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Figure 4.5: Cylinder pressure and rate of heat release at different intake charge temperatures (1035 
RPM, 50% Iso-octane & 50% Ethanol). 
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Figure 4.6: Cylinder pressure and rate of heat release at different intake charge temperatures (1035 
RPM, 100% Iso-octane). 
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100% Ethanol, 1275 RPM, Tc: 74.9 C 

a: 
a: 50 

* 40 
03 

| 3 0 

g 20 

a 10 

0 

-1 

}36C y v: 

7 -fr 
1 _Ĵ  
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Figure 4.7: Cylinder pressure and rate of heat release at different intake charge temperatures (1275 
RPM, 100% Ethanol). 
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Figure 4.8: Cylinder pressure and rate of heat release at different intake charge temperatures (1275 
RPM, 50% Iso-octane & 50% Ethanol). 
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Figure 4.9: Cylinder pressure and rate of heat release at different intake charge temperatures (1275 
RPM, 100% Iso-octane). 
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Figure 4.10: Cylinder pressure and rate of heat release at different intake charge temperatures (1520 
RPM, 100% Ethanol). 
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Figure 4.11: Cylinder pressure and rate of heat release at different intake charge temperatures (1520 
RPM, 50% Iso-octane and 50% Ethanol). 
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Figure 4.12: Cylinder pressure and rate of heat release at different intake charge temperatures (1520 
RPM, 100% Iso-octane). 
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Data in Figures 4.1 through 4.12 indicate that for a particular fuel and engine speed, the 

intake charge temperature has a strong impact on the on-set of combustion. For example, 

in Figure 4.1 the on-set of combustion (the CA corresponding to 10% of HRR) advances 

from 0.8° CA BTDC to 1.3° CA BTDC when the intake charge is increased from 121.9 

°C to 136.0 °C. This influence has been reported by several other researchers earlier, 

(Ayoma 1996, Christensen 1999, Martinez-Frias 2000, Marriot 2002, Tanaka 2003, Xie 

2006). Also, for a particular engine speed and intake charge temperature, it can be noted 

that ethanol advances the on-set of combustion when compared with iso-octane. For 

example, the on-set of combustion in the case of pure ethanol and pure iso-octane at 1035 

RPM and 136 °C are 5.6 and 2.9° CA BTDC respectively (Figures 4.4 and 4.6). This 

trend is confirmed when fuelling with the iso-octane/ethanol blend (Figure 4.5) where the 

on-set of combustion at 1035 RPM and 136 °C is 3.8° CA BTDC, which lies between the 

values of pure ethanol and pure iso-octane. Similar results have been reported in 

Christensen (1998) and Xie (2006). The advancement in on-set of combustion suggests 

that alcohols might be advantageous fuels for HCCI combustion. Concurrently, it should 

also be noted that ethanol has a higher enthalpy of vaporization (0.84 MJ/kg) compared 

to that of iso-octane (0.351 MJ/kg). 

There is an interesting trend that separates the lower speed conditions (805 and 1035) 

from the higher speed conditions (1275 and 1520) when the intake charge temperatures 

are low. From the rate of heat release it can be noted that for the lower speeds (805 and 

1035) the ethanol and the ethanol/iso-octane blend show consistent ignition without 

misfire. Whereas, for the same fuels and operating conditions, the higher speeds (1275 
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and 1520) show either total or partial misfire. This behavior is also observed for pure iso-

octane with total misfire at higher speeds while at lower speeds there is either partial or 

consistent ignition. This particular effect of either partial or total misfire at higher speeds 

for the lower intake charge temperature conditions can be linked to two factors: 

• heat losses due to heat transfer, and 

• effect of residence time on fuel chemistry. 

The engine used in this study is an In-Direct Injection (IDI) type and the surface to 

volume ratio for the cylinder is high and this contributes to increased heat transfer 

loses. In addition, at higher engine speeds, the in-cylinder gas velocity increases and 

hence, the convective heat transfer rate. The overall increase in heat transfer rate can 

reduce the overall temperature of the charge at the end of compression stroke leading 

to misfire at higher speeds. However, it should also be noted that the residence time 

of the charge in the cylinder decreases with increasing engine speed. The shorter 

residence time will decrease the overall energy transferred as heat during the 

compression stroke and act to attain a higher charge temperature at the end of the 

compression stroke. Later in this section, looking at the thermal efficiency, it is seen 

that the shorter residence time plays a more important role than the increase in in-

cylinder gas velocity and contributes to lower heat transfer losses at higher speeds. 

4.2.2 10% HR CA and 10-90% HR CA duration: 

Figures 4.13 through 4.15 show the CA corresponding to the 10% HR (on-set of 

combustion) and the heat release (HR) duration in CA from 10% and 90% HR for various 

operating conditions. As mentioned earlier, it can be noted from Figures 4.13 through 
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4.15 that the increase in intake charge temperature advances the 10% HR (on-set of 

combustion) CA for all the fuels and RPM conditions. Furthermore, when studying the 

HR duration (Figures 4.13 through 4.15) it is evident that the reduction in intake charge 

temperature increases the duration for all the operating conditions. Another interesting 

trend is that the presence of iso-octane in fuel prolongs the HR duration. For instance, in 

Figures 14.14 and 14.15, at the 136 °C intake charge condition; for 50% ethanol/iso-

octane blend the HR duration is between 4° CA and 8° CA for all the RPM conditions. 

Whereas, at the same 136 °C intake charge condition when fuelling with pure iso-octane 

(Fig. 14.15) the HR duration varies from 7 to 16° CA for all the RPM conditions. 
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Figure 4.13:10% Heat Release CA and CA duration for 10% to 90% Heat Release for different 
intake charge temperature and RPM (100% Ethanol, phi: 0.3). 
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Figure 4.15:10% Heat Release CA and CA duration for 10% to 90% Heat Release for different 
intake charge temperature and RPM (100% Iso-octane, phi: 0.3). 
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The effect of fuel chemistry and residence time at higher RPM conditions (Figures 4.13 

through 4.15) can be recognized when comparing the 147 °C condition for the fuels 

tested. For ethanol (Fig. 14.13) it is clear that the 10% HR CA (combustion on-set) and 

the HR duration do not change significantly with change of RPM. However, from Figures 

14.14 and 14.15 it can be noted that once iso-octane is added there is significant change 

in the CA values with respect to RPM. The combustion on-set (10% HR) is delayed and 

the HR duration increases for the higher RPM conditions (1275 and 1520 RPM) 

compared to the lower RPM conditions (805 ad 1035 RPM). This shows that the reaction 

rates for iso-octane at these lean operation conditions are affected by the residence time 

during both early (10% HR) and regular combustion periods (10 to 90% HR). This 

interference of residence time on fuel chemistry leads to delay in the on-set of 

combustion and subsequent misfire at higher engine speeds especially for the lower 

intake charge temperatures. This effect is not as pronounced when fuelling with pure 

ethanol at higher engine speeds where the reaction rates during the early (10% HR) and 

regular combustion (10 - 90% HR) are less affected by the residence time. Further, it 

should be noted that due to the presence of the pre-chamber in this IDI type engine, there 

is trapped residual mass that acts as an ignition source for subsequent cycles once the 

initial firing (combustion) cycles occur. The amount of trapped residual mass is not 

measured here. The pre-chamber occupies 5% of the total cylinder volume at BDC. 
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4.2.3 IMEP and COVIMEP: 

Figures 4.16 through 4.19 show the IMEP and the coefficient of variation in the IMEP for 

the various operating conditions. The IMEP reported here are the net values which 

include pumping losses. From the figures it can be noted that the COVIMEP has very high 

levels at the low initial charge temperature conditions where there is partial or complete 

misfire. Also, looking at pure iso-octane for different operating conditions, there is a 

specific charge temperature that gives the best IMEP combustion timing. This trend can 

be also seen clearly for the ethanol and an ethanol/iso-octane blend at higher engine 

speeds (Figures 4.18 and 4.19). 
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Figure 4.16: IMEP and COVIMEP (805 RPM). 
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Figure 4.17: IMEP and COV mEP (1035 RPM). 
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Figure 4.18: IMEP and COV IMEP (1275 RPM). 
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Figure 4.19: IMEP and COVIMEP (1520 RPM). 

