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Introduction

Today, diesel engines provide the main power source for the world equipment e.g., common propulsion
generators in industry and agriculture. These engines are widely used due to their high combustion efficiency,
reliability, compatibility, and cost-effectiveness. However, diesel engines are one of the most critical consumers
of fuel which in turn causes some environmental pollution. One of the convenient and low-cost ways to reduce
the pollution of these engines is dual-fuel mode and the use of gaseous fuels as an alternative fuel. This study
investigated the effect of blending CNG and LPG with neat diesel in dual-fuel mode. Besides, the variation in
engine coolant temperature on engine performance characteristics was experimentally studied.

Materials and Methods

The experimental apparatus consisted of a stationary, four-stroke, naturally aspirated, water-cooled, single-
cylinder compression ignition engine. To control the engine load, an electrical dynamometer was made using a
7.5 kW three-phase generator and coupled to the engine as a cradle. A load cell was used to determine the force
applied to the generator. The engine speed was monitored continuously by a tachometer. Fuel consumption was
measured by using a weight method. A thermostat with variable temperature was used to control the temperature
of the engine coolant. To measure the mass flow of air entering the cylinder, an airbox with a sharp edge orifice
was used. For this study, factorial experiments in the form of a randomized complete block design with three
replications were utilized to analyze the data statistically. The studied parameters were three levels of fuel ratio
(100% diesel, 20% diesel and 80%z 2% CNG, 20% diesel and 80%+2% LPG), 11 engine speeds (1500 to 1600
rpm with 10 rpm intervals), and three engine coolant temperatures (50, 60, and 70 °C). All experiments were
conducted in the governor control mode.

Results and Discussion

The results showed that the torque, brake power and brake mean effective pressure (BMEP) in the diesel-
CNG mode at all engine speeds and in the diesel-LPG mode at low engine speeds significantly increased
compared to pure diesel. The increases in these parameters in the diesel-CNG mode were 18.67%, 19.56% and
19.85%, and in the diesel-LPG mode were 14.02%, 13.86% and 14.2%, compared to those related to the pure
diesel, respectively. This increase could be due to the high calorific value of gas fuels and improvement of
combustion inside the cylinder due to the formation of homogeneous charge. At low engine speeds, the
reductions in the brake specific fuel consumption (BSFC) and brake specific energy consumption (BSEC) for
coolant temperature 60 °C were 11.21% and 10.77%, compared to coolant temperature 50 °C, respectively. Also,
the BSFC and BSEC for diesel-CNG dual-fuel mode decreased by 8.12% and 10.81%, respectively. These
values for the diesel-LPG dual-fuel mode were 5.4% and 2.4%, respectively. The brake thermal efficiency (BTE)
also showed a significant increase at high speeds and when using the dual-fuel operational mode. However,
raising the coolant temperature due to reducing the heat losses of the engine increased the BTE. The increases in
BTE for coolant temperatures 60 and 70 °C were 7.19% and 4.37%, compared to the coolant temperature of 50
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°C, respectively. When using the engine in dual-fuel mode, the volumetric efficiency due to reducing the air ratio
showed a significant reduction. These diesel-CNG and diesel-LPG dual-fuel mode values were 20.31% and 24%,
respectively. Furthermore, raising the coolant temperature diminished the volumetric efficiency. The reduction in
volumetric efficiency for the coolant temperatures of 60 °C and 70 °C were 6.84% and 19.91% compared to the
coolant temperature of 50 °C, respectively.

Conclusion

The following conclusions can be deduced based on this study:

The use of gaseous fuels as the main fuel and with a small amount of diesel in compression ignition engines
is possible and improves the engine's performance characteristics.

In the diesel-CNG mode, torque, brake power and BMEP at all engine speeds and in the diesel-LPG mode at
low engine speeds significantly increased compared to pure diesel because of improved combustion inside the
cylinder.

At low engine speeds, increasing the coolant temperature reduced the BSFC and BSEC. Also, in the dual-fuel
mode compared to the engine with baseline diesel fuel, the BSFC and BSEC were significantly lower due to the
higher calorific value of gaseous fuels and higher power generation.

The BTE at high engine speeds and when the engine was in dual-fuel mode showed a significant increase.
Also, increasing the coolant temperature due to reducing the heat losses of the engine increased the BTE.

When using the engine in the dual-fuel mode, due to the volume of air replaced by the gas, the volumetric
efficiency showed a significant reduction. Also, raising the coolant temperature diminished the volumetric
efficiency.

