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Abstract 

Dimethyl Ether (DME) has been attracting attention as an alternative fuel for diesel engines because it can be 
produced from various feed stocks and does not create smoke. On the other hand, a DME truck require a large 
volume fuel tank in order to obtain the running distance equivalent to diesel trucks due to the lower energy content 
per unit volume of DME, and un-burned gas and fuel consumption of a DME engine tend to increase when large 
volume EGR are used. Therefore, DME engine research for the further improvement of fuel consumption and 
exhaust emissions still remains. It is important to optimize the injection pressure of the DME engine in order to 
improve fuel consumption and exhaust emissions. Compared to diesel fuel, DME has much lower viscosity, lower 
bulk modulus and higher vapour pressure, so the DME injection system commonly used a relatively low injection 
pressure up to 60 MPa. The effect of high injection pressure on DME engine performance has not yet been 
understood. In this study, the influence of injection pressure on fuel consumption and exhaust emissions were 
examined using a common rail type DME injection system with injection pressure up to 100 MPa, and it was 
demonstrated that the optimum injection pressures for fuel consumption and exhaust emissions of the DME engine 
in wide operating ranges.  

Keywords: diesel engines, alternative fuels, DME, common rail, injection pressure, fuel consumption, emissions 
 
1. Introduction  
 

DME has been attracting attention as an alternative fuel for diesel engines because it can be 
produced from various feed stocks and does not create smoke. Research studies about the DME 
engine have been carried out since 1995. S.C. Sorenson et al. and P. Kapus had reported about the 
performance and emissions of the DME engine in 1995 [1, 2]. Many fundamental studies about 

519



 
T. Yanai, M. Konno, Y. Sato, H. Oikawa, S. Nozaki 

DME engines have been conducted in Japan after 1995 [3-6]. The DME city bus had been 
developed by K. F. Hansen et al. on 2000 [7], some DME trucks also had been developed by 
National institute of Advanced Industrial Science and Technology (AIST) and National Traffic 
Safety and Environment Laboratory (NTSEL) in Japan [8, 9]. Those demonstrated that DME 
trucks have much lower Particulate matter (PM) and NOx, without the use of diesel particulate 
filter (DPF) and NOx reduction catalyst. From these results, it has been understood that DME 
trucks require a large volume fuel tank in order to obtain the running distance equivalent to diesel 
trucks due to the lower energy content per unit volume of DME. Un-burned gas and fuel 
consumption tend to increase when large volumes EGR are used with reduction NOx. DME 
engine research for the further improvement of fuel consumption and exhaust emissions still 
remains.  

On the other hand, it is necessary to optimize injection pressure due to its strong influence on 
engine performance. The influence of injection pressure on fuel consumption and exhaust 
emissions need to be investigated in order to optimize injection pressure. Compared to diesel fuel, 
DME has much lower viscosity, lower bulk modulus and higher vapour pressure, so that the DME 
injection system commonly used relatively low injection pressure. The influence of injection pressure 
on DME engine performance has been reported in some papers [10-12]. However, the influence of 
high injection pressure as over 60 MPa on engine performance has not yet been understood. The 
engine operating ranges in those experiments were narrow.  

The purpose of this study is to improve the performance of a DME engine with a common rail 
type injection system. In this study, the influence of injection pressure on fuel consumption, NOx, 
CO and NMHC was examined to find the optimum injection pressure using an injection pressure 
of up to 100 MPa, and then the effective injection pressure for fuel consumption and exhaust 
emissions at a wide operating range were discussed.  
 

2. Experimental setup 
 

2.1. DME properties 
 

Table 1 shows the main physical properties of DME. DME is a liquified gas and it has oxygen 
in its molecular. DME have to be pressed to maintain its liquid phase because DME has high 
vapour pressure. The low viscosity of DME makes it necessary to increase the amount of lubricant 
for it. In the case of the experiment, lubricant improver (LZ539ST) added 500 ppm wt. to the 
DME. The energy content of DME is low, approximately 1.8 times the injection volume quantity 
is required compared with diesel fuel to obtain the engine power equivalent to diesel engines.  
 

