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ABSTRACT	

This	paper	presents	the	performance,combustion	and	emission	characteristics	of	a	single	cylinder	four	stroke	water	cooled5.2	
kW	running	at	1500	RPM	diesel	engine	operated	on	CNG,	Hydrogen	blended	compressed	natural	gas,	(HCNG)‐	methyl	esters	of	
Honge	oil	(H)	and	methyl	esters	of	 Jatropha	oil	(J)	combinations.	The	performanceof	the	biodiesel‐HCNG	 fueled	engine	was	
optimized	in	terms	of	compression	ratio,	injection	timing	and	exhaust	gas	recirculation	(EGR)	and	was	compared	with	base	
line	 diesel‐HCNG	 operation.	 The	 engine	 performance	was	 found	 to	 be	 better	withincreased	 compression	 ratio,	 advanced	
injection	timing	and	appropriatepercentage	of	EGR(5%)	for	the	tested	fuel	combinations.	Compared	to	diesel‐HCNG	baseline	
fuel	 combination,	 the	methyl	 esters	 of	 Honge	 and	 Jatropha	 oil‐HCNG	 operation	 resulted	 in	 overall	 poorer	 performance.	
Performance	of	the	dual	fuel	engine	was	further	enhanced	foroptimized	engine	conditions	of	17.5	compression	ratio,	270bTDC	
injection	timing	and	5%	EGR.	The	CNG	enriched	fuel	and	biodiesel	combinations	showednearer	to	diesel‐HCNG	combination	
performance	in	terms	of	brake	thermal	efficiency,	combustion	parameters	and	emission	levels.		

Key	words:	Methyl	 esters	 of	Honge	 oil	 (H),methyl	 esters	 of	 Jatropha	 oil	 (J),	Hydrogen	 enriched	 Compressed	 natural	 gas	
(HCNG),	Emissions,	combustion,	Exhaust	gas	recirculation..	

1. INTRODUCTION	

Diesel	 engines	 are	 becoming	 more	 and	 more	 popular	
because	 of	 their	 higher	 brake	 thermal	 efficiency,	 power,	
reliability,	and	durability.	Hence	diesel	engine	technology	
plays	a	vital	role	in	transportation,	agricultural	and	power	
generation	 applications.	 Energy	 conservation	 with	 high	
efficiency	and	low	emission	are	important	research	topics	
for	engine	design	and	development.	 In	 India	and	various	
other	 parts	 of	 the	 world,	 Biofuels	 such	 as	 biodiesel	 of	
different	origin	and	gaseous	fuels	 like	natural	gas,	biogas	
and	 producer	 gas	 have	 been	 explored	 as	 alternatives	 to	
fossil	 fuel	 in	 order	 to	 reduce	 the	 petroleum	 import	
burden.	One	of	 the	most	promising	alternatives	 to	diesel	
and	 gasoline	 is	 natural	 gas.	 The	 natural	 gas	 is	 gaining	
more	 popularity	 as	 vehicle	 fuel	 because	 it	 has	 higher	
octane	and	 lower	 cetane	number,	 lower	production	 cost,	
lower	 operating	 cost,	 and	 lower	 emissions	 factors.	 CNG	
does	not	contain	any	harmful	components	such	as	lead	or	
benzene.	Natural	gas	is	a	gaseous	fossil	fuel,	consisting	of	
various	gas	species	of	ethane,	propane,	butane.	The	major	
constituent	 of	 natural	 gas	 is	 methane	 (75–98%)and	 its	
properties	are	very	similar	to	those	of	methane,	which	is	
its	 primary	 constituent.	 Compared	 to	 gasoline	 or	 diesel,	
natural	 gas	 has	 a	 higher	 combustion	 enthalpy	 per	 unit	
mass,	which	compares	the	energy	densities	per	unit	mass	
and	per	unit	volume.	Natural	gas	is	focused	in	the	present	
work	as	its	reserves	are	higher	and	can	be	used	for	many	
more	 number	 of	 years	 [Korakianitis	 et	 al	 (2011)].The	
energy	utilization	of	 CNG	 is	maximized	when	 it	 is	mixed	

with	 hydrogen,	 because	 its	 flame	 speed	 increases	 and	
leads	to	better	and	faster	combustion	[Klaus	von	Mitzlaff	
1998,	 Chandra	 et	 al	 2011].	 CNG	 and	 hydrogen	 are	 very	
stable	 at	 optimized	 compression	 ratioagainst	 knocking	
and	 can	 therefore	 be	 used	 in	 engines	 of	 higher	
compression	 ratio	 and	 thus,	 provides	 higher	 brake	
thermal	 efficiency	 and	 power	 output	 [Klaus	 von	Mitzlaff	
1998].	HCNG	inducted	penetrates	 into	 the	air,	and	mixes	
with	 it	 and	 gets	 ignited	 by	 the	 liquid	 fuel	 injected	 and	
combustion	 may	 proceed	 much	 faster	 withhydrogen	
addition	 to	 CNG	 due	 to	 faster	 combustion	 properties	 of	
the	hydrogen.CNG	 is	a	greenhouse	gas	and	has	relatively	
high	lean	flammability	limit	of	HC	fuel	makes	it	difficult	to	
achieve	stable	combustion	near	 the	burning	regime.	CNG	
always	operate	under	 lean	burn	 condition	hence	 it	 leads	
to	 increased	 performance.	 Therefore,	 excess	 air	 could	
increase	the	ratio	of	specific	heats	of	the	burned	gas	and	
improve	 combustion	 efficiency.	 Furthermore,	 the	
knocking	 tendency	 is	 reduced	 because	 of	 lower	 cylinder	
temperature.	The	 lean	burn	operation	not	only	 improves	
the	performance	but	also	lowers	the	HC	and	CO	emission	
levels.	 	As	the	main	component	of	natural	gas	is	methane	
it	 has	 higher	 self	 ignition	 temperature	 and	 lower	 flame	
propagation	 speed.	 Therefore	 to	 enhance	 combustion	 of	
lean	 burn	 operation	 at	 faster	 rate,	 addition	 of	 small	
amount	 of	 hydrogen	 to	 CNG	 is	 recommended	
[Kasianantham	et	al	(2011)].		

The	effect	of	HCNG	on	diesel	engine	combustion	has	been	
investigated	 by	 many	 researchers	 in	 the	 past	 decade	
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[Kasianantham	 et	 al	 (2011),	 Saravanan	 and	 Nagarajan	
(2008),	 Saravanan	 and	 Nagarajan	 (2009),	 Das	 (2002),	
Gopal	 et	 al	 (1982),	 Qian	 et	 al	 (2011),	 Lee	 et	 al	 (2002),	
Banapurmath	 et	 al.	 (2014),Yi	 et	 al	 (1996)].	 Several	
researchers	observed	poor	utilization	of	 the	gaseous	fuel	
during	dual	 fuel	 operation	 at	 low	and	 intermediate	 load.	
This	 leads	 to	 poor	 engine	 performance	 and	 in	 higher	
concentrations	 of	 carbon	monoxide	 emissions	 compared	
to	 the	 respective	 values	 observed	 under	 normal	 diesel	
operation.	At	higher	load	operation	improved	gaseous	fuel	
utilization,	 engine	 performance	 and	 carbon	 monoxide	
emissions	were	 observed,	 but	 they	 found	 inferior	 values	
of	CO	compared	to	 the	respective	values	observed	under	
normal	 diesel	 operation	 [Papagiannakis	 et	 al	
(2004)].Increased	 CO	 and	 HC	 as	 well	 as	 decreased	
particulate	 have	 been	 reported	 in	 the	 literature	
[Papagiannakis	 et	 al	 (2007),	 Banapurmath	 et	 al	 (2014)].	
Several	 researchers	 have	 reported	 that	 addition	 of	
hydrogen	 to	 CNG	 improves	 the	 combustion	 of	 CNG	
resulting	 in	 higher	 brake	 thermal	 efficiencies	 with	
smoother	 combustion	 than	 a	 diesel	 engine	 and	 lower	
emission	 levels[Raman	 et	 al	 (1994),Orhan	 Akansu	 et	 al	
(2011),Gosal	 et	 al	 (2013)].	 20	 to	 30%	 higher	 efficiency	
has	 been	 reported	 with	 hydrogen	 addition[Gosal	 et	 al	
(2013)].Hydrogen	 has	 higher	 flame	 speed	 than	 natural	
gas;	 therefore,	 the	equivalence	 ratio	 is	much	higher	 than	
the	 stoichiometric	 condition,	 the	 combustion	of	methane	
is	 not	 as	 stable	 as	 with	 a	 blend	 of	 H2‐CNG	 [Gosal	 et	 al	
(2013)].	 	 Yi	 et	 al.	 [1996)]	 stated	 that	 brake	 thermal	
efficiency	of	intake	port	injection	is	clearly	higher	than	in‐
cylinder	 injection	 at	 all	 equivalence	 ratios.	 Improved	
efficiency	 has	 been	 reported	 with	 intake	 port	 injection	
compared	to	in‐cylinder	injection	at	different	equivalence	
ratios	 [Yi	 et	 al.	 (1996)].Decreased	 combustion	 duration	
with	 increased	 hydrogen	 blending	 fraction	 in	 CNG‐
hydrogen	 blended	 gasoline	 engine	 has	 been	 reported	 by	
Andrea	 et	 al.	 [1998].Apostolescu	 and	 Chiriac	 [1996]	
showed	 that	 hydrogen	 addition	 during	 combustion	
reduced	 cyclic	 variation.	 Some	 investigators	 have	
reported	 that	 introduction	 of	 hydrogen	 into	 the	 diesel	
engine	 causes	 the	 energy	 release	 rate	 to	 increase	 at	 the	
early	stages	of	combustion,	which	increases	the	indicated	
thermal	efficiency.	This	is	also	the	reason	for	the	lowered	
exhaust	 temperature.	 According	 to	 them,	 for	 fixed	 H2	
supply	 at	 50%,	75%	and	100%	 load,	H2	 replaces	13.4%,	
10.1%	 and	 8.4%	 energy	 respectively	with	 high	 diffusive	
speed	and	high	energy	release	rate	[Jie	et	al	(2013)].	