Overall, it can be stated that the use of a diesel-CNG dual-fuel mode with a coolant temperature of 60 °C at
entire engine speeds has the best outputs on the performance and combustion characteristics of the engine.

Keywords: Brake power, Coolant temperature, Dual-fuel diesel engine, Engine performance, Gaseous fuels
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Table 1- Properties of diesel, natural gas and liquefied petroleum gas
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Density (kg m™)
Fort Db A g91 4714 46.607
Latent heat value (MJ kg™)
o ALl ) . 45.766 52.225 50.152
Higher heat value (MJ kg™)
Sl 51 220 40-55 120 112
Octane/Cetane number
7 ol sl 233 510 426
Latent heat of vaporization (°C)
il 395 slod 316 540 457

Auto ignition temperature (°C)
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1- Compressed Natural Gas (CNG)
2- Liquefied Petroleum Gas (LPG)
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3.7 (kW)
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3- Brake Specific Fuel Consumption (BSFC)
4- Brake Specific Energy Consumption (BSEC)
5- Brake Mean Effective Pressure (BMEP)
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Fig.1. Schematic diagram of the experimental setup: 1. Engine, 2. Dynamometer, 3. Dynamometer control unit, 4.

Inductive pick-up, 5. Fuel tank and gas cylinder, 6. Scales, 7. Pressure regulator, 8. Heater, 9. Manometer, 10. Airbox
with sharp edge orifice, 11. Thermostat with variable temperature, 12. Consumers, 13. Water tank, 14. Water pump and

15. Mixer
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Table 3- Results of analysis of variance (mean squares) in measurement traits data
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power consumption
pressure
Block 2 0.152™ 0.00™ 0.00™ 0.179™ 2.746™ 0.001™ 13.953"
A 10 29516 71.745" 0.229™ 417.2" 775.43" 9.526™" 235117
B 2 506"  13.018" 0.022" 4381™ 168.54™ 1.632" 8915.57"
C 2 895" 2.36™ 0.024™ 43.29™ 78.301™ 0.288"™ 3261.3"
A*B 20 16.8" 0.419™ 0.001™ 1.247" 5.788" 0.54™ 2.81"
B*C 4 7.68™ 0.1" 0.001™ 1.395"™ 2.161"™ 0.025™ 126.37™
A*C 20 375" 0.203™ 0.002"™ 3.221™ 1.773™ 0.012™ 177"
A*B*C 40 0.782" 0.02™ 0.000™ 0.752" 1.394™ 0.003™ 0.692"
Error 196 0.172 0.268 0.001 1.007 1.27 0.001 1.643
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** *_ Indicate that variances are significant at the level of 1%, 5% and ns is non-significant, respectively. A=Engine speed, B=Fuel
type and C=Engine coolant temperature
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Fig.2. Variations of torque, brake power and brake specific fuel consumption with engine speed for pure diesel fuel and
dual fuel mode
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Fig.3. Variations of brake mean effective pressure with engine speed for diesel fuel mode and dual fuel mode
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Table 4- Means comparison of interaction between speed and fuel type on the traits measured in the experiment