Tab. 1. Properties of DME 

 
 

2.2. DME engine  
Table 2 shows the specifications of the DME engine. A four cylinder, 4.6L diesel engine with 

a turbocharger was used. The fuel injection system changed from the base system to a common rail 
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type DME injection system. The geometric compression ratio was 19.0 which was the same as the 
base diesel engine since the Cetane number of DME is close to that of diesel fuel. EGR gas was 
introduced to the inlet side of the compressor to obtain a large volume of EGR due to the fact that 
the DME does not create smoke. A diesel oxidant catalyst (DOC) was installed in the outlet side of 
the turbocharger to reduce un-burned gas because increasing amounts of un-burned gas will be 
expected by the large volume of EGR.  
 

Tab. 2. Specification of the DME engine 

 
 
2.3. Fuel injection system 
 

Figure 1 shows the configuration of the DME fuel system. Table 3 shows the main specifications 
of the DME common rail injection system. DME was pressurized by the electric feed pump to 
approximately 1.5 MPa in order to keep it in the liquid phase. The fuel tank and the fuel pipe were 
changed pressurised structure due to the fact that the fuel pressure was high. DME was circulated 
through the fuel tank to the high pressure pump at 4.0 L/min and the fuel cooler was installed to 
avoid vaporization of DME. DME leaked into the high pressure pump due to the high fuel pressure, 
the leaked DME returned to the fuel tank by the re-liquefaction compressor. The re-liquefaction 
compressor was driven by the cam inside the high pressure pump. The rubber material in this fuel 
system was modified for DME to protect it from swelling. The injection nozzle hole increased to 
0.32 mm to obtain a large quantity of fuel injection. Figure 2 shows the injection rate of the injection 
system when the injection quantity was 150 mm3 / st at a high pressure pump speed of 1500 rpm. 
This condition is close to the maximum out put condition. The injection duration at an injection 
pressure of 100MPa was 13.0 degrees and was the same as the injection duration of the base diesel 
engine when the equivalent heating value was injected at the same condition. 
 

  

 

Fig. 1. Configuration of the DME fuel system using common rail 
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Tab. 3. Specification of the DME common rail injection system 

 
 

17
15
13

 

Fig. 2. Injection rate 
 
2.4. Measurement system 
 

Figure 3 shows the experimental engine system. The engine was coupled with a dynamometer 
for regulating the engine speed. The cylinder pressure was measured with a piezoelectric pressure 
transducer and logged in intervals of 0.5 crank angle degrees for combustion analysis. Exhaust 
emissions were measured with an exhaust analyzer (HORIBA MEXA7500DEGR). The exhaust 
gas was collected from two sample lines before DOC and after DOC to investigate the effects of 
un-burned gas reduction. CO and CO2 were measured by the NDIR technique, and NOx was 
measured by the CLD technique, and THC was measured by the FID technique, and CH4 was 
measured by the NMC (non-methane cutter)-FID technique. NMHC (non-methane hydrocarbons) 
was calculated by subtracting CH4 from THC. The sensitivity of the FID technique for DME is 
lower than hydrocarbons without oxygen elements [8] due to the fact that DME has oxygen 
elements. In a current study, the correction factor of DME [8] was used when the combustion 
efficiency was calculated. The NMHC values in this paper did not use the correction factor.  
 