Dual	 fuel	 engine	 using	 Hydrogen	 along	 with	 diesel	
injection	to	study	performance	of	dual	injection	hydrogen	
fueled	engine	by	using	solenoid	 in‐cylinder	 injection	and	
external	 fuel	 injection	 technique	 has	 been	 reported	 [Lee	

et	 al.	 (2001)].Literatures	 on	 hydrogen	 fueled	 engine	
showed	that,	H2	‐diesel	dual	fuel	mode	with	90%	enriched	
H2	 gives	 higher	 efficiency,	 but	 cannot	 complete	 the	 load	
range	 beyond	 that	 due	 to	 knocking	 problems.	 Lee	 et	 al.	
[2001]	 suggested	 that	 in	 dual	 injection,	 the	 stability	 and	
maximum	power	could	be	obtained	by	direct	 injection	of	
hydrogen.	 Karim	 (1996,	 1996)investigated	 	 H2	 and	 CH4	
blended	fuel	operation	spark	ignited	engine	using	100/0,	
90/10,	 80/20,	 70/30,	 60/40,	 50/50,	 40/60,	 30/70	 and	
20/80	CH4‐H2	proportions	by	varying	equivalence	ratios.	
They	 investigated	 initiation	 speed	 (m/s),	 power	 output	
difference,	 indicated	 output	 efficiency,	 ignition	 lag,	
combustion	 duration	 (◦CA),	maximum	 cylinder	 pressure,	
knocking	 regions	 in	 different	 proportions	 of	 H2	 and	 CH4	
percentage,	 at	 different	 equivalence	 ratios	 and	 different	
injection	 timings	 (10◦;	 20◦;	 30◦bTDC).	 Increased	 power	
output	 has	 been	 reported	with	 increasing	 concentration	
of	 hydrogen	 in	 the	 engine	 at	 20◦bTDC	 and	 with	 the	
increasing	 concentration	 of	 hydrogen	 in	 the	 engine,	 at	
30◦bTDC,	 power	 output	 decreased.	 If	 some	 amount	 of	
hydrogen	was	 added	 to	 the	methane	 as	 a	 fuel	 for	 the	 SI	
engine,	 performance	 characteristics	 of	 the	 engine	
increased	drastically.		

There	 have	 been	 several	 studies	 addressing	 the	
performance	 and	 emission	 characteristics	 of	 diesel	
engines	 operating	 on	 diesel‐CNG	 combinations.	 When	
diesel	engine	is	converted	to	run	on	dual	fuel	(DF)	mode,	
where	gas	is	the	main	fuel	and	diesel	is	the	pilot	fuel,	the	
levels	of	emissions	for	this	type	of	engine	is	much	higher	
than	 that	 generated	 from	 regular	 diesel	 engines.	
Therefore,	 it	 is	 hardly	 to	 find	 less	 work	 that	 deals	 with	
effect	of	engine	variable	sinDF	engines.	In	view	of	this,	an	
effort	has	been	made	to	enhance	the	overall	performance	
of	 DF	 engine	 with	 reduced	 emission	 levels.	 Therefore,	
experimental	 investigations	were	 conducted	 on	 a	 single‐
cylinder	 four‐stroke	 water‐cooled	 DI	 diesel	 engine	
operated	 in	 DF	 mode	 with	 methyl	 estersHonge	 and	
Jatropha	 oils	 and	 blend	 of	 CNG/H2	 induction.	 In	 the	
present	work,	the	performance	of	the	methyl	estersHonge	
and	 Jatropha	oils‐HCNG	 fueled	DF	 engine	was	 optimized	
with	 respect	 to	 compression	 ratio,	 injection	 timing	 and	
exhaust	gas	recirculation	(EGR)	and	compared	with	base	
line	 diesel‐HCNG	 operation.	 Finally,	 results	 of	 methyl	
estersof	Honge	and	Jatropha	oils‐HCNG	DF	operation	was	
compared	with	base	line	data	of	diesel‐HCNG	operation.	

2. FUEL	PROPERTIES	

The	properties	of	Honge	oil	and	HOME	were	determined	
and	 are	 summarized	 in	 Table	 1.	 Table	 2	 presents	 the	
properties	 of	 the	 gaseous	 fuels,	 namely	 CNG	 and	 HCNG,	
respectively.	

	

Table	1:	Properties	of	Fuels	Used	

Sl.	No.	 Properties	 Diesel Methyl	esters	of	Hongeoil Methyl	esters	of	Jatropha oil

1	 Chemical	Formula	 C13H24 ‐‐‐‐ ‐‐‐‐	

2	 Density	(kg/m3)	 840 870 880	

3	 Calorific	value	(kJ/kg) 43,000 39800 38,010	
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4	 Viscosity	at	40oC	(cSt*)	 2‐5 44.85 45.6	

5	 Flashpoint	(oC)	 75 210 167	

6	 Cetane	Number	 45‐55 40 45	

7	 Carbon	Residue	(%) 0.1 0.66 ‐‐‐‐	

8	 Cloud	point	 ‐2	 ‐‐‐‐ 7	

9	 Pour	point	 ‐5	 ‐‐‐‐ 4	

10	 Carbon	residue	 0.13 0.55 0.01	

11	 Molecular	weight	 181 227	

12	 Auto	ignition	temperature	(oC)	 260 470	

13	 Ash	content	%	by	mass	 0.57 0.01	

14	 Oxidation	stability	 High Low Low	

15	 Sulphur	Content	 High No No	

(*Centistokes)	

Table	2:	Properties	of	CNG,	and	HCNG	

Sl.	No	 Properties	 CNG HCNG	

1	 Density	of	Liquid	at	15oC,	kg/	m3 0.77 ‐‐‐	

3	 Boiling	Point,	K	 147	K ‐‐‐	

4	 Lower	calorific	value,		kJ/kg 48000	 47170	

5	 Limits	of	Flammability	in	air,	vol.	% 5‐15 5	‐	35	

6	 Auto		Ignition	Temp,	K	 813 825	

7	 Theoretical	Max	flame	Temp,	K 2148 2210	

8	 Flash	point	0C	 124 ‐‐‐	

9	 Octane	number	 130 ‐‐‐	

10	 Burning	velocity,	cm/sec 45 110	

11	 Stoichiometric	A/F,	kg	of	air/kg	of	fuel	 17:1 ‐‐‐‐	

12	 Flame	temperature,	0C	 ‐‐‐ 1927	

13	 Equivalence	ratio	 0.7‐4	0 0.5	‐	5.4	

	

3. EXPERIMENTAL	SET‐UP	

The	 experimental	 set‐up	 used	 for	 CNG	 and	 HCNG‐
operated	dual‐fuel	engines	is	shown	in	Figure	1(a).	Engine	
tests	 were	 conducted	 on	 a	 four‐stroke	 single	 cylinder	
water‐cooled	 DI	 compression	 ignition	 engine	 with	 a	
displacement	 volume	 of	 662	 cc,	 compression	 ratio	 of	
17.5:1	and	developing	power	of	5.2kW	at	1500	 rev/min.	
Figure	1	 (b)	 shows	exhaust	gas	 recirculation	 (EGR)	used	
in	the	dual	fuel	engine.	The	engine	was	always	operated	at	
a	 rated	 speed	 of	 1500	 rev/min.	 The	 engine	 had	 a	
conventional	 fuel	 injection	 system.	 The	 injector	 opening	

pressure	 (IOP)	 and	 the	 static	 injection	 timing	 (IT)	 was	
205	 bar	 and	 23°Before	 Top	 Dead	 Centre	 (bTDC)	
respectively	 as	 specified	 by	 the	 manufacturer.	 To	 study	
the	 effect	 of	 different	 injection	 timings,	 static	 injection	
timings	 of	 19°bTDC	 and	 27°	 bTDC	 were	 adopted	 by	
varying	 the	 lift	 length	 of	 the	 rod	 in	 the	 mechanical	 fuel	
pump	 apart	 from	 the	 manufacturer	 recommended	
injection	 timing.	 To	 study	 the	 effect	 of	 CR	 the	 optimum	
injection	 timing	 was	 kept	 fixed	 and	 the	 CR	 was	 varied	
from	15	to	17.5.	In	addition,	to	study	the	effect	of	EGR,	the	
optimum	IT	and	CR	were	kept	constant	and	the	EGR	was	
varied	from	5	to	20%	in	steps	of	5.	The	engine	is	provided	
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with	a	governor	and	it	maintains	a	constant	engine	speed	
at	all	the	loads	on	the	engine.	The	governor	of	the	engine	
was	 used	 to	 control	 the	 engine	 speed.	 The	 engine	 was	
provided	with	a	hemispherical	combustion	chamber	with	
overhead	 valves	 operated	 through	 push	 rods.	 Cooling	 of	
the	engine	was	accomplished	by	circulating	water	through	
the	 jackets	 on	 the	 engine	 block	 and	 cylinder	 head.	 A	
piezoelectric	 pressure	 transducer	 was	 mounted	 on	 the	
cylinder	 head	 surface	 to	 measure	 the	 cylinder	 pressure.	
Table	3shows	the	specification	of	the	engine	used	for	the	
study.	 Exhaust	 gas	 analyzer	 and	Hartridge	 smoke	meter	
were	used	to	measure	HC,	CO,	NOx	and	smoke	emissions.	
In	 the	 next	work,	 arrangement	was	made	 to	 induct	 CNG	
and	HCNG	into	the	inlet	manifold	was	established.	

4. RESULTS	AND	DISCUSSIONS	

This	 section	 presents	 the	 results	 of	 experimental	
investigations	 carried	 out	 on	 a	 diesel	 engine	 suitably	
modified	to	operate	in	dual	fuel	mode.	

