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Abstract 
 

 
Diversity of fuels used in internal combustion engines can enhance the energy 

security of power generation. A number of efforts have been made with alternative 

fuels which can partly replace the use of diesel. Engines with such option are known 

as dual fuel engines, i.e. they use conventional diesel fuel and a replacement gaseous 

fuels simultaneously. Liquefied petroleum gas has a number of technical advantages 

in this regard. The higher auto-ignition temperature and heating value, better 

emission characteristics, as well as easy availability and portability makes LPG a 

good candidate for such diesel supplements. Extraction of Natural gas Liquids in a 

number of gas fields in Bangladesh has enhanced the prospects of LPG production of 

the country.  

 

In this research work, an experimental investigation was conducted on a single 

cylinder water cooled DI Diesel engine, which was properly modified to operate 

under LPG-Diesel fumigated fuel conditions, using maximum possible diesel 

replacement by LPG at rated speed. First stage of this work examined the effect of 

dual fuel combustion on different engine parameters like diesel replacement, exhaust 

temperature, thermal efficiency and BSFC. The study revealed that only limited 

diesel replacement with better thermal efficiency could be achieved by LPG near 

rated load, while replacement rates improved in part loads. In the second stage, the 

investigation was extended to explore the effect of increased and decreased injection 

timing from the default configuration on those parameters. At higher loads the 

default setting was found to be most efficient but at part loads, injection timing with 

increased configuration showed best performance. The cost analysis of fuels during 

the experiments showed that reduction of LPG price by more than 41% would make 

it feasible for replacing diesel. 

   



Appendix D 

Data tables 

Only Diesel @ 13.68o bTDC 
FUEL = Diesel Only at 13.68 deg bTDC

Beta = 1.003
DBT = 28 WBT = 27 Alpha = 0.986 RH % = 90 Sp.Gravity = 0.84 LHV (MJ/kg) 41

% load Load in Engine Engine Collection Fuel Temp Temp Temp Diesel Only Diesel Only Diesel Overall 
Dynamometer Speed power Time Collection Exhaust (Diesel) Water LubOil Rate Rate Only bsfc Efficiency (Diesel)

% kg rpm kW min gm C C C kg/h l/h gm/kW-h %
100.33% 15.3 2006 9.03 5 240 552 75 88 2.88 3.43 318.95 27.53%
96.11% 14.7 2000 8.65 5 225 523 75 87 2.70 3.21 312.16 28.13%
89.70% 13.7 2003 8.07 5 205 482 74 87 2.46 2.93 304.71 28.82%
79.92% 12.2 2004 7.19 5 180 427 73 87 2.16 2.57 300.30 29.24%
69.95% 10.7 2000 6.30 5 165 382 73 87 1.98 2.36 314.49 27.92%
62.23% 9.5 2004 5.60 5 150 350 72 87 1.80 2.14 321.37 27.32%
49.71% 7.6 2001 4.47 5 130 308 70 87 1.56 1.86 348.68 25.18%
39.92% 6.1 2002 3.59 5 115 269 70 86 1.38 1.64 384.10 22.86%  

Dual Fuel Operation @ 13.68o bTDC 
FUEL = Diesel + LPG

LPG-LHV 46.3 MJ/kg Cylinder 12.5 kg Lpg
DBT = 28 WBT = 27 RH % = 90 Sp.Gravity = 0.84 LPG-Density 0.51 Dsl LHV 41 Alpha =

%load Load in Engine Engine Collection Diesel Consmp. Diesel Consmp. LPG Temp Temp Temp Diesel Diesel LPG Diesel Equival Overall Co-combustion
Dynamometer Speed power Time Dual Fuel mode Diesel Only mode Consump Exhaust (Dual) Exhaust – Diesel LubOil Rate (Dual) Rate (Dual) rate replac. Bsfc Efficiency (Dual) Ratio

% kg rpm kW min gm gm gm C C C l/hr kg/h kg/h % gm/kW-hr %
100.23% 15.30 2004 9.02 5.00 122.00 240.00 82 435 552 88 1.74 1.46 0.98 49.17% 285.48 30.76% 43.15%
96.15% 14.70 2001 8.65 5.00 70.00 225.00 121 427 523 88 1.00 0.84 1.45 68.89% 286.54 30.64% 66.12%
89.66% 13.70 2002 8.07 5.00 50.00 205.00 139 415 482 88 0.71 0.60 1.67 75.61% 307.79 28.53% 75.84%
80.45% 12.30 2001 7.24 5.00 23.44 180.00 150 406 427 87 0.33 0.28 1.80 86.98% 319.57 27.48% 87.84%
69.95% 10.70 2000 6.30 5.00 26.24 165.00 132 390 382 87 0.37 0.31 1.58 84.10% 334.13 26.28% 85.03%
62.92% 9.60 2005 5.66 5.00 23.96 150.00 118 371 350 86 0.34 0.29 1.42 84.03% 333.94 26.29% 84.80%
50.42% 7.70 2003 4.54 5.00 26.39 130.00 110 341 308 85 0.38 0.32 1.32 79.70% 398.31 22.04% 82.48%
39.31% 6.00 2004 3.54 5.00 28.22 115.00 102 306 269 85 0.40 0.34 1.22 75.46% 486.47 18.05% 80.32%

13.68 deg bTDC

 
LPG cost 102.4 Tk/kg 56 Tk/kg (Govt. proposed to make LPG cylinder available at 700 tk/cylinder)

0.986 Beta = 1.003 Dsl cost = 46 Tk/l 5000 tk(approx.)

LPG Cylinder Diesel LPG Total Diesel only Saving Saving At LPG Total Diesel only Saving Saving Recovery
runtime cost/run cost/run cost/run cost/run in At 1280 tk/cylinder, 56 tk/kg cost/run cost/run cost/run in at 700 tk/cylinder, time,

hr Tk Tk Tk Tk Taka % Tk Tk Tk Taka % Days (8 hrs run/day)
12.70 1018.44 1280.00 2298.44 2003.48 -294.95 -14.72 --> 700.00 1718.44 2003.48 285.05 14.23 3.45
8.61 396.01 1280.00 1676.01 1272.87 -403.13 -31.67 --> 700.00 1096.01 1272.87 176.87 13.90 3.21
7.49 246.23 1280.00 1526.23 1009.55 -516.68 -51.18 --> 700.00 946.23 1009.55 63.32 6.27 3.07
6.94 106.97 1280.00 1386.97 821.43 -565.54 -68.85 --> 700.00 806.97 821.43 14.46 1.76 3.13
7.89 136.08 1280.00 1416.08 855.65 -560.42 -65.50 --> 700.00 836.08 855.65 19.58 2.29 3.48
8.80 138.61 1280.00 1418.61 867.73 -550.87 -63.48 --> 700.00 838.61 867.73 29.13 3.36 3.88
9.47 164.22 1280.00 1444.22 808.98 -635.24 -78.52 --> 700.00 864.22 808.98 -55.24 -6.83 4.10
10.21 189.38 1280.00 1469.38 771.77 -697.62 -90.39 --> 700.00 889.38 771.77 -117.62 -15.24 4.34

Proposed LPG cost
LPG cylinder and attachment cost
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Only Diesel @ 18.33o bTDC 
FUEL = Diesel Only

Beta = 1.003
DBT = 28 WBT = 27 Alpha = 0.986 RH % = 90 Sp.Gravity = 0.84 LHV (MJ/kg) 41

% load Load in Engine Engine Collection Fuel Temp Temp Temp Diesel Only Diesel Only Diesel Overall 
Dynamometer Speed power Time Collection Exhaust (Diesel) Water LubOil Rate Rate Only bsfc Efficiency (Diesel)

% kg rpm kW min gm C C C kg/h l/h g/kW-h %
100.33% 15.3 2006 9.03 5 215 446 75 88 2.58 3.07 285.73 30.73%
89.84% 13.7 2006 8.09 5 190 388 75 87 2.28 2.71 281.99 31.14%
79.88% 12.2 2003 7.19 5 170 351 75 87 2.04 2.43 283.76 30.94%
67.44% 10.3 2003 6.07 5 150 315 74 87 1.80 2.14 296.56 29.61%
60.92% 9.3 2004 5.48 5 140 295 74 87 1.68 2.00 306.40 28.66%
50.47% 7.7 2005 4.54 5 120 262 74 87 1.44 1.71 317.04 27.70%
38.73% 5.9 2008 3.49 5 105 237 73 87 1.26 1.50 361.50 24.29%

 
Dual Fuel Operation @ 18.33o bTDC 

FUEL = Diesel + LPG
LPG-LHV 46.3 MJ/kg Cylinder 12.5 kg Lpg

DBT = 28 WBT = 27 RH % = 90 Sp.Gravity = 0.84 LPG-Density 0.51 Dsl LHV 41 Alpha = 0.986

%load Load in Engine Engine Collection Diesel Consmp. Diesel Consmp. LPG Temp Temp Temp Diesel Diesel LPG Diesel Equival Overall Co-combustion
Dynamometer Speed power Time Dual Fuel mode Diesel Only mode Consump Exhaust (Dual) Exhaust – Diesel LubOil Rate (Dual)Rate (Dual) rate replac. Bsfc Efficiency (Dual) Ratio

% kg rpm kW min gm gm gm C C C l/hr kg/h kg/h % gm/kW-hr %
100.28% 15.30 2005 9.03 5.00 135.00 215.00 60 385 446 88 1.93 1.62 0.72 37.21% 269.59 32.57% 33.42%
89.79% 13.70 2005 8.08 5.00 110.00 190.00 70 340 388 88 1.57 1.32 0.84 42.11% 280.72 31.28% 41.81%
80.00% 12.20 2006 7.20 5.00 85.00 170.00 76 306 351 88 1.21 1.02 0.91 50.00% 284.71 30.84% 50.24%
67.44% 10.30 2003 6.07 5.00 70.00 150.00 76 280 315 87 1.00 0.84 0.91 53.33% 308.07 28.50% 55.08%
60.86% 9.30 2002 5.48 5.00 60.00 140.00 76 264 295 87 0.86 0.72 0.91 57.14% 319.46 27.49% 58.85%
49.74% 7.60 2002 4.48 5.00 40.00 120.00 89 241 262 86 0.57 0.48 1.07 66.67% 376.66 23.31% 71.53%
37.41% 5.70 2008 3.37 5.00 22.05 105.00 102 238 237 85 0.32 0.26 1.22 79.00% 489.06 17.95% 83.93%

18.33 deg BTDC

 

LPG cost 102.4 Tk/kg 56 Tk/kg (Govt. proposed to make LPG cylinder available at 700 tk/cylinder)
Beta = 1.003 Dsl cost = 46 Tk/l 5000 tk(approx.)