2.5. Experimental condition 
 

Table 4 shows the operating points in the experiment. The experiments were performed at four 
operating points to consider optimum injection pressures in a wide operating range. The 
parameters of the experiment were injection pressures and injection timing. EGR was used only at 
a low load as BMEP of 0.2 MPa to reduce NOx. The EGR ratio was 50 % at 1000 rpm and was 
30 % at 3000 rpm. 
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Fig. 3. Schematic diagram of engine experiment 
 

Tab. 4. Operating points and experimental parameters 

Operating points 

 
Parameters 

 
 
2.6. Analysis of fuel consumption 
 

The influencing factors of fuel consumption was analysed to consider the influence of injection 
pressure. The methods for calculating the influencing factors will be covered in this section. Brake 
thermal efficiency e, indicated thermal efficiency i and mechanical efficiency m can be represented 
by equation (1) and equation (2) respectively [13]. 

 mie , (1) 

 wcombglthi 1 , (2) 

where: 
e - brake thermal efficiency, 
i - indicated thermal efficiency, 
m - mechanical efficiency, 
th - theoretical thermal efficiency of Otto cycle, 
 - specific heat ratio, 
gl - degree of constant volume, 
comb - combustion efficiency, 
w - cooling loss fraction. 

The degree of constant volume gl was calculated by equation (3). 

 
d

d

dQ

Q thgl
1

, (3) 
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where: 
th  - infinitesimal theoretical thermal efficiency of Otto cycle when combustion is in constant 

volume at crank angle, 
Q - cumulative apparent heat-release, 
 - crank angle. 

The combustion efficiency comb [14] was calculated by equation (4). 

 uDME

uDMEFIDco
comb HBSFC

HKTHCHCO
1 , (4) 

where: 
Hco - heating value of CO, 
HuDME - lower heating value of DME, 
CO - CO in exhaust gas, 
THC - THC in exhaust gas, 
BSFC - brake specific fuel consumption, 
KFID - correction factor of DME for FID. 

The cooling loss fraction w was calculated by equation (5). 

 combuDMEcyclemassinj
w HQ

Q

__

1 , (5) 

where: 
Q    - cumulative apparent heat release, 
Qinj_mass_cycle  - fuel quantity per cycle, 
HuDME    - lower heating value of DME, 

comb    - combustion efficiency. 
 
3. Results and discussion 
 
3.1. The influence of injection pressure and injection timing on the trade-off between fuel 

consumption and NOx 
 

This section considers optimum injection pressures for the trade-off between fuel consumption 
and NOx.  

Figure 4 shows the effect of various injection pressures and injection timing on the trade-off 
between fuel consumption (BSFC) and NOx. The trade-off at 1000 rpm tends to improve with 
decreasing injection pressure, the best results at both BMEP are achieved when an injection 
pressure of 25 MPa is used. The BSFC at the 25 MPa in 1000 rpm and the BMEP of 0.89 MPa 
tends to be worse when injection timing retards with reducing NOx. These BSFC and NOx in 
1000 rpm and BMEP of 0.2 MPa simultaneously can be reduced by retarding the injection timing 
because BSFC will not be so worse. The trade-off at 3000 rpm and BMEP of 0.89 MPa on retarded 
injection timing side improves when the injection pressure increases from 60 MPa to 80 MPa. The 
trade-off almost does not change when injection pressure increases over 80 MPa. The best result at 
3000 rpm and BMEP of 0.2 MPa is achieved when an injection pressure of 60 MPa is used. Both 
of the 40 MPa and 60 MPa results at this condition are almost same when the injection timing has 
been retarded. 

It can be concluded from the results that the optimum injection pressure for the trade-off between 
BSFC and NOx is around 25 MPa at 1000 rpm at both BMEP. It is around 60 MPa at 3000 rpm 
with a BMEP of 0.2 MPa. It is around 90 MPa at 3000 rpm with a BMEP of 0.89 MPa. 
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Fig. 4. Influence of injection pressure and injection timing on BSFC and NOx trade off 

 
A combustion analysis is used to investigate the reasons for improvement of the trade-off. 
Figure 5 shows the results of a comparison between 25 MPa and 60 MPa at 1000 rpm and 

BMEP of 0.89 MPa (the circles in Fig. 4). The combustion duration of 25 MPa is longer than that 
of 60 MPa, and peak of the rate of heat released at 25 MPa is lower. The maximum cylinder 
pressure of 25 MPa is also lower. It can be considered from these that NOx of 25 MPa decreases, 
though injection timing advanced. The indicated thermal efficiency of 25 MPa is about 1.5% 
higher than that of 60 MPa, the mechanical efficiency of 25 MPa also is about 4.5% higher from 
the fuel consumption analysis. The indicated thermal efficiency of 25 MPa improved compared with 
that of 60 MPa because the combustion efficiency and the cooling loss fraction of 25 MPa are better, 
though the degree of constant volume is worse. In case of 25 MPa, the maximum cylinder pressure 
is lower, and the drive work of the high pressure pump is assumed to be lower due to low injection 
pressure. Those suggest that the mechanical efficiency of 25 MPa is higher than that of 60 MPa.  

