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Abstract 
Heladhanavi 100MW Diesel Power Plant in Puttalam, Sri Lanka consists of six 18V46 Wartsila 
turbocharged air cooled engines. Specific fuel consumption of the engines varies with the ambient 
conditions. It has been seen in hotter days fuel consumption is higher comparatively to cooler days.  

This study was conducted as per the requirement to find out the reasons behind this variation of the fuel 
consumption and to quantify the effects on the efficiency with respect to the charge air properties in 
relation to temperature and humidity. 

The effect of charge air temperature was analyzed performing two sets of experiments. A combustion 
analysis experiment (experiment 1) was performed to monitor what happens inside the combustion 
chamber during day and night times. Simultaneously a fuel consumption test was performed using the 
direct method with the fuel flow meter and energy dispatch readings taking in to the consideration. A 
humidity analysis inside the charge air receiver was carried out simultaneously to investigate the humidity 
effect on the combustion. 

A flue gas analysis test (experiment 2) was performed to determine the efficiency variation in day and 
night times through the indirect method. Along with this analysis the direct method was followed up to 
calculate fuel consumption to compare the results from the both tests. A humidity analysis inside the 
charge air receiver was carried out simultaneously to investigate the humidity effect on the combustion. 

It was confirmed the specific fuel consumption is positively affected by the charge air temperature while 
the efficiency is negatively affected. From the literature review it was found out the humidity in charge air 
affects positively on the fuel consumption while efficiency is negatively affected. The charge air 
temperature affects the ignition delay period so that the peak pressure and then the combustion efficiency. 
The efficiency improvement is further confirmed by the flue gas analysis experiment as the losses in the 
flue gas reduce in night time comparatively to the day time.  

Finally it can be concluded that under the prevailing ambient conditions in Puttalam, Sri Lanka, the effect 
of charge air temperature is more prominent than the effect of humidity on the combustion process. 
Therefore, proper cleaning and maintaining of the charge air coolers are the most important factors to 
maintain the charge air temperature and relative humidity inside charge air receiver at a lowest value.   
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1 Introduction 
1.1 Background 
 

Heladhanavi Power Plant is a 100MW thermal power plant situated in Puttalam, Sri Lanka. It consists of 
six Wartsila 18V46 turbocharged, intercooled engines each with a capacity of 17MW. Under normal 
operation the engines are running on Heavy Fuel Oil (HFO, LFO 1500-180 cSt). Wartsila 18V 46 is a 
medium speed (500rpm) diesel engine with direct injection. (Wartsila EIM, 2004) 

Fuel consumption of engines depends on various factors. LHV of fuel, fuel density, engine conditions and 
ambient conditions are some important factors. As per the recorded data Specific fuel consumption (SFC 
- Fuel consumption per kWh) at Heladhanavi Thermal Power Plant has been varying with ambient 
conditions. On cooler days SFC is lower than the hotter days, thus lower ambient temperature results in 
fuel savings. (Heladhanavi Data Records, 2004-2012) Therefore SFC shows a positive relationship with 
the rise of ambient temperature. Following plot depicts the SFC variation along with monthly average 
temperature irrespective of other fuel consumption dependent factors. 
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Figure 1: Timely variation of ambient temperature and SFC    

(Source: Heladhanavi data records, 2004- 2012) 
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Given below in the table 1 are some specific operation parameters which highlight the positive 
relationship between the engine SFC and the ambient temperature variation. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

1.2 Problem Analysis 

1.2.1 Temperature issue 
 

With a preliminary study it was found out the charge air temperature varies positively with ambient 
temperature. (Heladhanavi Data Records, 2004-2012). Charge air temperature is the air temperature inside 
the charge air receiver. The ambient air is charged into the air receiver by two ABB TPL 77 A-30 
turbochargers. Pressure inside the receiver is 4.0-4.2 bar. Given below in figure 2 are charge air (CA) 
process components. 

Amb. 
Temp 
(Avg) 

deg C 

Feeder 
SFC 

g/kWh 

Electrical 
efficiency 

% 

26.4 198.99 44.6 

25.9 197.40 45.0 

33.0 200.69 44.2 

30.9 199.92 44.5 

32.2 200.30 44.3 

25 197.0 45.4 

27.2 199.1 44.4 

31.1 200.0 44.4 

35.1 201.2 43.9 

34.3 201.0 44.0 

Table 1: Specific operation parameters of Heladhanavi Power plant  

(Source:  Heladhanavi data records 2004-2012) 
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Figure 2: Charge air process components 

(Source: Wartsila 2011, White paper – Combustion engine power plants) 

 

As per a preliminary investigation the charge air temperature varies as a direct function with the ambient 
temperature. Furthermore, similar behavior can be seen with LT water temperature variation. Given 
below in figure 3 is the monthly average temperature variation of ambient temperature, LT and CA. 

 

 
Figure 3: Positive relationship of monthly average temperatures of ambient, LT and CA 

(Source:  Heladhanavi data records 2004-2012) 
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As per the data records it is clear that there is a seasonal variation of ambient temperature in Puttalam, Sri 
Lanka. This variation maintains positive relationship with charge air temperature and the LT water 
temperature which cools the charge air. Therefore, specific fuel consumption maintains a positive 
relationship with the ambient temperature and the charge air cooling water temperature.  

1.2.2 Humidity issue 
As per Heladhanavi data records (2004-2012), there is a daily variation of the relative humidity (RH) of 
ambient air. Given below in figure 4 is the variation of relative humidity throughout the day. In the night 
and morning RH is high and it reduces as the day progresses. During the time ambient temperature is high 
humidity shows the lowest value. 

 
Figure 4: Relative humidity variation along the day 

(Source:  Heladhanavi data records 2004-2012) 

The relationship of ambient humidity on charge air humidity is yet unknown. Charge air humidity effects 
on engine operation, fuel consumption and combustion efficiency are also not yet studied up to now, for 
this particular power plant.  

1.3 Problem Statement 
Problem statement can be summarized as follows. 

• Charge air temperature variation shows a positive relationship along with fuel consumption as per 
preliminary investigation. Its effect on the combustion process is not known.  

• Relationship of charge air humidity along with ambient humidity is not studied up to now. 
Furthermore the effect of humidity variation in charge air on the combustion process is not 
known. 

 

1.4 Objectives 
Objective is to analyze the combustion process both theoretically and practically to investigate the effect 
of charge air temperature and humidity on the combustion process of Diesel Engines at Heladhanavi 
Thermal Power Plant, Puttalam, Sri Lanka and present the results.  
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2 Literature review 
2.1 Combustion process of the DI diesel engine 
As per Hsu (2002), there are four regions in the combustion process in a DI diesel engine. 

• Ignition delay period 
• Kinetic burning period (premixed burning) 
• Diffusive burning period 
• Diffusive and end burning 

 

2.1.1 Ignition delay period 
During the ignition delay period, the injected diesel fuel undergoes both physical and chemical processes. 
Physical process include the atomization into fine fuel droplets, the heating and evaporation of the fuel 
droplets, and entrainment of surrounding air into the spray and mixing with it to form a flammable 
mixture, which initiates combustion. During the chemical process “autoaccelerating” chemical reaction 
takes place at the same time. Once the reaction rate reaches the explosive stage, combustion takes place. 
Noticeable pressure rise on the cylinder pressure trace appears. (Hsu, 2002) 

The length of the delay period depends on both physical and chemical processes. For the physical process, 
temperature and injected fuel droplet size have the greatest effect. For the chemical process, temperature 
at the time of injection and fuel quality (cetane number) have the greatest effect. (Hsu, 2002) 

2.1.2 Kinetic burning period (premixed burning period) 
At the end of ignition delay period, part of fuel that has already evaporated and mixed with air. That 
portion is burnt and fuel reaction reaches an explosive stage. Sudden steep rise on the pressure curve and 
initial peak on the heat release trace. (Hsu, 2002) 

The amount of fuel burnt depends on the length of the ignition delay period. Longer the ignition delay 
more fuel is burnt during this period causing steeper pressure rise. Fuel injection cannot control the 
combustion during this period. 

2.1.3 Diffusive burning period 
After the premixed mixture is burnt completely, aerodynamic drag causes further injected fuel jet to break 
up in to droplets. Fuel jet entrains as it develops. Drops evaporate and mix with air to form a flammable 
mixture. During this period fuel injection can control the combustion and the temperature inside the 
cylinder is very high. Therefore, the time is inadequate for all the fuel to undergo process necessary for 
Oxidation (evaporation, species diffusion and mixing with air) before high temperature pyrolysis. 
Therefore, soot forming and burning is initiated. (Hsu, 2002) 

The rate is influenced by species diffusion and physical mixing, fuel injection rate and time controls the 
combustion 

2.1.4 After burning period 
After the end of the fuel injection the leftover fuel attached to the walls and soot is burnt away.         
Piston moves downwards to BDC therefore, volume expansion phase decreases the temperature inside 
the cylinder. (Hsu, 2002) 

All the three preceding periods affect this period. 

Figure 5 highlights the stages involved in the general combustion process of a DI medium speed diesel 
engine. Both pressure curve and the heat release trace is provided. The steep rise of the pressure curve and 
intial peak of the heat release trace is visible. 
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Figure 5: General combustion process for DI medium speed diesel engine 

(Source: Practical diesel engine combustion analysis, Hsu 2002) 

  

2.2 Effect of charge air temperature on combustion 
The effect of Manifold Temperature (Charge air temperature) in direct injected medium speed diesel 
engines are presented by Hsu (2002) is given in Table 2. 