For pure iso-octane, the 147.2 °C gives the best IMEP value for 1035 and 1275 RPM. At 

1275 RPM it is evident from the HRR and pressure profile that this operating point 

features better combustion characteristics than at other temperatures. Whereas, at 1035 

RPM and at 147.2 °C and 137.3 °C intake temperatures, very similar IMEP values are 

attained even though there are significant differences in their pressure and HRR profiles 

(Figure 4.3). At 147.2 °C only a little improvement in IMEP is gained (Fig. 4.17). A 

closer look at the pressure profile (Fig. 4.6) will reveal that the 137.3 °C pressure curve at 

first stays below the 147.2 °C pressure curve until 15 crank angle ATDC. At this point, 

the 137.3 °C pressure curve crosses above the 147.2 °C. It should be noted that the 

cylinder volume change is minimum when the piston is close to the TDC and significant 

volume change occurs only during the 30 to 150° CA region of the expansion stroke. 
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Hence, the above noted shift in the pressure curve plays a role in the work done during 

the expansion stroke. Also, the peak pressures and therefore temperatures for the 137.3 

°C case are lower compared to the 147.2 °C case. This in effect reduces the heat transfer 

losses for the 137.3 °C condition, especially when the piston is close to the TDC. This 

combined effect due to the shift in the pressure curve and difference in the heat transfer 

losses results in similar IMEP values at both 147.2 °C and 137.3 °C even though they 

show different pressure and HRR profile. A similar trend is seen for pure iso-octane at 

805 and 1520 RPM, where the 137.3 °C shows a better IMEP value compared to that of 

the 147.2 °C condition. 

For the ethanol/iso-octane blend the 135.8 °C initial charge temperature gives the highest 

IMEP value for all the tested speeds even though the 145.9 °C shows a pressure profile 

that has an earlier and higher peak. This is again due to lower heat transfer rates resulting 

from lower peak temperatures compared to the 145.9 °C case, and also due to the shift in 

the pressure curve between these two temperatures during the 30 to 150° CA region of 

the expansion stroke where the change in cylinder volume is maximum. In the case of 

ethanol, there is not much difference in the IMEP values at 805 and 1035 RPM, with 

125.9 °C and 121.9 °C giving a slightly higher IMEP values compared to other initial 

charge temperatures at 805 and 1035 RPM. Whereas in the case of 1275 RPM the 

optimum temperature is 131.7 °C and for 1520 RPM the 125.9 °C gives a better IMEP 

value than the other higher initial charge temperature conditions. 
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For all the test conditions that produce the highest IMEP values and also for the 

conditions that are closer to the highest IMEP values irrelevant of the fuel type used, the 

COVIMEP values remain less than 5%. The only exception from this is the pure iso-octane 

for the 1520 RPM condition where the COVIMEP is around 6%. COVIMEP values less than 

5% are within the stable operating region. Similar values where seen for richer mixtures 

(()) - 0.8 to 1) with very high amounts of trapped residual gas at 1500 RPM in Zhang 

(2006). In the same paper, the authors also reported a sharp increase in the COVIMEP with 

the leanest mixture studied ((j) = 0.8). In our experiments the mixture is very lean 

compared to that of the one used in (Zhang, 2006), and still the COVIMEP stays below 5%. 

One of the reasons for stable operation can be due to presence of the pre-chamber in this 

IDI type engine, where there is trapped residual mass that acts as an ignition source for 

subsequent cycles once the initial cycle with combustion occurs. 

4.2.4 Indicated thermal efficiency and peak pressure location: 

Figures 4.20 through 4.23 depict the indicated thermal efficiency, which is calculated as 

the ratio of net indicated work to product of fuel inducted per cycle and lower heating 

value of fuel. In addition, the figures show the peak pressure location for different 

operating conditions. The trends in thermal efficiency are similar to the IMEP since the 

amount of input energy remains constant for a fixed equivalence ratio. The thermal 

efficiency of the engine is between 30% and 41% and increases with the engine speed. 

The net indicated thermal efficiencies reported in (Christensen, 1998) for similar lean 

charges of ethanol and iso-octane were about 38% and 40% (compression ratio used in 

that study was 18 and the equivalence ratios used were (b = 0.33 for ethanol and § = 0.35 
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for iso-octane). The efficiency values reported here are lower than those of (Christensen, 

1998) because of the IDI type engine used here. 
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Figure 4.20: Thermal efficiency and peak pressure location ATDC (805 RPM). 
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Figure 4.21: Thermal efficiency and peak pressure location ATDC (1035 RPM). 
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As mentioned earlier, the thermal efficiency increases with engine speed irrespective of 

the type of fuel used. It should be noted that the volumetric efficiency for a given intake 

temperature condition drops by 6% when the engine speed is increased from 805 to 1520 

RPM. Hence, the amount of intake charge per cycle does not change significantly with 

increasing engine speed. From engine-out emission results in Section 4.2.6, the 

combustion quality does not improve significantly with increased thermal efficiency. 

From the results obtained, it appears that the heat transfer losses decrease with increasing 

engine speed, which results in improved thermal efficiency of the engine. 
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4.2.5 Maximum pressure rise rate: 

Figures 4.24 through 4.27 show the maximum pressure rise rate (average of 125 cycle) 

for the various fuels at different operating conditions. The maximum pressure rise rates 

for all the tested conditions are less than 10 bar/CA. The maximum stress limit for IDI 

engines is about 5-6 bar/CA, (Xie, 2006). However, in Christensen (1999), the authors 

reported that their diesel engine (normal stress limit: 6-10 bar/CA) modified for HCCI 

operation has been running at 15-20 bar/CA for extended time periods without significant 

wear. Hence, the pressure rise rates shown here are within the acceptable range. The 

lowest values for the maximum pressure rise rate in Figures 4.24 through 4.28 occurred at 

conditions where the engine started to misfire. 
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Figure 4.24: Maximum pressure rise rate (805 RPM). 
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Figure 4.27: Maximum pressure rise rate (1520 RPM). 

In general, the maximum pressure rise rate increases with intake charge temperature for a 

given fuel irrespective of the engine speed. The only exception is the ethanol/iso-octane 

blend at 805 RPM condition where there is no major difference in the maximum pressure 

rise rate for different intake charge temperatures. There is also no direct correlation 

between the maximum pressure rise rate and the best IMEP values. However, there is a 

direct correlation between the maximum pressure rise rate and the on-set of combustion. 

Figure 4.25 shows the on-set of combustion values displayed next to the plotted 

maximum pressure rise rate for each operating condition. From the values it is clear that 

the combustion on-set has a strong influence on the subsequent pressure rise rate. For 

most of the operating conditions the best IMEP values were obtained for the maximum 
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pressure rise rate of about 7 to 8 bar/CA. However, in the case of pure ethanol for 1035 

RPM, the best IMEP is obtained when the maximum pressure rise rate is only 4 bar/CA. 

Similarly, for the ethanol/iso-octane blend for the 805 and 1520 RPM conditions, the 

maximum pressure rise rates are about 5 bar/CA. 

4.2.6 CO and UHC: 

Figure 4.28 and 4.29 show the carbon monoxide (CO) and non-methane unburned 

hydrocarbon (UHC) engine-out emissions that corresponds to the intake charge 

temperature and the fuel type, which showed overall best thermal efficiency values for all 

the tested RPM conditions. Hence, the intake charge temperature is different for ethanol 

when compared to the other two fuel types used. The intake charge temperature that 

showed overall best thermal efficiency for all the RPM conditions in the case of ethanol 

was 130 °C. Whereas, for the iso-octane and the ethanol/iso-octane blend it is 136 °C. 