LPG Cylinder Diesel LPG Total Diesel only Saving Saving At LPG Total Diesel only Saving Saving Recovery
runtime cost/run cost/run cost/run cost/run in At 1280 tk/cylinder, 56 tk/kg cost/run cost/run cost/run in at 700 tk/cylinder, time,

hr Tk Tk Tk Tk Taka % Tk Tk Tk Taka % Days (8 hrs run/day)
17.36 1540.18 1280.00 2820.18 2738.10 -82.08 -3.00 --> 700.00 2240.18 2738.10 497.92 18.18 3.85
14.88 1075.68 1280.00 2355.68 2200.26 -155.43 -7.06 --> 700.00 1775.68 2200.26 424.57 19.30 3.95
13.71 765.59 1280.00 2045.59 1846.41 -199.17 -10.79 --> 700.00 1465.59 1846.41 380.83 20.63 4.19
13.71 630.48 1280.00 1910.48 1621.24 -289.24 -17.84 --> 700.00 1330.48 1621.24 290.76 17.93 4.48
13.71 540.41 1280.00 1820.41 1486.14 -334.28 -22.49 --> 700.00 1240.41 1486.14 245.72 16.53 4.71
11.70 307.65 1280.00 1587.65 1153.69 -433.96 -37.61 --> 700.00 1007.65 1153.69 146.04 12.66 4.61
10.21 147.98 1280.00 1427.98 872.43 -555.55 -63.68 --> 700.00 847.98 872.43 24.45 2.80 4.47

Proposed LPG cost
LPG cylinder and attachment cost
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Only Diesel @ 26.42o bTDC 
FUEL = Diesel Only

Beta = 1.003
DBT = 28 WBT = 27 Alpha = 0.986 RH % = 90 Sp.Gravity = 0.84 LHV (MJ/kg) 41

% load Load in Engine Engine Collection Fuel Temp Temp Temp Diesel Only Diesel Only Diesel Overall 
Dynamometer Speed power Time Collection Exhaust (Diesel) Water LubOil Rate Rate Only bsfc Efficiency (Diesel)

% kg rpm kW min gm C C C kg/h l/h g/kW-h %
99.82% 15.2 2009 8.98 5 215 454 75 88 2.58 3.07 287.18 30.57%
88.96% 13.6 2001 8.01 5 185 393 75 87 2.22 2.64 277.28 31.67%
80.54% 12.3 2003 7.25 5 170 356 75 87 2.04 2.43 281.45 31.20%
70.23% 10.7 2008 6.32 5 150 313 74 87 1.80 2.14 284.76 30.83%
60.27% 9.2 2004 5.42 5 130 282 74 87 1.56 1.86 287.60 30.53%
49.76% 7.6 2003 4.48 5 120 254 74 87 1.44 1.71 321.53 27.31%
40.64% 6.2 2005 3.66 5 105 226 73 87 1.26 1.50 344.53 25.49%

 
Dual Fuel Operation @ 26.42o bTDC 

FUEL = Diesel + LPG
LPG-LHV 46.3 MJ/kg Cylinder 12.5 kg Lpg

DBT = 28 WBT = 27 RH % = 90 Sp.Gravity = 0.84 LPG-Density 0.51 Dsl LHV 41 Alpha = 0.986

%load Load in Engine Engine Collection Diesel Consmp. Diesel Consmp. LPG Temp Temp Temp Diesel Diesel LPG Diesel Equival Overall Co-combustion
Dynamometer Speed power Time Dual Fuel mode Diesel Only mode Consump Exhaust (Dual) Exhaust – Diesel LubOil Rate (Dual)Rate (Dual) rate replac. Bsfc Efficiency (Dual) Ratio

% kg rpm kW min gm gm gm C C C l/hr kg/h kg/h % gm/kW-hr %
99.62% 15.20 2005 8.97 5.00 160.00 215.00 53 400 454 88 2.29 1.92 0.64 25.58% 294.25 29.84% 27.22%
89.66% 13.70 2002 8.07 5.00 140.00 190.00 58 358 393 88 2.00 1.68 0.70 26.32% 305.61 28.73% 31.87%
81.19% 12.40 2003 7.31 5.00 125.00 170.00 54 329 356 88 1.79 1.50 0.65 26.47% 305.42 28.75% 32.79%
70.23% 10.70 2008 6.32 5.00 95.00 155.00 58 287 313 87 1.36 1.14 0.70 38.71% 304.69 28.82% 40.81%
60.21% 9.20 2002 5.42 5.00 75.00 130.00 65 262 282 87 1.07 0.90 0.78 42.31% 328.65 26.72% 49.46%
49.79% 7.60 2004 4.48 5.00 55.00 120.00 71 235 254 86 0.79 0.66 0.85 54.17% 362.02 24.25% 59.31%
40.64% 6.20 2005 3.66 5.00 30.00 105.00 76 214 226 85 0.43 0.36 0.91 71.43% 380.04 23.10% 74.10%

26.42 deg bTDC

 

LPG cost 102.4 Tk/kg 56 Tk/kg (Govt. proposed to make LPG cylinder available at 700 tk/cylinder)
Beta = 1.003 Dsl cost = 46 Tk/l 5000 tk(approx.)

LPG Cylinder Diesel LPG Total Diesel only Saving Saving At LPG Total Diesel only Saving Saving Recovery
runtime cost/run cost/run cost/run cost/run in At 1280 tk/cylinder, 56 tk/kg cost/run cost/run cost/run in at 700 tk/cylinder, time,

hr Tk Tk Tk Tk Taka % Tk Tk Tk Taka % Days (8 hrs run/day)
19.65 2066.49 1280.00 3346.49 3099.73 -246.76 -7.96 --> 700.00 2766.49 3099.73 333.24 10.75 3.67
17.96 1652.30 1280.00 2932.30 2655.48 -276.82 -10.42 --> 700.00 2352.30 2655.48 303.18 11.42 3.83
19.29 1584.55 1280.00 2864.55 2598.66 -265.89 -10.23 --> 700.00 2284.55 2598.66 314.11 12.09 4.21
17.96 1121.20 1280.00 2401.20 2124.38 -276.82 -13.03 --> 700.00 1821.20 2124.38 303.18 14.27 4.67
16.03 789.84 1280.00 2069.84 1737.64 -332.20 -19.12 --> 700.00 1489.84 1737.64 247.80 14.26 4.84
14.67 530.26 1280.00 1810.26 1446.18 -364.09 -25.18 --> 700.00 1230.26 1446.18 215.91 14.93 5.07
13.71 270.21 1280.00 1550.21 1170.90 -379.31 -32.39 --> 700.00 970.21 1170.90 200.69 17.14 5.53

Proposed LPG cost
LPG cylinder and attachment cost
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Volumetric Efficiency & A/F Ratio 

 

Diesel 
Consumption

LPG 
consumtion

equivalent 
fuel flow rate, 

mf
% replacement thermal 

efficiency
Inclined Manometer 

Reading,
Air Flow (from 

graph)

Air Flow 
(considering 

Cd), ma

Volumetric 
Efficiency

% VE 
change

A/F ratio % A/F ratio 
change

Exhaust 
Temp.

gm gm kg/hr % % inch of water lbs/hr kg/hr % oC

190.91 0 2.29 0.00% 27.30% 1.3 122 50.93 89.63% 0.00% 22.23 0.00% 463

155 28 2.24 18.81% 27.93% 1.29 121.6 50.76 89.34% -0.33% 22.67 1.96% 457

115 68 2.30 39.76% 27.18% 1.28 121.4 50.68 89.19% -0.49% 22.02 -0.95% 442

56 117.273 2.26 70.67% 27.66% 1.27 121.2 50.59 89.04% -0.66% 22.37 0.65% 431

43.55 133.64 2.33 77.19% 26.80% 1.27 121.2 50.59 89.04% -0.66% 21.68 -2.47% 435  



Appendix E 

Properties of LPG 

 

Table E.1: Comparison of other fuels with LPG 
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Table E.2: LPG Vapor Pressure at Different Temperature 

 
Figure E.1: Comparison of Energy Content 

 
Figure E.2: Comparison of Auto Ignition Temperature 

 
Figure E.3: Comparison of Flammability Range 



Chapter 1 

Introduction 

 

1.1 Background: 

 

The concept of dual fuel was evolved around late 1800s early 1900s since Rudolph 

Diesel and mostly developed during the period of World War II and afterwards, since 

petrol and diesel supply infrastructures were damaged and could not be restored 

quickly. In present, high oil price in Bangladesh, limited gas reserves and energy 

crisis makes us feel the need of dual fuel operation as prime movers. The concept of 

dual fuel operations need to be diversified among different fuels, if we really want to 

ensure energy security for Bangladesh. The idea of dual fuel, using supply natural 

gas as line supply or in CNG form as an alternative fuel, have already been practiced. 

Presently NG production is now at around 1960 MMCFD [1] and is maintaining a 

shortfall of gas at around 400-500 MMCFD. Due to the depletion of existing NG 

reserve and increasing demand at different segments of our industry, other options of 

dual fuel is worth exploring. Liquefied petroleum gas (LPG) replacing diesel has a 

good scope of being used instead of natural gas as supplementing alternative fuel 

with diesel in CI engine.  

 

In typical Diesel engines, generally only about 82% fuel burns completely [2]. By 

adding LPG to the combustion process almost 98% of fuel can be burnt. It is already 

well known that emissions issues like are Particulate Matters (PM) and NOX are 

largely associated with diesel engine. By using LPG, these pollutants can be reduced 

significantly. Compared to natural gas LPG has the advantage of low pressure 

storage, ease of transportation and safer handling. Natural gas liquids (NGL), 

available in a number of gas fields in Bangladesh, are a potential source of 

hydrocarbons from which LPG can be produced locally. LPG can be used as the 

alternative fuel in spark ignition engines as well as an alternative fuel with diesel for 

compression ignition engines in dual fuel operation. The use of liquefied petroleum 

gas (LPG), as an alternative fuel, is a promising solution. The higher auto-ignition 

temperature, higher calorific value, as well as easy availability and portability make 
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LPG a good candidate for diesel supplements. The relatively high auto-ignition 

temperature of LPG is an advantage allowing the compression ratio of conventional 

Diesel engines to be maintained and making minimum engine modifications. It has 

the potential of significant diesel savings and increased power to the system. Engine 

response is smoother and quicker when gas is added and replacement is high. 

Servicing schedule can be extended due to fumigation of gaseous fuel, reduced 

injector servicing, and longer oil change intervals due to less contamination of engine 

oil. Moreover, engine can continue to run on diesel as it did prior to conversion even 

if it runs out of LPG.  

 

The present work introducing LPG using gas fumigation technique is aimed for 

studying the different aspects of using LPG as a dual fuel with Diesel in a 

conventional compression ignition engine. Different factors like degree of diesel 

replacement, change in thermal efficiency, the role of diesel injection timing, 

emission characteristics, sound and vibration levels, engine temperatures etc. dictate 

the technically optimum solution for LPG-Diesel dual fuel operation. A cost analysis 

of such operation can determine the techno-economic feasibility of the operation.  