Table 2: Effect of MAT in direct injected medium speed diesel engines, 

(Source: Practical diesel engine combustion analysis, Betrand D. Hsu, 2002) 

As per Hsu’s elaboration the SFC reduces (196.6, 191.8, 189.1 g/kWh), peak pressure increases (155.1, 
157.9, 158.4 bar) and relative cycle efficiency increases (93.2, 93.9, 94.1%) as MAT decreases by 15 deg C 
steps. Furthermore, smoke emissions has reduced (0.30, 0.26, 0.20 Bosch #) alongwith. 

In the figure 6 the reasons for the variations obtained in Table 2 are explained better with indication of the 
peak pressure variation inside the cylinder along with the crank angle for the concerned three MATs. 
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Figure 6: Cylinder pressure variation of the three MATs concerned 

(Source: Practical diesel engine combustion analysis, Betrand D. Hsu, 2002) 

When the inlet air manifold temperature is lowered, while pressure remains constant, the density of 
charged air increases. The density numbers for the three MATs are listed in the table as 3.23, 3.39, and 
3.56kg/m3 respectively. As the density of the charged air becomes higher, fuel-injection spray atomization 
improves. Timely burning of smaller-droplet-size fuel lowers SFC and increases peak pressure. In turn the 
mechanical work output on the piston and to crankshaft is increased. Therefore a better fuel efficiency. 

 

 
Figure 7: Heat release rate diagram for three MAT 

(Source: Practical diesel engine combustion analysis, Hsu 2002) 
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The consequent higher trapped air-fuel ratio (the highest at 31.9 for the lowest MAT case) due to lower 
SFC helps to reduce the smoke emission in the low MAT case. (Hsu, 2002). Given below is the heat 
release trace of the same experiment. 

As per the figure 7, the initial heat release in the kinetic burning period is clearly higher for the lower MAT 
incident. This causes a higher pressure peak inside the cylinder during combustion. This is affected by the 
prolonged ignition delay and the resulted fuel atomization and fuel – air mixing improvement. 

 

2.3 Effect of mean indicated pressure on the power output 
For an internal combustion engine Mean Indicated Power (Pm) increases as Mean Indicated Pressure 
(MIP) is increased as per the equation 1. 

Indicated Power = MIP x L x A x N 

Where; 

Indicated Power [Pm]; Area of Piston [A]; Length of Stroke [L]; Number of Power Strokes per Second [N] 

Equation 1: Relationship between MEP and cylinder power 

(Source: Wartsila 46 Project Guide) 

  



-16- 
 

2.4 Effect of ambient air temperature and humidity on 
combustion 

Rakopolous (1991) has studied the relationship of ambient air temperature, humidity ratio, efficiency and 
SFC in high speed diesel engines in Greece. Figure 8 depicts the variation of BMEP along with fuel to air 
equivalence ratio (Φ) for two ambient temperatures and humidity ratio (w) values. 

 
Figure 8: BMEP variation vs. equivalence ratio (Φ) plotted with ambient temperatures and 

humidity ratios (w) 

(Source: Influence of ambient temperature & humidity on the performance and emissions of NOx 
and smoke of high speed diesel engines in Greece, Rakopolous, 1991) 

As per figure 8 it is clear that for a certain equivalence ratio the ambient temperature lower issue is always 
producing high BMEP inside the cylinders. Similarly, the humidity lower issue is always increasing the 
BMEP for the concerned two temperatures at a certain equivalence ratio. (Rakopolous, 1991) 

 
Figure 9: Efficiency variation vs. equivalence ratio (Φ) plotted with different temperatures and 

humidity ratios (w) 

(Source: Influence of ambient temperature & humidity on the performance and emissions of NOx 
and smoke of high speed diesel engines in Greece, Rakopolous, 1991) 
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Figure 9 depicts the combustion efficiency variation along with the humidity ratio (w) and the ambient 
temperature. For a certain fuel to air equivalence ratio (Φ) the combustion efficiency is always higher 
lowest temperature and lowest humidity ration scenario. 

Furthermore, the annual variation of efficiency and BMEP shows the same negative relationship with 
ambient temperature and humidity. As per Rakopolous study NOx and smoke also increase as temperature 
and humidity increase. (Rakopolous, 1991) as the combustion efficiency is reduced. Please refer figure 10. 
 

 
 

Figure 10: Efficiency variation and BMEP plotted with different temperatures and humidity ratios 

(Source: Influence of ambient temperature & humidity on the performance and emissions of NOx 
and smoke of high speed diesel engines in Greece, Rakopolous, 1991) 
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2.5 Effect of humidity on combustion 
As per the CIMAC position paper about the influence of ambient conditions on performance of gas 
engines (March 2009), the absolute humidity has an influence on the combustion since an increase in 
humidity is slowing down the combustion speed as well as reducing the maximum combustion 
temperature. Therefore humidity is affecting the combustion efficiency in negative way. Positively this will 
influence knock margin and NOx emissions in a positive way as given in the figure 11. 

 
Figure 11: Timely Variation of efficiency and NOx along with humidity 

(Source: CIMAC Position paper, Influence of ambient conditions on gas engines, March 2009) 

2.6 Conclusion from Literature Review 
As per the literature review following conclusions can be attained. 

• Ambient temperature and charge air temperature positively relate with each other. 
• Both show a positive relationship with fuel consumption and negative relationships with 

combustion efficiency. 
• Both show positive relationships with emissions such as NOx, smoke and soot. 
• Humidity shows a positive relationship with fuel consumption and negative relationship with 

combustion efficiency. 
• Humidity has a positive impact on NOx reductions. 

 

Therefore maintain, 

• Charge air temperature and humidity as low as possible for better fuel consumption and higher 
efficiency. 
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3 Methodology 
The main part of this study consists of two core experiments. 

3.1 Experiment 1: Combustion analysis experiment  
DG number 02 was selected for the experiment 1. DG 02 is a recently 48,000 running hour maintenance 
completed engine at 54,890 rhs. All the injector pumps and injector nozzles are in good condition. 
Cylinder head, piston and liner maintenances have been done recently. The load of the engine was set at 
17 MW. 

This experiment consists of three measurements which were carried out simultaneously during both day 
and night times on the same day for the same engine run. 

• Temperature and humidity measurements 
• Fuel consumption measurements 
• Cylinder pressure measurements 

 

3.1.1 Temperature and humidity measurements 
Temperature and humidity measurements were consisted of ambient temperature, ambient pressure and 
humidity, charge air (after turbocharger) temperature and pressure hourly measurements for a period of 
four hours for both day and night times. Dry bulb and wet bulb apparatus was used for ambient 
temperature and humidity measurements. Charge air temperature and pressure was measured through 
engine mounted gauges. The average values were considered for the calculations. 

Furthermore, the amount of condensation from the charge air receiver (after the charge air cooler) was 
recorded for the total period of four hours during both day and night times. 

3.1.2 Fuel consumption measurement  
The DG 02 fuel flow meter reading and the energy meter reading were obtained at the start of the four 
hour period. Again these two measurements were made at the end of the four hour period. Subtracting 
the first from the second gives the actual fuel amount consumed and the amount of energy generated.  

Incoming fuel LHV value was obtained from Heladhanavi data records 2012. 

3.1.3 Cylinder pressure measurements 
First the pressure inside the cylinder was measured during day time between 11:00- 14:00, one by one 
from A01 to A09 and B01 to B09 (all the 18 cylinders) using the Lemag Premat XL analyzer during both 
day and night times on the same day for the same engine run. The analyzer was connected to the 
combustion chamber through the indicator cock on the cylinder head and pressures inside are recorded 
for four cycles. Then the recorded values were fed into the computer. The pressure curves and dp/da 
curves were drawn by the software itself versus the crank angle after performing the TDC correction. 

To see the changes in MIP (Mean Indicated Pressure) the individual fuel rack should be set to the day 
time value manually changing the set parameter by the governor. Fuel racks are automatically controlled 
by the electronic governor and the mechanical actuator such that the electrical power generated in the 
alternator matches external power requirement set by the operator. This rack changes were less than 
0.5mm and noticed only through markings on the individual fuel rack. This was done only in one cylinder 
(A01) at a time while the other 17 cylinders are running at the automatic set point. Then the peak pressure 
recording was performed on the fuel rack adjusted cylinder using the Premat Lemag XL analyzer. After 
making measurement in this cylinder, it was moved to the next (A02). The fuel rack was adjusted on A02 
while setting A01 back to normal operation again. A 02 was connected with the analyzer and peak 
pressure was recorded. Night time measurements were done between 23:00-02:00. Likewise both night 
and day time measurements were obtained by the analyzer.  
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3.2 Experiment 2: Flue gas analysis experiment 
DG number 02 was selected for the combustion analysis experiment. DG 02 is a recently 48,000 running 
hour maintenance completed engine at 55,550 rhs. All the injector pumps and injector nozzles are in good 
condition. Cylinder head, piston and liner maintenances were done in the recently. The load of the engine 
was at 17MW. 

This experiment consists of three measurements which were carried out simultaneously during both day 
and night times on the same day for the same engine run. 