The oxides of nitrogen (NOx) are not shown in the figure since the maximum value read 

is less than 10 ppm for the entire set of test conditions. This shows that near-zero NOx 

emissions can be obtained using a lean charge. Similar results for NOx at an equivalence 

ratio of 0.321 were reported in (Van Blarigan et al, 1998) for iso-octane. 
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Figure 4.28: Carbon monoxide (CO) emissions. 
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Figure 4.29: Unburned Hydrocarbon (UHC) emissions. 
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It should be noted that the UHC levels shown in Fig. 4.28 is in terms of percentage intake 

fuel. Also, the amount of fuel does not vary much between the different engine speed 

tested for a particular intake charge temperature condition. In general, the CO and UHC 

levels are high and require exhaust gas after-treatment. Again, these high levels in CO 

and UHC emissions are due to the IDI type of engine being used here, which has greater 

heat losses that contribute to incomplete combustion especially closer to the cylinder 

walls. Similar levels of UHC and CO for iso-octane are reported in (Van; 1998). An 

interesting trend with both CO and UHC emissions is that, for any given operating 

condition, the presence of ethanol decreased the CO and UHC levels. This trend is clear 

when comparing the emissions level for iso-octane and the ethanol/iso-octane blend 

where the intake charge temperature is the same for both the fuel type. In the case of iso-

octane the CO and UHC levels are 0.23% and 15%. Whereas, for the ethanol/iso-octane 

blend the CO and UHC levels are 0.15% and 10%. This further confirms that presence of 

iso-octane in fuel prolongs the HR duration and leads to incomplete combustion when 

compared to ethanol for this lean operating condition. 

4.3 Summary 

For the same intake charge temperature and engine speed, the on-set of combustion for 

ethanol occurs ahead of that for iso-octane. For example, the on-set of combustion in the 

case of ethanol and iso-octane at 1035 RPM and 136 °C are 5.6 and 1.9° CA BTDC, 

respectively. It should be noted that ethanol has a higher enthalpy of vaporization than 

iso-octane, but this has no effect since the intake charge temperature is maintained 

constant. 
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The HRR and in-cylinder pressure traces in this IDI engine indicate that residence time 

has more impact on the on-set of combustion at lower charge temperatures and engine 

speeds. 

The indicated thermal efficiency (30-41%) values reported in this study are comparable 

to other HCCI experimental results reported elsewhere and these values are better than 

those for typical SI engines which are less than 30%, especially during low load 

operating conditions. 

The presence of the pre-chamber in this IDI type engine ensures stable operation 

(COVIMEP stays below 5%) due to trapping of residual mass that acts as an ignition 

source for subsequent cycles once the initial cycle with combustion occurs. 

The NOx emissions were very low (less than 10 ppm) for the tested conditions and do not 

require after- treatment. However, the UHC and CO levels are higher and would require 

after-treatment. 

For a particular operating condition, the presence of ethanol reduced the CO and UHC 

levels on this HCCI engine operating with iso-octane at a lean fuel-air equivalence ratio. 
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Chapter 5 Experimental results: Effect of EGR 

In this chapter the effect of EGR on the HCCI combustion on-set is analyzed. The study 

is done by maintaining a constant compression ratio, and a constant intake charge 

temperature (for a particular fuel type used). The parameters that were varied are 

percentage EGR addition, equivalence ratio and the fuel composition. The details of the 

test conditions are provided below in the next section. 

5.1 Test conditions 

The fuels used in this study are 100% ethanol, 100% iso-octane and 50% ethanol & 50% 

iso-octane blend by volume, which were similar to the previous study done in Chapter 4. 

The engine specifications and conditions used in the experimental study are as follows: 

Table 5.1: Engine specifications and test conditions 

Compression ratio, rc 

Equivalence ratio, phi, <|> 

Engine Speed [RPM] 

EGR [% by vol.] 

Coolant Temperature, Tc [°C] 

Intake charge temperature, T; [°C] 

20:1 

0.33, 0.38 

805, 1035, 1275 & 1520 

0 - 4 0 % 

75 (± 2) 

133 or 150 (±2) 

The results reported in the next section are averaged data based on a sample of 125 

consecutive cycles. The discussion of the results includes the engine performance in 

terms of the in-cylinder pressure, HRR, 10% and 90% HR, IMEP, and COVIMEP, 

indicated thermal efficiency, and regulated engine-out emissions. 
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5.2 Results and discussion 

5.2.1 In-cylinder pressure and HRR (<|> = 0.33): 

Figures 5.1 through 5.12 show the in-cylinder pressure and HRR for the fuels tested over 

various engine speeds and different levels of EGR addition for a fuel-air equivalence 

ratio of § = 0.33. The intake charge temperature for ethanol is maintained during the trials 

at 135 °C. For iso-octane and 50% ethanol/iso-octane blend the charge temperature is 

kept constant at 150 °C. Our earlier results in Chapter 4 showed that intake charge 

temperature has a strong impact on the on-set of combustion for a particular engine speed 

and ethanol advances the on-set of combustion when compared with iso-octane. The 

initial charge temperatures in this study were chosen such that the on-set of combustion is 

close to the TDC for all the fuel types used. 

100% Ethanol, Phi: 0.33, RPM: 805,Tc: 75.1 C 
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Figure 5.1: Cylinder pressure and rate of heat release with different EGR levels (805 RPM, 100% 
Ethanol, phi: 0.33). 
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Figure 5.2: Cylinder pressure and rate of heat release with different EGR levels (805 RPM, 50% Iso-
octane & 50% Ethanol, phi: 0.33). 
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Figure 5.3: Cylinder pressure and rate of heat release with different EGR levels (805 RPM, 100% 
Iso-octane, phi: 0.33). 
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Figure 5.4: Cylinder pressure and rate of heat release with different EGR levels (1035 RPM, 100% 
Ethanol, phi: 0.33). 
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Figure 5.5: Cylinder pressure and rate of heat release with different EGR levels (1035 RPM, 50% 
Iso-octane & 50% Ethanol, phi: 0.33). 
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Figure 5.6: Cylinder pressure and rate of heat release with different EGR levels (1035 RPM, 100% 
Iso-octane, phi: 0.33). 
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Figure 5.7: Cylinder pressure and rate of heat release with different EGR levels (1275 RPM, 100% 
Ethanol, phi: 0.33). 
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Figure 5.8: Cylinder pressure and rate of heat release with different EGR levels (1275 RPM, 50% 
Iso-octane & 50% Ethanol, phi: 0.33). 
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Figure 5.9: Cylinder pressure and rate of heat release with different EGR levels (1275 RPM, 100% 
Iso-octane, phi: 0.33). 
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100% Ethanol, Phi: 0.33, RPM:1520, Tc: 75.8 C 
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Figure 5.10: Cylinder pressure and rate of heat release with different EGR levels (1520 RPM, 100% 
Ethanol, phi: 0.33). 
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Figure 5.11: Cylinder pressure and rate of heat release with different EGR levels (1520 RPM, 50% 
Iso-octane and 50% Ethanol, phi: 0.33). 
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100% Iso-octane, Phi: 0.33, RPM: 1520, Tc: 74.5 C 
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Figure 5.12: Cylinder pressure and rate of heat release with different EGR levels (1520 RPM, 100% 
Iso-octane, phi: 0.33). 

Results in Figures 5.1 through 5.12 indicate that for a particular fuel and engine speed, 

the EGR addition has a strong impact on the on-set of combustion. For example, the on

set of combustion (CA corresponding to the 10% HR) in the case of pure ethanol (§ = 

0.33) with 0%, 13.8% and 22.5% EGR addition for the 805 RPM (Fig. 2) are 1.8 CA 

BTDC, 0.2 CA BTDC and 0.8 CA ATDC. The trend of delayed on-set of combustion 

with respect to the addition of EGR is confirmed when fuelling with the 50% iso-

octane/ethanol blend and pure iso-octane for 805 RPM (Figures 5.2 and 5.3). This 

influence has been reported by several other researchers, (Oakley et al. 1994, Zhao et al. 

1994, Zhang et al. 2006). Furthermore, the EGR addition also reduces the peak pressure 

and moderates the HRR. For example, the peak pressure for the pure ethanol (fy = 0.33) 
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and 1035 RPM (Fig. 5.4) decreases from 81 bar to 65 bar with 23% EGR addition. The 

HRR for the same condition drops from 45 J/CA to 20 J/CA. 

There is also an interesting trend that differentiates the lower speed conditions (805 and 

1035 RPM) from the higher speed conditions (1275 and 1520 RPM) when there is no 

EGR addition. When analyzing the in-cylinder pressure it can be noted that for the lower 

speeds (805 and 1035 RPM) there is no engine ringing. Whereas, when comparing 

pressure curves of the higher RPM ranges to the lower RPM pressure curves it can be 

noted that there are distinguishable variations which signify engine ringing. This 

behavior is very prominent at 1520 RPM with ethanol as fuel (Fig. 5.10). The engine 

ringing tendency associated with ethanol can be confirmed by comparing the 1520 RPM 

and 0% EGR for the remaining two fuelling conditions; 50% ethanol/iso-octane blend, 

and 100% iso-octane (Figures 5.11 and 5.12). In both, Figures 5.11 and 5.12, the initial 

charge temperature and coolant temperature were kept constant at 149 °C and 74 °C. 