bl 45 (5505100 Olhe

8?5 Speed s pus Traits measured in the experiment. :
e (rpm) Torque yluis  S#7 oly il o35l bwgio oo Lid o 833l
Fuel type (N.m) Brake power Brz_ik_e thermal Brake mean effective V_ol_umetric
) (kW) efficiency (%0) pressure (bar) efficiency (%0)
1600 6 1.01° 19.16° 0.341° 73.41°
1590 11.45° 1.91° 24,82 0.65° 73.59°
1580 17.05™ 2.82™ 27.3%h 0.968™ 73,512
1570 21.81% 3.59% 28.11°% 1.239% 73.67°
_—— 1560 24.89 4.07 28.61° 1.414 73.91°
j) 3 1550 27.75 452" 27.89%1 1.576' 73.85°
o 1540 29.4" 4.74" 27.19°%N 1.67" 74.08°
1530 30.74¢ 4.92% 25.19" 1.7469 73.44°
1520 31.45% 5.01" 21.82'm 1.787 73.32°
1510 31.92 5.05 18.26° 1.8141 72.67°
1500 32.08' 5.04 15.01° 1.822° 72.11°
_ 1600 6.81° 1.14° 22.239 0.387° 59.39°
< 1590 12.57" 2.09" 28.19%% 0.714" 59.68°
b B 1580 19.69' 3.26' 31.43° 1.119' 59.6°
39 1570 24.48 4.03 32.17° 1.391 59.38"
Yy 2 1560 29.43" 4.81%" 32.28° 1.672" 58.97™
y S g 1550 32.54°% 5.28° 31.38° 1.849° 58.77%
—35 S 1540 35.34¢ 5.7¢ 29.49% 2.008" 58.33%
q 1530 36.96° 5.92% 26.3" 2.1° 57.09
28 1520 38.2% 6.08% 22.57¢ 2.169% 58.16"
£ 1510 38.95° 6.16% 19.03° 2.213° 57.39%
1500 38.98° 6.12° 15.19° 2.215° 56.79"
c 1600 5.91° 0.99° 20.64™ 0.336° 56.79"
3 1590 11.26° 1.88° 26.65%" 0.64° 56.81%
v O 1580 17.24" 2.85™ 30.84* 0.979™ 56.73%
Bl 1570 22.21% 3.65 31.22° 1.262% 56.85%
3'3 3 1560 26.76' 4.37" 31.63 1.52' 56.77%
nE 8 1550 30.4%" 4.93M 30.8% 1.727%" 56.53™
=) 1540 33.35° 5.38° 29.07% 1.894¢ 56.07%
. 1530 35.31° 5.66" 26.72'%" 2.006" 55.45%
g 1520 36.52¢ 5.81¢ 23.44% 2.075° 5482
3 1510 37.43 5.92" 19.45™ 2.126" 54,03
(]
1500 37.61™ 5.91% 15.07° 2.137" 52.87°

s I3 me duoyd Y e 3 4SSy (laialy Lin g0l bl e lasS Koo Sl g yn il (elapSilie ¢ gim pp 3%
*In each column, means followed by the same lowercase letter are not significant at P<0.01, according to Duncan Multiple Test.
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Fig.4. Variations of torque, power and brake specific fuel consumption with engine speed for different engine coolant
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Fig.5. Variations of brake mean effective pressure with engine speed for different engine coolant temperature
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Table 5- Means comparison of interaction between speed and engine coolant temperature on the traits measured in the

experiment
oilejl 13 a6 80 1l Olho
&b sl s oo Traits measured in the experiment
S Engine  gkiS  gpeoly oD SSReSae o ehguipleas g s s
Coolant speed (rpm) T Brake specific fuel Brake specific energy -
temperature (°C) orque Brake consumption consumption Brake mean effective
(N.m) power (KW) (g.kW.h'l) (MJ.KW.h) pressure (bar)
. 1600 6.16" 1.03" 0.424% 18.81" 0.35"
3 5 1590 11.48" 1.91" 0.33" 14.06" 0.652"
5 B 1580 1717 2.84' 0.2894™ 12.334" 0.976'
3 g 1570 2159 3.55K 0.282'" 12,01 1.227¢
3 26 1560 25.17" 4,11 0.278" 11.86" 1.43"
i = 1550 28.56%" 4.63%" 0.294%™ 12.54%" 1.6229"
4 535 1540 313" 5.05%" 0.31% 1321 1778
s S 1530 33.72¢ 5.4 0.343%" 14.65%" 1.916°
7 5 1520 35.15% 5.59 0.399% 17 1.997%
5 1510 36.12% 5.71° 0.482° 20.56° 2.052%
1500 36.21* 5.69° 0.621° 26.47° 2.057*
. 1600 6.72" 1.13" 0.39" 16.63" 0.382"
3 S5 1590 12.26™ 2.04" 0.309™! 13.17™ 0.696™
9 g 1580 18.98' 3.14' 0.276™ 11.79™ 1.078'
» g 1570 24.64 4.05 0.273" 11.65" 1.4
% i ISl 1560 28.84%" 4.71%" 0.27™ 115" 1.639%"
= 1550 31.95% 5.18°* 0.275" 11.73" 1.815%
33 3 © 1540 3419 5.51°%° 0.286"'™ 12.184" 1.943
N ° 1530 35.28" 5.65% 0.312' 13.31% 2.004*
py = 1520 36.24% 5.77° 0.363¢ 15.48° 2.058%
5 1510 36.74* 5.81% 0.434° 18.85¢ 2.087°
1500 36.77° 5.78° 0.529" 2257 2.089°
. 1600 5.85" 0.98" 0.42% 17.92% 0.332"
3 5 1590 11.54" 1.92" 0.326" 13.9" 0.656™
w8 1580 17.83' 2.95' 0.2874™ 12.254" 1.013'
> g 1570 22.27" 3.66" 0.279" 11.9" 1.266*
;% i IS 1560 27.07" 4.42" 0.276™ 11.79" 1.538"
€5 1550 30.18" 4.91° 0.278™ 11.88™ 1.714%
v«i ) S~ 1540 32.6% 5.26"% 0.293Km 12.51m 1.852¢
< ° 1530 34 5.45%° 0.319" 13.63" 1.932™
T 5 1520 34.78° 5.54°° 0.364° 15.55° 1.976*
5 1510 35.43% 5.6 0.433° 18.5 2.013%
1500 35.68% 5.6% 0.547° 23.33° 2.027*