 

 

1.2 Objectives: 
 

The specific objectives of the present research work are as follows: 

  

(a) To evaluate the engine performance running on diesel. 

(b) To run the diesel engine with liquefied petroleum gas (LPG) and diesel as 

dual fuel with minimum hardware modification. 

(c) To compare the engine performances using normal diesel and dual fuel for 

optimum diesel replacement by LPG. 

(d) To investigate effect of variation of diesel injection timing on dual fuel 

performances. 

   



Chapter 2 

Literature Review 

 

As the performance of Diesel/LPG dual fuel system will be analyzed, a review of the 

processes occurring in a diesel engine was carried out at the beginning. 

 

2.1 Diesel Engine 

Rudolf Diesel invented the compression ignition engine in 1897, though his first 

working model was produced in 1893. 

2.2 Diesel Engine vs. Petrol Engine 

At first, gasoline engine works on Otto cycle whereas diesel engine is based on diesel 

or dual cycle. The major difference between the gasoline and diesel engine is that the 

former relies on spark ignition and the latter on compression ignition. More 

specifically, the combustion process in the diesel engine is initiated by spontaneous 

ignition of the fuel when it is injected into a highly compressed charge of air, which 

has reached approximately 750ºC [2]. Diesel engine combustion also tends to occur 

at constant pressure rather than at constant volume, as in a gasoline engine. This 

means that in the diesel engine the combustion pressure continues to rise steadily as 

the piston retreats and the cylinder volume increases, whereas in the gas engine, the 

combustion process is so rapid that there is very little movement of the piston while 

it occurs and, thus, very little increase in cylinder volume. The expansion of the 

flame at a constant pressure is responsible for the diesel's reputation for extreme 

torque along with a flat torque curve. For this reason, fuel having lower auto ignition 

temperature is desirable for diesel engine while petrol engine needs higher self-

ignition temperature. 

Stoichiometric or theoretical Combustion is the ideal combustion process during 

which a fuel is burned completely. A complete combustion is a process which burns 

all the carbon (C) to (CO2), all hydrogen (H) to (H2O). If there are unburned 

components in the exhaust gas such as C, H2, CO the combustion process is 

uncompleted. The gasoline engine operates with an air/fuel mixture very near to 
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stoichiometric. This is due to the fact that a mixture much leaner than stoichiometric 

is difficult to ignite in a gasoline engine with a spark plug, and an extremely rich 

ratio is very inefficient. The mixture is supplied to the gasoline engine by a 

carburetor or fuel injectors in the manifold and is well mixed and nearly 

homogeneous. Here throttle valve controls the quantity of the charge that is why it is 

a quantity governed engine whereas due to variable air/fuel mixture, diesel engine is 

called quality governed engine [3]. 

In the diesel engine, the fuel is injected into the combustion chamber near the end of 

the compression stroke and ignites spontaneously. This is responsible for the stronger 

combustion sound than gasoline. As mixing between the fuel and air occurs, burning 

continues. This process is very heterogeneous (since the fuel and air are mixed in a 

combustion chamber it is not as uniform as in a gas engine that has the mixture 

created prior to entering the cylinder head). Diesel being a heavier hydrocarbon, the 

air/fuel ratio of the diesel engine must always be leaner than stoichiometric to 

prevent excessive amounts of smoke.  

2.3 Advantages and Disadvantages of Diesel Engine 

 

Advantages 

The reason that a diesel engine has such good efficiency and fuel economy lies in the 

high compression ratio required for auto-ignition wich is in the range of 14 to 22. 

The higher the compression ratio the better the thermal efficiency [4]. A gasoline 

engine cannot utilize a diesel-like compression ratio because of the fuel's inability to 

resist auto-ignition, or what is commonly known as detonation or ping. Gasoline 

engine generally use the compression ratio of around 6 to 11 [3]. 

Diesel fuel has a specific gravity about 10 percent more than gasoline. In other 

words, one gallon of diesel fuel is 10 percent heavier than a gallon of gasoline. The 

amount of energy in a specified weight of diesel fuel is almost the same as that of 

gasoline, so the amount of energy in a gallon of diesel fuel is 10 percent greater than 

gasoline [5].  
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Another important reason for higher efficiency in diesel engines is that, while diesel 

uses an air/fuel mixture with around 40 percent excess air, the gasoline engine runs 

with a stoichiometric mixture (less air for the fuel consumed in comparison to 

diesel). The leaner diesel mixture results in higher efficiency because with less fuel 

sufficient oxygen is supplied. As a result exhaust temperature is lower. Lower 

combustion temperature reduces heat losses in the engine, and more of the energy 

from the fuel is used to expand against the piston. This reduced heat means the 

radiator can be downsized (in relation to a gasoline engine producing the same 

amount of power) and the cooling fan can be made smaller. In many direct-injection 

diesel applications, the radiator size can be reduced by more than 35 percent. 

Disadvantages 

When compared to a gasoline engine of the same displacement, a diesel's biggest 

disadvantage is weight. Usually, weight per horsepower of diesel engines is 

significantly more than gasoline engines. The reason for the increased weight is that 

a diesel engine relies on a high compression ratio. 

In a diesel, the air is heated by the compression of the piston and the fuel is ignited 

by being sprayed into the heated air. As a result, its combustion pressure is much 

higher than a gasoline engine; a robust structure is required to withstand the high 

pressure. The combustion pressure of a naturally aspirated (no turbocharger) diesel 

engine is about one and a half times higher than that of a naturally aspirated gasoline 

engine. 

Another reason the output of a diesel engine per cubic inch swept volume is less than 

that of the gasoline engine is because a spark-ignition engine can operate at a higher 

speed due to the combustion of gasoline being faster. Diesel fuel has a reduced 

combustion efficiency at high speeds because of the longer ignition delay, longer 

injection duration (in crankshaft angle degrees), and from the slow mixing rate. In 

diesel engines, the allowable smoke limits are very hard to meet at high speeds since 

the engine doesn't have enough cylinder event time to burn all of the fuel [4]. Since 

the diesel engine has a high compression ratio, the energy required to revolve the 
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engine itself, named as friction loss, is greater than that of the gasoline engine. 

Therefore, when speed is increased to boost horsepower output, the friction loss 

raises enough to offset the output component, this limits the engine power. 

 

2.6 Fuel Properties 

 

2.6.1 Diesel Fuels 

 

In the many countries along with US, diesel fuel is controlled according to the 

American Society for Testing and Materials Standard D975-97.  This standard 

describes a limited number of properties that diesel fuels must meet.  It should be 

noted that the requirements are all performance- based.  They do not mandate the 

composition of the fuel, only the specific performance related requirements 

demanded of a fuel for a diesel engine.  The requirements of D975-97 are described 

below [6]. 

 

ASTM Specifications for Diesel Fuel Oils (D975-97) 

Diesel fuel is commonly characterized by the ASTM standard D 975.  This standard 

identifies five grades of diesel fuel described below [6]. 

 
Grade No. 1-D and Low Sulfur 1-D: It is a light distillate fuel for applications 

requiring a higher volatility fuel for rapidly fluctuating loads and speeds as in light 

trucks and buses. The specification for this grade of diesel fuel overlaps with 

kerosene and jet fuel and all three are commonly produced from the same base stock.  

One major use for No. 1-D diesel fuel is to blend with No. 2-D during winter to 

provide improved cold flow properties.  Low sulfur fuel is required for on-highway 

use with sulfur level less than 0.05%. 

 

Grade No. 2-D and Low Sulfur 2-D:  A middle distillate fuel for applications that 

do not require a high volatility fuel.  Typical applications are high-speed engines that 

operate for sustained periods at high load.  Low sulfur fuel is required for on-
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highway use with sulfur level less than 0.05%. 

 
Grade No. 4-D:  A heavy distillate fuel that is viscous and may require fuel heating 

for proper atomization of the fuel.  It is used primarily in low and medium speed 

engines. The surprising aspect about ASTM D 975 is how few requirements are 

actually included.  The standard says nothing about the composition of the fuel or its 

source.  It only defines some of the property values needed to provide acceptable 

engine operation and safe storage and transportation. 

 
Table 2.1: Requirements for Diesel Fuel Oils (ASTM D 975-97) [6] 

  Grade Grade Grade   Grade   Grade 
Property LS #1 LS #2 No. 1-D   No. 2-D   No. 4-D 
Flash point C, min 38 52 38   52    55 
Water and sediment,    % 
vol, max. 

          
0.05 0.05 0.05    0.05  0.50 

Distillation temp., C, 90%           
 Min. -- 282  --    282 -- 
 Max. 288 338 288    338   -- 
Kinematic Viscosity,            
   mm2/s at 40C           
 Min. 1.3 1.9 1.3   1.9   5.5 
 Max. 2.4 4.1 2.4   4.1   24.0 
Rams bottom carbon 
residue, 

          

On 10%, %mass, max. 0.15 0.35 0.15 0.35 -- 
Ash, % mass, max. 0.01 0.01 0.01 0.01        

0.10 
  

Sulfur, % mass, max 0.05 0.05 0.50 0.50        
2.00 

  

Copper strip corrosion,            
Max 3 hours at 50C No. 3 No. 3 No. 3   No. 3   -- 
Cetane Number, min. 40 40 40   40   30 
One of the following           
  Properties must be met:           
   (1) cetane index 40 40 --    --   -- 
   (2) Aromaticity,            
           % vol, max 35 35 --    --   -- 
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Heavier fuel oils Grade 5 and 6 (residual), which are used primarily for heating 

purposes, are described by ASTM D396 [5]. 

 

The Sxxx designation was first adopted in the D975-04 edition of the standard to 

distinguish grades by sulfur content. The S5000 grades correspond to the “regular” 

sulfur grades, the previous No. 1-D and No. 2-D. S500 grades correspond to the 

previous “Low Sulfur” grades (D975-03). S15 grades are commonly referred to as 

“Ultra-Low Sulfur” grades or ULSD. 

 

An ASTM standard (D2069) once existed for marine diesel fuels, but it has been 

withdrawn. It was technically equivalent to ISO 8217. While some marine diesel 

engines use No. 2 distillate, D2069 covered four kinds of marine distillate fuels: 

DMX, DMA, DMB, and DMC and residual fuels [5]: 

 

 DMX is a special light distillate intended mainly for use in emergency 

engines. 

 DMA (also called marine gas oil, MGO) is a general purpose marine distillate 

that must be free from traces of residual fuel. DMX and DMA fuels are 

primarily used in Category 1 marine engines (less than 5 liters per cylinder). 