From the above-mentioned figures it can be noted that the engine ringing is more 

pronounced with addition of ethanol. Also, from Figures 5.10 through 5.12 it can be seen 

that the addition of EGR to the 1520 RPM condition terminates the ringing and 

moderates the HRR for all the fuel types used. 

5.2.2 10% HR CA and 10-90% HR CA duration (<|> = 0.33): 

Figures 5.13 through 5.15 show the CA corresponding to the 10% HR (on-set of 

combustion) and the heat release (HR) duration in CA from 10% and 90% HR for fuel-air 

equivalence ratio of 0.33 for various operating conditions. As mentioned earlier it can be 
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noted from Figures 5.13 through 5.15 that the addition of EGR delays the 10% HR (on

set of combustion) CA for all the fuels and RPM conditions. Furthermore, when studying 

the HR duration (Figures 5.13 through 5.15) it is evident that the EGR addition increases 

the duration for all the operating conditions. Another interesting trend is that the presence 

of iso-octane in fuel prolongs the HR duration. For instance, in Figures 5.14 and 5.15, at 

the 15% EGR condition; for 50% ethanol/iso-octane blend (§ = 0.33) the HR duration is 

between 7.5 CA and 9.5 CA for all the RPM conditions. Whereas, at the same 15% EGR 

when fuelling with pure iso-octane (Fig. 5.15) the HR duration varies from 7.8 to 11 CA 

for all the RPM conditions 
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Figure 5.13: 10% Heat Release CA and CA duration for 10% to 90% Heat Release for different 
EGR levels and RPM (100% Ethanol, phi: 0.33). 
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Figure 5.14: 10% Heat Release CA and CA duration for 10% to 90% Heat Release for different 
EGR levels and RPM (50% Ethanol & 50% Iso-octane, phi: 0.33). 

Figure 5.15: 10% Heat Release CA and CA duration for 10% to 90% Heat Release for different 
EGR levels and RPM (100% Iso-octane, phi: 0.33). 

Another interesting trend in Figures 5.13 through 5.15 can be identified for the 0% EGR 

condition when comparing all of the fuels tested. For ethanol (Fig. 5.13) it is clear that 
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the 10% HR CA (combustion on-set) and the HR duration do not change significantly 

with change of RPM. However, from Figures 5.14 and 5.15 it can be noted that once iso-

octane is added there is significant change in the CA values with respect to RPM. The 

combustion on-set (10% HR) is delayed and the HR duration increases for the higher 

RPM conditions (1275 and 1520 RPM) compared to the lower RPM conditions (805 ad 

1035 RPM). This shows that the reaction rates for iso-octane at the lean operation 

conditions (<|> = 0.33) are affected by the residence time during both early and regular 

combustion periods, causing the delay in the on-set of combustion and prolonged HR 

durations at higher engine speeds. This effect is not seen when fuelling with pure ethanol 

where the reaction rates during the early (10% HR) and regular combustion (10 - 90% 

HR) are not affected by the residence time. 

5.2.3 In-cylinder pressure and HRR (<|> = 0.38): 

Figures 5.16 through 5.27 depict in-cylinder pressure and HRR for the fuels tested over 

various engine speeds and different levels of EGR addition for a fuel-air equivalence 

ratio of 0.38. The intake charge temperature for ethanol is maintained during the trials at 

135 °C, similar to the previous case ((|) = 0.33). For iso-octane and a 50% ethanol/iso-

octane blend the charge temperature is kept constant at 150 °C. It should be noted that the 

percentage EGR addition range used for the 0.38 equivalence ratio is higher than the 0.33 

equivalence ratio. This is primarily done to eliminate pressure ringing and to keep the 

peak pressure-rise rates below 10 bar/CA. Similar to the previous case (§ = 0.33), it can 

be noticed (Fig. 5.16 through 5.27) that the EGR addition delays the on-set of 

combustion, reduces the peak pressure and moderates the HRR. 
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100% Ethanol, Phi: 0.38, RPM: 805, Tc: 73.4 C 
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Figure 5.16: Cylinder pressure and rate of heat release with different EGR levels (805 RPM, 100% 
Ethanol, phi: 0.38). 
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Figure 5.17: Cylinder pressure and rate of heat release with different EGR levels (805 RPM, 50% 
Ethanol and 50% Iso-octane, phi: 0.38). 
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100% Iso-octane, Phi: 0.38, RPM: 805, Tc:75 C 
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Figure 5.18: Cylinder pressure and rate of heat release with different EGR levels (805 RPM, 100% 
Iso-octane, phi: 0.38). 
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Figure 5.19: Cylinder pressure and rate of heat release with different EGR levels (1035 RPM, 100% 
Ethanol, phi: 0.38). 
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50% Ethanol & 50% Iso-octane, Phi: 0.38, RPM: 1035, Tc:73.7 C 
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Figure 5.20: Cylinder pressure and rate of heat release with different EGR levels (1035 RPM, 50% 
Ethanol and 50% Iso-octane, phi: 0.38). 

100% Iso-octane, Phi: 0.38, RPM: 1035, Tc:75.5 C 

< 

a: 
at 
x 
c ro 

CD 

3 
CO 
CO 
CD 

90 

75 

60 

45 

30 

15 

I 
I 

7.3 %' EGR, Tin: ' 
I 

15.8 % EGR, Tin: 

27.5 % EGR, Tin: 

I 
I 

In-cylinder pressure/'' 

J^^ 

HRR I 

I 

I 

A7 A P ' > / \ . 

1 Aft R p ' U /""••A 

1 ^n 7 p if / » / 
lOU.f O f / y 

I f #1 1 \ 
i i f I I I \ 

- w r 1 

-20 -10 0 10 
Crank Angle (CA) 

20 30 

Figure 5.21: Cylinder pressure and rate of heat release with different EGR levels (1035 RPM, 100% 
Iso-octane, phi: 0.38). 
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100% Ethanol, Phi: 0.38, RPM: 1275, Tc:75.8 C 
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Figure 5.22: Cylinder pressure and rate of heat release with different EGR levels (1275 RPM, 100% 
Ethanol, phi: 0.38). 
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Figure 5.23: Cylinder pressure and rate of heat release with different EGR levels (1275 RPM, 50% 
Ethanol and 50% iso-octane, phi: 0.38). 
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100% Iso-octane, Phi: 0.38, RPM: 1275, Tc:75.5 C 
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Figure 5.24: Cylinder pressure and rate of heat release with different EGR levels (1275 RPM, 100% 
Iso-octane, phi: 0.38). 

100% Ethanol, Phi: 0.38, RPM: 1520, Tc:74.7 C 

-10 0 10 
Crank Angle (CA) 

Figure 5.25: Cylinder pressure and rate of heat release with different EGR levels (1520 RPM, 100% 
Ethanol, phi: 0.38). 
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50% Ethanol & 50% Iso-octane, Phi: 0.38, RPM: 1520, Tc:74.4 C 
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Figure 5.26: Cylinder pressure and rate of heat release with different EGR levels (1520 RPM, 50% 
Ethanol and 50% Iso-octane, phi: 0.38). 
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Figure 5.27: Cylinder pressure and rate of heat release with different EGR levels (1520 RPM, 100% 
Iso-octane, phi: 0.38). 
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From Figures 5.16 through 5.27 it can be also noted that the higher equivalence (§ = 

0.38) results in a higher peak pressure and higher peak HRR value compared to that of § 

- 0.33 for the same EGR percentage addition and intake charge temperature condition. 

