF], the corresponding efficiency, tFA is: tFA ≈ 0.75 th [START_REF] Ge | Reciprocating heat-engine cycles[END_REF] The brake thermodynamic efficiency of an actual engine, b , is roughly 0.8 times that of the fuel-air cycle [START_REF] Taylor | The Internal Combustion Engine in Theory and Practice[END_REF], that is: b ≈ 0.80 tFA [START_REF] Fukuzawa | Development of High Efficiency Miller Cycle Gas Engine[END_REF] 

Results from the thermodynamic analyses

A computation based on the above thermodynamic analyses is carried out to calculate the engine performance for Otto cycle and Miller cycles. The ranges of Miller cycle ratio for the calculation were selected from 0.9 to 1.0. The calculation results are presented in Figure 8.

As for the calculation of NOx emissions, Wunning, J.G. [13 -14] pointed out that there are three predominantly mentioned sources of nitric oxides from combustion processes: prompt NO, fuel NO and thermal NO. Whereof the thermal NO-formation, described by the 'Zeldovich-mechanism' is the most relevant source for the combustion of clean fuels. The NOx formation is strongly influenced by the combustion temperatures. Because of that strong temperature influence, most NOreducing techniques try to cut off peak temperatures, keep the residence time in high temperature areas low, and avoid high oxygen concentration in these areas. Webster, T. found that there was a linear relation between the NOx emissions and flame temperatures in burners [START_REF] Webster | Burner Technology for Single Digit NOx Emissions in Boiler Applications[END_REF]: the higher the flame temperature is, the more NOx emissions is. Mancini, M. and Weber, R. found the similar results as that of Webster's.

They found that there was a relation between NOx emissions and flame temperature [START_REF] Kesgin | Study on prediction of the effects of design and operating parameters on NOx emissions from a leanburn natural gas engine[END_REF]: NOx [ppm] = 0.31* T comb.

[ºC] -181. Milani, A. and Saponaro, A. found that the thermal NO formation is extremely sensitive to process temperature and presented a figure showed that NOx emissions are increased when the process temperature increased [17]. In this study, the exhaust temperatures were measured. The exhaust x Y [START_REF] Anderson | First and Second Law Analyses of a Naturally-Aspirated, Miller Cycle, SI Engine with Late Intake Valve Closure[END_REF] Where Y NOx is the NOx emissions (ppm), T exh is the temperature of the exhaust gas (ºC). x 1 and x 2 are coefficients, which are listed in Table 1. The validity range of the empirical correlation was from 399 to 808 ºC. The reliability of the equation is shown in the form of the square of the correlation coefficient (R-squared value) in Table 1.

The simulation results of exhaust temperature versus the Miller cycle ratio are presented in Fig 8 (a). From the figure, it can be seen that the exhaust temperature is dropped as long as the Miller cycle ratio is reduced. The lower the Miller cycle ratio r M is, the lower the exhaust temperature is. While the Miller cycle ratio r M = 1, this is Otto cycle, the exhaust temperature T exh equals to 808 ºC; when r M = 0.9, T exh = 730 ºC. Fig 8 (b) shows the simulation results of NOx emissions versus the Miller cycle ratio r M . When the Miller Cycle ratio r M = 1, this is Otto cycle, the NOx emissions reach the highest value, 2826 ppm; when r M = 0.9, the NOx emissions are 1600 ppm. The figure shows that the lower the Miller cycle ratio is, the less the NOx emissions are.

Similar results can be found from the other researches [9, 16 -18].

The simulation results of engine thermal efficiency versus the Miller cycle ratio are shown in Fig 8 (c). While the Miller cycle ratio r M = 1, this is Otto cycle, the engine thermal efficiency b is the lowest value, 23.50%, when r M = 0.9, b = 27.40%, which is the highest value. This result shows that Miller cycle can improve the thermal efficiency of engine, which is the original idea that Mr Miller to propose the cycle in 1947. Similar results can be found in the other researches [16 -23].