 DMB (marine diesel oil, MDO) is allowed to have traces of residual fuel, 

which can be high in sulfur. This contamination with residual fuel usually 

occurs in the distribution process, when using the same supply means (e.g., 

pipelines, supply vessels) that are used for residual fuel. DMB is produced 

when fuels such as DMA are brought on board the vessel in this manner. 

DMB is typically used for Category 2 (5-30 liters per cylinder) and Category 

3 (greater or equal to 30 liters per cylinder) engines. 

 DMC is a grade that may contain residual fuel, and is often a residual fuel 

blend. It is similar to No. 4-D, and can be used in Category 2 and Category 3 

marine diesel engines. 

 Residual (non-distillate) fuels are designated by the prefix RM (e.g., RMA, 

RMB, etc.). These fuels are also identified by their nominal viscosity (e.g., 

RMA10, RMG35, etc.). 
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With the growing importance of alternative diesel fuels, standards have also been 

developed for biodiesel fuels and their blends. 

 
Sulfur Content: 

 

Since the 1990’s, fuel quality has been increasingly more regulated by the 

US EPA under the authority of the Clean Air Act. In the context of the increasingly 

more stringent diesel emission standards, the most important fuel property regulated 

by the EPA became the sulfur content. Historically, the sulfur content in diesel fuels 

for highway and nonroad vehicles was limited to 0.5% (wt.) by ASTM 

specifications. The milestones in US environmental regulations limiting sulfur levels 

in diesel fuels can be summarized as follows [5]: 

 

 Highway Diesel Fuel 

o 500 ppm: Sulfur limit of 500 ppm = 0.05% (wt.) became effective in 

October 1993. This fuel, commonly referred to as low sulfur diesel 

fuel, was introduced to facilitate sulfate particulate emission 

reductions, which were necessary for meeting the 1994 emission 

standards for heavy-duty highway engines. 

o 15 ppm: Diesel fuel of maximum sulfur level of 15 ppm was available 

for highway use beginning in June 2006. This fuel, referred to as ultra 

low sulfur diesel (ULSD), was legislated by the EPA to enable 

catalyst-based emission control devices, such as diesel particulate 

filters and NOx adsorbers necessary for meeting the 2007-2010 

emission standards for heavy-duty engines and the Tier 2 light-duty 

standards. 

 

 Nonroad Diesel Fuel 

The following sulfur requirements are applicable to Nonroad, Locomotive 

and Marine (NRLM) fuels, with the exception of heavy fuel oils (HFO) used 

in Category 2 and Category 3 marine diesel engines. 

o 500 ppm: Sulfur limit of 500 ppm became effective in June 2007 for 
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nonroad, locomotive and marine fuels. 

o 15 ppm: Sulfur limit of 15 ppm (ULSD) becomes effective in June 

2010 for nonroad fuel, and in June 2012 for locomotive and marine 

fuels. ULSD has been legislated for nonroad engines to enable 

advanced emission control systems for meeting the Tier 4 nonroad 

emission standards. 

 Category 3 Marine Engine Fuel 

The United States and Canada applied to the IMO to establish an emission 

control area (ECA) along their shorelines. Once the ECA is established, it 

will trigger international and US EPA sulfur limits in marine fuels: 

o International IMO limits applicable in ECAs are 1% (10,000 ppm) 

sulfur beginning in 2010, and 0.1% (1,000 ppm) sulfur from 2015. 

SOx aftertreatment, such as SOx scrubbers, are allowed in lieu of low 

sulfur fuel. 

o US EPA 2009 EPA Category 3 marine engine rule established a sulfur 

limit of 1,000 ppm for marine fuels produced and/or sold for use 

within an ECA. SOx aftertreatment can be used in lieu of low sulfur 

fuel. Additional flexibilities apply to vessels operated on the Great 

Lakes and Saint Lawrence Seaway: the low sulfur requirements can 

be deferred—subject to fuel availability and economic hardship 

provisions—and are not applicable to steamships. 

 
2.6.2 LPG 
 
LPG is mainly Propane (C3H8), Butane (C4H10) or a mix of Propane/Butane. Since 

LPG has such a simple chemical structure, it is among the cleanest of any alternative 

fuels [7, 8]. 

   
Boiling Point: LPG's boiling point ranges from -42 °C to 0 °C depending on its 

mixture percentage of Butane and Propane. 

  

Combustion: The combustion of LPG produces carbon dioxide (CO2) and water 

vapor but sufficient air must be available.  Inadequate appliance fueling or 
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ventilation can result in the production of carbon monoxide which can be toxic. 

  

Vapor Pressure: LPG is stored as a liquid under pressure.  It is almost colorless and 

its weight is approximately half that of an equivalent volume of water.  The pressure 

inside a closed container in which LPG is stored is equal to the vapor pressure of the 

liquid and gaseous LPG in the container and corresponds to its temperature. LPG 

vapor is denser than air. Butane is about twice as heavy as air and propane about one 

and half times as heavy as air.  Consequently, the vapor may flow along the ground 

and into drains, sinking to the lowest level of the surroundings and be ignited at a 

considerable distance from the source of leakage. 

  
Auto-Ignition temperature: The temperature required to self ignite LPG in air is 

around 365-470°C. 

 

Calorific Value: The calorific value of LPG is about 45.5-46.8 MJ/kg. 

 

Toxicity: LPG is a colorless, odorless and non-toxic gas.  It is supplied commercially 

with an added odorant to assist detection by smell. LPG is an excellent solvent of 

petroleum and rubber product and is generally non-corrosive to steel and copper 

alloys. 

  
Safety: LPG is just as safe as any other fuel.  In fact, it is safer than most fuels 

because neither LPG itself nor the end products that are produced by burning LPG in 

a suitable appliance are poisonous to inhale.  Since LPG cannot burn without air, 

there can never be a 'Flash-back' into the cylinder. 

 

2.7 Dual Fuel Operation in Diesel Engine 

 

The Otto cycle, a constant volume process, is one in which the fuel mixture reacts so 

quickly that the piston moves very little during the combustion process. 

Theoretically, the diesel cycle is considered to be a constant pressure cycle which 

means that, as fuel is being sprayed into the combustion chamber, the fuel combusts 
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about as fast as it is sprayed-in. which results in a much slower rise in cylinder 

pressure. In practice, the fuel injection duration is very short and the combustion is 

quite fast and is more closely approximated theoretically by the thermodynamic dual 

cycle. The characteristic diesel clatter (violent explosion) is due to the very fast rise 

in pressure during combustion due to ignition delay (the time between injection and 

ignition). 

 

Because diesels do not have throttle valves and rely on the amount of fuel injected 

into the combustion chamber to control the power produced, diesels often operate at 

very lean fuel mixtures. Adding a gaseous fuel to a diesel's intake charge allows the 

engine to make more power because it reacts with the excess oxygen already in the 

engine. Due to its high octane rating, LPG (112) & CNG (130) allow the diesel 

engine to perform more like an Otto cycle engine, thereby slightly increasing its 

thermodynamic efficiency at higher diesel replacement situation. The co-combustion 

of a gaseous fuel with diesel fuel also reduces diesel particulate (soot) emissions, 

which reduces regeneration cycle time in Diesel Particulate Filter (DPF) thereby 

further improving fuel economy [3, 9]. 

 

Although a higher thermodynamic efficiency tends to reduce exhaust temperatures, 

additional fuel can only increase combustion temperatures because the system 

introduces more energy to and reduces the diluting air from the combustion chamber. 

In order to produce more power, more fuel must be consumed which must result in 

higher combustion chamber temperatures [10]. Because the heat losses from the 

engine have not decreased significantly, there is no way for there to be a huge 

increase in fuel economy. The gain in fuel efficiency is due to the additional amount 

of work possible by the increase in thermodynamic efficiency.  

 

Obviously, an engine will produce more power when it consumes more energy and 

this requires putting more fuel into a cylinder per cycle. In practical terms, diesel 

engines are designed to operate with excess air and adding more fuel will ultimately 

make combustion hotter, thereby making more power from the resulting higher 

temperatures and pressures [10, 5]. It is safe to increase the power output of a diesel 
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engine by adding small amounts of propane or natural gas to the air stream. Too 

much gaseous fuel will cause it to explode. Generally, low loads allow proportionally 

more LPG/CNG to be used relative to diesel fuel. As loads increase, the proportion 

must be reduced to prevent the onset of highly destructive detonation named Star 

fire. CNG's higher CCR allow more fuel substitution than LPG [3, 4]. 

 

2.8 Exploring Diesel/LPG Dual Fuel Operation: 

 

Extraction of lot of Natural gas Liquids (NGL) in a number of gas fields in 

Bangladesh has enhanced the LPG production capacity of the country. LPG have 

been successfully used in spark ignition engines which is investigated by Chiriac et 

al.[11] and Ehsan et al. [12], however, the dual fuel operation in diesel engine has 

been relatively less explored. Jian et al. [13] have developed a new type of dual 

supply system, which could convert conventional diesel engines economically into 

flexible dual-fuel engines (LPG/Diesel engines and CNG/Diesel engines). These are 

capable of using either single diesel fuel or dual-fuel including both diesel and LPG 

and diesel and CNG. These diesel-LPG engines have been applied to the diesel buses 

in the public transportation of Guangzhou city, one of the biggest cities in China. 

Compared with the diesel baseline engine, it was found that there were significant 

reduction in soot emission and an improvement in the fuel consumption with the 

diesel-LPG engine. Also the strategy on LPG content is discussed in order to meet 

the demands for soot emission, fuel economy, transient performance and the output 

power at the same time. Rao et al. [14] have made experimental investigations on 

single-cylinder vertical water cooled compression ignition engine run on the dual-

fuel mode with diesel as the pilot fuel and LPG as the main fuel. The engine was run 

under different operating conditions and in each case the optimum combination of 

the inducted to inject fuel energy proportions are determined for the best efficiency. 

Salman et al. [15] have investigated the reduction in exhaust gas emissions from a 

diesel engine under dual-fuel operation. For this purpose, a single-cylinder, direct 

injection diesel engine was modified to operate with dual-fuel operation (30% LPG 

and 70% diesel fuel by weight). During the experiments, the engine speed was kept 

constant (1650 rpm) and the load was changed. 
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Around 40 to 65% diesel replacement by LPG depending on the engine specification 

has been observed in several studies done by Qi et al. and Vijayabalan et al [9, 16]. 

Studies showed that the rated capacity of typical diesel engines could be attained by 

the Diesel-LPG dual operations, up to a level of diesel replacement [9, 16]. Saleh 

[17] showed that dual fuel operation with LPG has environmental as well as some 

economic benefits. Karim [18] has underlined the importance of understanding the 

combustion processes in dual-fuel engines with regard to enhanced engine 

performance and reduced air pollution. In this article the importance of various 

gaseous fuels with regard to their availability, performance, cost aspects and 

pollution aspects is discussed. 