For example, in the case of pure ethanol (cj) = 0.38) for the 805 RPM and 22.8% EGR 

addition (Fig. 5.16) the peak pressure and HRR obtained is 72 bar and 30 J/CA. Whereas, 

for the same fuel with c|) = 0.33 and similar EGR addition (22.5%), the peak pressure and 

HRR values obtained are 63 bar and 20 J/CA (Fig. 5.1). Similar trends were also seen for 

the other types of fuels analyzed. For instance, the peak pressure and HRR for blend 

(1275 RPM and 9.7% EGR) with <|> = 0.38 (Fig. 5.23) are 76 bar and 47 J/CA. While for 

the same fuel at similar operating conditions with 9.7% EGR addition and (j) = 0.33 (Fig. 

5.8), the peak pressure and HRR drops to 67 bar and 28 J/CA. This behavior is expected 

since more fuel enters the combustion process at the higher equivalence ratio (for the 

same percentage EGR addition) resulting in higher peak pressure values. 

Similar to the previous case (§ = 0.33) the 0.38 equivalence ratio condition also shows no 

presence of engine ringing at lower engine speeds (805 and 1035 RPM). With higher 

RPM conditions (1275 and 1520 RPM) there are distinguishable oscillations in the 

pressure curve that signifies engine ringing similar to § = 0.33. For the lower 

equivalence ratio (<|) = 0.33) the oscillations in the pressure signal were prominent only 

for the 1520 RPM condition irrespective of the fuel type tested (Fig. 5.10). However, 

with higher equivalence ratio ((() = 0.38) it can be seen that the 1275 RPM condition (Fig. 

5.23 and 5.24) also shows the presence of engine ringing, especially for the pure iso-

octane and blend where the percentage EGR addition are low. This again points out that 
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the percentage EGR addition is critical in eliminating the presence of engine ringing and 

moderating the in-cylinder and HRR profiles. 

5.2.4 10% HR CA and 10-90% HR CA duration (<|> = 0.38): 

Figures 5.28 through 5.30 show the CA corresponding to the 10% HR (on-set of 

combustion) and the heat release (HR) duration in CA from 10% and 90% HR for fuel-air 

equivalence ratio of 0.38 for different operating conditions. As mentioned earlier in the 

case of (|> = 0.33, it is noted from Figures 5.28 through 5.30 that the addition of EGR 

delays the 10% HR CA (on-set of combustion) and increases the duration for all the fuels 

and RPM conditions. An interesting trend in Figures 5.28 through 5.30 is that irrespective 

of the fuel type used, for a constant percentage EGR addition, the combustion on-set 

advances and the HR duration decreases with an increase in equivalence ratio. For 

example, in the case of ethanol with § = 0.33 and 20% EGR addition (Fig. 5.13), the on

set of combustion is at around 1 CA ATDC and the HR duration is around 7 - 1 0 CA for 

the tested RPM range. While for the same operating conditions with fy = 0.38 (Fig. 5.28) 

the combustion on-set is at TDC and the HR duration decreases to 6 - 7 CA. This effect 

can be also seen in the case of pure iso-octane and the blend (Fig. 5.29 and 5.30). 
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Figure 5.28: 10% Heat Release CA and CA duration for 10% to 90% Heat Release for different 
EGR levels and RPM (100% Ethanol, phi: 0.38). 
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Figure 5.29: 10% Heat Release CA and CA duration for 10% to 90% Heat Release for different 
EGR levels and RPM (50% Ethanol and 50% Iso-octane, phi: 0.38). 
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Figure 5.30: 10% Heat Release CA and CA duration for 10% to 90% Heat Release for different 
EGR levels and RPM (100% Iso-octane, phi: 0.38). 

Another interesting trend with increase in equivalence ratio is that the 10% HR CA 

(combustion on-set) and the HR duration do not change significantly with change of 

RPM for ethanol and the blend (Fig. 5.28 and 5.29). The only fuel that shows significant 

change in 10% HR CA with increase in RPM is pure iso-octane (Fig. 5.30). The 

combustion on-set (10% HR) is delayed for the higher RPM conditions (1275 and 1520 

RPM) compared to the lower RPM conditions (805 ad 1035 RPM). However, the HR 

duration does not show any significant difference with respect to RPM as in the case of § 

= 0.33 (Fig. 5.15). This effect can also be confirmed when comparing the 10% HR and 

HR duration for the blend with different equivalence ratio. For § = 0.33 (Fig. 5.14), it can 

be seen that there is delayed combustion on-set (10% HR CA) with an increase in RPM, 

but with increase in equivalence ratio (<|> = 0.38) this effect is eradicated. This shows that 

the reaction rates for iso-octane are sensitive to the fuel-air equivalence ratio and with 
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increase in an equivalence ratio, the effect of engine speed on reaction rates during the 

early (10% HR) and regular combustion (10 - 90% HR) is eliminated. 

5.2.5 IMEP and COVIMEP ($ = 0.33): 

Figures 5.31 through 5.33 show the IMEP and the Coefficient of Variation of IMEP 

(COVIMEP) for ty = 0.33 for various operating conditions. The IMEP reported here are the 

net values that include pumping losses. The IMEP values in general decrease with EGR 

addition for a given RPM condition. This reduction in IMEP with can be linked to two 

factors: reduction in the amount of charge which is replaced by EGR and decrease in the 

quality of combustion. The latter is evident in Section 5.2.9, where it will be noted that 

CO levels increase with percentage EGR addition, irrelevant of the type of fuel and RPM 

condition. Furthermore, for a particular engine speed and EGR condition, the drop in 

IMEP with EGR addition for 100% ethanol (Fig. 5.31) is less when compared to either a 

50%) ethanol/iso-octane blend (Fig. 5.32) or 100% iso-octane (Fig. 5.33). This clearly 

indicates that ethanol is more tolerant to EGR than iso-octane. 
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Figure 5.31: IMEP and COVIMEP for different EGR levels and RPM (100% Ethanol, phi: 0.33). 
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Figure 5.32: IMEP and COViMEP for different EGR levels and RPM (50% Ethanol & 50% iso-
octane, phi: 0.33). 
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Figure 5.33: IMEP and COVIMEP for different EGR levels and RPM (100% Iso-octane, phi: 0.33). 

An interesting trend in the IMEP curves emerges when comparing the 0% EGR condition 

for the different fuels tested. The IMEP increases with engine speed irrelevant of the type 

of fuel used. It should be noted that the volumetric efficiency for a given intake 

temperature condition drops by 6% when the engine speed is increased from 805 to 1520 

RPM. Hence, the amount of intake charge per cycle does not change significantly with 

increasing engine speed. From engine-out emission results in Section 5.2.9, the 

combustion quality also does not improve significantly with increased engine speeds. 

Hence, the only factor that affects the IMEP is heat transfer losses. From the results 

obtained, it appears that the residence time of the in-cylinder charge and hence the heat 

transfer losses decrease with increasing engine speed and result in improved IMEP of the 

engine. Furthermore, the increase in IMEP with increase in RPM is well represented by 

results for the pure iso-octane and less pronounced in the results for the 50% ethanol/iso-
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octane blend. For pure iso-octane the IMEP values are close to 3.4 bar at higher RPM 

conditions (Fig. 5.33) compared to 3 bar obtained for 50% ethanol/iso-octane blend (Fig. 

5.32). This is primarily due to the longer combustion duration in the case of pure iso-

octane (Fig. 5.15) compared to the 50% ethanol/iso-octane blend (Fig. 5.14) during these 

RPM conditions. This in effect moderates the HRR and results in lower peak pressure 

values (Figures 5.8 through 5.11). Lower peak pressure values will contribute to lower 

peak temperature within the combustion chamber and reduced heat transfer losses. Even 

though ethanol shows better combustion characteristics, the heat transfer loss plays a 

more important role in achieving higher IMEP values in this IDI-type engine than quality 

of combustion. 

From Figures 5.31 through 5.33 it can be noted that there is increase in the COVIMEP 

values after 10% EGR addition regardless of the fuel types used. Furthermore, the 

increase in the COVIMEP values are less when fuelled with ethanol compared to iso-

octane, specifically for the higher RPM conditions. For example, the maximum COVIMEP 

for the 50% ethanol/iso-octane blend (Fig. 5.32) stays within 6% for the 1275 and 1520 

RPM. For the same operating conditions the COVIMEP values are around 9% when fuelled 

with iso-octane. For most of the test conditions that produce the highest IMEP values and 

also for the conditions that are close to the highest IMEP values, irrelevant of the fuel 

type used, the COVIMEP remains less than 4%, within the stable operating region. The 

notable exception is for ethanol at 805 rpm where it is 5%. Similar values where seen for 

a richer mixtures ((|) - 0.8 to 1) with very high amounts of trapped residual gas at 1500 

RPM in Zhang et al (2006). In the same paper, the authors also reported a sharp increase 

107 



in the COVIMEP with the leanest mixture studied (<|> = 0.8). In our experiments the 

mixture was very lean compared to those of Zhang et al (2006) and still the COVIMEP 

stayed below 4%. One of the reasons for stable operation can be due to presence of the 

pre-chamber in this IDI type engine, where there is trapped residual mass that acts as an 

ignition source for subsequent cycles. 