• Temperature and humidity measurements 
• Fuel consumption measurements 
• Exhaust gas measurements 

3.2.1 Temperature and humidity measurements 
Same procedure as in the section 3.1.1 was followed. 

3.2.2 Fuel consumption measurement  
Same procedure as in the section 3.1.2 was followed. 

3.2.3 Exhaust gas measurements  
Exhaust gas measurements were performed on DG 02 in both day and night times. The load of the 
engine was 17 MW. The analysis was done on the stack of the engine. NERD center, Sri Lanka was called 
upon to carry out the exhaust gas analysis. Flue gas analyzer Testo 350 XL/M instrument was used in the 
analysis.  

The measurement probe was inserted into the stack through a provided opening on the stack pipe. Three 
measurements were obtained for each parameter (see table 8 further below in the Results chapter) and 
were processed for the calculation of the average value. Both day and night time measurements were 
performed in a similar manner. 
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4 Results  
4.1 Experiment 1: Cylinder combustion analysis 

4.1.1 Peak Pressure analysis 

4.1.1.1 Ambient conditions in day and night time 
 

Given below in table 3 are the one set of recorded ambient conditions prevailed during the day and night 
times on the one of days where the combustion was analyzed. Charge air temperature of DG 02 was also 
recorded. 

Table 3: Ambient parameters during day and night times  

(Source: Heladhanavi data records, 2012) 

Day/Night Time Relative humidity (%) Ambient temperature 
(deg C) 

Charge air temperature 
(deg C) DG 02 

Day 11:00-
14:00 40-50% 33 65 

Night 23:00-
02:00 82-90% 27 59 

 

 

4.1.1.2 Pressure and dp/da curve 
 

The recorded combustion data from the Premet Lemag XL analyzer was fed into the computer. The 
Premet software version 4.12 was used to analyze the combustion data in the computer. All the pressure 
curves and dp/da curves are drawn automatically. The TDC correction also can be done in the software 
for greater accuracy of the analysis. 

Recorded data for the day time and night time was fed into the computer and the analysis was done 
together. The Premet software version 4.12 allows analysis of two set of combustion data on one 
interface. The combustion pressure curves and dp/da curves for all 18 cylinders were drawn for day and 
night times and respective screen shots were obtained. 

Figure 12 shows the variation of the pressure (bar) inside the cylinder with the crank angle (deg rotation) 
of DG 02 A03 cylinder.  See the annexes for all of the other analysis diagrams. 
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The dp/da curve is obtained by the derivating the first curve by the computer. The green curves are for 
night time and the blue curves are for day time. The Mean Indicated Pressure (MIP) value is also indicated 
on the diagram in the legend as well. 

 

 

The curves and the legend are highlighted in the figure 12. All the information associated with combustion 
analysis is obtained from the above plot of pressure curves with the aid of the cursor. The other 
information is indicated in the legend.  

From the figure it is clearly seen that the shift of the blue curve (day time) towards the right hand side of 
the diagram, indicating the prolonged ignition delay than the green one (night time). Also there is 
difference in rate of heat release for the curves for day and night time. This is elaborated in the succeeding 
sections. 

  

Curves for the rate of 
heat release inside the 
cylinder. Green for 
night, blue for day 

Curves for the pressure 
variation inside the 
cylinder. Green for 
night, blue for day 

Specific information on the 
legend Pmax, MIP, rpm, crank 
angle 

Cursor in 
red 

Kinetic 
burning 

Diffusive 
burning 

Figure 12: Pressure curves and rate of pressure rise diagram inside the cylinder A 03 
for day and night time with relevant dp/da curve 

Source: Cylinder Pressure Measuring System Premet Ver 4.12 
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4.1.1.3 Deviation of the pressure peak in pressure curves 
Figure 13 is the enlarged view of the top portion of the figure 12. This shows a view of the peak pressure 
curves in the peak region. The cursor is coincided with the peak pressure of the green curve. The blue 
curve (the day time curve) has the peak pressure at a crank angle 9.75 deg after TDC as seen in the legend. 

 

 
 

Figure 13: The pressure peak for the night time  

Source: Cylinder Pressure Measuring System Premet Ver 4.12 

 

The peak pressure from the legend of fig.13 is 192.1 bar and 191.8 bar for green (night) and blue (day 
time) curves respectively. Therefore, the peak pressure is high for the night time. 

The figure 14 shows the peak of the blue curve for day time. The crank angle is obtained from the legend 
is 9.25 deg after TDC. 
 

 

The differences between the two crank angles are the amount of delay of the pressure peak inside the 
cylinder during night time with respect to the day time. This value is 0.5 deg of crank angle. See table 4 for 
summary of the experiment. 

Figure 14: Pressure peak for the day time  

Source: Cylinder Pressure Measuring System Premet Ver 4.12 

 

Pressure peak on 
the pressure curve 
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4.1.2 Peaks on the dp/da curve 

4.1.2.1 Kinetic burning peak 
On the dp/da (the rate of pressure rise) curve the two peaks for rate of rise in pressure is clear in the plot. 
First peak is for kinetic burning period and the other for diffusive burning period. (Hsu, 2002) 

The peak of dp/da curve for the night time (green) shows a crank angle of 10.25 deg before TDC, Fig 15. 

 
 

Figure 15: dp/da curve kinetic burning peak for night time  

Source: Cylinder Pressure Measuring System Premet Version 4.12 

The dp/da curve for the day time (blue) indicates a crank angle 13.25 deg at the peak in figure 16. This 
gives a difference of 3 deg of crank angle before TDC. This means the peak rate of rise of pressure is 
prolonged from a crank angle of 3 deg for the night time with respect to the day time.  

  

Figure 16: dp/da curve kinetic burning peak for day time 

Source: Cylinder Pressure Measuring System Premet Version 4.12 

 



-25- 
 

4.1.2.2 Diffusive burning peak 
The diffusive burning peak on the dp/da curve for the night time (green curve) indicates a crank angle of 
5.25 deg after TDC in the figure 17. 

 

 

Figure 17: dp/da curve diffusive burning peak for night time 

Source: Cylinder Pressure Measuring System Premet Ver 4.12 

 The diffusive burning peak on the dp/da curve for the day time (blue curve) in figure 18 shows a crank 
angle of 4.75 deg after TDC. 
 

 
 

Figure 18: dp/da curve diffusive burning peak for day time 

Source: Cylinder Pressure Measuring System Premet Ver 4.12 
 

The difference on the diffusive burning peaks on the rate of pressure rise curve is 0.5 deg crank angle. 

All the other seventeen diagrams obtained for other seventeen cylinders showed the same behavior of the 
diffusive and kinetic burning peaks. Refer to the annexes for the other set of diagrams. 
 

4.1.3 Mean Indicated Pressure variation during day and night times 
Lemag Premat XL analyzer was used to measure the Mean Indicated Pressure which was always higher in 
the night time curve compared to that of day time.  

Table 4 gives the MIP (bar) values obtained from the legend of the Premet software version 4.12 for day 
and night times for all the eighteen cylinders. Furthermore, the delay comparisons of the peak of the 
pressure curve, peaks of the kinetic burning region and diffusive burning regions in dp/da curve are 
presented with respect to the crankshaft angle for all the eighteen cylinders in DG 02.  
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Table 4: The difference of MIP and crank angle delays of curves in combustion analysis for day 
and night times (Source: Summary from Cylinder Pressure Measuring system Premat Lemag XL) 

 

Cylinder 
number 

MIP (bar) Delay in relevant night time curves w.r.t. day 
time (deg ca) 

Night Day Difference PP Dp/da KB Dp/da DB 

A01 (Cyl 01) 28.1 25.6 2.5 3 2 1 

A02(Cyl 02) 26.8 26.3 0.5 0.75 0.75 0.5 

A03 (Cyl 03) 27.2 26.0 1.2 2 0.75 0.5 

A04 (Cyl 04) 27.1 26.0 1.1 1.25 1 0.75 

A05 (Cyl 05) 28.3 27.2 1.1 1.5 1.5 1 

A06 (Cyl 06) 29.0 27.9 1.1 1.0 1.25 0.5 

A07 (Cyl 07) 27.2 26.7 0.5 0.75 0.75 1 

A08 (Cyl 08) 28.1 26.9 1.2 1.25 1.5 0.75 

A09 (Cyl 09) 26.9 26.4 0.5 2 0.75 0.75 

B01 (Cyl 10) 27.6 26.9 0.7 1.5 1.25 0.5 

B02 (Cyl 11) 26.6 26.3 0.3 1.0 1.0 1.0 

B03(Cyl 12) 27.2 26.1 1.1 1.0 0.75 0.5 

B04 (Cyl 13) 26.1 25.6 0.5 0.75 0.5 1.0 

B05 (Cyl 14) 26.0 25.5 0.5 1.25 2 0.75 

B06 (Cyl 15) 26.7 26.1 0.6 1.75 1 0.5 

B07 (Cyl 16) 26.6 26.4 0.2 1.5 1.25 0.5 

B08 (Cyl 17) 26.0 25.4 0.6 2 1.5 1 

B09 (Cyl 18) 26.3 25.5 0.8 1.5 1.2 0.65 

Avg 0.83 1.4 1.1 0.7 

 

MIP is always higher for the night time with respect to the day time. The average increment per cylinder is 
0.8 bars for the night time. All the peaks are in delay for the night time with respect to the day time.  As 
far as peak pressure in pressure curves are concerned the largest delay with respect to the day time was 
recorded as 1.4 deg ca. The kinetic burning peak and the diffusive burning peaks indicated delays of 1.1 
and 0.7 ca respectively.  