(a):	Dual	fuel	engine	with	CNG/Hydrogen	induction	
arrangement	

	

(b) Exhaust	gas	recirculation	System	

Figure	1:	Overall	view	of	Experimental	Setup	

During	 the	 experimentation,	 the	 gas	 flow	 rate	 of	 HCNG	
was	maintained	 constant	 (0.25	 kg/hr)	 and	 engine	 speed	
was	 maintained	 at	 1500	 rpm.	 In	 this	 study	 effect	 of	
injection	 timing,	 compression	 ratio	 and	 exhaust	 gas	
temperature	 (EGT)	 on	 the	 overall	 performance	 was	
presented.	 A	 suitable	 carburetor	was	 developed	with	 12	
holes	 having	6	mm	orifices	 to	 ensure	 stoichiometric	 air‐
gas	mixture	to	be	supplied	to	the	engine.	 	The	 liquid	fuel	
of	methyl	esters	of	Honge	oil	(H)	and	Jatropha	oil	(J)	were	
used	as	injected	fuels.		

Table	3	Specification	of	the	CI	engine	

Sl	No	 Parameters	 Specification

2	 Type	 TV1	(	Kirlosker	make)

3	 Software	used Engine	soft

4	 Nozzle	opening	pressure	 200	to	225	bar

5	 Governor	type Mechanical	centrifugal	type

6	 No	of	cylinders Single	cylinder

7	 No	of	strokes	 Four	stroke

8	 Fuel	 H.	S.	Diesel

9	 Rated	power	 5.2	kW	(7	HP	at	1500	RPM)

10	 Cylinder	diameter	(Bore)	 0.0875	m

11	 Stroke	length	 0.11	m

12	 Compression	ratio	 17.5	:	1

Air	Measurement	Manometer:	

13	 Made	 MX	201

N.M. GIREESH et al. 
DATE OF PUBLICATION: JAN 14, 2015

ISSN: 2348-4098 
VOL 3 ISSUE 1 JAN-FEB 2015

INTERNATIONAL JOURNAL OF SCIENCE, ENGINEERING AND TECHNOLOGY- www.ijset.in 226



14	 Type	 U‐ Type

15	 Range	 100	– 0	– 100	mm

Eddy	current	dynamometer:	

16	 Model		 AG	– 10

17	 Type		 Eddy	current

18	 Maximum	 7.5	(kW	at	1500	to	3000	RPM)

19	 Flow		 Water	must	flow	through	Dynamometer	during	the	use	

20	 Dynamometer	arm	length	 0.180	m

21	 Fuel	measuring	unit	–	Range	 0	to	50	ml

	

4.1	 OPTIMIZATION	 OF	 INJECTION	 TIMING	 FOR	
DIESEL‐HCNG,	H‐CNG,J‐CNG,H‐HCNGAND	J‐HCNG	DUAL	
FUEL	OPERATION	

The	effect	of	IT	on	the	engine	operation	of	diesel‐HCNG,H‐
CNG/HCNG	(methyl	esterof	Honge	oil	‐CNG/HCNG)	and	J‐
CNG/HCNG	 (methyl	 esterof	 Jatropha	 oil	 ‐CNG/HCNG)	
fuelled	 dual	 fuel	 (DF)	 engine	 were	 investigated.	 During	
the	 engine	 operation,	 compression	 ratio	 of	 17.5,	 and	
mixing	 chamber	 venture	 having	 6	mm	hole	 geometry	 in	
the	inlet	manifold	was	used.	 	The	injector	nozzle	opening	
pressure	was	maintained	at	230	bar.	BothCNG	and	HCNG	
flow	 rate	 of	 0.5	 kg/h	 was	 kept	 constant	 throughout	 the	
experiment.		

Figure	 2	 shows	 the	 brake	 thermal	 efficiency	 (BTE)	
variation	 with	 injection	 timing	 (IT)	 for	 diesel‐HCNG,H‐
CNG/HCNG	 and	 J‐CNG/HCNG	 dual	 fuel	 operation	 using	
diesel,	 fuel	 combinations	 operated	 for	 80%	 load.	
Advancing	 the	 IT	 from	 19°	 to	 27°bTDC,	 the	 BTE	 was	
increased.	 More	 time	 would	 be	 available	 for	 HCNG	 fuel	
burning	 and	 resulted	 in	 enhanced	 BTE.	 From	 results	
obtained,	 it	 is	 observed	 that	 advancing	 the	 pilot	 fuel	
injection	 timing	 in	 DF	 system	 improves	 the	 engine	
performance	 with	 smooth	 operation	 of	 the	 engine	 and	
reduces	the	ignition	delay	leading	to	higher	BTE	but	tends	
to	 incur	slight	 increased	specific	 fuel	consumption	[Jie	et	
al	 (2013)].	 Maximum	 pressure	 and	 higher	 pressure	 rise	
rate	with	 improved	 BTE	was	 achieved	 by	 advancing	 the	
IT.		

Further,	 BTE	 for	 Diesel/biodiesel‐HCNG	 combination	
resulted	 in	higher	BTE	compared	 to	CNG	operation.	This	
could	be	due	to	higher	calorific	value	of	HCNG	and	flame	
velocity	 compared	 to	 CNG.	 The	 presence	 of	 hydrogen	
allows	 the	 lean	burn	 limit	 to	be	extended	because	of	 the	
fast	 burn	 rate	 of	 hydrogen.	 The	 expansion	 of	 the	
flammability	limit	influences	the	reduction	in	loss	by	high	
combustion	 temperature	 and	 heat	 transfer;	 hence,	 the	
brake	thermal	efficiency	was	improved.	The	fast	burn	rate	
of	hydrogen	causes	 the	combustion	duration	 to	decrease	
while	the	heat	release	rate	and	exhaust	NOx	increase	with	
an	 increase,	percentage	of	hydrogen	 (Borges	et	 al.	 1996;	
Cho	 and	He	2008;	 Park	 et	 al.	 2013).	 The	 lower	 viscosity	
and	 higher	 calorific	 value	 of	 the	 diesel	 along	 with	 the	
HCNG	 gaseous	 fuel	 combinations	 performed	 better	
compared	 to	 two	 injected	 biodiesels.	 For	 the	 two	

biodiesels	 considered	 H‐HCNG	 combination	 resulted	 in	
slightly	 higher	 BTE	 compared	 to	 J‐HCNG	 and	 H/J‐CNG	
combinations.	 The	 reasons	 could	 be	 the	 lower	 fatty	 acid	
composition	 of	 Honge	 oil	 methyl	 ester	 compared	 to	
Jatropha	oil	methyl	ester.	BTE	values	for	diesel‐HCNG,	H‐
HCNG,	 J‐HCNG,	H‐CNG	and	 J‐CNG	DF	operation	 at	 19,	 23	
and	27°bTDC	injection	timing	were	found	to	be	25.4,	24.3,	
23.1,	22.4	%and	21.8%	respectively	at	80%	load.	
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Figure	2:	Effect	of	injection	timing	on	BTE	

The	emission	characteristics	of	 the	engine	are	 important	
from	environmental	perspectives.	The	emission	 from	the	
engine	 reflects	 the	 quality	 of	 combustion	 taking	 place	
inside	 the	 engine.	 The	 emission	 levels	 for	 the	 producer	
gas	 operation	 under	 a	 dual‐fuel	 mode	 were	 measured	
under	 steady‐state	 conditions	 using	 calibrated	
instruments.	The	different	emission	parameter	variations	
during	 the	 dual‐fuel	 mode	 of	 operation	 are	 discussed	
below.	

Figure	 3shows	 that	 smoke	 opacity	 decreased	 with	
advanced	 IT	 for	 all	 fuel	 combinations	 in	 DF	 mode	
respectively.	 Better	 combustion	 prevailing	 inside	 the	
engine	cylinder	attribute	 to	smaller	smoke	 levels.	Higher	
calorific	 value	 of	 HCNG	 and	 lower	 C/H	 ratio	 of	 fuel	
combination	are	responsible	for	this	trend.	As	engine	load	
increases,	the	smoke	emissions	also	increased	slightly	due	
to	 decreased	 volumetric	 efficiency	 in	 DF	 operation.	 It	 is	
also	observed	that	smoke	emission	of	biodiesel‐HCNG	DF	

N.M. GIREESH et al. 
DATE OF PUBLICATION: JAN 14, 2015

ISSN: 2348-4098 
VOL 3 ISSUE 1 JAN-FEB 2015

INTERNATIONAL JOURNAL OF SCIENCE, ENGINEERING AND TECHNOLOGY- www.ijset.in 227



operation	decreases	with	advancing	pilot	injection	timing	
as	 the	 fuel	 combination	 burns	 more	 completely	 due	 to	
maximum	time	available	for	combustion.	