 

Snelgrove et al. [19] stated that over the European Test Cycle at 25°C, an LPG 

operated vehicle provided a substantial benefit of reduced emissions compared to 

those of unleaded gasoline. Hydrocarbon (HC) emissions were reported as 40% 

lower, carbon monoxide (CO) as 60% lower and carbon dioxide (CO2) as 

substantially reduced, principally due to the high hydrogen/carbon ratio of LPG 

when compared to gasoline. According to Yoong and Watkins [20], a higher thermal 

efficiency and, therefore, improved fuel economy can be obtained from internal 

combustion engines running on LPG as opposed to unleaded gasoline. This is 

because LPG has a higher octane number, typically 112 research octane number 

(RON) for pure propane, which prevents the occurrence of detonation at high engine 

compression ratio. Karim et al. [21, 22] has reported that in diesel-LPG dual fuel 

engines under low loads, when the LPG concentration is lower, the ignition delay of 

the pilot fuel increases and some of the homogeneously dispersed LPG remains 

unburned, resulting in poor emission performance. Poor combustion of LPG under 

low loads because of a dilute LPG–air mixture results in high CO and unburned HC 

emissions. However, at high loads, increased admission of LPG can result in 

uncontrolled reaction rates near the pilot fuel spray and lead to knock. Abd Alla et el. 

[23] shows that the low efficiency and poor emissions at light loads can be improved 

significantly by advancing the injection timing of the pilot fuel. 
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2.9       LPG on Bangladesh Perspective: 

 

2.9.1 Present demand and production  

 

The present demand of LPG is 335,000 MT per year in Bangladesh.  Two  local  

LPG    plants    Kailashtilla  LPG  plant  and  Eastern  refinery, Chittagong from 

where 20,000 MT LPG obtained  and rest 80,000 MT depends on  import and bottled 

by 4  (Four) private LPG companies [1].  

 

The  name  of  4  (Four)  Private  LPG  company  (i)  Bosundhara  LPG Company  

(ii)  Klean  heat  LPG  (iii)  Jamuna  Spectra  Ltd  (iv) Total Gas LPG. The  overall  

shortage  of  LPG  225,000  MT  per  year  in Bangladesh. 83.50 lac cylinders 

consumed all over the Bangladesh per year [1]. 

 

 Govt. companies produced:  20.50 (approx) lac cylinder per year 

 Other private companies produced:   63 (approx) lac           

 

2.9.2 Gas reserve & consumption  

 

In  Bangladesh,  there  are  huge  gas  shortage  is  viewed  and  the  life style as well 

as per capita  income of people  is growing day by day, therefore  LPG  is  

sophisticated  energy  fuel  and  people  are  depending on it now-a-days.  There are  

four  companies  in private  sector are dominating  the  LPG  field  in Bangladesh but  

their  supply  is not sufficient (only fill up the one fourth of total demand). 

 

Total natural gas reserve and yearly gas consumption, as per data of 2008 [1] 

a)  Gas reserve recoverable – (Probable + probed) = 20.632 TCF 

b)  Gas production from since exploration = 7.124 TCF 

c)  Net remaining recoverable gas reserve = 13.507 TCF 

d)  2006-2007 yearly gas production and sales = 0.562 TCF  

e)  Presently per day production = 1980 million cubic feet 

f)  Shortage 400-500 million cubic feet all over the country 
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2.9.3 Profitability of LPG bottling 

 

The raw material for LPG bottling is not available locally and 80% raw material was 

imported. The present import price of LPG raw material and other direct cost i.e.  

Labor, electric, transportation etc excluding bank interest and depreciation are given 

below [1]: 

  The present import price of LPG = Tk. 65, 000.00 per MT 

  The present local price of LPG = Tk. 70,000.00 per MT 

  In per MT the LPG cylinder is used = 83 

  Materials cost per cylinder if imported = 785 Taka  

And other direct cost i.e.  Labor, electric,   transportation etc excluding bank interest 

and depreciation is 60 taka per cylinder. 

  Cost per cylinder = 785+60=845 Taka 

  Sale price = 950 taka per cylinder [according to 2010 official LPG price] 

  Profit = 950-845=105 Taka 

 



Chapter 3 

Experimental Setup and Methodology 

 

3.1  Experimental Set-up 

The experimental setup consisted of a single cylinder diesel engine coupled with a 

hydraulic dynamometer for load simulation and power measurement.  The system 

was fitted with arrangements for measurements of – air flow, fuel flow (both diesel 

and LPG), various temperatures, engine speed and torque etc. a brief description of 

the major components used are given below :  

 

3.1.1 The Engine 

Single cylinder direct injection 4 stroke, water cooled diesel engine was used for our 

experiment. Brief specification as follows: 

Brand     : SIFANG, China 

Model no.    : S195G 

Type of Combustion Chamber : Swirl type 

Cylinder Bore    : 95 mm 

Piston stroke    : 115 mm 

Piston displacement   : 815 cc 

Compression ratio   : 20 

12-hr rated output   : 9kW 

Rated speed    : 2000 rpm 

Specific fuel consumption  : less or equal to 258.4 gm/kW-hr or  

192.76 gm/BHP-hr 

Method of starting   : Hand cranking 

Cooling type    : Water-cooling condenser type  

        thermo-siphon with suction fan. 

 

Figure-3.1 shows the engine directly coupled with the water brake dynamometer. 

Figure-3.2 and 3.3 show the engine components at transverse longitudinal sectional 

planes and the engine mountings. 
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Figure 3.1: Engine mounted on the Dynamometer bed 

 
 
 

 
Figure 3.2: Cross Section of the Engine [from engine manual] 

Engine Radiator Fuel Tank 

Fuel 
Injector 

Oil 
Chamber Piston 
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Figure 3.3: Longitudinal Section of the Engine [from engine manual] 

 

 
 

Figure 3.4: Outline and Mounting Size [from engine manual] 
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3.1.2 The Dynamometer 

 

Water brake type dynamometer from Tokyo Meter Co. Ltd of model no.TFJ-250L 

was used for simulating artificial loads and testing engine performances. The 

dynamometer varied the load on the engine using variable water flow as well as 

variable impeller blade angles. A non-contact magnetic induction tachometer and a 

Wheatstone Bridge load cell was used for speed and torque measurements. Some 

specification of the dynamometer is given below: 

 
Table 3.1: Dynamometer Specification 

Dynamometer : Model   TFJ-250L  

Max. braking horsepower (PS)  250  

Revolutions at max. braking horsepower 
point (rpm) 

 
2500 to 5500 . 

Max. braking torque (kg.m)  71.6  

Max. revolutions (rpm)  5500  

Max. braking water quantity (Lit/min.)  75  

GD (Kg. m2)   0.25  

Weight (Kg)  575  

Main bearings Ball and roller bearings drip-feed 
lubricated 

 

 
Figure 3.5: Water Circuit of the Dynamometer: 1. Water Draining, 2. Dynamometer 

and its accessories, 3. Dynamometer, 4. Water Supply, 5. Pump, 6. Water tank 
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3.1.2.1 Preparation of Engine and Equipment Set-up 

Following steps were followed in preparing dynamometer: 

1. Engine was checked for starting up (by checking the cooling water, lube oil 

etc.). 

2. It was made sure that bolts were secured at connection between the engine 

and the dynamometer had been tightened. 

3. The protective covers on exposed running parts were inspected. 

4. Drain cock was closed (installed on the lower portion of the dynamometer 

body). 

5. The dynamometer control handle was turned to the lowest loading position 

(lower limit).  

6. Dynamometer feed valve was closed. 

7. Dynamometer water feed pump was started up. 

8. The engine was started up. 

 

3.1.2.2  Operating procedure 

Following steps were followed in operating dynamometer: 

1. In case of idling and warm-up operation by the engine without clutch, the 

dynamometer feed valve was opened to feed a small quantity of water. In this 

case, the feed valve was opened so much as not to impose the undue load on 

the engine while observing the load meter and tachometer.  

2. In an engine break in operation, load was set to be imposed on the 

dynamometer while opening the dynamometer feed valve up to approx. 1/4 

load of the engine output horsepower.  

3. In case of the load exceeding approx. 1/4 of the engine output, the load was 

set to be imposed on the dynamometer by turning its load control handle. 

 

 
Figure 3.6: Dynamometer TFJ-250L and Electronic Torque Indicator 
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Figure 3.7: Dynamometer – Engine Coupling 

 

3.1.3 Metering of Air Flow 

An air metering assembly comprising of double parabolic nozzle coupled drum in 

front and back was used while an inclined manometer was used for measuring 

volume flow rate of incoming air. The air drum was used in order to minimize the 

effect of pulsating suction flow of the incoming air. Among the available 3 types of 

parabolic flow nozzles - 0.5, 0.75 and 1.183 inch in diameter, 0.75 inch pair was 

employed. Due to vibration in manometer fluid level originating from the pulsing 

suction of the single cylinder engine, error level of measurement could only be 

maintained within the range of 2-3%. Figure 3.8-3.9 shows the air flow measurement 

arrangement and figure 3.8 shows the parabolic nozzles with various hole sizes. 

 

 
Figure 3.8: Air Metering Assembly 
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Figure 3.9: Inclined Manometer Assembly 

 

 
 

Figure 3.10: Different Types of Parabolic Flow Nozzles 

 
3.1.4 Fuel Metering 
 
For diesel, weighing machine with 5gm resolution and maximum 30kg capacity was 

used. Weighing machine of 1gm resolution with 30kg max capacity was used for 

precise mass basis gas metering for LPG. In addition, pressure gauge of 2.5 inch dial 

was used to see fluctuation in induction pressure. It was graduated from -1 bar to +3 

bars. The LPG tank was fitted with a pressure reduction valve and a pressure gauge. 

A needle valve was used for flow regulation of LPG in to the combustion chamber. 

Tube from drum 

Open to atmosphere 

Inclined Scale 
graduated in “inch of 
water” 
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Figure 3.11: Diesel and LPG Metering System 

 
Specification of LPG bottle: 
 
 Water capacity 

 LPG capacity 

 Service Pressure 

 Hydrostatic testing pressure 

 Internal Valve pad threading 

 Cylinder valve 

 : 26.6 liter 

 : 12.5 Kg 

 : 17 Kg/ cm² 

 : 34 Kg/ cm² 

 :  ¾ inch NGT 

 :  Cavabngna 30 mbar, 2 kg/hr 

Type 634 pressure regulator 

cum on/off valve. 

 

 
Figure 3.12: LPG Valve and Pressure Gauge before induction 
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3.1.5 Sound Measuring 

Sound level meter was needed to control the gas flow to engine since the more gas 

entered into the system the more the sound level. 100 dBA at about 1 meter was 

considered as the maximum allowable sound level (about 5dBA above diesel level). 