A I3 e Mo yd N prdas y3 Sl (claiely iz 05T il e UKy SogS anndSS) gy 6yl sl i Silio ¢ygi b )
*In each column, means followed by the same lowercase letter are not significant at P<0.01, according to Duncan Multiple Test.
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Table 6- Means comparison of interaction between fuel type and engine coolant temperature on the traits measured in
the experiment

oialejl 33 00wl (65801l Oldo

Cogw £33 BAS SUA 2ulo slod traits measured in the experiment
Fuel type Engine coola?t 29l SHP oy bugio yige )L o 035l
temperature (°C) Torque Brake power Brake mean effective Volumetric
(N.m) (kw) pressure (bar) efficiency (%)
e 50 2357 3.8 1.34 79.49°%
=9) 60 24.81% 4% 1.41% 75.72°
Diesel 70 23.77° 3.83 1.35° 65.05°
03,8 Lmbs S5 uug3lS 50 27.28% 4.39% 1.55% 64.42°
Diesel-Compressed 60 29.72° 4.79° 1.69° 57.77°
natural gas 70 28.63% 4.61% 1.63% 53.339
T ’ e 50 26.24® 4.22% 1.49%® 59.76¢
lo 85 8= g5 o e A9 76
Diesel-Liquefied 60 28° 4,517 1.59° 56.52
petroleum gas 70 25.95% 4.18% 1.47%* 51.09"

s I3 gme duoyd Y e 3 SO (laiely Lin g0l il LSS Koo Sl gy il (elapSilio gty 3%
*In each column, means followed by the same lowercase letter are not significant at P<0.01, according to Duncan Multiple Test.
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Table 7- Means comparison fuel type on the traits measured in the experiment
ohalejl yd 20l g S0l Olio

Chgw £o Traits measured in the experiment
Fuel type S0 GOy Cégw B pas S35 SO $5 ) B pan
Brake specific fuel consumption (g.kW.h'l) Brake specific energy consumption (MJ.kW.h™)
53 0.37° 16.28°
Diesel
2088 (b S5 a8 0.34° 14.52"
Diesel-Compressed natural gas
lo (i 5= o gis
&l 5 5= Jas; 0.35° 16.67°

Diesel-Liquefied petroleum gas
A I3 e Mo yd Y prdas y3 Sl (claialy iz 03] il e Sy SogS anndSS) Gy o 6l sl 1uSilio ¢ygin b )3
*In each column, means followed by the same lowercase letter are not significant at P<0.01, according to Duncan Multiple Test.
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Table 8- Means comparison of the effect of engine coolant temperature on brake thermal and volumetric efficiency
oialosl ;3 a6 w503l Wlho

S SUA aabo slod Traits measured in the experiment
Engine coolant temperature (°C) @“)IP ab}lg o> oa}lg
Brake thermal efficiency (%) Volumetric efficiency (%)

20 eSS le glod 24.48° 67.99°
Coolant temperature 50°C

SPF eSS gl glod 26.24° 63.34"
Coolant temperature 60°C

PV xS S gle sled 25 55" 56.49°

Coolant temperature 70°C
A I3 e Mo yd N prdas y3 Sl (laely iz 05T il e UKy SogS anndSS) gy 6yl sl i Silio ¢ygi b )3
*In each column, means followed by the same lowercase letter are not significant at P<0.01, according to Duncan Multiple Test.
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Fig.6. Variations of brake specific energy consumption with engine speed for different engine coolant temperature
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Fig.7. Variations of brake thermal efficiency with engine speed for pure diesel fuel and dual fuel mode
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Fig.8. Variations of volumetric efficiency with engine speed for pure diesel fuel and dual fuel mode
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