In	 addition,	 the	 smoke	 levels	 for	 biodiesel‐CNG	
combination	resulted	in	higher	smoke	levels	compared	to	
HCNG	operation.	Also,	gases	of	CNG	and	Hydrogen	being	
common,	 properties	 of	 biodiesels	 injected	 resulted	 in	
higher	 smoke	 opacity	 compared	 to	 diesel‐HCNG	
operation.	It	is	mainly	due	to	heavier	molecular	structure	
and	 higher	 viscosity	 of	 the	 respective	 biodiesels	 which	
makes	 atomization	 difficult	 and	 leads	 to	 higher	 smoke	
emissions.	 The	 major	 advantage	 of	 DF	 engine	 using	
hydrogen	 is	 that	 the	 smoke	 emissions	 were	 lowered	
compared	 to	 CNG	 operation.	 This	 may	 be	 due	 to	 less	
carbon	 content	 and	 faster	 burning	 rates	 associated	with	
clean	 burning	 characteristics	 of	 hydrogen	 compared	 to	
CNG.	The	higher	burning	velocity	and	 flame	temperature	
of	HCNG	 leads	 to	more	better	burning	 compared	 to	CNG	
during	 the	dual	 fuel	operation.	 	 Smoke	values	 for	diesel‐
HCNG,	H‐HCNG,	J‐HCNG,	H‐CNG	and	J‐CNG	DF	operation	at	
19,	23	and	27°bTDC	injection	timing	were	found	to	be	56,	
65,	67,	69	HSU	and	71	HSUrespectively	at	80%	load.	
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Figure	3:	Effect	of	injection	timing	on	smoke	emissions	

The	 HC	 variation	 with	 IT	 for	 diesel‐HCNG,	 H‐HCNG,	 J‐
HCNG,	 H‐CNG	 and	 J‐CNG	 DF	 operation	 for	 80%	 load	 is	
shown	in	Figure	4.	From	the	results	it	is	observed	that	HC	
emission	 levels	 were	 decreased	 considerably	 with	
advancing	IT.	It	could	be	mainly	due	to	better	combustion	
occurring	inside	the	engine	cylinder	due	to	better	burning	
of	 the	 fuel	 combinations.	 Increased	BTE	 as	 advancing	 IT	
results	 in	 more	 heat	 released	 during	 premixed	
combustion	 is	 also	 responsible.	 Advancing	 the	 pilot	 fuel	
injection	 timing	 leads	 to	 longer	 ignition	 delay	 and	
increased	premixed	combustion	results	 in	reduced	UBHC	
emissions.	 The	 longer	 ignition	 delay	 allows	 a	 full	 spray	
penetration	leading	to	better	burning	caused	by	increased	
flame	propagation	helps	to	control	the	HC	emissions.	The	
larger	 premixed	 zone	 develops	 maximum	 combustion	
temperatures	and	thus,	lowers	the	HC	emissions.		

In	 addition,	 for	 the	 same	 injection	 timing,	 hydro‐carbon	
emissions	with	biodiesel	 in	both	versions	of	 the	 gaseous	
fuel	 operation	 were	 higher	 compared	 to	 diesel.	 Lower	
volatility	and	calorific	value	of	biodiesel	used	compared	to	
diesel	 is	 responsible	 for	 this	 trend.	 The	 lower	 BTE	
associated	 with	 biodiesel	 operation	 could	 also	 be	

responsible	 for	 this	 behavior.	 With	 advanced	 ITall	 fuel	
combinations	 resulted	 in	 similar	 trends.	 Biodiesel	 being	
common,	the	properties	of	the	two	gases	inducted	results	
in	 the	 behavior	 shown	 and	 accordingly	 H‐HCNG	 and	 J‐
HCNG	operation	results	in	lower	HC	emissions	compared	
to	H‐CNG	 and	 J‐CNG	operation.	 This	 could	 be	 due	 to	 the	
CNG	 charge,	 which	 causes	 lean,	 homogeneous,	 low‐
temperature	 combustion,	 resulting	 in	 less	 complete	
combustion	 [López	 et	 al	 (2009)].	 This	 is	 because	 small	
amount	 of	 pilot	 fuel	 cannot	 propagate	 longer	 distance	
inside	 the	 cylinder	 to	 burn	 the	 whole	 premixed	 fuel	
mixture.	Though	the	oxidation	of	unburned	hydrocarbons	
increased	 due	 to	 burnt	 gas	 temperature,	 the	 filling	 of	
unburned	 mixture	 in	 the	 crevice	 volumes	 with	
combustible	mixture	during	the	event	of	compression	and	
ignition	 will	 become	 a	 main	 source	 of	 HC	 emissions	
[Sahoo	et	al	2009].	Whereas	during	HCNG	operation,	with	
advanced	IT,	the	hydrogen	content	 in	CNG	gives	a	strong	
reduction	 of	 unburned	 hydrocarbon	 emission	 which	
results	in	more	complete	combustion	[Das	2002,	Simio	et	
al.	2013].	In	addition	HCNG	engine	increases	the	H/C	ratio	
of	 the	 fuel,	 which	 drastically	 reduces	 the	 carbon	 based	
emissions.	The	presence	of	hydrogen	in	CNG	(HCNG)	has	
higher	 flame	 velocity	 and	 flame	 temperature	 results	 in	
better	combustion	compared	to	CNG.	HC	emission	values	
for	diesel‐HCNG,	H‐HCNG,	J‐HCNG,	H‐CNG	and	J‐CNG	dual‐
fuel	 operation	 at	 19,	 23	 and	 27°bTDC	 injection	 timing	
were	 found	 to	 be	 56,	 65,	 67,	 69	 HSU	 and	 71	 HSU	
respectively	at	80%	load.	

The	CO	variation	with	 IT	 for	Diesel‐CNG,	H‐CNG,J‐CNG,H‐
HCNG	andJ‐HCNG	and	operated	dual	 fuel	engine	for	80%	
load	 is	 shown	 in	 Figure	5.	 Incomplete	 combustion	 is	 the	
main	cause	for	the	CO	emission	levels.	 It	mainly	depends	
on	 the	 amount	 of	 air‐fuel	 ratio	 prevailing	 inside	 the	
combustion	 chamber	 relative	 to	 stoichiometric	
proportions.	 Advancing	 the	 IT	 from	 190	 to	 270bTDC,	 CO	
emission	 considerably	 reduced.	 With	 larger	 injection	
advance,	overall	better	combustion	and	the	activity	of	the	
better	oxidation	reactions	reduce	the	CO	emissions.	With	
advanced	injection	timing,	comparatively	better	oxidation	
leads	 to	 reduced	 CO	 emissions	 with	 improved	 brake	
thermal	 efficiency.	 The	 CO	 emissions	 are	 found	 to	 be	
higher	 for	 biodiesel‐CNG/HCNG	 than	 diesel‐HCNG	 DF	
operation.	 Results	 showed	 that	 lower	 CO	 levels	 for	 DF	
operation	 with	 advanced	 injection	 timing	 [Jie	 et	 al	
(2013)].	
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Figure	4:	Effect	of	injection	timing	on	HC	emissions	

                                        

                                        

                                        

                                        

                                        

                                        

                                        

18 20 22 24 26 28
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

Speed: 1500, 
HCNG flow rate: 0.5kg/hr, 
CR: 17.5, IOP:230 bar,
Injector:3 hole, 0.3mm Load:100%.

 H+HCNG
 D+HCNG
 J+HCNG
 H+CNG
 J+CNG

C
ar

bo
n 

m
on

ox
id

e,
 %

Injecion timing, 0 CA

	

Figure	5:	Effect	of	injection	timing	on	CO	emissions	

For	 the	 same	 injection	 timing,	 the	 premixed	 combustion	
of	 biodiesel‐CNG/HCNG	 results	 in	 less	 heat	 release	 rate	
leading	to	higher	CO	emissions	compared	to	diesel‐HCNG	
operation.	 This	 could	 be	 attributed	 to	 incomplete	
combustion	 of	 biodiesels	 injected	 due	 to	 their	 poor	
atomization	 and	 improper	mixing	 of	 fuels	 due	 to	 higher	
viscosity	 and	 density	 of	 biodiesel	 used.	However	 for	 the	
same	 fuel	 combinations,	 lower	CO	 emissions	 levels	were	
observed	 for	DF	operation	with	HCNG	compared	to	CNG.	
Moreover,	 the	 combustion	 temperatures	 are	 higher	with	
HCNG	fuel	and	the	engine	runs	hotter	thereby	facilitating	
better	combustion.	Also,	biodiesels	of	Honge	and	Jatropha	
oil	 being	 common,	 the	 properties	 of	 the	 two	 gases	
inducted	 results	 in	 the	 behavior	 shown	 and	 accordingly	
biodesels–HCNG	operation	results	 in	 lower	CO	emissions	
compared	 to	 H‐CNG	 and	 J‐CNG	 operation.	 Hydrogen	
addition	 to	CNG	 improves	combustion	 resulting	 in	 lower	
CO	 formations	 due	 to	 increased	 flame	 speed	 and	 better	
combustion.	 Lower	CO	 emissions	with	 advanced	 IT	have	
been	 reported.	 The	 increased	 injection	 timing	 beyond	
270bTDC	 tends	 to	 cause	 engine	 knock	 leading	 to	 poor	
performance	of	the	engine.	CO	emission	values	for	diesel‐
HCNG,	 H‐HCNG,	 J‐HCNG,	 H‐CNG	 and	 J‐CNG	 dual‐fuel	
operation	 at	 19,	 23	 and	 27°bTDC	 injection	 timing	 were	
found	to	be	56,	65,	67,	69	HSU	and	71	HSU	respectively	at	
80%	load.	

Variation	of	NOx	emission	with	different	IT	for	various	fuel	
combination	sat	80%	load	is	presented	in	Figure	6.Several	
investigators	 have	 reported	 higher	 NOx	 emissions	 with	
advanced	IT.	The	could	be	attributed	to	improved	air‐fuel	
mixing	 leading	 to	 better	 combustion	 and	 more	 heat	
release	 during	 premixed	 combustion	 phase.	 NOx	
emissions	 usually	 influenced	 by	 changes	 in	 adiabatic	
flame	 temperature	 and	 higher	 NOx	 formation	 with	
advanced	IT	are	probably	controlled	by	appropriate	use	of	
EGR	 method.	 For	 diesel,	 biodiesel‐CNG/HCNG	 DF	
operation	 it	 is	 observed	 that	NOx	 emissions	were	 higher	
for	 the	 pilot	 injection	 timing	 of	 27obTDC	 compared	 to	
19obTDC.NOx	 emissions	 increased	 with	 the	 increase	 in	
injection	 timing	 due	 to	 the	 higher	 combustion	
temperature	 in	 flame	 zone	 caused	 by	 advanced	 ignition,	
which	 results	 in	 higher	 maximum	 combustion	 pressure.	