This allowed a relatively higher level of noise, but allowed more diesel replacement 

by LPG. For this purpose, YEW type 3604 sound level meter was used and reading 

was taken at scale A with FAST response. 

 
Figure 3.13: Sound Level Meter 

 
3.1.6 Temperature Sensors 
   
Type K Chomel-Alumel thermocouple was used for temperature monitoring of 

exhaust, water & lub oil. Chromel (90 percent nickel and 10 percent chromium) and 

Alumel (95% nickel, 2% manganese, 2% aluminium and 1% silicon) had working 

temperature range of -50°C to 1300°C. 

     

 
Figure 3.14: Thermocouple used in Exhaust Manifold, Radiator and Oil Chamber 
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Three different outfit of type-K TC were used in our experiment. Steel braided high 

temperature resistant with small tip was used in exhaust; thickly coated yellow TC 

was in oil chamber and thinly coated green-white combination in radiator. All of 

them were tested and calibrated at 100oC steam and 0oC melted ice. 

 

 

 
Figure 3-15: Temperature Monitoring Panel (Water, Lub Oil, and Exhaust 

respectively) 
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3.2 Experimental Methodology 

 

 
Figure 3.16 (a): Block diagram of the experimental setup 

 

A block diagram of the experimental setup was shown at fig. 3.16 (a). Set up was 

operated in dual fuel mode using LPG pressure regulator. For that, partial engine 

modification for gas fumigation was applied. A cross-flow mixing chamber before 

the inlet valve was incorporated to mix LPG with air. Due to undersized radiator in 

the engine, a small flow of external water supply had to be introduced in the engine 

block to limit the water temperature. A manually controlled gate valve was adjusted 

so that the hottest water temperature could be maintained within 75-80oC for 

optimum engine operation. 
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Temperature 
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Drum 
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Figure 3.16 (b): Cross-flow LPG Fumigation Unit and Water Inlet 

 
For the experiments, separate metering systems were used to measure the mass flow 

rates of air, diesel and LPG. An air drum fitted with a parabolic nozzle and inclined 

manometer was used for ultimately measuring the mass flow of the air entering the 

engine. Gravimetric measurement of diesel consumption was made, which was 

converted to volume flow using the measured diesel density. The conventional gas 

fumigation technique was used for mixing the LPG with the intake air through a 

cross flow mixing chamber added before the intake manifold. Quantitative 

measurement on LPG on mass basis was applied. In the first phase for each load, 

ranging from about 40% to rated value, initial run was taken place with diesel and 

later in Diesel-LPG dual mode. At each load, Diesel replacement by LPG was tried 

to be maximized by increasing LPG flow, until the engine noise level reached to 100 

dBA from 1 m distance (maximum allowable knocking sound level). In this phase all 

diesel settings were kept unchanged to retain instant interchangeability to diesel-only 

operation. Engine performance measured included – Torque and Speed, Fuel flow 

rates, Air flow rate, Noise level, Temperatures of – exhaust gas, coolant and lubricant 

etc., from which other parameters were calculated. 

 
In the second phase, effect of variation of diesel fuel injection timing, on dual fuel 

engine performance was studied. Similar tests were carried out for three injection 

advance settings including the default setting, keeping all other engine settings at 

factory default condition. Default injection timing was 18.33o BTDC. One with 

greater injection advance of 26.42o BTDC (8º more than default) and another with 

Water Inlet 

LPG Inlet 
Cross Flow 
Mixing 
Chamber 

Air Inlet 
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less advance of 13.68o BTDC (4.6º less than default) from the default setting were 

explored. More advance than 26.42o BTDC cause a noise over 100 dBA from 1 m 

distance, which was not suitable for working in the lab and minimum advance was 

limited to 13.68o BTDC by poor diesel performance. 

 

 
 

Figure 3.17: Different Inlet-Outlet System 

 
The injection timing was changed by adjusting the effective gap between pump 

plunger and the actuating cam, using gasket shims supplied by engine manufacturer. 

This timing adjustment technique is used by the manufacturers and includes the 

following steps - 

1. The nut of injection pipe was disconnected on the injector. 

2. The nut was loosened which connects the injection pipe to the injection 

pump, then the injection pipe was turned around so that the open end of the 

pipe was upwards, and the nut was retightened as showed on Fig. 3.19. 
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Fuel Metering System 

Water Inlet Supply Line 
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Figure 3.18: Phase Diagram of Injection and Valve Timing 

 
 

         Figure 3.19: Turning the Injection Pipe with Its Open End Upwards 

3. The flywheel was slowly turned in the direction of operation. As the fuel just 

begins to flow out of the open end of the pipe, turning was stopped 

immediately. It was examined whether the fuel delivery mark-line on the 

periphery of the flywheel aligns with the arrow head or mark-line on the 

hopper.  

4. The fuel cock was shut off. 

IVO 17o BTDC 
IVC 43o ABDC 
 
EVO 43o BBDC 
EVC 17o ATDC 
 
Default fuel 
advance 18.33o 
BTDC 
 

Modified Advance: 
 
13.68o – retarded from 
default 
26.42o – advanced from 
default 
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5. The inspection hole cover on the gear casing was dismounted, and the speed-

control lever knob was set at the middle position. 

 

 
 

Figure 3.20: Opened Hole Cover and Lever Knob in Middle Position 

 
6. The fuel inlet pipe from the injection pump was disconnected. The three 

pump fixing nuts were screwed off and the pump was pulled out. 

7. The advance angle of fuel delivery was adjusted by adding or reducing the 

thickness of shim between the pump flange and the mounting surface of the 

gear casing. Generally, when 0.2 mm thickness of shim was added (or 

reduced), the injection angle had to be delayed (or advanced) about 3°. 

8. The injection pump was mounted back and the fixing nuts were tightened. 

Then special attention was paid to the ball end of the plunger adjusting.  

9. Then the flywheel for different settings was marked and the injection pipe 

was checked whether it was spraying correctly or not. 

10. After making mark in the flywheel with the help of the arrowhead marked on 

hopper, advance was calculated with,  

θ= 360* measured length / (pi*flywheel diameter) 
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Figure 3.21: Dislodged pump and injector pipe 

 

 
 

Figure 3.22: Shims and Gaskets of Different Thickness 

For default 18.33o BTDC, number 1, 2, 3, 4, and 7 shims and gasket was used. 

Number 1, 2, 3, and 4 were used for advanced setting 26.42o BTDC and all of 

them from number 1 to 7 were used for retarded 13.68o BTDC setting. 

1 2 3 4 

5 6 7 
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Figure 3.23: Assembling of Shims and Gaskets 

 

 
 

Figure 3.24: Flywheel Marked With Different Advance Settings 

T: TDC 

D: Retarded setting 13.68o 
bTDC 

N: Default setting 
18.33o bTDC 

A: Advanced setting 
26.42o bTDC 

Flywheel 
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Figure 3.25: Fuel Spilling from Injector Pipe by Hand Cranking 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.26: As shim increases, effective stroke decreases and injection delays 
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Fig. 3.27: Approximate Diagram of fuel flow at different injection timings  

[Not to the scale] 
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Chapter 4 

Experimental Result and Discussion 

 

The performance tests were carried out for dual fuel operation of the engine, for the 

entire power range, at the rated speed. These results were compared with 

performance on diesel only operations. The tests were then repeated for a number of 

diesel fuel injection timings, both further advanced and retarded from the default 

setting. The results are discussed below:   

 

4.1 Diesel and Diesel-LPG dual operations at default diesel injection timing 

 

Different performance parameters were examined in our experiment. Tests were 

carried out from 40% up to the rated power range. Throughout the power range the 

maximum possible diesel replacements were tried out at each setting. The following 

parameters were studied: 

 

4.1.1 Effect of Dual Fuel Operation on Diesel Replacement and Fuel Flow 
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Figure 4.1: Fuel Flow (both Diesel and LPG) characteristics with Diesel 

Replacement scenario as function of Load 
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In dual fuel operation, as LPG fumigated into the cylinder, the engine speed 

increased instantly. The speed control valve needed to be adjusted since engine 

governor actuation was not sufficient to reduce the pilot fuel flow up to the level of 

maintaining the speed. Evidently, pilot fuel was increased 0.3 l/hr to 2 l/hr as the 

maximum allowable Diesel replacement decreased from 80% to 35% with respect to 

load [Fig. 4.1]. On the other hand LPG flow rate decreased from 1.2 kg/hr to 0.7 

kg/hr since diesel replacement was worsening. Fuel flow rate of normal diesel 

operation is also demonstrated in fig. 4.1, which showed that pilot fuel flow in dual 

fuel operation followed the similar trend with average 1.2 l/hr higher. At around 40% 

load, fuel accumulation was less since flow of LPG and diesel both were low. For 

that reason ignition delay affected slowly and knocking tendency was not developed 

until enough LPG in the fuel mixture accumulated, this scenario eventually made 

more room for higher diesel replacement (around 80%). But at rated load, fuel 

accumulation was comparatively higher since both flow rates was appreciably high 

which, in turn, affected ignition delay quickly and knocking appeared only at 35% 

diesel replacement. 

 

4.1.2 Effect of Dual Fuel Operation on Brake Specific Fuel Consumption and 

Overall Thermal Efficiency 
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Figure 4.2: Variation of BSFC and Thermal Efficiency under normal Diesel and 

Dual Fuel operation as function of load 
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The equivalent BSFC and thermal efficiency were estimated from brake power at the 

engine flywheel and equivalent mass flow rate of fuels. Thus, the correction was 

made to take into account the difference in lower heating values (46.3 MJ/kg for 

LPG and 41 MJ/kg for diesel). As shown in fig. 4.2, when engine load was lower 

than around 80%, the EBSFC was higher than BSFC of diesel only operation and 

eventually thermal efficiency was lower than that of diesel. This reveals the poor 

utilization of fuel mixture at low load because of lower combustion chamber 

temperature. Since heat release rate at lower load with higher mass fraction of gas is 

comparatively lower than that of with smaller mass fraction [9], chamber 

temperature would be decreased. But after 80% load, thermal efficiency in dual fuel 

operation improved due to complete combustion of diesel with the help of 

comparatively smaller mass fraction of LPG. 

 

4.1.3 Effect of Dual Fuel Operation on Different Temperatures 
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Figure 4.3: Variation of Exhaust Temperature under Diesel and Dual Fuel operation 

as function of Load 
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Figure 4.4: Variation of Lub Oil Temperature under Diesel and Dual Fuel operation 

as function of Load 

In figure 4.3, it showed that exhaust temperature in both cases were same around 

250oC, but exhaust temperature in dual fuel mode maintained a lower level compared 

to diesel throughout the full loading range with maximum 60oC offset. This was due 

to lower HRR that is described in § 4.1.2 and minor effect of greater gap (86o) 

between IVC (43o ABDC) and EVO (43o BBDC) timing, which gave more time for 

cooler fresh charge, enriched with LPG, to mix with the product of combustion and 

to come out with the exhaust. Active water-cooling also helped to continue this trend. 