Therefore, the fuel consumption and NOx at 1000 rpm were better when the injection pressure 
of 25 MPa was used, because the combustion duration is long and the mechanical efficiency 
increases with the decreasing injection pressure. 
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Fig. 5. Analysis of influence of injection pressure on BSFC-NOx trade-off at 1000 rpm and BMEP of 0.89 MPa 
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Figure 6 shows the results of the combustion analysis comparing 60 MPa with 90 MPa at 3000 rpm 
and a BMEP of 0.89 MPa (the circles in Fig. 4). The end of combustion at 90 MPa is close to that 
of 60 MPa due to the short combustion duration, through the injection timing is retarding 
compared with 60 MPa. It can be considered from these that the NO of 90 MPa was lower due to 
a lower maximum cylinder pressure. The indicated thermal efficiency of 90 MPa is about 1.5% 
higher than that of 60 MPa and the mechanical efficiency of 90 MPa is close to that of 60 MPa. 
The degree of constant volume of 90 MPa is higher than that of 60 MPa, and the cooling loss 
fraction of 90 MPa is also little higher than that of 60 MPa.  

Therefore, the fuel consumption and NOx at 3000 rpm was better when an injection pressure of 
90 MPa was used, because the degree of constant volume was higher and injection timing became 
retarded. However, the better fuel consumption at 3000 rpm and BMEP of 0.2 MPa was achieved 
when an injection pressure of 60 MPa was used. This reason is assumed that the mechanical loss is 
too high when an injection pressure is over 80 MPa.  
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Fig. 6. Analysis of influence of injection pressure on BSFC-NOx trade-off at 3000rpm and BMEP of 0.89 MPa 
 
3.2. Influence of injection pressure and injection timing on the trade-off between un-burned 

gas and NOx 
 

This section discusses optimum injection pressures for the trade-off between CO, NMHC and 
NOx.  

Figure 7 shows the trade-off between CO and NOx when the injection pressure and injection 
timing varied. The trade-off at 1000 rpm and a BMEP of 0.89 MPa tends to improve by decreasing 
injection pressure and the best results are achieved when an injection pressure of 25 MPa was used. 
This tendency is similar to the result of the trade-off between BSFC and NOx under the same 
conditions.  

Figure 8 shows change of the excess air fuel ratio. The excess air ratio in 1000 rpm and 
a BMEP of 0.89 MPa decreases below 1.5 with increasing injection pressure. It is well known 
about diesel engine performance that CO increases rapidly when the excess air ratio becomes 
below 1.5, so that relatively high concentration CO is emitted when injection pressure increased. 
The tendency of the influence of injection pressure for CO is similar to the tendency of BSFC, 
because the excess air ratio decreases due to the increasing BSFC. On the other hand, CO at 
3000 rpm and a BMEP of 0.89 MPa is much lower than that of 1000 rpm at any injection pressure. 
The main reasons are that the excess air ratio at this condition is around 1.7, and the mixing of 
DME and air was improved by the increasing the engine speed. The boost pressure increased with 
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the increasing engine speed because the exhaust gas volume per unit time and exhaust gas 
temperature increased, so that the excess air ratio at 3000 rpm was higher than that of 1000 rpm. 
The CO at 3000 rpm and BMEP of 0.89 MPa improves while keeping a constant NOx level when 
the injection pressure increases from 60 MPa to 80 MPa, this assume that the air induction into DME 
splay was accelerated. The effect of injection pressure on CO in 1000 rpm and BMEP of 0.2 MPa 
was not observed because it was compensated by decreasing excess air ratio with the effect of 
improving the DME-fuel mixing by high pressure injection. The best result at 3000 rpm and 
a BMEP of 0.2 MPa is achieved when injection pressure of 60 MPa is used.  