From Wartsila 18V46 project guide the designed MEP is 26.1 bar. As MIP should always be higher than 
MEP both day and night time MIP values are comfortably in the correct range as they average at 26.3 and 
27.1 bar. As the night time MIP is 0.8 bar higher during the night time the fuel racks are automatically 
reduced comparatively to the day time as less fuel is adequate to maintain the designed MEP. Therefore, 
SFC improves comparatively to the day time. This is justified as per the equation number 2 where it shows 
the positive relationship between the MIP and the Indicated power. 
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4.1.4 Humidity analysis for day and night time during combustion 
analysis  

With the combustion analysis humidity analysis of ambient and charge air was done to see the variation of 
humidity during day and night times. 

Ambient properties and charge air properties were obtained experimentally and from Heladhanavi data 
records 2012 are given in table 5. 
 

Table 5: Data for the calculations for humidity analysis during combustion analysis 

Source: Experiment data and Heladhanavi data records 2012 

Time 

Ambient properties Charge air properties (After turbo) 

Pressure 
(bar) 

Temp 
(deg C) RH% 

Pressure 
(bar) 

Before 
cooler Temp 

(deg C) 
After cooler 

Temp (deg C) 
Day 1 33 45 4 176 65 
Night 1 27 86 4 172 59 

        

As per the charge air system shown in Fig. 19 ambient air is compressed by the turbocharger and then 
cooled by the charge air cooler before entering the charge air receiver. If condensation occurs as per the 
final temperature, pressure and humidity it will happen after the cooler. There are condensate drains for 
the proper draining of the condensate without entering the charge air receiver and then engine cylinders. 
(Engine Instruction Manual, 2004).  

The drains flexible hoses were disconnected from the piping and the condensed water was measured for 
the both banks during the combustion analysis process. No condensation was occurred after the charge 
air cooler for both day and night times. Refer figure 19 for the Wartsila 18V46 system components layout 
for the ambient air inlets, turbo charger, charge air cooler and the air receiver. 

 
Figure 19: Charge air process components 

(Source: Wartsila 2011, White paper – Combustion engine power plants) 
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Cytsoft Psychometric Chart Version 2.2 Demo version was used for the calculations involved in humidity 
analysis. Using the chart for 1 bar and the related ambient conditions the ambient moisture amount was 
determined for both day and night times. For day time it was 14.29 g (water vapor)/kg (air) (calculations)  

This amount of ambient moisture was not changed after the turbo charger as no addition or removal was 
occurring in the process during the compression to 4 bar. After the turbo charger the air temperature was 
increased to 176 deg C (before cooler). Then after the air cooler the temperature was dropped down to 65 
deg C (see table 5). As the condensate drains were under inspection no condensation was found at this 
point. Therefore, the same moisture amount was present inside the charge air cooler. The relevant relative 
humidity was obtained from the 4 bar chart. Furthermore, the dew point of the air in the charge air 
receive was obtained with the measured parameters from the chart and it was 43.55 deg C (calculations) 
this was complying with condensation observation at the charge air temperature 65 deg C. 

The same procedure was followed for night time and obtained the moisture content as 19.5 g/kg. The 
dew point of charge air during the night time was 49.5 deg C. (calculations). Thus no condensation inside 
the charge air receiver was confirmed at 59 deg C.  

The final relative humidity inside the charge air cooler for day and night times is 35.51% and 63.2%. As 
per the charge air flow rate for the engine running at full load is 32 kg/s (Wartsila, 2007). The rate of 
moisture in for day time and night times are 457.3 g/s and 624 g/s in charge air for combustion. That is 
an increment of 166.7 g/s of moisture in night time compared to the day time. (See the appendix for 
calculations).  

 

Table 6: Summary of the calculations for humidity analysis during combustion analysis 

Source: Calculations/Appendix 

Time 

Ambient properties Charge air properties (After turbo) 

Pressure 
(bar) 

Temp 
(deg 

C) RH% 

Moisture 
(g/kg) 

Pressure 
(bar) 

Before 
cooler 
Temp 

(deg C) 

After 
cooler 
Temp 

(deg C) 

Moisture 
(g/kg) 

RH% Dew 
point 
( deg 

C) 

Rate of 
moisture 

(g/s) 

Day 1 33 45 14.29 4 176 65 14.29 35.51 43.55 457.3 
Night 1 27 86 19.5 4 172 59 19.5 63.2 49.5 624 
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4.1.5 Fuel efficiency calculation along with combustion analysis 
 

Fuel efficiency is calculated by using the fuel flow meters. During the day time and night time fuel flow 
meter readings were obtained in every hour with the energy meter readings. This measurement period was 
set to exactly coincide with the combustion analysis measurements. Therefore, the direct comparison can 
be related to both day and night time combustion analysis results. 

After a four hour period of recording the fuel consumption rates were calculated. The fuel NCV (LHV) is 
40.5MJ/kg (Heladhanavi data records, June 2012); constant for the two periods considered in day and 
night time.  

As per the calculations during the day time DG 02 the fuel consumption was 3573.33 kg/hr and for the 
night time it was 3506.67 kg/hr. The improvement during the night time is 66.67 kg/hr (calculations) 
compared to the day time. The efficiency for day time is 41.9% and for the night time is 42.7% with the 
exported amount of energy. (Calculations) This is an improvement of 0.8% for the night compared to the 
day time for a decrease of 6 deg C charge air temperature. 

 

Table 7: Results of fuel consumption calculation via direct method 

Source: Calculations 

Time Energy meter export 
MWh/hr 

Energy export 
MJ/hr 

Fuel consumption 
kg/hr Fuel Energy MJ/kg Efficiency 

% 

Day 16.85 60660 3573.33 144862.93 41.9 
Night 16.85 60661 3506.67 142160.27 42.7 
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4.2 Experiment 2: Flue gas analysis  
 

Flue gas analysis was performed on DG 02 in both day and night times. Flue gas analyzer Testo 350 
XL/M instrument was used.  

 

4.2.1 Flue gas measurements on day time 
 

Day time measurements were carried on the 24th July 2012 between 13:00-15:00. Simultaneous fuel 
consumption measurement was carried out. Three measurements were done to improve the accuracy of 
the experiment. Given in Table 8 are the obtained parameters during the daytime experiment.  

 

Table 8: Parameters obtained during the flue gas analysis during day time  

Source: Flue gas analysis experiment DG 02 

Parameter Test 1 Test 2 Test 3 

O2 Percentage  11.58 11.59 11.63 

CO2 Percentage  7.08 7.05 7.07 

Flue Gas Temperature OC  387 389 390 

CO ppm  289 279 283 

NOX  (ppm@ 15%O2)  3.5 6.3 10.5 

SOX  (ppm@ 15%O2)  41 49 57 

NOx  (mg/Nm3@ 15%O2)  17.2 31.1 51.7 

SOx (mg/Nm3@ 15%O2)  281.7 335.1 391.0 

NOx  (mg/MJ@ 15%O2)  10.2 18.4 30.5 

SOx (mg/ MJ@ 15%O2)  166.3 197.8 230.8 

Moisture Content (Percentage) day time 7.0 
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4.2.2 Flue gas measurements on night time 
 

Night time measurements were carried on the 25th July 2012 between 00:00-02:00. Simultaneous fuel 
consumption measurement was carried out. Three measurements were done to improve the accuracy of 
the experiment. Given in Table 9 are the obtained parameters during the night time measurement. 

 

Table 9: Parameters obtained during the flue gas analysis during night time 

Source: Flue gas analysis experiment DG 02 

Parameter  Test 1 Test 2 Test 3 

O2 Percentage  11.82 11.81 11.72 

CO2 Percentage  6.92 6.94 6.95 

Flue Gas Temperature OC  366 365 364 

CO ppm  238 250 251 

NOX  (ppm@ 15%O2)  20.6 27.2 25.7 

SOX  (ppm@ 15%O2)  316 288 268 

NOx  (mg/Nm3@ 15%O2)  100.8 133.2 126.0 

SOx (mg/Nm3@ 15%O2)  764.0 696.2 647.9 

NOx  (mg/MJ@ 15%O2)  60.4 79.9 75.5 

SOx (mg/ MJ@ 15%O2)  457.8 417.5 388.5 

Moisture Content (Percentage) night time 4.8 
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4.2.3  Comparison of the results of the flue gas analysis experiment 
 

From the above table it is clear that the average exhaust gas temperature of the engine reduces 
considerably as the charge air temperature decreases. In turn as the density of air increases amount of CO 
generated is also reduced as per the improvement in the combustion. CO2% of the flue gas had reduced as 
the amount of fuel burnt is reduced due to improvement of fuel consumption. 

As per the performed calculations above conclusion is strengthened and the summary is given in table 10. 
Figure 20 depicts the variation of temperatures during day and night times. 

 

Table 10: Comparison of results from flue gas analysis 

Source: Calculations 

Parameter Day Night 

Ambient temperature  deg C avg 33 28 
Charge air temperature deg C avg 68 63 
k Siegert's coefficient (from graph) 0.58 0.57 
m excess air factor (from graphs) 2.11 2.25 
g mn3/kg 22.905 24.375 
Pfg% 27.9 26.4 
Pco % 0.20 0.14 
Pash (considering total ash is un burnt) 0.016 0.016 
Total losses as per flue gases % 28.10 26.55 

 

 
Figure 20: Comparison of temperatures for day and night times 

(Source: Heladhanavi data records and flue gas analysis experiment, 2012) 

 

0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

400.00

450.00

Ambient avg CA temperature avg Flue gas temperature avg

Te
m

pe
ra

tu
re

  0  C
 

Medium 

Temperature comparison in 0C 

Day

Night



-33- 
 

As per Fig.20, there is a significant variation of temperatures. The difference between day and night time 
ambient average temperatures are 5 deg C and similarly the charge air temperature inside the air receiver 
after the turbo charger indicates a 5 deg C difference. The resulting exhaust gas temperature difference 
from the stack is 25 deg C. 