 

As shown in figure 4.4 the lubricating oil temperature was almost constant 

throughout the operating range in both diesel and dual fuel operations. Water 

temperature curve was not included since out going hot water temperature was 

maintained actively at about 75-80C with positive water pressure. 

 

4.1.4 Effect of Dual Fuel Operation on Volumetric Efficiency 

 

Change in volumetric efficiency was around 0.5% and for maximum diesel 

replacement, which indicates that LPG fumigation through mixing chamber attached 

with intake manifold did not affect the air induction process significantly. Since the 

diesel engine does not have a throttle valve and tests were carried out at constant 
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speed there is very limited effect on air flow. The Air Fuel ratio was calculated with 

respect to the total fuel mass in dual mode, showed only 2.5% variation throughout 

the power range.   

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0% 20% 40% 60% 80%

% replacement

Vo
lu

m
et

ric
 E

ffi
ci

en
cy

, %

0

5

10

15

20

25

30

35

40

45

50

A
/F

 ra
tio

Volumetric Efficiency % A/F ratio

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

Vo
lu

m
et

ric
 E

ffi
ci

en
cy

, %

0

10

20

30

40

50

60

% diesel replacement

A
ir

 fl
ow

, m
as

s 
flo

w
 , 

kg
/h

r

Volumetric Efficiency %

Air Flow (considering Cd), ma kg/hr

equivalent fuel flow rate, mf kg/hr

 
Figure 4.5: Volumetric Efficiency, A/F ratio, Air flow rate, and Fuel flow rate as 

function of diesel replacement at rated load 

In calculating volumetric efficiency, only volume of air was taken into account to 

observe any apparent change in original air flow rate due to space occupation by 

gaseous LPG. 
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4.2  Comparative Performance of Diesel and Diesel-LPG dual operations at 

varied diesel injection timings 

At first, comparative performance scenario of normal diesel operation was shown in 

figure. 

This section discusses the comparative performance of the engine for 3 sets of diesel 

injection timing these are termed as – 

(a) Default Injection Timing (18.33 BTDC)  

(a) Increased Advance Injection Timing (26.42 BTDC)  

(a) Decreased Advance Injection Timing (13.68 BTDC)  

 

4.2.1 Effect of Injection Timing Advance on Diesel replacement & Fuel 
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Figure 4.6:  Variation of Diesel Replacement for different Injection Timing under 

Dual Fuel Operation as function of Load 

In diesel-LPG dual operation, high diesel replacements (about 80%) could be 

achieved at low loads. At higher loads the diesel replacements decreased down to 

40% at default injection timing [point a]. As shown in fig. 4.6, the trend of diesel 

replacement increased up to 85% at 80% of the rated load but after that, it decreased 

down to 50% for decreased advance injection timing [point d]. However increased 

advance injection timing resulted in the worst replacement scenario achieving about 

a 
b 

c 

d 

e 
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70% at low load [point a] but sharply dropping to 25% at high loads [point e]. Since, 

at 26.42o BTDC configuration, injection starts earlier, engine got more time to 

accumulate more fuel before TDC. Greater penetration of fuel jet and greater flame 

propagation speed of mixture prior to combustion increased knocking to the engine. 

This knock prone tendency made the engine to allow less LPG into the chamber. On 

the other hand, opposite scenario was observed in case of decreased 13.68o BTDC 

setting. Around 85% replacement was observed at 80% load [point b] which was 

worsening gradually and at rated speed 50% replacement was attained [point c]. Here 

knocking tendency was mostly developed by after burning or late burning originated 

from continued burning at expansion stroke and. Replacement of diesel was 

controlled by sound level of 100 dBA from 1 m distance which was produced from 

this abrupt knocking. At this configuration, infrequent abrupt knocking was observed 

instead of continuous knocking noticed at increased setting due to their different 

origin.   
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Figure 4.7: Variation of LPG mixing rate for different Injection Timing under Dual 

Fuel Operation as function of Load 

Evidently, LPG mixing rate also followed the similar trend as diesel replacement 

with variation from 1.2kg/hr to 1kg/hr with sharp rise of 1.75kg/hr at 80% load for 

decreased injection advance [Fig. 4.7]. It was varied from 0.95kg/hr to 0.65kg/hr for 

increased setting throughout the loading range without any abrupt fluctuation. On the 

contrary, mirrored trend was observed in case of diesel flow rate [Fig. 4.8]. It showed 

minimum flow of 0.3 l/hr at the same 80% load at decreased configuration. These 
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curves actually followed the thermal efficiency curves accordingly. 
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Figure 4.8: Variation of Diesel mixing for different Injection Timing under Dual 

Fuel Operation as function of Load 

4.2.2 Effect on Co-combustion ratio 

Theoretically, better co-combustion ratio (CCR) i.e. the proportion of heat coming 

from LPG with respect to total implies more diesel replacement. In other words, 

diesel replacement curve should follow CCR curve, which was exhibited in all 3 

settings [Fig. 4.9]. 
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Figure 4.9: Similarity in CCR with Diesel Replacement Curve for different Injection 

Timing under Dual Fuel Operation as function of Load 
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4.2.3 Effect of Injection Timing Advance on Thermal Efficiency and BSFC 
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Figure 4.10(a): Variation of Thermal Efficiency for different Injection Timing under 

Dual Fuel Operation as function of Load 

In Fig. 4.10(a), comparison of thermal efficiency at increased and decreased advance 

settings with respect to default setting is demonstrated. Here, default 18.33o BTDC 

setting showed the best thermal efficiency throughout the loading range from 55% to 

full load [point b-c].  For the decreased advance setting, where maximum 

replacement was achieved, sharp rise in thermal efficiency from 18% to 26% at up to 

60% load [point d-e] and steady rise to 31% at full load was observed [point f]. 

Between increased and decreased setting, earlier one showed better performance up 

to 90% load [point g], but after 90% to full load, 13.68o BTDC setting showed 

around 2% efficiency improvement [point f]. At low load from 40% to 55%, 

increased setting showed the maximum efficiency among all of them [point a-b]. Up 

to 90% load, thermal efficiency of all three configurations was lower than that of 

diesel operation at default setting. From 55% to full load, dual fuel operation at 

default setting showed best thermal efficiency [point b-g]. 

 

 

a 

b 

c 

d 

e 

f 

g 

g 
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For increased setting, air and fuel mixture got comparatively more time to be a 

completely combustible mixture. That is why better thermal efficiency was achieved 

up to 55% load. After that, efficiency dropped because of higher knocking tendency 

due to higher fuel accumulation and lower heat release rate due to longer ignition 

delay associated with LPG mass fraction. Similar trend also observed in case of 

decreased setting also except any improved thermal efficiency in comparison to 

default. Here lower HRR due to higher mass fraction of LPG and after burning 

affects thermal efficiency heavily with respect to default setting. 
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Figure 4.10(b): Variation of Thermal Efficiency for different Injection Timing under 

Normal Diesel Operation as function of Load 

Comparing diesel only operation with the dual fuel mode, thermal efficiency of 

increased advance setting was slightly better after 50% to rated load in normal diesel 

operation [Fig. 4.10(b)] due to comparatively better combustion than default 

configuration whereas it was significantly worsening after 70% load in dual fuel 

operation [Fig. 4.10(a)]. Thermal efficiency was calculated from the BSFC curves (in 

case of dual fuel it is called Equivalent BSFC - EBSFC). Essentially, BSFC and 

EBSFC curve is the mirror image of the Thermal Efficiency curve, as shown in 

figure 4.11 (a & b). 
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Figure 4.11 (a & b): Variation of BSFC and EBSFC for different Injection Timing 

under normal Diesel (a) and Dual Fuel (b) Operation as function of Load 

 
4.2.4 Effect of Injection Timing Advance on Exhaust Temperature 

 

Analyzing the exhaust temperature curves of diesel only operation [Fig.4.3],  it can 

be easily said that increased 26.42o BTDC setting had the lowest exhaust temperature 

profile with optimum thermal efficiency/BSFC but with highest sound level [within 

the range of 98.5 dB to 101 db at 1 meter distance] throughout the operating range. 

Whereas decreased 13.68o BTDC setting showed the maximum temperature profile 

(a) 

(b) 
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with highest 552oC exhaust temp with lowest sound level [within the range of 96 dB 

to 98.5 db at 1 meter distance] since late combustion was continued to the power 

stroke and produced more hot gas, which was come out after the exhaust valve opens 

at 43o BTDC. Temperature profile of 18.33o placed between 13.68o and 26.42o. This 

phenomenon was supported by thermal efficiency of diesel at different configuration. 

At fig. 4.10(b), better efficiency was exhibited by increased setting almost 

throughout the operating range that means more heat was utilized which explains 

lower exhaust temperature. On the contrary, late burning effect deteriorated the 

thermal efficiency which, in turn, exhibited lower heat utilization and higher exhaust 

temperature. 
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Figure 4.12: Variation of Exhaust Temperature for different Injection Timing under 

normal Diesel Operation as function of Load 

On the contrary, in dual fuel operation, temperature profile of default and increased 

setting was very similar due to similar diesel replacement. However, decreased 

advance setting showed significantly elevated temperature profile since more diesel 

was replaced by LPG. As par fig 4.10(a), before 55% load, increased setting showed 

better thermal efficiency that was the reason behind lower exhaust temperature in fig 

4.13 [point a-b]. After that efficiency deters significantly which also effects exhaust 

temperature and slightly lifted the temperature profile as shown after 55% to rated 

load [point b-c]. For decreased setting, since efficiency was considerably low and 
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afterburning effect was dominant across the operating range, exhaust temperature 

was significantly higher at every loading point. 
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Figure 4.13: Variation of Exhaust Temperature for different Injection Timing under 

Dual Fuel Operation as function of Load 

In Fig. 4.14, it was observed that engine ran comparatively cooler in comparison to 

normal diesel mode almost in all settings. Only at 13.68o setting, lowering of 

temperature was started from around 70% load whereas it was started from the very 

beginning for other two settings.  
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Figure 4.14 (a, b & c) Variation of Exhaust Temperature for different Injection 

Timing under Diesel and Dual Fuel operation as function of Load [Top (a): 13.68o, 

Middle (b): 18.33o, Bottom (c): 26.42o] 
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With decreased injection advance (retarded timing) (Fig 4.14 Top), the maximum 

attainable diesel replacement increased significantly at part loads. Since the pilot 

diesel injection is delayed, it causes delayed combustion and lower combustion 

temperature. Lower temperature makes poor flame propagation reducing combustion 

effectiveness. This results in lower peak pressure and thermal efficiency. This is 

exhibited in the lower exhaust temperature at higher loads. On the other hand as late 

burning continues near to the exhaust stroke, this tends to increase the exhaust 

temperature and further reduce the thermal efficiency.  