Therefore, the optimum injection pressure for the trade-off between CO and NOx is high 
injection pressure in the high speed and high load condition, and it has a low pressure injection 
with low engine speeds. 
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Fig. 7. Influence of injection pressure and injection timing on CO and NOx trade off 
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Fig. 8. Change of excess air ratio 
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Figure 9 shows the trade-off between NMHC and NOx when injection pressure and injection 
timing varied. NMHC at BMEP of 0.2 MPa is relatively higher than that at the BMEP of 0.89 MPa, 
because the cylinder wall temperature was lower and the ignition delay was longer. The best result  
at 1000 rpm and a BMEP of 0.89 MPa is achieved when an injection pressure of 25 MPa is used, and 
the NMHC in the 25 MPa was reduced by retarding the injection timing. The NMHC at 3000 rpm 
and BMEP of 0.89 MPa improves when injection pressure increases from 60 MPa to 80 MPa, these 
NMHC tend to reduce with retarding injection timing. This main reason is that the ignition delay 
becoming shorter. The best result at 3000 rpm and a BMEP of 0.2 MPa is achieved when an injection 
pressure of 60 MPa is used, this tendency is the same as the tendency of the BSFC or CO. The 
NMHC at 1000 rpm and BMEP of 0.2 MPa reduces when the injection pressure increases from 
25 MPa. If the injection pressure increased over 60 MPa, the NMHC can be reduced. An NMHC 
with low speeds and low load condition were conspicuously influenced by the shortening ignition 
delay and increasing cylinder temperature by high pressure injection. 

Therefore, it can be concluded that the optimum injection pressure for the trade-off between 
NMHC and NOx is around 25 MPa at 1000 rpm with a BMEP of 0.89 MPa, and it is over 80 MPa 
at 3000 rpm with a BMEP of 0.89 MPa. In 1000 rpm and a BMEP of 0.2 MPa, NMHC can be 
reduced when the injection pressure increases from 25 MPa.  
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Fig. 9. Influence of injection pressure and injection timing on NMHCand NOx trade off 

 
3.3. The influence of injection pressure and injection timing on the trade-off between un-burned 

gas and NOx with diesel oxidant catalyst 
 

The activation of the DOC is varied by injection pressure due to the different exhaust gas 
temperature. Therefore, it can be expected that optimum injection pressures with DOC is difficult 
than it is without DOC. This section discusses optimum injection pressures for the trade-off between 
CO, NMHC and NOx with DOC.  

Figure 10 shows the trade-off between CO and NOx after DOC when injection pressure and 
injection timing varied. CO is almost reduced to level zero by DOC at any operating points and 
any injection pressure. For the reason, Platinum has a very high conversion characteristic for CO. 
Figure 11 shows the trade-off between NMHC and NOx after DOC when the injection pressure and 
injection timing varied. NMHC at the high load BMEP of 0.89 MPa can be reduced to nearly zero 
by DOC at any injection pressure. However, while the effect of the NMHC reduction at 1000 rpm and 
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BMEP of 0.2 MPa is not observed, the values after DOC is almost the same as that before DOC in 
Fig. 9. Figure 12 shows the conversion rate of the DOC. The horizontal axis is the exhaust gas 
temperature near the entrance side of the DOC. The conversion rate of NMHC is worse than that 
of CO in the low temperature range. NMHC can be reduced by the DOC when the exhaust gas 
temperature is over 500 K. The condition at 1000 rpm and a BMEP of 0.2 MPa, the exhaust gas 
temperature is below 450 K, so that the NMHC could not be decreased. At 3000 rpm and a BMEP 
of 0.2 MPa, the NMHC of 40 MPa greatly decreases compared with that of before DOC in Fig. 9. 
This main reason is that the activation of the DOC of 40 MPa increased, because the exhaust gas 
temperature with a low injection pressure is higher than that of a high injection pressure due to the 
increasing combustion duration. 
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Fig. 10. Influence of injection pressure and injection timing on CO and NOx trade off after diesel oxide catalyst 
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Fig. 11. Influence of injection pressure and injection timing on the NMHC and NOx trade off after the diesel oxide catalyst 
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Fig. 12. Conversion rate of diesel oxidant catalyst 