Figure 21 summarizes the values obtained from the calculations with respect to the losses in flue gas. 

The total flue gas loss is reduced by 1.5% during night time operation. The main contributor for the flue 
gas loss is the losses as per the temperature of the flue gas Pfg% resulting 27.9% and 26.4% respectively 
for day and night times. Carbon monoxide loss (Pco) and losses due to ash content of the fuel (Pash) are 
almost negligible compared to the total out come. 

 
Figure 21: Percentage losses comparison for day and night times in flue gas 

(Source: Heladhanavi data records and calculations of flue gas analysis experiment, 2012) 

 

Therefore, it can be concluded that the combustion is less efficient in day times comparatively to the night 
time. Lower charge air temperature improves the density of air and results in more excess air (Hsu, 2002) 
for the combustion to take place. On the other hand, atomization and fuel mixing improvement increases 
the fuel efficiency during the combustion (Hsu, 2002). The loss in flue gas has reduced from 1.5% for 5 
deg C drop charge air temperature. Therefore an efficiency improvement of 1.5% from the total energy of 
the fuel burnt. 

4.2.4  Humidity analysis for day and night times during flue gas analysis 
experiment 

Along with the flue gas analysis a humidity analysis of ambient and charge air was done to see the 
variation of humidity during day and night times. 

Ambient properties and charge air properties were obtained experimentally and from Heladhanavi data 
records 2012 are given in table 11. 

0

5

10

15

20

25

30

Pfg % Pco % P ash (considering
total ash is unburnt)

Total losses as per
flue gases %

Pe
rc

en
ta

ge
 o

f l
os

s 
%

 

Component Type of loss 

Percentage losses comparison for day and night 
times in flue gas 

Day

Night



-34- 
 

Table 11: Data for the calculations for humidity analysis during flue gas analysis 

Source: Experiment data and Heladhanavi data records 2012 

 

Time 

Ambient properties Charge air properties (After turbo) 

Pressure 
(bar) 

Temp 
(deg C) RH% 

Pressure 
(bar) 

Before 
cooler Temp 

(deg C) 
After cooler 

Temp (deg C) 
Day 1 33 40 4 178 68 
Night 1 28 88 4 174 63 

       Same method was followed as described in section 4.1 for the humidity analysis during combustion 
analysis. The Cytsoft Psychometric Chart Version 2.2 Demo version was used for the calculations 
involved in humidity analysis as previously done in section 4.1. 

Cytsoft Psychometric Chart Ver 2.2 Demo version was used for the calculations involved in humidity 
analysis. Using the chart for 1 bar and the related ambient conditions the ambient moisture amount was 
determined for both and day and night times. For day time it was 14.29 g (water vapor)/kg (air) 
(calculations). This amount of ambient moisture was not changed after the turbo charger as no addition or 
removal was in the process during the compression to 4 bar. After the turbo charger the air temperature 
was increased to 176 deg C (before cooler). Then after the air cooler the temperature was dropped down 
to 65 deg C (see table 5). As the condensate drains were under inspection no condensation was found at 
this point. Therefore, the same moisture amount was inside the charge air cooler. And the relevant relative 
humidity was obtained from the 4 bar chart. Furthermore, the dew point of the air in the charge air 
receive was obtained with the measure parameters from the chart and it was 43.55 deg C (calculations) this 
was complying with condensation observation at the charge air temperature 65 deg C. 

Similarly same procedure was followed for night time and obtained the moisture content as 19.5 g/kg. 
The dew point of charge air during the night time was 49.5 deg C. (calculations). So the no condensation 
at 59 deg C inside the charge air receiver was confirmed. 

The final relative humidity inside the charge air cooler for day and night times is 35.51% and 63.2%. As 
per the charge air flow rate for the engine running at full load is 32 kg/s (Wartsila, 2007). The rate of 
moisture in for day time and night times are 457.3 g/s and 624 g/s in charge air for combustion. That is 
an increment of 166.7 g/s of moisture in night time comparatively to the day time. (Calculations) 

The summary for the humidity analysis is given below in Table 12.  

 

Table 12: Calculation summary for humidity analysis during flue gas analysis 

Source: Calculations/Appendix 

Time 

Ambient properties Charge air properties (After turbo) 

Pressure 
(bar) 

Temp 
(deg 

C) RH% 

Moisture 
(g/kg) 

Pressure 
(bar) 

Before 
cooler 
Temp 

(deg C) 

After 
cooler 
Temp 

(deg C) 

Moisture 
(g/kg) 

RH% Dew 
point 
( deg 

C) 

Rate of 
moisture 

(g/s) 

Day 1 33 40 12.66 4 178 68 12.66 27.61 41.3 405.1 
Night 1 28 88 21.22 4 174 63 21.2 57.1 51.15 679 
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4.2.5   Fuel efficiency calculation along with flue gas analysis 
experiment 

 

The fuel efficiency values were calculated by using the records of fuel flow meters using the direct 
method. During the day time and night time fuel flow meter readings were obtained in every hour with 
the energy meter readings. This measurement period was set up such that exactly coincide with the flue 
gas analysis measurements. Therefore, direct comparison can be related to both day and night time flue 
gas analysis results. 

After a four hour period of recording the fuel consumption rates were calculated. The fuel NCV (LHV) is 
40.54 MJ/kg (Heladhanavi data records, June 2012); constant for the two periods considered in day and 
night time.  

As per the calculations during the day time DG 02 the fuel consumption was 3620 kg/hr and for the night 
time it was 3548.75 kg/hr. The improvement for the night time is 71.25 kg/hr (calculations) comparatively 
to the day time. The efficiency for day time is 41.2% and for the night time is 42.2% with the exported 
amount of energy. (Calculations). This is an improvement of 1 %-point for the night comparatively to the 
day time for a decrement of 6 deg C charge air temperature.    

The results for the engine fuel efficiency analysis are summarized in Table 13.  

 

 

 

 

 

 

 

 

 

 

 

  

Time Energy meter 
export MWh/hr 

Energy export 
MJ/hr 

Fuel 
consumption 

kg/hr 

Fuel energy 
MJ/kg Efficiency % 

Day 16.8 60480 3620 146754.8 41.2 
Night 16.85 60660 3548.75 143866.325 42.2 

Table 13: Results of fuel consumption calculation via direct method along with 
flue gas analysis.  

Source: Calculations/Appendix 
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5 Discussion  
This study was based on to analyze the effects of temperature and humidity of charge air in the 
combustion process of the Heladhanavi Power Plant, Puttalam, Sri Lanka. The 100MW power plant 
consists of six Wartsila 18V46 turbocharged air cooled four stroke medium speed diesel engines each with 
the capacity of 17MW. During normal operation the engine runs on HFO (LFO 1500 cSt). 

As per Hsu (2002) and Rakopolous (1991) findings it was found out that the fuel consumption of the 
engines positively varies with the charged air temperature or the ambient temperature. The combustion 
efficiency negatively varies with the charged or ambient air temperatures. This means lower the ambient or 
charged air temperature, lower the fuel consumption and higher the combustion efficiency and vice versa. 

As per Rakopolous (1991) and CIMAC (March 2009) findings, the fuel consumption varies positively the 
relative or absolute humidity in air. Combustion efficiency varies negatively with relative or absolute 
humidity in air. This means lower the humidity or moisture content in charged or ambient air lower the 
fuel consumption and higher the combustion efficiency and vice versa. 

Along with this knowledge the experiments were organized to perform to analyze the combustion of the 
Engines. DG 02 was selected at 54, 890 rhs after recent 48,000 major overhaul. All the injector pump 
elements are in good condition. Injector nozzles are recently replaced with new ones. Cylinder head, 
piston and liner maintenances were done in the recently concluded 48,000 rhs major overhauls. The load 
of the engine was set to be at 17MW. 

The combustion analysis experiment (experiment 1) was started using the Lemag Premet XL analyzer. The 
combustion of the all eighteen cylinders were analyzed during day time. The individual fuel racks were 
marked at the time of operation. Other parameters like charge air temperature; ambient temperature and 
humidity were recorded simultaneously. The recorded data from the analyzer was fed into the Premet 
software ver 4.12 for further analyzing. Both day and night curves were brought on to one interface to 
compare and analyze. 

As per the combustion analysis results the summary of the experiments and the calculation values are 
given in Table 14.  The MIP average value for the day time is 26.3 bar, while 27.1 bar for the night time. 
There is an increment of 0.8 bar for the night time case with respect to the day time case. This is as a 
result of peak pressure curve and the peaks of dp/da curve shifting to the right side of the diagram or 
delaying as per the Literature review. The shift of the peak of the pressure curve is 1.4 deg of crank angle 
to the right side for the night time comparative to the day time. Corresponding shifts of kinetic and 
diffusive burning peaks of dp/da curve are 1.1 and 0.7 deg crank angles for the night time comparative to 
the day time. This is an improvement of fuel consumption by 0.8%. 

This change in the combustion process is indicated as an improvement in the fuel consumption from the 
fuel consumption analysis. This directly relates with Hsu’s (2002) findings. 