More advance (Fig 4.14 Bottom) causes greater penetration of the fuel jet and a 

greater flame propagation mixture prior to combustion. This increases the knock 

tendency and limits the diesel replacement significantly at higher load. Slower heat 

release rate and greater need of heat of vaporization of the accumulated fuel causes a 

drop in combustion temperature. This resulted in decreased efficiency and lower 

exhaust temperature throughout the loading range.   

 

4.3 Economic Analysis 

LPG was purchased at 1280 Tk/cylinder (gas only) or 2.21 Tk/MJ. At this price 

point, any cost saving could not be achieved at any settings comparing to diesel 

operation. Diesel pricing was 46 Tk/liter or 1.30 TK/MJ which reveals that LPG was 

around 1.7 times higher priced per mega joule than diesel. That explains the –ve  cost 

savings throughout the operating range. From all three curves [Fig. 4.15], it was 

observed that operating at rated load or near rated load was comparatively cost 

effective than other loading point. In all settings, investment return time was 4-8 days 

considering 8 hrs/day run time which was comfortable for the investors in 

comparison to CNG since LPG conversion cost was considered around 5000 Tk and 

LPG pricing was 700 TK/cylinder. Cost analysis showed that [Appendix B] dual fuel 

operation with LPG would be viable if the LPG cylinder cost was less than 765 Tk 

per cylinder. 
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Figure 4.15: Variation of Cost Savings for different Injection Timing under Diesel 

and Dual Fuel operation as function of Load [TOP: 13.68o, MIDDLE: 18.33o, 

BOTTOM: 26.42o] 
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From fig. 4.16, it was observed that per hour running cost was lowest for increased 

setting up to 80% load and from 80% to rated load; default setting was the most cost 

effective. Decreased setting 13.68o BTDC was disregarded due to lowest thermal 

efficiency profile. 
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Figure 4.16: Variation of costing per hour basis for default and increased settings 

under Dual Fuel operation as function of Load 
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Chapter 5 

Conclusions and Recommendations 

 

5.1 Conclusions 

 

The research work involved study of the performance of a diesel engine with LPG-

Diesel dual fuel. The experimental investigation also involved study of the effect of 

change in Diesel injection timing on engine performance with LPG-Diesel dual fuel. 

From this research some conclusions can be drawn which are stated below. 

 

Regarding performance using LPG-Diesel dual fuel 

 It was possible to run a direct injection diesel engine using LPG-Diesel dual 

fuel, using gas fumigation technique with acceptable noise and vibration 

levels, keeping the manufacturer’s default settings unchanged. 

 The degree of maximum attainable diesel replacement changed with engine 

power. Near the rated load limited amount (35-50 %) of diesel replacement 

was attainable, resulting better combustion and higher thermal efficiency. 

Further increase of diesel replacement by LPG resulted in knocking and 

vibration of engine.   

 Much higher diesel replacement rates (up to 80%) was attainable at lower 

loads but this was at a cost of decreased thermal efficiency and poor 

combustion. Greater ignition delay associated with increased LPG mass 

fractions, reduced peak pressure and brake power. Lower proportion of fuel 

in the air-fuel mixture allows greater diesel replacement without knocking.  

 The exhaust temperature of dual fuel operation was found to be lower 

compared to diesel-only operation throughout the power range. Slower heat 

release rate and higher heat of vaporization requirements of the LPG-Diesel 

blend reduces the peak combustion temperature in dual fuel operation. 
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 The volumetric efficiency of the compression ignition engine decreased very 

little (only about 0.5%) and same rated power could be attained in dual fuel 

operation of the diesel engine running at a constant speed.  

 Economic analysis showed that dual fuel operation of a diesel engine can be 

viable near the rated load only if the fuel cost/MJ heat generation does not 

exceed the value of 2.08 Tk/MJ. However the payback period of a LPG-

Diesel system can be significantly shorter compared to a CNG-Diesel dual 

system.  

 

Regarding variation of injection timing for LPG-Diesel dual fuel 

The engine could be run using LPG-Diesel dual fuel with limited increase and 

decrease of injection advance timing, compared to the default setting for diesel. 

 With decreased injection advance (retarded timing) the maximum attainable 

diesel replacement increased significantly at part loads but the thermal 

efficiency decreases with retarded injection timing.  At higher loads the diesel 

replacement is also limited. 

 With increased injection advance (advanced timing) the maximum attainable 

diesel replacement decreased throughout the power range. The thermal 

efficiency increases at low loads (having higher diesel replacements) and 

decreases near rated loads (having lower diesel replacements), remaining 

similar in the mid-range.  

 Comparison of the dual fuel performance with advanced, retarded and default 

injection timing shows that –  

(i) Retarding the advance is not recommended, as this causes decrease in 

thermal efficiency. 

(ii) Default injection timing shows good performance at higher loads with 

improved thermal efficiency, but this deteriorates at lower loads. 
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(iii) Advanced timing improves low load performance, but this 

deteriorates at higher loads. 

(iv) An intelligent timing arrangement with gradually greater advance at 

lower loads (compared to the default) can achieve higher thermal 

efficiency and greater diesel replacement through out the power 

range. 

 

5.2 Recommendations 

 

Some recommendations are suggested regarding future research works: 

 

 The exhaust emission characteristics of the engine could be a very important 

data to be analyzed. This was not possible in this research as proper emission 

measurement equipment was not available. Such analysis of emission 

components can reveal a much better understanding of the combustion 

process. 

 

 Better instrumentation of measurement of diesel injection timing can 

facilitate more accurate study of change in timing. 

 

 Recording an in-cylinder pressure trace can be very effective in studying the 

knock-limiting diesel replacement characteristics of LPG-Diesel dual 

operation.  

 
 Piston bore and engine speed can be important parameters to study, in LPG-

Diesel dual fuel operations.  
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Appendix A 

Formulas and Chart Used 

 

  

 

 

 
 

  

 

 

 

 

 

 
 

  

 

  

 
 

  

 
; For air, 287  
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Figure A.1: Air-Flow Measurement Chart 

 

 

 



Appendix B 

Sample Calculation 

 

Sample calculation for decreased 13.68o BTDC at rated load is presented below: 

 

Rated load of the engine was 9 kW. Thus, corresponding dynamometer loading would 

be calculated by the following equation: 

 

 
  

 
Power= 9 kW 

So,   

Therefore, 15.3 kg was applied in the dynamometer side to attain rated power of engine 

for both diesel and dual fuel operation. 

 

Calculation for normal diesel operation: 

 

 Dynamometer reading, W = 15.3 kg; 

Speed = 2006 rpm; 

So, brake power = ; 

 % load = ; 

 Since 240 gm diesel was consumed at 5 mins and specific gravity of diesel is 

0.84 then,  

Diesel flow rate = 

; 

 Brake Specific Fuel Consumption (BSFC) =      

 ; 
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 Lower Heating Value (LHV) of Diesel is 41 MJ/kg 

Thermal Efficiency = ; 

 

Calculation for dual fuel operation: 

 

Similar calculation was done in the case of % load and diesel flow rate. 

Here, 

 Brake power =   

 % load =  

 Diesel flow rate = 

 

 Since, LPG consumption was 82 gm at 5 mins so, 

LPG flow rate =  

 % Diesel Replacement =  

 For calculating BSFC, we needed to convert LPG quantity into Diesel. 

So, equivalent diesel flow rate =  

     ; LHVLPG= 46.3 MJ/kg 

      

 Equivalent Brake Specific Fuel Consumption (EBSFC) = 

         

     

 Overall Thermal Efficiency =  

 Co-combustion ratio, CCR  

        = ; 
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 LPG cylinder contains around 12.5 kg of liquefied gas and current market price 

is 1280 tk/cylinder. 

So, LPG cylinder runtime =  

And LPG Cost/Run = 1280 tk 

 Diesel price is 46 tk/liter. 

So, Diesel Cost/Run =   

Total cost =  

 

 In case of normal Diesel operation, Diesel Cost/Run  

=  

 % saving = ; 

 Recovery Time = ; [considering 8 hrs/day run] 

 

 Considering LPG pricing 700 tk/cylinder, 

Total cost = ; 

% saving = ; 

Aggregated Investment for LPG conversion = 5000 tk (approx.); 

So, Recovery Time = ; [considering 8 hrs/day run] 

 

 Diesel price 46 Tk/liter 

So, costing of diesel per MJ=  

 During our experiment, LPG price was 1280 Tk/cylinder or 102.4 Tk/kg 

 So, costing of LPG per MJ=  

So, reduction of LPG pricing=  
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LPG price point should be 1.33 Tk/MJ or 764.25 Tk/cylinder to make the dual 

fuel operation economically viable. 

 

Volumetric Efficiency and A/F ratio for maximum diesel replacement: 

 

For 1.27 inch of water inclined manometer reading, air flow of 60.6 lbs/hr was 

determined from fig. A.1. Since two 0.75 inch nozzles were used in our experiment, total 

flow should be 60.6*2 = 121.2 lbs/hr. 

 

Taking R= 287 J/kg.K, Air Temperature = 31oC 

 Density of air,  

 Taking Cd = 0.92, corrected air flow rate =  

 

         

 Volumetric Efficiency = ; 

 A/F ratio =  



 

 

 

Appendix C 

Dynamometer Calibration 

 

Dynamometer and indicator was connected by means of connection cord and turn the 
switch of indicator on to warm-up for approx. 10 minutes. After that, calibration was 
carried out as follows: 
 

1. GAIN ADJUSTMENT Knob located on the indicator clockwise was turned 

and the maximum value of GAIN was obtained. 

2. ZERO ADJUSTMENT Knob located on the indicator was turned 

to obtain an. indicated value of "0". 

3. Calibration levers were mounted on both sides of right and left, of 

dynamometer. A weight tray was hung on the lever of load cell side. 

4. A weight was applied on the lever of the other side. The position of dead 

weight was adjusted on the lever in order that load indicator shows "0". 

5. A dead weight was applied on weight tray. GAIN ADJUSTMENT Knob of 

indicator was adjusted so that indicator shows 2.5-times of the dead weight    

(= ). 

6. Dead weight, weight tray and calibration lever was dismounted from 

dynamometer and it was confirmed that "0" was shown on Indicator. It was 

further adjusted by means of ZERO ADJUST of the indicator. 

 

 
 

Figure C.1: Dynamometer Calibration 

 


	1.Thesis_Sourav_f
	10.Appendix D
	11.Appendix E
	2.Chapter 1 Introduction
	3.Chapter 2 Literature Review
	4.Chapter 3 Exp. Set up and Procedure
	5.Chapter 4 Result&Discussion
	6.Reference
	7.Appendix A
	8.Appendix B
	9.Appendix C