 
Therefore, in the case of using DOC, CO can be reduced to almost level zero at any of the 

operating points. However, NMHC at a low speed and low load cannot be reduced by the DOC, 
and high injection pressure is effective in reducing NMHC under this condition. 
 
3.4. Optimized injection pressure for fuel consumption and exhaust emissions 
 

It can be found from the above facts that there are optimum injection pressures for fuel 
consumption, NOx, CO and NMHC at each operating point. Both optimum injection pressures for 
fuel consumption and exhaust emissions are almost commonly expected at 1000 rpm and a BMEP 
of 0.2 MPa. The problem of the increasing NMHC at 1000 rpm with a BMEP of 0.2 MPa still 
remained. The NMHC at 1000 rpm and BMEP of 0.2 MPa can be expected to reduce in the future 
by refinements of the composition of the oxidant catalyst, the specification of the injection nozzle 
and the combustion chamber. This operating condition makes a point about the minimizing fuel 
consumption and NOx. Fig. 13 shows the optimized injection pressure and the results of the 
engine performances. 

Therefore, the optimum injection pressure at 1000 rpm is around 25 MPa at any of the engine 
loads. The injection pressure has to increase with the increasing engine speed, the optimum 
injection pressure is around 90 MPa at 3000 rpm and BMEP 0.89 MPa, and is around 60 MPa at 
3000 rpm and a BMEP of 0.2 MPa. 
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Fig. 13. Optimized injection pressure, injection timing and the results of the engine performances 

 
4. Conclusions 
 

This study is intended to improve the fuel consumption and exhaust emission of a DME engine. 
The influence of injection pressure on fuel consumption, NO, CO, NMHC with EGR and a diesel 
oxidation catalyst have been investigated using injection pressure up to 100 MPa, and the optimum 
injection pressures have been discussed from these results. 
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1) The trade-off between BSFC and NOx at the low engine speed of 1000 rpm tend to improve when 
an injection pressure decrease, because the cylinder pressure decrease and the mechanical 
efficiency increase simultaneously. The trade-off at high engine speed of 3000 rpm tend to 
improve when injection pressure increase, because the degree of constant volume increase and 
the injection timing can be retarded. 

2) The optimum injection pressure for the trade-off between CO and NOx is high injection pressure 
in the high speed and high load condition, and it has a low pressure injection with low engine 
speeds. The optimum injection pressure for the trade-off between NMHC and NOx is around 
25 MPa at 1000 rpm with a BMEP of 0.89 MPa, and it is over 80 MPa at 3000 rpm with a BMEP 
of 0.89 MPa, NMHC at 1000 rpm and a BMEP of 0.2 MPa can be reduced when the injection 
pressure increases from 25 MPa.  

3) In the case of using DOC, CO can be reduced to almost level zero at any of the operating 
points. However, NMHC at a low speed and low load cannot be reduced by the DOC, and high 
injection pressure is effective in reducing NMHC under this condition. The NMHC at a low 
speed and low load range must be reduced in the future by refinements of the composition of 
the oxidant catalyst, the specification of the injection nozzle and the combustion chamber. 

4) It can be concluded from the results as follows; the optimum injection pressure at 1000 rpm is 
around 25 MPa at any engine load. The injection pressure has to increase with the increasing 
engine speed. The optimum injection pressure is around 90 MPa at 3000 rpm with a BMEP of 
0.89 MPa, and is around 60 MPa at 3000 rpm with a BMEP of 0.2 MPa. 
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