The simulation results of engine power output versus the Miller cycle ratio are presented Fig 8 (d). The figure shows the trend that the engine power output reduces when the Miller cycle ratio lowers down. When r M = 0.9, P e = 54.14 kW. While the Miller cycle ratio r M = 1, this is Otto cycle, the engine power output P e is the highest, reaches to 59.60 kW.

Conclusions

The objective of this study is realized. The results from the thermodynamic analyses based on the previous experimental results demonstrate that applying Miller cycle to petrol engine is able to reduce NOx emissions.

The results from the computation show that the Miller cycle ratio is the main factor to control the combustion temperature, exhaust temperature and then to control the NOx emissions from the petrol engine. The reduction of Miller cycle ratio results in the reduction of the combustion temperature then exhaust temperature, and the reduction of NOx emissions.

The analytic results also show that the reduction of Miller cycle ratio results in the increase of engine thermal efficiency, but it causes the reduction of engine power output.

The results from the thermodynamic analyses are a good explanation for the previously experimental results. The results may be able to apply to the other petrol engines for the similar studies. 
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  Fig 1 illustrates the comparison of standard Otto cycle to Miller cycle; the P-V diagrams are also shown in the figure. Assuming the pressure in cylinder at the starting point 0 is P 0 , the volume is V 0 , the swept volume of cylinder for Otto Cycle is V c , for Miller Cycle is V' c . For Otto cycle, shown in Fig 1 (a), the work process is: intake stroke 0-1,

Fig 2 4 - 1 -

 241 Fig 2 illustrates the P-V diagram of this concept of Miller cycle. Cycle 0 -1 -2 -3 -4

  [5 -8]: (a) Using a rotating valve between the intake pipe and intake valve on cylinder head to control the quantity of intake air -Early Rotary-Valve Closing (ERVC); (b) Closing the intake valve before the termination of the intake stroke -Early Intake Valve Closing (EIVC); (c) Keeping intake valve open during a portion of the compression stroke, thus rejecting part of the charge and reducing the net compression ratio -Late Intake-Valve Closing (LIVC -as shown in Fig 2). This version of LIVC Miller cycle is applied to the investigation. A schematic valve timing diagram of LIVC Miller cycle is shown in Fig 3.

Figure 5 and

 5 Figure 5 and Fig 6 show the test results of exhaust temperature and NOx emissions of
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 8 Fig 8 (a) shows the relation of exhaust gas temperature versus Miller cycle ratio at the
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 8 Fig 8 (c) shows the relation of engine thermal efficiency versus the Miller cycle ratio.
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  temperature is directly related to the combustion temperature and is good representation of the combustion temperatures. Referring to the recommendation from literatures, by applying the exponential fitting to the previous experimental results at different engine speeds n (r/min), empirical formulae of NOx emission versus exhaust temperature are drawn, which is (as shown in Fig7

Further

  work is needed to optimise the effect of Miller cycle such as: A detailed study to select the optimising point of Miller cycle ratio, i.e. optimising the parameters of the Late Intake Valve Timing of the engine, to find the best operation parameters for both NOx emission reduction and the engine power output. Further experimental and analytical studies are also necessary to find out the mechanism of Miller cycle to reduce NOx emissions in more details.
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 13467888 Fig 1 A comparison of standard Otto Cycle to Miller Cycle

Table 1

 1 Coefficient x 1 , x 2 , and R-squared values

	Engine speed			R-squared value
	(r/min)	Coefficient x 1	Coefficient x 2	(R	2 )
	6250	0.2961	0.0113	0.9469
	5500	0.1220	0.0130	0.9978
	5000	0.1018	0.0132	0.9660
	4500	0.0123	0.0167	0.9814
	4000	5.6729	0.0077	0.9824
	3500	7.4751	0.0075	0.9971
	3000	10.9220	0.0073	0.9873
	2000	3.0975	0.0114	0.8659
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