As per the obtained data fuel consumption for the night time is 0.8% better relative to the day time. And 
the charge air temperature is 6 deg C is lower comparatively to the day time and the relative humidity is 
28% (humidity 5.21g/kg) is more for the night case. So lower temperature and higher humidity has caused 
the efficiency to improve. 

From this experiment it is confirmed that the reduction of temperature from 6 deg C is much more 
prominent than the increase in humidity by 28% in the combustion process of the engine with respect to 
the fuel consumption. Therefore, the fuel consumption improves in the night time from 0.8%. As per the 
consumption rates 66 kg/hr is saved for the same amount or energy export during the night time. The 
summary is given in table 14. 

Table 14 confirms that the charge air temperature affects the ignition delay period and therefore the peak 
pressure and then the efficiency of the combustion. This complies with the studies by Hsu (2002). 



 
 

Table 14: The parameter comparison for day and night times with the combustion analysis 

Source: Results of Combustion, humidity and fuel consumption analysis  

Parameter Day Night 
Ambient air temperature (deg C) 33 27 
Ambient humidity (%) 45 86 
Charge air temperature (deg C) 65 59 
Charge air relative humidity (%) 35.51 63.2 
Charge humidity (g/kg) 14.29 19.5 
Charge air Humidity (g/s) 457.3 624 
MIP average (bar) 26.3 27.1 
Average delay of the crank 
angle for the peaks with 
respect to day time 

Pressure Curve NA 1.4 

Kinetic burning NA 1.1 

Diffusive burning NA 0.7 
Elect Efficiency % 41.9 42.7 
Fuel consumption kg/hr 3573.33 3506.67 

 
 

As per the flue gas analysis experiment (experiment 2) given in Table 15 is the summary of the results 
along with fuel consumption analysis. For the night time case the total loss with the flue gas has reduced 
from 1.55%.  Simultaneously this is indicated in the electrical efficiency with an improvement of 1% and 
on the fuel consumption as 71.25 kg/hr. Therefore the improvement in the combustion is indicated for a 
5 deg C charge air drop and 29.5% relative humidity increase (8.54 g/kg). Again the statement raised in 
the combustion analysis is confirmed during the flue gas analysis; that the temperature drop is more 
prominent in the fuel consumption improvement comparatively to the humidity rise. As found again the 
charge air temperature drop and humidity increase in the night time has caused the electrical efficiency to 
increase.  
 

Table 15: The parameter comparison for day and night times with the flue gas analysis 

Source: Results of Flue gas, humidity and fuel consumption analysis  

Parameter Day Night 

Ambient temperature  deg C avg 33 28 
Ambient relative humidity % 40 88 
Charge air temperature deg C avg 68 63 
Charge air relative humidity % 27.6 57.1 
Charge air humidity (g/kg) 12.66 21.2 
Charge air humidity (g/s) 405.1 679 
Pfg% (see equation 5) 27.9 26.4 
Pco % (see equation 8) 0.20 0.14 
Pash (considering total ash is un burnt) 0.016 0.016 
Total losses as per flue gases % 28.10 26.55 
Electrical Efficiency % 41.2 42.2 
Fuel consumption kg/hr 3620 3548.75 
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When comparing the two sets of parameters obtained through combustion analysis and flue gas analysis it 
can be seen that the for the same day time ambient temperature, the charge air temperature has increased 
for the flue gas analysis case. It is the result of more running hours were consumed by the charge air 
coolers by the flue gas analysis comparatively to combustion analysis approximately of 660 rhs. From the 
results it can be seen that from the day time measurements the charge air temperature increment of 3 deg 
C reduced the electrical efficiency by 0.7%, while difference of humidity of charge air is 1.5 g/kg of air. 
From night time analysis the electrical efficiency has dropped from 0.5% for an increment in 4 deg C in 
temperature and increment in 1.7 g/kg humidity. 

Therefore from all the analysis the highest electrical efficiency 42.7 % was recorded for the lowest charge 
air (59 deg C) and highest humidity case (63.2%) during the night time for experiment 1. The lowest 
electrical efficiency 41.2 % was observed for the highest charge air temperature (68 deg C) and lowest 
humidity case (27.6%) during the day time measurement for experiment 2.  

Furthermore, as per the Heladhanavi Data records the LHV of the HFO batch received during the flue 
gas analysis was higher 40.54 MJ/kg than during the combustion analysis 40.5 MJ/kg. But still the 
increment of charge air temperature from 3 deg C was more prominent than the LHV increment of 0.04 
MJ/kg and causing the electrical efficiency of the day time to reduce by 0.7% for the day time and by 
0.5% for the night time (for a 4 deg C increment). 

Finally the summary of the outcome of the two experiments can be produced as in Table 16.  
 

Table 16: Overall outcome of the experiments  

Source: Calculations and analysis 

Parameter Experiment 1 

(Combustion analysis) 

Experiment 2 

(Flue gas analysis) 

Diesel Generator DG 02 

Incoming fuel LHV MJ/kg 40.5 40.54 

Running hours 54,890 55,550 

Ambient temperature 
Day 33 33 

Night 27 28 

Ambient humidity (%) 
Day 45 40 

Night 86 88 

Charge air temperature 
Day 65 68 

Night 59 63 

Charge air humidity (%) 
Day 35.5 27.6 

Night 63.2 57.1 

Electrical efficiency (%) 
Day 41.9 41.2 

Night 42.7 42.2 
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6 Conclusion 
Both charge air temperature and humidity affect the combustion efficiency in diesel engine in a negative 
manner. In other words charge air temperature and humidity maintains a positive relationship with fuel 
consumption. 

During the combustion analysis experiment (experiment 1); the Wartsila 18V46 engine 6 deg C reductions 
in charge air temperature effect is more prominent than the 28 % increment in relative humidity causing 
the electrical efficiency to increase from 0.8% under the same operating conditions. 

As per the combustion analysis experiment (experiment 1); the MIP average value for the day time is 26.3 
bar, while 27.1 bar for the night time. There is an increment of 0.8 bar for the night time case with respect 
to the day time case. This is as a result of peak pressure curve and the peaks of dp/da curve shifting to the 
right side of the diagram or delaying as per the Literature review. The shift of the peak of the pressure 
curve is 1.4 deg of crank angle to the right side for the night time comparative to the day time. 
Corresponding shifts of kinetic and diffusive burning peaks of dp/da curve are 1.1 and 0.7 deg crank 
angles for the night time comparative to the day time. This is an improvement of fuel consumption by 
0.8%. 

During the flue gas analysis experiment (experiment 2); 5 deg C reductions in charge air temperature effect 
is more prominent than 30% increment in relative humidity causing the electrical efficiency to increase 
from 1% under the same operating conditions. 

As per the flue gas analysis experiment (experiment 2); the night time case the total loss with the flue gas 
has reduced from 1.55%.  Simultaneously this is indicated in the electrical efficiency with an improvement 
of 1% and on the fuel consumption as 71.25 kg/hr. Therefore the improvement in the combustion is 
indicated for a 5 deg C charge air drop and 29.5% relative humidity increase (8.54 g/kg). 

This means lower charge air temperature and higher humidity case (night time) has increased the 
efficiency and reduced the fuel consumption. Higher charge air temperature and lower humidity case (day 
time) has decreased the efficiency and increase the fuel consumption.  

Therefore it can be concluded that under the prevailing ambient conditions at the Heladhanavi Power 
Plant, Puttalam, Sri Lanka, the effect of charge air temperature is more prominent than the effect of 
humidity in the combustion process for the Wartsila 18V46 diesel engines under the context at 
Heladhanavi Power Plant. 

The effect of charge air temperature is on the efficiency and fuel consumption is confirmed as per the Hsu 
(2002) and Rakopolous (1991) studies. 

Therefore, proper cleaning and maintaining of the charge air coolers are the most important factors to 
maintain the charge air temperature and relative humidity inside charge air receiver at their lowest values. 
If this can be achieved, the best electrical efficiency and lower fuel consumption for a certain fuel batch 
will be possible to be attained. 
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7 Appendix  
7.1 Calculations 

7.1.1 Calculations with experiment 1: Combustion Analysis 

7.1.1.1 Fuel efficiency calculation  
Data 

Time Energy meter readings MWh Fuel meter readings kg Duration hrs 
start stop start stop 

Day 969403.7 969471.1 369340057 369354350.3 4 

Night 969605.9 969673.1 368746450 368760476.7 4 
 

Table 17: Experimentally obtained data during the peak pressure analysis for the direct method of efficiency 
calculation 

Calculation  

Fuel efficiency calculation was performed using following equation. The LHV of HFO was obtained for 
the concerned fuel batch as 40.5 MJ/kg. (Heladhanavi data records, June 2012) 

 

𝐹𝐹𝐹𝐹 𝐹𝑒𝑒𝑒𝑒𝑒𝐹𝑒𝑒𝑒 % =
𝐸𝐹𝐹𝑒𝐸𝐸𝑒𝑒𝐸𝐹 𝐸𝑒𝐹𝐸𝐸𝑒 𝐸𝐹𝑒𝐹𝐸𝐸𝐸𝐹𝑑 𝑝𝐹𝐸 ℎ𝑜𝐹𝐸 × 100
𝑒𝐹𝐹𝐹 𝑚𝐸𝑚𝑚 𝑒𝑜𝑒𝑚𝐹𝑚𝐹𝑑 𝑝𝐹𝐸 ℎ𝑜𝐹𝐸 × 𝐿𝐿𝐿𝐻𝐻𝐻

 

 

Equation 2: Fuel efficiency equation 

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 

𝐹𝐹𝐹𝐹 𝐹𝑒𝑒𝑒𝑒𝑒𝐹𝑒𝑒𝑒 (𝑑𝑑𝑑)% =
(969471.1 − 969403.7) ∗ 3600

4 × 100
369354350.3− 369340057

4 × 40.5
 

 

𝐹𝐹𝐹𝐹 𝐹𝑒𝑒𝑒𝑒𝑒𝐹𝑒𝑒𝑒 𝑑𝐸𝑒 𝐸𝑒𝑚𝐹 % = 41.9 

Similarly night time calculations were also produced. Given in table 18 is the summary of the calculations. 