However	 it	 is	 observed	 that	 biodiesel‐HCNG	 resulted	 in	
higher	NOx	levels	compared	to	biodiesel‐CNG	operation.	It	
may	 be	 due	 to	 presence	 of	 hydrogen	 in	 the	 fuel	
combination.	Moreover,	hydrogen	has	higher	flame	speed	
and	calorific	value.	Generally	NOx	emissions	also	exhibit	a	
trade‐off	relationship	with	smoke	emissions.	NOxemission	
values	 for	 diesel‐HCNG,	 H‐HCNG,	 J‐HCNG,	 H‐CNG	 and	 J‐
CNG	dual‐fuel	operation	at	19,	23	and	27°bTDC	 injection	
timing	were	 found	 to	be	56,	65,	67,	69	HSU	and	71	HSU	
respectively	at	80%	load.	

4.2	 OPTIMIZATION	 OF	 COMPRESSION	 RATIO	 FOR	
DIESEL‐HCNG,	 H‐CNG,	 J‐CNG,	 H‐HCNG	 AND	 J‐HCNG	
DUAL	FUEL	ENGINE	OPERATION	
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Figure	6:	Effect	of	injection	timing	on	NOx	emissions	

	

This	section	provides	the	compression	ratio	effect	on	the	
Diesel‐HCNG,	H‐CNG,	J‐CNG,	H‐HCNG	and	J‐HCNG	dual	fuel	
engine	 operation	 for	 80%	 load	 respectively.	 The	 engine	
was	 operated	 at	 a	 constant	 gas	 flow	 rate	 of	 0.5	 kg/h,	
injection	timing	of	27°bTDC	with	mixing	chamber	venturi	
having	 6mm	 hole	 geometry	 in	 the	 inlet	 manifold.	 	 The	
injector	 nozzle	 opening	 pressure	was	maintained	 at	 230	
bar	for	biodiesels	used.	The	compression	ratio	was	varied	
from	15	to	17.5.	

4.2.1	Brake	Thermal	Efficiency	

The	 variation	 of	 BTE	 with	 brake	 power	 for	 diesel‐
HCNG,H‐CNG/HCNG	 (methyl	 esterof	 Honge	 oil	 ‐
CNG/HCNG)	and	J‐CNG/HCNG	(methyl	esterof	Jatropha	oil	
‐CNG/HCNG)at	 80%	 load	are	presented	 in	 Figure	7.	 It	 is	
observed	that	BTE	increases	with	increase	in	compression	
ratio	 (CR)	 from	 15	 to	 17.5.	 The	 increasing	 compression	
ratio	allows	 fuel	 to	burn	completely	 leading	 to	 improved	
BTE.	 The	 combustion	 noise	 increases	with	 increased	 CR	
generally	 due	 to	 higher	 auto‐ignition	 temperature	 of	 the	
CNG/HCNG.	For	the	same	CR,lowerBTE	was	observed	for	
biodiesel‐CNG/HCNGDF	mode	 of	 operation	 compared	 to	
diesel‐HCNG	 combinations.	 This	 could	 be	 mainly	 due	 to	
differences	 in	 the	 fuel	 properties	 and	 decreased	 auto‐
ignition	 temperature	 of	 the	 mixed	 fuels	 (biodiesel–
CNG/HCNG).	 In	addition,	H‐CNG	and	 J‐CNG	DF	operation	
resulted	 in	 lower	BTE	compared	 to	H‐HCNG	and	 J‐HCNG	
DF	operation.It	 could	be	attributed	 to	better	 combustion	
occurring	 inside	 the	 engine	 cylinder	 caused	 by	 the	
increased	 flame	 speed	 due	 to	 addition	 of	 hydrogen	
leading	 to	 increased	 premixed	 and	 rapid	 combustion	
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phase.	The	use	CNG	in	a	dual	fuel	operation	results	lower	
performance	 compared	 to	 HCNG	 because	 CNG	
operationmay	 require	 considerably	 little	 more	 time	 to	
ensure	 the	 complete	 combustion.	 But,	 addition	 of	
hydrogen	 in	 the	 CNG	 causes	 fast	 burning	 rate	 of	 the	
gaseous	fuel	along	with	injected	fuel	while	increase	in	the	
heat	 release	 rate	 and	 exhaust	 NOx	 increase.The	 brake	
thermal	efficiencies	for	diesel‐HCNG,	H‐HCNG,	J‐HCNG,	H‐
CNG	 and	 J‐CNG	 dual‐fuel	 operation	 at	 15,	 16	 and	 17.5	
compression	 ratio	 were	 found	 to	 be	 56,	 65,	 67,	 69	 HSU	
and	71	HSU	respectively	at	80%	load.	
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Figure	7:	Effect	of	compression	ratio	on	brake	thermal	
efficiency	

4.2.2	Smoke	Opacity	

Figure	 8shows	 increase	 in	 the	 CR	 decreased	 smoke	
emission	levels	was	obtained.	It	 is	a	well	known	fact	that	
smoke	 emissions	 reduces	 remarkably	 in	 dual	 fuel	
operation.	The	combustion	temperature	and	pressure	are	
increased	when	the	CR	is	increased;	resulted	in	improved	
combustion,	as	the	 flame	produced	by	the	burning	of	the	
fuels	 reaches	 the	 entire	 area	 of	 the	 cylinder.	 Similar	
observations	 were	 recorded	 even	 for	 full	 load	 engine	
operations.	Hence,	the	lower	smoke	emission	levels	were	
obtained	 at	 a	 higher	 CR	 for	 the	 dual‐fuel	 operation.	
Experimental	 investigation	 showed	 higher	 smoke	 levels	
for	 biodiesel‐CNG/HCNG	 operation	 compared	 to	 diesel‐
HCNG	 operation.	 The	 CNG/HCNG	 combustion	 need	 not	
produce	 any	 particulates	 unlike	 the	 pilot	 injection	 of	
biodiesel	 fuel	 as	 they	 have	 heavier	 molecular	 structure	
besides	having	higher	free	fatty	acids	and	viscosity.		

However,	 for	 the	 same	 CR	 and	 injected	 fuels,	 drastic	
reduction	 in	 the	 smoke	 levels	 were	 observed	 for	 HCNG	
operation	compared	to	CNG.	It	could	be	attributed	to	less	
carbon	 content	 and	 faster	 burning	 rates	 associated	with	
clean	 burning	 characteristics	 of	 hydrogen	 compared	 to	
CNG.	The	higher	burning	velocity	and	 flame	temperature	
of	HCNG	leads	to	better	burning	compared	to	CNG	during	
the	 dual	 fuel	 operation.	 Lower	 smoke	 levels	were	 found	
for	the	H‐CNG	operation	compared	to	J‐CNG/HCNG	due	to	
differences	 in	 the	 properties	 of	 injected	 fuels.	 Results	
indicate	that	smoke	emission	significantly	affected	by	the	
type	 of	 injected	 fuels	 instead	 gaseous	 fuel	 because	 all	
gaseous	 fuels	 are	 clean	 burning	 fuels	 having	 lower	 C/H	
ratio	 (Banapurmath	 et	 al	 2009).	 The	 smoke	 emission	

values	obtained	at	the	CRs	of	15,	16	and	17.5	were	68,	61	
and	54	HSU,	respectively,	for	the	H‐HCNG,	J‐HCNG,	H‐CNG	
and	J‐CNG	dual‐fuel	operation	compared	with	the	value	of	
32	HSU	at	CR	of	17.5	for	the	diesel‐HCNG	operation.	
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Figure	8:	Effect	of	compression	ratio	on	smoke	opacity	

4.2.3	HC	and	CO	Emissions		

The	variations	in	hydrocarbon	(HC)	and	carbon	monoxide	
(CO)	 emission	 levels	with	 respect	 to	 the	 varying	CRs	 for	
the	 various	 fuel	 combinations	 at	 80%	 load	 operating	 on	
DF	mode	 are	 shown	 in	 Figures	 9	 and	 10.	 Decreased	 HC	
emission	 levels	were	 observed	with	 increase	 in	 CR.	 This	
could	be	due	to	the	fact	that	when	the	CR	is	increased;	the	
combustion	 temperature	 and	 pressure	 are	 increased,	
resulting	in	improved	combustion.	This	is	the	result	of	the	
increase	of	burned	gas	 temperature	 that	helps	to	oxidize	
efficiently	 the	 unburned	 hydrocarbons.	 The	 increased	
brake	 thermal	 efficiency	 due	 to	 complete	 combustion	
decreased	 the	 HC	 and	 CO	 emissions	 with	 increase	 in	
compression	 ratio.	 With	 the	 increase	 of	 compression	
ratio,	 there	 is	 a	 sharp	 decrease	 of	 HC	 emissions	 under	
dual	fuel	operation.	However,	Lower	HC	and	CO	emissions	
were	observed	at	CR	of	17.5	compared	to	the	operation	at	
CR	of	15	and	16.However,	at	a	 lower	CR,	 the	combustion	
temperature	 is	 lower,	 leading	 to	 the	 freezing	 of	 the	
oxidation	 process.	 The	 combustion	 characteristic	 of	 the	
engine	 determines	 the	 variation	 of	 unburned	
hydrocarbons	in	the	exhaust	gases.		