5.2.6 IMEP and C O V I M E P (<|> = 0.38): 

Figures 5.34 through 5.36 depict the IMEP and the Coefficient of Variation of IMEP 

(COVIMEP) for § - 0.38 for various operating conditions. Similar to the (j) = 0.33 condition 

the IMEP values in general decrease with EGR addition for a given RPM condition. . 

Also, the trend of an increase in the IMEP with increasing engine speed irrelevant of the 

type of fuel used is also seen here for the higher equivalence ratio, similar to (j) = 0.33. 

Comparing Figures 5.31 through 5.33 (§ = 0.33) with Figures 5.34 through 5.36 (()) = 

0.38) it can be noted that for the same level of EGR addition, a higher equivalence ratio 

leads to a higher IMEP value for the fuels tested. For example, in the case of pure ethanol 

(|> = 0.33 for the 20% EGR condition (Fig. 5.31) gives a IMEP value of 2.25 to 2.75 bar. 

While for the same 20% EGR condition with <|> = 0.38 (Fig. 5.34), the IMEP value 

obtained is 2.75 to 3.25 bar. This effect is also confirmed when comparing the pure iso-

octane and the blend. 
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Figure 5.34: IMEP and COVMEP for different EGR levels and RPM (100% Ethanol, phi: 0.38). 
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Figure 5.35: IMEP and COVIMEp for different EGR levels and RPM (50% Ethanol and 50% Iso-
octane, phi: 0.38). 
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Figure 5.36: IMEP and COViMEP for different EGR levels and RPM (100% Iso-octane, phi: 0.38). 

Furthermore, the COVIMEP values for § = 0.38 (Fig. 5.34 through 5.36) remain below 6% 

for most of the test conditions. The notable exception is for the 50% ethanol and 50% iso-

octane blend with 30% EGR were the COVIMEP is 8%. There is also an interesting trend 

in the case of pure iso-octane when comparing the COVIMEP for different equivalence 

ratio. From Figure 5.33 it can be noted that the peak COVIMEP values for § = 0.33 at 

higher RPM conditions (1275 and 1520 RPM) are closer to 9% and the trend shows that 

any increase in EGR level above 12% leads to COVIMEP values above 6%. However, 

when looking into the COVIMEP values for § = 0.38, it can be noted that for pure iso-

octane (Fig. 5.36) the values are less than 6% for EGR levels up to 30%. This shows that 

with an increase in equivalence ratio, lower COVIMEP values can be attained even with 

higher EGR levels. 
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5.2.7 Thermal efficiency and maximum pressure rise rate (<|> = 0.33): 

Figures 5.37 through 5.39 depict the thermal efficiency and the maximum pressure rise 

rates for the various fuels at different operating conditions for fy = 0.33. The thermal 

efficiency is calculated as the ratio of net indicated work to product of fuel inducted per 

cycle and lower heating value of fuel [nth=WNET/(HV*mfuei)]. The thermal efficiency 

increases with engine speed irrelevant of the type of fuel used and is between 28% and 

42%. The thermal efficiency in general either increases or stays constant with percentage 

EGR addition. This is interesting since the combustion quality reduces (CO increases) 

with EGR addition (Section 5.2.9). This is again due to the low heat transfer losses that 

result from moderate HRR profiles and low peak pressures with EGR addition. The best 

thermal efficiency values (29% - 35%) and best IMEP for pure ethanol (§ = 0.33) are 

obtained for the 10% EGR condition (Fig. 5.37). In the case of pure iso-octane (((> = 0.33, 

Fig. 5.39), the best thermal efficiency (30% - 40%) and best IMEP values are obtained 

for the 0% EGR condition. For 50% ethanol/iso-octane blend (§ - 0.33) thermal 

efficiency (32% - 36%) and best IMEP values are also obtained for the 0% EGR 

condition (Fig. 5.38). The net indicated thermal efficiencies reported in Christensen et al. 

(1999) for similar lean charges of ethanol and iso-octane were about 38% and 40% (the 

compression ratio used in that study was 18 and the equivalence ratio used were § = 0.35 

for iso-octane and § = 0.33 for ethanol). The efficiency values reported here are lower 

than that of Christensen et al. (1999) because of the IDI type engine used here that has 

higher heat transfer loses. 
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Figure 5.37: Net thermal efficiency and Maximum pressure rise rate for different EGR levels and 
RPM (100% Ethanol, phi: 0.33). 
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Figure 5.38: Net thermal efficiency and Maximum pressure rise rate for different EGR levels and 
RPM (50% Ethanol & 50% iso-octane, phi: 0.33). 
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Figure 5.39: Net thermal efficiency and Maximum pressure rise rate for different EGR levels and 
RPM (100% Iso-octane, phi: 0.33). 

Another interesting trend can be identified in Figures 5.38 and 5.39 for the 0% EGR and 

(j) = 0.33 condition at higher engine speeds. For 50% ethanol/iso-octane blend (Fig. 5.38) 

the thermal efficiency values at higher RPM conditions with no EGR and § = 0.33 are 

about 37%. However, for the same RPM conditions with no EGR, the thermal efficiency 

values for 100% iso-octane (Fig. 5.39) are about 40%. From Figures 5.44 and 5.45 it is 

clear that the 50% ethanol/iso-octane blend shows better combustion characteristics (less 

CO and UHC) compared to 100% pure iso-octane for the above mentioned operating 

conditions. Hence, the increase in thermal efficiency values for 100% pure iso-octane are 

not due to improvement in the combustion quality. The improvements in the thermal 

efficiency are due to the reaction rates when fuelling with pure iso-octane. As mentioned 

earlier, the combustion on-set (10% HR) is delayed and the HR duration increases for the 
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higher RPM conditions when fuelled with iso-octane. This leads to lower maximum 

pressure rise rates (Figures 5.38 and 5.39) and peak pressure values that subsequently 

reduces net heat transfer losses. The reduced heat transfer losses result in increased 

thermal efficiency even though the emissions deteriorate for these operating conditions 

(1275 and 1520 RPM, 100% iso-octane). This shows that reaction rates and residence 

time plays a major role in the thermal efficiency of HCCI combustion at higher RPM 

conditions. 

The maximum pressure rise rate for all the tested conditions for § = 0.33 are generally 

within 10 bar/CA which is within the acceptable range (discussed in Chapter 4). In 

general, the maximum pressure rise rate decreases with EGR addition for a given fuel 

irrespective of the engine speed. This shows that moderate pressure rise rates at higher 

equivalence ratios can be obtained by using EGR. Furthermore, for a given EGR 

condition there is no significant difference in the maximum pressure rise rates with 

respect to RPM in the case of pure ethanol (<|> = 0.33). Whereas, in the case of pure iso-

octane (<)) = 0.33) the maximum pressure rise rates dropped with increase in engine speed 

for a particular EGR condition (Fig. 5.39). This is again due to the longer HR duration at 

higher engine speeds for iso-octane compared to ethanol. 