 

Time Energy meter export 
MWh/hr 

Energy export 
MJ/hr 

Fuel consumption 
kg/hr Fuel Energy MJ/kg Efficiency 

% 

Day 16.85 60660 3573.33 144862.93 41.9 
Night 16.85 60661 3506.67 142160.27 42.7 

 

Table 18: Summary of the calculations  

Source: Calculations 
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7.1.1.2 Humidity analysis for day and night times 
The experimental data obtained for humidity analysis during the combustion analysis is given in table 19. 

 

Time 

Ambient properties Charge air properties (After turbo) 

Pressure 
(bar) 

Temp 
(deg C) RH% 

Pressure 
(bar) 

Before 
cooler Temp 

(deg C) 
After cooler 

Temp (deg C) 
Day 1 33 45 4 176 65 
Night 1 27 86 4 172 59 

       Table 19: Data for humidity analysis calculations during combustion analysis 

Source: Experimental data and Heladhanavi data records 2012 

Using the ambient properties for day and night times the exact points were found on the 1 bar chart of 
Cytsoft Psychometric Chart Ver 2.2 Demo version as given in figure 22 and 23. 
 

 
 

Figure 22: Finding the locations for the ambient Day time in the Cytsoft Psychometric Chart Ver 2.2 Demo version 

Source: Cytsoft Psychometric Chart Ver 2.2 Demo version 

  



-42- 
 

 
 

Figure 23: Finding the locations for ambient Night time in the Cytsoft Psychometric Chart Ver 2.2 Demo version 

Source: Cytsoft Psychometric Chart Ver 2.2 Demo version 

After locating the points for the ambient conditions for day and night times the points are highlighted in 
read for day time and blue for night time as given in figure 24. The moisture amounts are obtained from 
the graphs for further calculations as 14.3 g/ kg of air and 19.5 g/kg of air for day and night times 
respectively. 

 
 

Figure 24: Points for day and night time ambient conditions in 1 bar chart 

Source: Cytsoft Psychometric Chart Ver 2.2 Demo version 
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After the turbo charger the air pressure increases to 4 bar without changing the moisture content. 
Therefore, in the 4 bar chart in Cytsoft Psychometric Chart Ver 2.2 Demo version the relevant location 
was identified along with the charge air temperature (before cooler) for day time as shown in figure 25. 
 

 
 

Figure 25: Locating the point for the charge air after the turbo charger (before cooler) on the 4 bar chart 

Source: Cytsoft Psychometric Chart Ver 2.2 Demo version 

 

Similarly for the night time the relevant point was found as per the figure 26. 
 

 
Figure 26: Locating the point for the night time after turbo charger in 4 bar chart 

Source: Cytsoft Psychometric Chart Ver 2.2 Demo version 
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The figure 27 shows the identified two points on the 4 bar chart for day and night times after the 
turbocharger (before cooler). The day time is shown in red and night time in blue. 
 
 

 
Figure 27: Located points on the 4 bar charge before charge air cooler for day and night times 

Source: Cytsoft Psychometric Chart Ver 2.2 Demo version 

As there were no condensation was occurring during the time of experiment the moisture content was 
unchanged after the charge air cooler. The temperature was dropped to 65 and 59 deg C respectively for 
day and night times. In figure 31 locations are indicated on the 4 bar chart. The respective RH values after 
the charge air coolers are 35.51% and 63.2% for day and night times. 

 

Figure 28: Locations for day and night times after charge air cooler in 4 bar chart 

Source: Cytsoft Psychometric Chart Ver 2.2 Demo version 
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The before and after charge air cooler locations are linked through arrows for day and night times to 
indicate the cooling process through the charge air cooler. These two are horizontal lines as no 
condensation occurs at the process of cooling. The pressure drop across the cooler is neglected as the 
value is so small in the range of 500mmWg. 

 

Figure 29: The charge air cooling process at 4 bar for day and night times 

Source: Cytsoft Psychometric Chart Ver 2.2 Demo version 

Accurate condensation points for 4 bar charge air with the relevant properties are obtained by extending 
the arrows to 100 humidity line. From the graph the values can be obtained as 43.55 and 49.5 deg C for 
day and night times respectively. This confirms the practical experiment observation of no condensation 
at 4 bar pressure for 65 and 59 deg C of charge air temperature. 

 
Figure 30:  Dew points for charge air at 4 bar pressure with the relevant properties for day night times 

Source: Cytsoft Psychometric Chart Ver 2.2 Demo version 
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From the practical experiment also it was further confirmed no condensation was occurred after cooler. 

 

7.1.1.2.1 Comparison humidity accumulation in the charge air receiver 
between day and night times 

 

The charge air flow rate of Wartsila 18V46 engine is 32 kg/s (Wartsila, 2007). 

 

 
Equation 3: Rate of humidity in to the charger air receiver 

 

The rate of humidity in to the charge air receiver for day time=14.29 g/kg x 32 kg/s 

      =457.3 g/s 

The rate of humidity in to the chare air receiver for night time=19.5g/kg x 32 kg/s 

      =624 g/s 

The excess in humidity accumulation for night time comparison to the day time 

      = 166.7g/s 

 

7.1.1.2.2 Summary of the calculations for the humidity analysis for day and 
night times during the combustion analysis 

 

Time 

Ambient properties Charge air properties (After turbo) 

Pressure 
(bar) 

Temp 
(deg 

C) RH% 

Moisture 
(g/kg) 

Pressure 
(bar) 

Before 
cooler 
Temp 

(deg C) 

After 
cooler 
Temp 

(deg C) 

Moisture 
(g/kg) 

RH% Dew 
point 
( deg 

C) 

Rate of 
moisture 

(g/s) 

Day 1 33 45 14.29 4 176 65 14.29 35.51 43.55 457.3 
Night 1 27 86 19.5 4 172 59 19.5 63.2 49.5 624 

    
 

   
    

Table 20: Summary for humidity analysis calculations during combustion analysis 

Source: Calculations 
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7.1.3 Calculations with the experiment 2: Flue gas analysis 

7.1.3.1 Flue gas analysis calculations 

7.1.3.1.1 Data 
 

The averages of the data sets obtained for the day time flue gas analysis. This is an abstract from Table 7, 
8, 9 and 10. 

Parameter Day Night 

Ambient deg C avg 33.00 28.00 
CA temperature deg C avg 68.00 63.00 
Flue gas temperature avg  390.00 365.00 
Excess O2% avg 11.60 11.78 
CO ppm avg 282.33 246.33 
CO2% (wet) avg 7.07 6.94 
Moisture content %  7 4.8 

 

Table 21: Average values of the parameters obtained from the flue gas analysis 

(Source: Flue gas analysis experiment and Heladhanavi data records, 2012) 
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7.1.3.1.2 Calculations 
After obtaining the data in the tables 5, 6, 7 and 8 further calculations were performed to obtain average 
values of each parameter. As the flue gas analysis was done in wet basis (i.e humid flue gas) some the 
parameters had to be taken in to the dry basis for further calculations. 

 
Equation 4: Relationship between dry and wet percentages of CO2 in flue gas 

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 

Day time calculations are shown below and in a similar manner night time calculations were carried out. 

 

𝐶𝐶2𝑑𝑑𝑑% =
𝐶𝐶2𝑤𝑤𝑤% × 100

(100−𝑀𝑜𝑒𝑚𝐸𝐹𝐸𝐹𝑤𝑤𝑤%)
 

 

𝐶𝐶2𝑑𝑑𝑑 (𝑑𝑑𝑑)% =
7.07 × 100
(100− 7)

= 7.6% 

 

The CO2 dry percentages were calculated using the above equation for both day and night times. 

Constant k in Siegert formula was obtained from graph of k Vs. dry CO2 % for oil in the Help file SPG 
MJ 2405. 

 

 
Figure 31: Coefficient k Vs CO2 % in dry flue gas  

Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course 
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Tgas value was obtained experimentally; from the table 20 the flue gas temperature is 390 deg C. Tref is 25 
deg C. (SPG Help file, KTH) 

 

From the Siegerts formula loss percentage as per the temperature of the flue gas is given by; 

 
Equation 5: Siegert’s formula for flue gas losses 

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 

𝑘 𝑒𝐸𝑜𝑚 𝐸ℎ𝐹 𝐸𝐸𝐸𝑝ℎ 𝑒𝑜𝐸 𝐸ℎ𝐹 𝑑𝐸𝑒 𝐸𝑒𝑚𝐹 𝐸𝐹𝑜𝑒𝐸 𝑤𝑒𝐸ℎ 𝐸ℎ𝐹 𝐶𝐶2𝑑𝑑𝑑 % 𝑒𝑜𝐸 𝑜𝑒𝐹 𝑒𝑚 0.58 

 

𝑃𝑓𝑓(𝑑𝑑𝑑) = 0.58 ×
390 − 25

7.07
= 27.96 % 

 

After substituting values percentage of heat loss as per the temperature was obtained for both day and 
night times. 