However,	 for	 the	 same	 CR	 and	 injected	 fuels,	 lower	 HC	
and	CO	emission	 levels	were	observed	with	diesel‐HCNG	
compared	 to	 biodiesel‐CNG/HCNG	 operation.	 The	
complete	 burning	 of	 the	 fuel	 combinations	 due	 to	
increased	 flame	 propagation	 caused	 by	 the	 hydrogen	
addition	and	at	higher	CR	helps	in	burning	the	entire	fuel	
mixture,	 hence	 lower	 HC	 and	 CO	 emission	 levels	 were	
obtained	 with	 HCNG	 operation	 compared	 with	 CNG	
operation.	 The	 use	 CNG	 in	 a	 dual	 fuel	 operation	 results	
slightly	 higher	 exhaust	 compared	 to	HCNG	 because	 CNG	
operation	 may	 require	 considerably	 little	 more	 time	 to	
ensure	 the	 complete	 combustion.	 Experimental	
investigation	on	various	fuel	combinations	showed	lower	
HC	 and	 CO	 emission	 levels	 for	 the	 H‐HCNG	 operation	
compared	 to	 J‐CNG/HCNG	 operation.	 It	 could	 be	
attributed	 to	 differences	 in	 the	 type	 and	 properties	 of	
injected	 fuels.	 Lower	 viscosity	 and	 density	 and	 higher	
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calorific	 value	 of	 Honge	 oil	 methyl	 ester	 compared	 to	
Jatropha	 oil	 methyl	 ester	 is	 also	 responsible	 for	 this	
observed	trend	(Banapurmath	et	al	2013).	From	results	it	
is	concluded	that	addition	of	hydrogen	and	 increased	CR	
lowers	 both	HC	 and	 CO	 levels	 in	 the	 exhaust	 because	 of	
improved	combustion	with	higher	BTE	observed.	Reduced	
mixture	 temperature	 and	complete	burning	of	unburned	
gaseous	fuel	 leads	to	 lower	HC	and	CO	formation	 in	dual	
fuel	 operation.	 This	 is	 the	 result	 of	 the	 improvement	 of	
gaseous	 fuel	 utilization	 especially	 during	 the	 second	
phase	of	combustion.	The	HC	emission	values	obtained	at	
the	 CRs	 of	 15,	 16	 and	 17.5	 were	 68,	 61	 and	 54	 HSU,	
respectively,	 for	 the	 H‐HCNG,	 J‐HCNG,	 H‐CNG	 and	 J‐CNG	
dual‐fuel	operation	compared	with	the	value	of	32	HSU	at	
the	 CR	 of	 17.5	 for	 the	 diesel‐HCNG	 operation.	 Similarly,	
CO	emission	values	obtained	at	the	CRs	of	15,	16	and	17.5	
were	68,	61	and	54	HSU,	respectively,	 for	the	H‐HCNG,	J‐
HCNG,	 H‐CNG	 and	 J‐CNG	 dual‐fuel	 operation	 compared	
with	the	value	of	32	HSU	at	the	CR	of	17.5	for	the	diesel‐
HCNG	operation.	

4.2.4	NOx	Emissions		

The	 variations	 in	NOx	 emission	 levels	with	brake	power	
for	various	 fuel	combinations	at	80%	load	are	presented	
in	 Figure	 11.It	 is	 observed	 that	NOx	 emissions	 increased	
with	 increase	 in	 compression	 ratios.	 The	 reason	 for	
increased	NOx	emissions	with	increased	CR	is	due	to	more	
heat	 released	 during	 premixed	 combustion	 phase.	 The	
lower	 premixed	 combustion	 observed	 with	 biodiesels	
compared	to	diesel	is	compensated	by	their	higher	oxygen	
concentration	with	 CNG/HCNG	 induction.	 The	 formation	
of	nitrogen	oxides	is	favored	by	bonded	oxygen	present	in	
the	biodiesels	used	and	higher	mixture	temperature.	NOx	
emissions	 by	 biodiesel‐CNG/HCNG	 operation	 are	
relatively	lesser	compared	to	diesel‐HCNG	and	are	higher	
for	 high	 load	 conditions.	 This	 behavior	 of	 fuel	
combination	 is	 mainly	 due	 to	 higher	 premixed	
combustion	 phase	 observed	 diesel‐HCNG	 operation.	 Use	
of	HCNG	 instead	of	CNG	further	 increases	 the	NOx	 levels	
due	to	increased	burning	speed	of	 fuel	combination.	This	
validates	 the	 idea	 of	 simultaneous	 control	 of	 smoke	 and	
NOx	 which	 can	 be	 achieved	 with	 biodiesel‐CNG/HCNG	
dual	fuel	combustion	except	in	the	full	load	case.	Thermal	
NOx	 reduction	 in	 dual	 fuel	 combustion	 is	 a	 result	 of	
reduced	 temperature	 of	 combustion	 caused	 by	 the	
biodiesel	 injection.	 For	 the	 same	 compression	 ratio,	
exploring	 the	 causes	 of	 increased	NOx	 formation	 in	 dual	
fuel	 combustion	 at	 the	 full	 load	 case	 it	 is	 suggested	 that	
the	 NOx	 is	 increased	 greatly	 by	 increase	 in,	 in‐cylinder	
temperatures.	 At	 increased	CR	 and	 higher	 load,	 a	 higher	
engine	 temperature	 and	 increased	 turbulence	 inside	 the	
combustion	chamber	enhances	the	flame	speed,	resulting	
in	the	increase	of	NOx	formation.	The	NOx	emission	values	
obtained	at	the	CRs	of	15,	16	and	17.5	were	68,	61	and	54	
ppm,	respectively,	for	the	H‐HCNG,	J‐HCNG,	H‐CNG	and	J‐
CNG	DF	operation	compared	with	the	value	of	32	ppm	at	
the	CR	of	17.5	for	the	diesel‐HCNG	operation.	
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Figure	9:	Effect	of	compression	ratio	on	HC	emissions	
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Figure	10:	Effect	of	compression	ratio	on	CO	emissions	
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Figure	11:	Effect	of	compression	ratio	on	NOx	emissions	

4.3	OPTIMIZATION	OF	EXHAUST	GAS	RECIRCULATION	
(EGR)	FOR	HCNG‐DIESEL,	H‐CNG	J‐CNG,	H‐HCNG	AND	J‐
HCNG	DUAL	FUEL	ENGINE	OPERATION	
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	This	 section	 provides	 the	 effect	 of	 exhaust	 gas	
recirculation(EGR)on	the	performance	of	diesel,	Honge	oil	
methyl	ester	(H)	and	Jatropha	oil	methyl	ester(J)	together	
with	 CNG/HCNG	 inducted	 in	 DF	 mode	 of	 operation	 for	
80%	loads.	The	engine	is	operated	at	a	constant	IT	of	270	
BTDC	 and	 CR	 of	 17.5	 with	 mixing	 chamber	 venture	 2	
having	 6	mm	 orifice	 in	 the	 inlet	 manifold.	 	 The	 injector	
nozzle	opening	pressure	was	maintained	at	230	bar.	The	
EGR	amount	was	varied	from	0	to	20%	in	steps	of	5%	for	
all	above	fuel	combinations	used.	For	the	optimized	IT	of	
27oBTDC	and	CR	of	17.5,	 it	was	observed	that	H/J‐HCNG	
resulted	into	higher	levels	of	NOx	compared	to	H‐CNG	and	
J‐CNG.	Therefore,	in	order	to	address	acceptable	emission	
levels	of	NOx	 from	biodiesel	 fueled	DF	engine	operation,	
further	experimental	investigations	were	carried	out	with	
only	H‐HCNG	with	different	EGR	rates	and	were	compared	
with	base	line	data	of	diesel‐HCNG	operation.		

4.3.1	Brake	Thermal	Efficiency	

	Decreased	BTE	was	observed	when	EGR	percentage	was	
increased	 as	 shown	 in	 Figure	 12.	 BTE	 reduces	
significantly	 due	 to	 predominant	 dilution	 effect	 of	 EGR	
leaving	more	 exhaust	 gases	 in	 the	 combustion	 chamber.	
Dilution,	 chemical	 and	 thermal	 effects	 of	 EGR	 in	 a	diesel	
engine	 plays	 an	 important	 role	 and	 governs	 the	
combustion	 characteristics	 of	 dual	 fuel	 engine	 operation	
(Jie	 et	 al	 2013,	 López	 and	 Gomez	 2009).	 The	 inlet	
temperature	 drastically	 increases	 when	 the	 EGR	 is	
introduced.	The	decrease	in	BTE	may	be	attributed	to	the	
destruction	 of	 the	 fuel	 burning	 rate	 caused	 by	 the	
reduction	 of	 the	 air	 excess	 ratio.	 In	 case	 of	 dual	 fuel	
operation,	 use	 of	 exhaust	 gas	 recirculation	 is	 not	 much	
appreciated	 because	 already	 part	 of	 was	 replaced	 by	
gaseous	fuel.	Therefore	use	of	EGR	can	significantly	affect	
the	performance	negatively.	Also	 the	 chemical	 effect	due	
to	 the	 active	 free	 radicals	 present	 in	 the	 exhaust	 gas	
taking	 part	 in	 pre‐ignition	 reactions	 tends	 to	 enhance	
combustion	negatively	and	causes	a	drop	in	BTE(Mahla	et	
al	2010).		
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Figure	12:	Effect	of	EGR	on	brake	thermal	efficiency	

	
Experimental	 investigations	 showed	 diesel‐HCNG	
operation	resulted	in	higher	BTE	compared	to	H‐HCNG	at	
all	 EGR	 rates.	 However,	 at	 lower	 EGR	 rates,	 H‐HCNG	

performed	nearly	better	compared	 to	 the	operation	with	
higher	 EGR	 rates	 (10,	 15	 and	 20%).	 Therefore,	 from	 the	
results,	it	is	observed	that	there	was	marginal	decrement	
in	 BTE	 with	 lower	 EGR,	 while	 a	 further	 increased	 EGR	
beyond	10%	results	 into	a	more	 intense	deterioration	of	
engine	 efficiency.	 This	 specific	 deterioration	 could	 be	
ascribed	 primarily	 to	 the	 increased	 delay	 period	 of	 the	
fuel	combination	used,	which	affects	the	heat	release	rate	
negatively,	 especially	 during	 premixed	 and	 rapid	
combustion	 phase.	 The	 BTE	 values	 for	 the	 H‐HCNG	 DF	
operation	 at	 the	 EGR	of	 5,	 10,	 15%	and	20%	were	 24.1,	
23.5,	 22.5	 and	 20.1	 %	 respectively,	 compared	 with	 the	
value	of	25.8%	for	the	D‐HCNG	operation.	