5.2.8 Thermal efficiency and maximum pressure rise rate (<|> = 0.38): 

Figures 5.40 through 5.42 show the thermal efficiency and the maximum pressure rise 

rates for the various fuels at different operating conditions for § = 0.38. Similar to the 

previous case (§ = 0.33), the thermal efficiency increases with engine speed irrelevant of 
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the type of fuel used and is between 27% and 42%. Furthermore, the trend with 

percentage EGR addition and thermal efficiency (where the efficiency in general either 

increases or stays constant) is also seen for the higher equivalence ratio. There is an also 

interesting trend when comparing the two equivalence ratio for different fuels. From 

Figure 5.34 and 5.40 it can be noticed that the § = 0.38 condition with 20% EGR gives a 

higher IMEP value and better thermal efficiency value than the maximum value obtained 

with cj) = 0.33 and 0% EGR condition (Fig. 5.31 and 5.37). Whereas, in the case of pure 

iso-octane (Fig. 5.33 and 5.39) and the blend (Fig. 5.32 and 5.38), the best IMEP and 

thermal values obtained were for the § = 0.33 and 0% EGR condition, when comparing 

the two equivalence ratios. This shows that fuel chemistry and the level of EGR plays a 

vital role in shaping the pressure and HRR profiles that contribute to maximum IMEP 

attained. 
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Figure 5.40: Net thermal efficiency and Maximum pressure rise rate for different EGR levels and 
RPM (100% Ethanol, phi: 0.38). 
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Figure 5.41: Net thermal efficiency and Maximum pressure rise rate for different EGR levels and 
RPM (50% Ethanol and 50% Iso-octane, phi: 0.38). 
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Figure 5.42: Net thermal efficiency and Maximum pressure rise rate for different EGR levels and 
RPM (100% Iso-octane, phi: 0.38). 
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From Figure 5.40 through 5.42, it can be noted that the maximum pressure rise rate in the 

case of <|> = 0.38 are under 10 bar/CA for all the tested conditions. Similar to the previous 

condition (()> = 0.33), the maximum pressure rise rate decreases with EGR addition for a 

given fuel irrespective of the engine speed. Furthermore, in the case of <|> = 0.38 there is 

no major difference in the maximum pressure rise rates with respect to RPM for all the 

tested fuels. This is in contrast to the previous case (§ = 0.33) where the maximum 

pressure rise rates dropped with an increase in engine speed for a particular EGR 

condition in the case of pure iso-octane (Fig. 5.39). This change in trend again shows that 

the reaction rates for iso-octane are sensitive to the fuel-air equivalence ratio and with an 

increase in equivalence ratio, the effect of engine speed on reaction rates during the early 

(10% HR) and regular combustion (10 - 90% HR) are eliminated. 

5.2.9 COandUHC: 

Figures 5.43 through 5.48 show the carbon monoxide (CO) and non-methane unburned 

hydrocarbon (UHC) engine-out emissions for both the equivalence ratios (<|) = 0.33 and (|> 

= 0.38) at all the operating conditions. The oxides of nitrogen (NOx) are not reported 

since the maximum value read is less than lOppm for the duration of these tests 

conditions. This shows that near-zero NOx emissions can be obtained using a lean charge. 

Similar results of NOx for the equivalence ratio of 0.321 were reported in Van et al., 

1998, for iso-octane. It should be noted that the UHC levels reported here are in terms of 

percentage intake fuelling. In general, the CO and UHC levels are high and would require 

exhaust gas after-treatment. Again, these high levels in CO and UHC emissions might be 

due to the IDI type of engine being used here, which has greater heat losses that 
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contribute to incomplete combustion especially closer to the cylinder walls. However, 

similar levels of UHC and CO for iso-octane are reported in Van et al., 1998. 
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Figure 5.43: CO and UHC for different EGR levels and RPM (100% Ethanol, phi: 0.33). 
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Figure 5.44: CO and UHC for different EGR levels and RPM (50% Ethanol & 50% iso-octane, phi 
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Figure 5.45: CO and UHC for different EGR levels and RPM (100% Iso-octane, phi: 0.33). 
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Figure 5.46: CO and UHC for different EGR levels and RPM (100% Ethanol, phi: 0.38). 
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Figure 5.47: CO and UHC for different EGR levels and RPM (50% Ethanol and 50% Iso-octane, 
phi: 0.38). 
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Figure 5.48: CO and UHC for different EGR levels and RPM (100% Iso-octane, phi: 0.38). 
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The CO emissions increase with percentage EGR addition for all the fuels tested. Also, 

the CO and UHC emissions are higher for pure iso-octane than pure ethanol for a (any) 

given operating condition. For example, in the case of 50% ethanol/iso-octane blend the 

CO and UHC levels for all the RPM conditions are around 0.18-0.25% and 7-10% with 

10% EGR addition (Fig. 5.44). Whereas, for the same operating conditions with pure iso-

octane the CO and UHC levels are around 0.25-0.35% and 14-16%. This again shows 

that the combustion quality decreases with the addition of iso-octane for a particular 

RPM condition and percentage EGR addition. 

5.3 Summary 

For the same intake charge temperature and engine speed, the on-set of combustion and 

the HR duration increases with EGR addition irrespective of the fuel type used in this 

study. This influence has been reported by several other researchers elsewhere. 

The IMEP and COVMEP values also indicate that ethanol allows for the use of a higher 

percentage of EGR when compared to iso-octane. 

The COVMEP values for the maximum IMEP values are within the stable operating 

conditions (below 4%) for the tested conditions. 

The maximum thermal efficiency (30 - 40%) values obtained in this study are 

comparable to other HCCI experimental results reported elsewhere. The heat transfer 
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losses decrease with engine speed and have a major effect in this IDI-type engine at 

lower RPM conditions. 

Trends in the thermal efficiency indicate that the residence time and combustion reaction 

rates play an important role at higher RPM conditions. For higher RPM conditions (1275 

and 1520 RPM) fuelling with iso-octane showed slower combustion characteristics that 

obtained the maximum thermal efficiency when compared to 50% ethanol/iso-octane 

blend. 

In general, operation with ethanol present showed better emissions and more complete 

combustion compared to fuelling with iso-octane. The CO and UHC levels where higher 

when fuelled with iso-octane when compared with a 50% ethanol/iso-octane blend. 

The NOx emissions are very low (less than 10 ppm) for the tested conditions and do not 

require after- treatment. However, the UHC and CO levels are higher and would require 

after-treatment. 
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Chapter 6 In-cylinder fuel reformation: A numerical 
parametric study 

This numerical parametric study is focused on evaluating the advantages of the proposed 

in-cylinder fuel reformation strategy over the in-cylinder fuel reformation strategy using 

NVO. The model used in this study is comprised of a single-zone perfectly reactor for 

both HCCI combustion and fuel reformation. A single-zone model is chosen for its 

simplicity. Furthermore, our primary interest is to simulate and capture the trends when 

analyzing the effect of different reformation strategies on the HCCI combustion. The 

simulations were performed using Matlab/Cantera (Mathworks, 2005 and Goodwin, 

2003) software. The code used for simulation of the results discussed in this Chapter is 

provided in Appendix G. The mechanisms used for ethanol and iso-octane are from 

Marinov (1998) and Curran (2002), which are commonly used by many other researchers 

for HCCI modeling. 

6.1 Methodology 

The numerical modeling of the HCCI combustion with in-cylinder fuel reformation is 

carried out through a multi-step HCCI engine cyclic process that includes only 

compression and expansion (no gas exchange process), as shown in Fig. 6.1. Each step 

involves a HCCI engine cycle simulation with a unique purpose for that step. The initial 

three steps are devoted to the production of the reformate gas in a reformation process 

that includes a homogenous mixture of fuel and retained products of combustion from the 
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preceding HCCI cycle that has EGR. The final step is a targeted HCCI cycle that involves 

the premixed products of in-cylinder reforming, fresh fuel/air mixture and EGR. 
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Figure 6.1 Multi-step modeling of HCCI engine cyclic process with in-cylinder fuel reforming. 

The ideal balance equations representing the lean combustion, reforming, and fully 

reformed fuel combustion of ethanol at the equivalence ratio § = 0.4 may be written as 

follows. 

Step 1: Initial HCCI cycle - HCCI combustion with lean fuel/air mixture. 

C2H5OH + 7.5 (02 + 3.76 N2) -»• 2 C02 + 3 H20 + 4.5 0 2 + 28.2 N2 (6.1) 

Step 2: First HCCI cycle with Exhaust Gas Added - HCCI combustion with lean fuel/air 

mixture and varying percentage of EGR. 
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C2H5OH + 7.5 (02 + 3.76 N2) + EGR * (2 C02 + 3 H20 + 4.5 0 2 + 28.2 N2) (6 2) 

-» (1 + EGR) (2 C02 + 3 H20 + 4.5 0 2 + 28.2 N2) 

In this reaction EGR is calculated by: 

EGR= 
Y o y e 

V V0 j 
100 

where Vo = volume of fresh charge inducted per cycle with no EGR. 