Similarly O2 dry percentage was also calculated; 

 
Equation 6: Relationship between dry and wet percentages of O2 in flue gas 

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 

 

𝐶2𝑑𝑑𝑑(𝑑𝑑𝑑)% =
11.6 × 100
(100− 7)

= 12.48% 

 

Following equation is required for the calculation of wet gas amount. 

 

 
Equation 7: Relationship between actual and theoretical gas amounts 

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 
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Where, g= Real wet gas amount 

 

LHV of HFO 40.54 MJ/kg for the concerned fuel batch at Heladhanavi. (Heladhanavi data records, 
2012). 

g0=Stoichiometric gas amount, 11.25 mn3/kg  

(from the graph for HFO, KTH, 2010 Help file, Sustainable Power Generation MJ 2405 course) 

 

l0=Stoichiometric air amount, 10.5 mn3/kg  

(from the graph for HFO, KTH, 2010 Help file, Sustainable Power Generation MJ 2405 course) 

 

 
Figure 32: Stoichiometric air and gas amount for the combustion of oil 

Source: Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course 
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m= Excess air factor, From dry O2 & CO2 values in the flue gas excess air factor (m) can be obtained 
from the graph for oil. (KTH, 2010 Help file, Sustainable Power Generation MJ 2405 course) 

 
 

 
Figure 33: CO2 and O2 dry percentages in flue gas Vs excess air factor m 

Source: Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course 

 

 

𝐸 = 𝐸0 + (𝑚 − 1)𝐹0 

 
𝐸𝑑𝑑𝑑 = 11.25 + (2.11 − 1) × 10.5 = 22.905 mn3/kg 
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From the calculation real wet gas amount g is obtained. 

Losses as per un-burnt CO can be obtained from the following equation 

 

 
Equation 8: Losses as per un-burnt CO  

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 

 

Where, [CO] is the carbon monoxide amount ppm 

LHVco Lower heating value of CO 12.634 MJ/mn3 

(KTH, 2010 Help file, Sustainable Power Generation MJ 2405 course) 

LHVHFO Lower heating value of the consumed fuel batch 40.54 MJ/kg (Heladhanavi data records, 2012) 

g is calculated. 

Losses as per un burnt CO can be calculated for both day and night times. 

 
 

𝑃𝐶𝐻(𝑑𝑑𝑑) = 22.905 ×
282.33/1000000 × 100 × 12.634𝑐𝑐

40.54
= 0.2% 
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The losses due to the residual ash in the flue gas are calculated from the following equation. 

 

 
Equation 9: Relationship of losses as per residual ash in the flue gas 

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 

A is the ash mass fraction of HFO equals to 0.02% for the concerned batch of HFO (Heladhanavi data 
records, 2012). As the ash amount in HFO is very low is assumed total ash mass is un burnt for the more 
general case. Then the equation simplifies to, 

 

 
Equation 10: Modified relationship of losses as per residual ash in the flue gas 

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 

 

𝑃𝑑𝑎ℎ(𝑑𝑑𝑑) =
0.02 × 32𝑐

40.54
= 0.016% 

 
LHVC =Lower Heating Value of Carbon is 32MJ/kg (KTH, 2010 Help file, Sustainable Power 
Generation MJ 2405 course) 

Loss as per the unburnt particle in the ash is calculated for both day and night times. 
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Total energy loss in flue gas can be obtained from the equation. 

 
Equation 11: Total loss in flue gas 

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 

Where, Pfg= Flue gas loss as per flue gas temperature 

 Pco= Losses as per the un-burnt CO in the flue gas 

Pash= Looses as per the residual ash content in flue gas 

𝑃𝑙𝑐𝑎𝑎(𝑑𝑑𝑑) = 27.96 + 0.2 + 0.016 = 28% 

 
In a similar way night time calculations were proceeded and the results in given below in table 22 
 

Parameter Day time Night time 
O2 % (dry) (calculated) 12.48 12.38 
CO2 % (dry) (calculated) 7.60 7.29 
k siegert's coefficient (from graph) 0.58 0.575 
m excess air factor (from graphs) 2.11 2.17 
g mn3/kg 22.905 23.535 
Pfg % 27.96 26.4 
Pco % 0.2 0.14 
Pash (considering total ash is un burnt) 0.016 0.016 
Total losses as per flue gases % 28 26.5 

 

Table 22: Obtained values through calculations  

(Source: Calculations) 
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7.1.3.2 Humidity analysis  
Experimentally obtained data along with Heladhanavi data records obtained for the humidity analysis is 
given in table 23. 

Time 

Ambient properties Charge air properties (After turbo) 

Pressure 
(bar) 

Temp 
(deg C) RH% 

Pressure 
(bar) 

Before 
cooler Temp 

(deg C) 
After cooler 

Temp (deg C) 
Day 1 33 40 4 178 68 
Night 1 28 88 4 174 63 

       Table 23: Data for humidity analysis during flue gas analysis 

Source: Experimental data and Heladhanavi Data Records 2012 

Using these data and the Cytsoft Psychometric Chart Ver 2.2 Demo version in a similar manner as in the 
section 9.2 calculations was performed. The summary is given in the table 24. 

 

Time 

Ambient properties Charge air properties (After turbo) 

Pressure 
(bar) 

Temp 
(deg 

C) RH% 

Moisture 
(g/kg) 

Pressure 
(bar) 

Before 
cooler 
Temp 

(deg C) 

After 
cooler 
Temp 

(deg C) 

Moisture 
(g/kg) 

RH% Dew 
point 
( deg 

C) 

Rate of 
moisture 

(g/s) 

Day 1 33 40 12.66 4 178 68 12.66 27.61 41.3 405.1 
Night 1 28 88 21.22 4 174 63 21.2 57.1 51.15 679 

    
 

   
    

Table 24: Summary for humidity analysis calculations during flue gas analysis 

Source: Calculations 

The excess in humidity accumulation for night time comparison to the day time 

      = 273.9 g/s 
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7.1.3.3 Fuel efficiency calculation with experiment 2 
DG 02 Fuel flow meter inventory value was obtained at the start of the test and recorded along with the 
energy meter reading. During the flue gas analysis for a four hour period both fuel flow meter reading and 
energy meter reading was obtained. This was performed for both day and night times. During the 
experiments the engine was running at full load 17 MW. 

Data 

Time Energy meter readings MWh Fuel meter readings kg duration 
hrs start stop start stop 

Day 
979513.7 979581.1 401156210 401170690 4 

Night 
989825.9 989893.1 401196550 401210965 4 

 

Table 25: Experimentally obtained data during the flue gas analysis for the direct method of efficiency calculation 

 

Calculation  

Fuel efficiency calculation was performed using following equation. The LHV of HFO was obtained for 
the concerned fuel batch as 40.54MJ/kg. (Heladhanavi data records 2012) 

 

𝐹𝐹𝐹𝐹 𝐹𝑒𝑒𝑒𝑒𝑒𝐹𝑒𝑒𝑒 % =
𝐸𝐹𝐹𝑒𝐸𝐸𝑒𝑒𝐸𝐹 𝐸𝑒𝐹𝐸𝐸𝑒 𝐸𝐹𝑒𝐹𝐸𝐸𝐸𝐹𝑑 𝑝𝐹𝐸 ℎ𝑜𝐹𝐸 × 100
𝑒𝐹𝐹𝐹 𝑚𝐸𝑚𝑚 𝑒𝑜𝑒𝑚𝐹𝑚𝐹𝑑 𝑝𝐹𝐸 ℎ𝑜𝐹𝐸 × 𝐿𝐿𝐿𝐻𝐻𝐻

 

 

Equation 12: Fuel efficiency equation 

(Source: KTH (2010) Help file, Sustainable Power Generation MJ 2405 course) 

𝐹𝐹𝐹𝐹 𝐹𝑒𝑒𝑒𝑒𝑒𝐹𝑒𝑒𝑒 (𝑑𝑑𝑑)% =
(979581.1 − 979513.7) ∗ 3600

4 × 100
401170690− 401156210

4 × 40.54
= 41.2% 

 

In a similar way calculations were done for the night time and the summary of the calculations are given 
below in the table 26. 

 

 

Table 26: Summary of the calculations 

  

Time Energy meter 
export MWh/hr 

Energy export 
MJ/hr 

Fuel 
consumption/hr 

Fuel energy 
MJ/kg Efficiency % 

Day 16.8 60480 3620 146754.8 41.2 
Night 16.85 60660 3548.75 143866.325 42.2 
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7.2 Pressure curves and Dp/da curves for DG 02 obtained 
during combustion analysis 

 

The pressure and Dp/da curves obtained during the combustion analysis of DG 02 is given in the next set 
of figures. Curves for all the eighteen cylinders are included and the explanation was carried out with 
respect to A 03 curves in the section 4.4.1 and 4.4.2. 

In the figures the green curves are for night time and the blue curves are for day time. In all the eighteen 
cylinders the curve behavior are very similar. The night curves (pressure and dp/da curves- green) are 
shifted towards the right side with respect to the day curve (pressure and dp/da curves-blue). Therefore, 
the ignition delay is prolonged in the night time combustion. As a result Mean Indicated pressure is always 
high for all the cylinders. The legend on the shows the increments MIP included in the table 4 in section 
4.4.3.  
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