4.3.2	Smoke	Opacity	

Figures	13	indicate	that	smoke	opacity	was	higher	in	case	
of	 EGR	 induction	 compared	 to	 that	 without	 EGR	 for	
HCNG‐diesel,	 H‐CNG,	 H‐CNG,	 H‐HCNG	 and	 H‐HCNG	
combinations.	Use	of	EGR	has	a	negative	effect	on	smoke	
emissions.	 The	 main	 reason	 for	 increased	 smoke	 is	 the	
reduction	of	engine	air/fuel	 ratio	 supplied	 to	 the	engine.	
Practically	 gaseous	 fuel	 produces	 no	 smoke,	 while	 it	
contributes	 to	 the	oxidation	of	 the	 soot	 formed	 from	the	
combustion	of	the	liquid	fuel.	Experimental	investigations	
showed	 lower	 smoke	 levels	 even	with	20%	EGR	rate	 for	
diesel‐HCNG	 operation	 compared	 to	 H‐HCNG	 at	 all	 EGR	
rates.	However,	at	lower	EGR	rate,	the	H‐HCNG	operation	
resulted	 in	 slightly	 lower	 smoke	 levels	 compared	 to	 the	
operation	 with	 higher	 EGR	 rates	 (10,	 15	 and	 20%).	
Therefore,	 from	the	results,	 it	 is	observed	that	there	was	
marginal	decrement	in	BTE	at	lower	load	and	EGR,	while	a	
further	 increase	 of	 the	 EGR	 beyond	 10%	 results	 to	 a	
higher	smoke	emission.	This	specific	 increment	in	smoke	
levels	 at	 higher	 EGR	 for	 biodiesel‐HCNG	 combination	
could	be	ascribed	primarily	due	to	combined	effect	of	re‐
circulated	 exhaust	 gas	 and	 incomplete	 combustion	 of	
biodiesel	 due	 to	 heavier	 molecular	 structure,	 higher	
viscosity	 and	 density,	 reduced	 air‐fuel	 ratio.	 Reduced	
combustion	 temperature	 and	 soot	 oxidation	 is	 also	
responsible	 for	 this	 observed	 trend.	 However,	 adding	
hydrogen	 to	CNG	slightly	reduces	smoke	emissions	of	H‐
HCNG	 dual	 fuel	 engine.	 This	 could	 be	 due	 to	 better	
combustion	 of	 the	 fuel	 combination	 and	 faster	 burning	
rates	 associated	 with	 clean	 burning	 characteristics	 of	
hydrogen	compared	 to	CNG.	The	higher	burning	velocity	
and	 flame	 temperature	 of	 HCNG	 leads	 to	 more	 better	
burning	compared	to	CNG	during	the	dual	fuel	operation.	
But	use	of	EGR	may	reduce	nitric	oxide	but	may	increase	
particulate	 emissions	 at	 high	 loads.	 Hence,	 there	 is	
tradeoff	 between	 nitric	 oxide	 and	 smoke	 emission.	 It	 is	
essential	to	use	a	particulate	trap	to	reduce	the	amount	of	
unburned	 particulates	 with	 EGR	 operation,	 especially	
when	 using	 vegetable	 oils.	 The	 smoke	 levels	 for	 the	 H‐
HCNG	 DF	 operation	 at	 the	 EGR	 of	 5,	 10,	 15%	 and	 20%	
were	67,	75,	74	and	78	HSU	respectively,	compared	with	
the	value	of	62	HSU	for	the	D‐HCNG	operation.	
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Figure	13:	Effect	of	EGR	on	smoke	opacity	

4.3.3	HC	and	CO	emissions	

Figure	 14	 and	 15	 shows	 the	 variation	 of	 HC	 and	 CO	
emissions	 with	 EGR	 induction.	 As	 EGR	 percentage	
increased,	 the	 oxygen	 concentration	 in	 the	 charge	 and	
temperature	of	combustion	products	both	decreased.	Also	
there	was	less	percentage	of	oxygen	due	to	replacement	of	
air	 by	 HCNG	 gaseous	 fuel.	 All	 these	 factors	 negatively	
affect	 the	 combustion	 of	 fuel	 combination	 used.	 The	
increase	 in	 HC	 and	 CO	 emission	 was	 observed	 with	 the	
increase	 in	 EGR	 percentage.	 This	 was	 due	 to	 poor	
combustion	 resulting	 inside	 the	 combustion	 chamber.	
With	 the	 EGR	 introduction,	 the	 combustion	 degradation	
lowers	the	combustion	temperature	and	oxygen	(Mahla	et	
al	 2010).	 Decreased	 air‐fuel	 ratio	 associated	 with	
increased	 EGR	 percentage	 and	 reduced	 combustion	
temperature	resulted	in	incomplete	fuel	combustion.	It	is	
observed	that	diesel‐HCNG	operation	resulted	in	lower	HC	
and	 CO	 emission	 levels	 compared	 to	 H‐HCNG	 operation.	
The	 decreased	 air–fuel	 ratio	 associated	 with	 higher	
viscosity,	 EGR	 induction	 and	 reduced	 combustion	
temperature	resulting	incomplete	fuel	combustion	are	the	
main	reasons	 for	such	observed	 trend.	Also	variations	 in	
the	 specific	heat	 of	 gas	negatively	 affect	 the	 combustion.	
Therefore,	 insufficient	 oxygen	 is	 available	 for	 better	
combustion	 and	 the	 lower	 combustion	 temperature	
prevailing	 in	 the	 engine	 cylinder	 leads	 to	 comparatively	
higher	HC	and	CO	emissions.The	 smoke	 levels	 for	 the	H‐
HCNG	 dual	 fuel	 operation	 at	 the	 EGR	 of	 5,	 10,	 15%	 and	
20%	were	66,	77,	76,	and	80	ppm	respectively,	compared	
with	 the	 value	 of	 61	 ppm	 for	 the	 D‐HCNG	 operation.	
Similarly	 carbon	 monoxide	 levels	 for	 the	 H‐HCNG	 DF	
operation	 at	 the	 EGR	 were	 of	 0.15,	 0.21,	 0.2	 %	 and	
0.205%and	0.11	%	respectively,	compared	with	the	value	
of	61	ppm	for	the	D‐HCNG	operation.	
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Figure	14:	Effect	of	EGR	on	HC	emissions	
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Figure	15:	Effect	of	EGR	on	CO	emissions	

4.3.4	NOx	emissions	

Figure	 16	 shows	 reduction	 in	 NOx	 emission	 levels	 with	
increased	 EGR	 percentage.	 EGR	 induction	 decreases	 the	
combustion	 temperature	 of	 products	 due	 to	 higher	
specific	heat	 capacity	as	well	 as	 oxygen	concentration	of	
the	 charge	 and	 hence	 lower	NOx	was	 observed	 (Jie	 et	 al	
2013,	 Banapurmath	 et	 al	 2009).	 Diesel‐HCNG	 DF	
operation	 resulted	 in	 higher	 NOx	 levels	 compared	 to	 H‐
HCNG	operation.	At	lower	EGR	rates	and	with	substitution	
of	HCNG,	the	heat	release	rate	resulted	in	higher	emission	
of	NOx	levels.	However	at	higher	EGR	rates,	pilot	quantity	
being	injected	smaller	during	dual	fuel	operation,	reduces	
the	 flame	 speed	 and	 flame	 cannot	 travel	 far	 enough	 to	
burn	 the	 entire	 mixture	 and	 leads	 to	 lesser	 NOx	 levels.	
EGR	 appears	 to	 reduce	 the	 adiabatic	 flame	 temperature	
thereby	 combustion	 temperature,	 resulting	 reduced	 NOx	
emission	levels.	Therefore	NOx	concentration	decreases	as	
CI	 engine	 inlet	 air	 flow	 is	 diluted	 at	 a	 constant	 fuelling	
rate.	 The	 NOx	 emission	 levels	 for	 the	 H‐HCNG	 DF	
operation	 at	 the	 EGR	 of	 5,	 10,	 15%	 and	 20%	were	 736,	
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806,	 850	 and	 945	 ppm	 respectively,	 compared	with	 the	
value	of	678	ppm	for	the	D‐HCNG	operation..	

                                        

                                        

                                        

                                        

                                        

                                        

                                        

0 20 40 60 80 100
0

200

400

600

800

1000

1200

O
xi

de
s 

of
 n

itr
og

en
, p

pm

Load, %

 D+HCNG
 H+HCNG+5% EGR
 H+HCNG+10% EGR
 H+HCNG+15% EGR
 H+HCNG+20% EGR

SPEED:1500 RPM; IT:270bTDC, C.R: 17.5; 
IOP(Biodiesel):230 bar, HCNG flow rate:0.5kg/hr 
CNG FLOW RATE: 0.5kg/hr, Number ofInjector holes:3
Hole diameter:3mm, IOP(Diesel):205 bar

	

Figure	16:	Effect	of	EGR	on	NOx	emissions	

4.4	COMBUSTION	CHARACTERISTICS	

Figure	 17	 to	 20	 shows	 the	 effect	 of	 variation	 of	 brake	
power	 on	 ignition	 delay,	 cylinder	 peak	 pressure,	
combustion	 duration,	 In‐cylinder	 pressure	 variation	 and	
heat	 release	 rate	 for	different	modes	of	 operation.	 In	DF	
operation	ignition	delay	mainly	depends	of	on	the	nature	
of	 primary	 inducted	 fuel	 and	 its	 concentration	 in	 the	
mixture	 that	 is	 admitted	 in	 to	 the	 engine	 cylinder.	 The	
length	of	 the	 ignition	delay	 also	depends	on	 the	mixture	
temperature	 during	 compression,	 energy	 release	 during	
pre‐ignition,	 heat	 transfer	 to	 the	 surroundings	 and	 the	
contribution	of	residual	gases	(Selim	et	al	2008,	Mahla	et	
al	2010).	