Ve = volume of fresh charge inducted per cycle with EGR. 

Step 3: Reforming Cycle 

The combustion products from the second step are used in this step for both the 

traditional and proposed in-cylinder reformation strategy, which involves the calculation 

of the reforming process. The ideal reforming reaction with no EGR and 7% retained 

products is given below: 

C2H5OH + 0.0714 (2 C02 + 3 H20 + 4.5 0 2 + 28.2 N2) -»• 1.0714 (2 CO + 3 ( 6 3 ) 

H2) + 2.014 N2 

In this reaction the requirements are that: all fuel hydrogen is converted into H2, all fuel 

carbon into CO, and no molecular oxygen is left. Under this requirement the H2 yield is 

43%, with a clear indication that in order to achieve the high degree of conversion the 

volume fraction of retained products of combustion should not be more than 7%. If more 

of the products of combustion are retained, the H2 yield will be lower since other paths 

for hydrogen oxidation will open due to higher oxygen concentrations. Concurrently, it is 

feasible that under those conditions some of the CO will oxidize into C02. 
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a) In-cylinder reformation using NVO: 

The initial temperature of the mixture entering the traditional in-cylinder reforming cycle 

is calculated under the assumption that the exhaust gas from the preceding HCCI cycle 

has expanded isentropically to ambient pressure at the end of the expansion process from 

the previous cycle. In this cyclic process, the compression ratio is reduced to simulate the 

early closing of the exhaust valve and recompression of the retained products of 

combustion from the preceding cycle and fraction of fuel. The duration of the 

reformation process is varied from 72° crank angle (CA) to 152° CA in 20° intervals. This 

corresponds to a start angle of between 327° BTDC and 287° BTDC. Starting with a 20 

CR, the changes in the compression ratio during reformation for the above crank angle 

durations are 2.5, 3.4, 4.5, 5.7 and 7. In the NVO reformation process the peak 

temperature during reformation depends on various factors such as the level of 

compression used during reformation and the temperature of the exhaust gases from the 

previous HCCI cycle, which again varies depending on the previous cycle's initial charge 

temperature. 

b) Proposed in-cylinder reformation: 

For the proposed reformation strategy, the initial temperature of the mixture is calculated 

based on when the residual gasses are trapped during the expansion process. In our study 

the residual gases are captured at 80° CA ATDC during the expansion stroke. The volume 

of the reformation chamber is 5 cc. The reforming cycle is modeled as a constant volume 

combustion chamber with a reformation chamber wall temperature maintained at 75 °C. 
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The duration of the reforming cycle varies depending on the time between 80° CA ATDC 

during expansion stroke (the moment when the combustion products are trapped for 

reformation) and the instant when the reformation products are introduced back into the 

main combustion chamber during the compression cycle. In our simulation it is 180° 

BTDC, 45° BTDC, 15° BTDC and 5° BTDC during the compression cycle. 

Step 4: HCCI Cycle with Reformate Gas - In this step, the reformate gas produced in 

step 3 is mixed with a fresh lean fuel/air mixture and a varying percentage of EGR. The 

new mixture now constitutes a charge for the first HCCI cycle with products of 

reforming. For example, where 30% fuel was used for reforming: 

0.7 [C2H5OH + 7.5 (02 + 3.76N2) + EGR * (2 C02 + 3H20 + 4.502 +28.2 ( 6 4 ) 

N2)] + 0.3 [1.0714 (2CO + 3 H2)+ 2.014N2 + 6.696 (02 + 3.76N2)] -+ (2.043 

+ 1.4 * EGR) C02 + (3.064 + 2.1 * EGR) H20 + (4.36 + 3.15 * EGR) 0 2 + 

(27.9 + 19.74 * EGR) N2 

It should be noted that the products of combustion from step 4 do not differ significantly 

from the products of combustion from step 2. Hence, there is no need to repeat the 

reformation step (3) more than once with the composition of recycled products from step 

4. 

6.2 Engine parameters and test Conditions 

The engine parameters used for the numerical model are provided in Table 6.1. The 

parameters used are similar to the experimental engine specifications. 
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Table 6.1: Engine parameters used for simulation 

Compression Ratio, rc 

Total Displacement, Va [L (cu.in)] 

Engine Speed [rpm] 

Starting crank angle of simulation [° BTDC] 

Number of revolutions of the crank to be simulated 

Bore & Stroke [mm] 

Cylinder wall temperature, Twan [°C] 

Initial charge temperature (beginning of compression) [°C] 

EGR [% by vol.] 

Fuel used for reformation [% by mass] 

Initial charge pressure (beginning of compression) 

20:1 

0.898 (54.86) 

1000 

180 

1 rev 

72 x73.6 

75 

57 or 77 

0,15, 30 or 45 

0, 10 or 30 

0.8 bar 

A lean mixture of fuel and air at an equivalence ratio of § = 0.4 is examined in this study. 

The ethanol reaction mechanism and thermodynamic data are taken from Marinov et al 

(1998), which involves 372 reactions and 58 species. The iso-octane reaction mechanism 

and thermodynamic data are taken from Curran et al (2002). 

6.3 Results and discussion 

Before analyzing the effects of reformation processes using the numerical model, the 

trends from the HCCI cycle (Step 1) with the two individual fuel chemistry mechanisms 

(iso-octane and ethanol) were compared with the experimental results obtained from 

Chapter 4 and 5. Figure 6.2 and 6.3 shows the in-cylinder pressure and HRR curves for 

HCCI cycle (Step 1) using the MATLAB/Cantera single-zone model. From the figures it 
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can be noted that the correlation between intake charge temperature/EGR and on-set of 

combustion was strong, similar to the experimental results seen here (Figures 4.1 and 5.1) 

and elsewhere. However, the predicted pressures and their respective rise rates after 

ignition are excessive compared to the experimental results [more than the allowable 5-6 

bar/CA, (Xie, 2006)]. The excessive predictions in the pressures and their rise rates are 

due to the inherent nature of the single-zone models and similar results have been 

reported in (Ng et al., 2004). 

100% Ethanol, Phi: 0.4, RPM: 1000, EGR: 0%, Tc: 75 C 
105 

-10 0 10 
Crank Angle (CA) 

30 

Figure 6.2: In-cylinder pressure and HRR with different intake charge temperatures and no EGR 
(100% Ethanol, phi: 0.4, Tc: 75 °C). 
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100% Ethanol, Phi: 0.4, RPM: 1000, Tin: 77 C, Tc: 75 C 
9 0 | — , -1 I 1 ! — 

Crank Angle (CA) 

Figure 6.3: In-cylinder pressure and HRR with different EGR levels (100% Ethanol, phi: 0.4, Tin: 77 
°C, Tc: 75 °C). 

As mentioned earlier, the trends between experimental and single-zone model are similar 

when analyzing a particular fuel. However, there is a reverse in the experimental and 

numerical trends when comparing the on-set of combustion between different fuel 

mechanisms (pure ethanol and pure iso-octane) for a particular operating condition. 

Figure 6.4 show the pressure and HRR from numerical simulations using the single-zone 

model when fuelled with ethanol and iso-octane. The experimental engine specifications 

from Table 6.1 were used in the simulation. 

130 



100% Ethanol, Phi: 0.4, RPM: 1000, Tin: 77 C, Tc: 75 C 
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Figure 6.4: In-cylinder pressure and HRR with different fuel mechanisms (100% Ethanol, phi: 0.4, 
Tin: 77 °C, Tc: 75 °C). 

From Fig. 6.4, it can be noted that the iso-octane on-set of combustion is approximately 

1 ° CA ahead of the on-set of combustion for ethanol for the given intake charge 

temperature and engine speed. This is in contrast to the experimental results reported here 

(Figures 4.1 and 4.3) and elsewhere (Ida, 2000). As mentioned earlier, the mechanisms 

when analyzed individually do show similar trends between intake charge 

temperature/EGR and on-set of combustion compared to the experimental results. The 

inability of the mechanisms to capture the trends when comparing different fuels can be 

attributed solely to the fact that these mechanisms are validated at a much lower pressure 

than those encountered within the engine cylinder. 
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