The	 variations	 of	 ignition	 delay	 for	 Diesel‐HCNG	 and	 H‐
HCNG	 operation	 at	 different	 EGR	 rates	 with	 respect	 to	
different	 loads	 is	 presented	 in	 Figure	 17.	 The	 ignition	
delay	 is	 calculated	 based	 on	 the	 static	 injection	 timing	
using	 pressure	 crank	 angle	 history	 for	 100	 cycles.	 The	
ignition	delay	 for	H‐HCNG	at	different	EGR	rates	showed	
longer	 ignition	delay	 compared	 to	diesel‐HCNG	dual	 fuel	
operation.	 However,	 diesel‐HCNG,	 showed	 shorter	
ignition	delays	than	Honge	biodiesel‐HCNG	DF	operation.	
Ignition	delay	increased	with	increase	in	EGR	rates	caused	
by	mixture	dilution	and	slow	burning	rates	observed	with	
fuel	combinations.	It	may	also	be	due	to	slow	mixing	rate	
with	 gaseous	 fuel	 operation	 as	 they	 have	 higher	 octane	
number	and	self	ignition	temperature.		However,	H‐HCNG	
operation	 with	 5	 percent	 EGT	 showed	 comparatively	
lower	 ignition	 delay	 due	 to	 burning	 velocity	 of	 HCNG	
being	comparatively	higher	during	combustion	compared	
to	the	DF	operation	at	higher	EGR	rates.	Ignition	delay	in	
H‐HCNGDF	mode	of	operation	with	5,	 10,	15%	and	20%	
EGR	rates	were	found	to	be	17.8,	18.8,	19.2and	20.56	deg.	
CA	compared	to	15.2	deg.	CA	for	diesel‐HCNG	operation	at	
80%	load	respectively.		
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Figure	17:	Variation	of	ignition	delay	with	ECR	flow	rate	

Variations	of	combustion	duration	for	Diesel‐HCNG	and	H‐
HCNG	 operation	 at	 different	 EGR	 rates	 with	 respect	 to	
different	 loads	 are	 presented	 in	 Figure	 18.	 The	
combustion	 duration	 was	 calculated	 based	 on	 the	
duration	 between	 the	 start	 of	 combustion	 and	 90%	
cumulative	 heat	 release.	 The	 combustion	 duration	 was	
increased	with	increase	in	the	load	for	all	the	selected	EGR	
rates.	During	H‐HCNG	operation,	the	combustion	duration	
increases	 with	 increase	 in	 the	 EGR	 rates.	 This	 could	 be	
due	 to	 their	 slow	 mixing	 rate	 caused	 by	 the	 mixture	
dilation.	Basically	gaseous	 fuels	are	having	higher	octane	
number	 and	 self	 ignition	 temperature	 causes	 slower	
combustion.	 Improper	 air–fuel	 mixing	 observed	 with	
biodiesels	along	with	 longer	 time	 for	gas	burning	results	
in	 incomplete	 combustion.	 However,	 H‐HCNG	 with	 5%	
EGR	 showed	 lower	 combustion	 duration	 as	 hydrogen	
present	 in	 CNG	 leads	 to	 faster	 combustion	 and	 mixture	
dilution	 at	 lower	 EGR	 rate	 is	 less	 dominating.	 Higher	
flame	velocity,	higher	calorific	value	and	fast	burning	rate	
of	 hydrogen	 in	 CNG	 (HCNG)	 causes	 the	 combustion	
duration	 to	 decrease	 while	 the	 heat	 release	 rate	 and	
exhaust	NOx	production	increase	with	hydrogen	addition.	
Ignition	delay	in	H‐HCNGDF	mode	of	operation	with	5,	10,	
15%	 and	 20%	EGR	 rates	were	 found	 to	 be	 	 38.1,	 42.02,	
45.0and46,045	 deg.	 CA	 compared	 to	 38.12	 deg.	 CA	 for	
diesel‐HCNG	operation	at	80%	load	respectively.		
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Figure	18:	Variation	of	combustion	duration	with	EGR	
flow	rate	

Figure	 19	 shows	 peak	 pressure	 variation	 with	 different	
EGR	 rates	 for	 Diesel‐HCNG	 and	 H‐HCNG	 operation	 at	
higher	 loads	 of	 engine	 operation.	 The	 peak	 pressure	
depends	on	the	combustion	rate	and	that	how	much	fuel	
is	 taking	 part	 in	 rapid	 combustion	 period.	 The	
uncontrolled	 combustion	 phase	 is	 governed	 by	 the	
ignition	 delay	 period	 and	 by	 the	 mixture	 preparation.	
Higher	 cylinder	 pressure	 obtained	 with	 diesel‐HCNG	
compared	 to	H‐HCNG	operation	 because	 the	 higher	 heat	
release	rate	was	observed	during	rapid	combustion	phase	
for	 diesel‐HCNG	operation.	 Lower	 cylinder	 pressure	was	
observed	with	increase	in	the	EGR	rates	(more	than	10%	
EGR)	 for	H‐HCNG	operation.	 It	 could	be	 attributed	 to	 an	
increase	in	the	ignition	delay	period	of	fuel	combinations	
at	higher	EGR	rates.	Hence	it	is	seen	that	ignition	delay	of	
the	H‐HCNG	was	significantly	 increased	with	an	 increase	
of	 EGR	 rates.	 This	 increase	 in	 ignition	 delay	 period	 is	
mainly	 due	 to	 improper	mixing	 of	 the	 fuel	 combination,	
mixture	 dilution	 and	 lowering	 of	 compression	
temperature.	However,	 a	part	of	 the	air	was	 replaced	by	
gaseous	 fuels	 which	 in	 turn	 changes	 the	 charge	mixture	
specific	heat	reduced	the	oxygen	concentration	in	the	fuel	
mixture	 and	 slower	 burning	 rate	 of	 fuel	 combination	 at	
higher	 EGR	 rates	 is	 also	 responsible	 for	 this	 trend	
[Papagiannakis	et	al	(2007)].		

Combined	 effect	 of	 poor	 mixture	 preparation,	 longer	
ignition	 delay,	 lower	 calorific	 value	 and	 lower	 adiabatic	
flame	 temperature	 and	 slow	 burning	 nature	 of	 the	 H‐
HCNG	 compared	 to	 diesel‐HCNG	 resulted	 in	 lower	 peak	
pressure	and	maximum	rate	of	pressure	rise.	As	the	diesel	
and	 HCNG	 are	 having	 higher	 calorific	 value	 and	 longer	
ignition	 delay	 compared	 to	H‐HCNG	 combination	 results	
into	higher	peak	pressure	(Figure.	19).Combined	effect	of	
longer	 ignition	 delay,	 lower	 calorific	 value	 and	 adiabatic	
flame	 temperature	 and	 slow	 burning	 nature	 of	 the	 H‐
HCNG	 compared	 to	 diesel‐HCNG	 resulted	 in	 lower	 peak	
pressure	and	maximum	rate	of	pressure	rise.	Poor	mixing	
of	 biodiesel	 with	 air	 due	 to	 their	 higher	 viscosity	 and	
lower	 volatility	 for	 biodiesel‐HCNG	 operation	 at	 all	 EGR	
rates	 are	 also	 responsible	 for	 this	 observed	 trend.	
However,	 the	 higher	 flame	 velocity,	 calorific	 value	 and	
slightly	 increased	 ignition	 delay	 of	 HCNG	 during	 DF	
operation	at	5%	EGR	rate	 leads	 to	 increased	combustion	
during	 rapid	 combustion	 phase	 compared	 to	 the	 DF	
operation	at	10,	15	and	20%	EGR.	However,	at	higher	EGR	
rates,	the	presence	of	exhaust	gas	in	the	fuel	combination	
leads	to	lower	cylinder	pressure.	Hence	H‐HCNG	with	5%	
EGR	results	in	to	higher	peak	pressure	and	maximum	rate	
of	 pressure	 rise.	 	 Accordingly	 higher	 peak	 pressure	 and	
heat	 release	 rate	 were	 observed	 for	 biodiesel‐HCNG	
operation	 due	 to	 the	 higher	 flame	 velocity	 and	 fast	
burning	 of	 hydrogen	 content	 in	 presence	 of	 CNG.	 Peak	
pressure	in	H‐HCNGDF	mode	of	operation	with	5,	10,	15%	
and	20%	EGR	rates	were	found	to	be	61,	58,	56and	54	bar	
compared	 to	 66bar	 for	 diesel‐HCNG	 operation	 at	 80%	
load	respectively.		
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Figure	19:	Variation	of	peak	pressure	with	ECR	flow	rate	

Figure	20	presents	heat	release	rate	for	diesel‐HCNG	and	
H‐HCNG	DF	mode	of	 operation	 at	 80%	 load	 and	 various	
EGR	rates.	H‐HCNG	operation	at	all	EGR	rates	led	to	lesser	
fuel	 being	 prepared	 for	 rapid	 combustion	 after	 the	
ignition	 delay.	 More	 burning	 occurring	 in	 the	 diffusion	
phase	 rather	 than	 in	 the	premixed	phase	with	biodiesel‐
HCNG	was	observed	at	all	EGR	rates.	Significantly	higher	
combustion	rates	during	the	later	stages	with	H‐HCNG	led	
to	 higher	 exhaust	 temperatures	 and	 lower	 thermal	
efficiency.	However,	hydrogen	addition	to	CNG	during	H‐
HCNG	 operation	 with	 5%	 EGR	 showed	 improvement	 in	
heat	 release	 rate	 compared	 to	 dual	 fuel	 operation	 at	 10,	
15	and	20%	EGR	rates.			

	

Figure	20:	Heat	release	rate	diagram	at	80%	load	and	
different	ECR	flow	rate	

5. CONCLUSIONS	

From	 the	exhaustive	 study	on	 the	dual	 fuel	 engine	using	
methyl	 esters	of	Honge,	 Jatropha	oils	 and	HCNG	gaseous	
fuel	the	following	conclusions	were	made.	

1. Dual	 fuel	 engines	 significantly	 reduce	 smoke,	
particulate	 and	 NOx	 emissions	 when	 compared	 to	
their	counterpart	biodiesel	operated	diesel	engines.			

2. Biodiesels	of	methyl	esters	of	Honge	and	Jatropha	oil	
can	provide	partial	 substitution	 to	 diesel	when	used	
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in	 dual	 fuel	 mode	 along	 with	 CNG,	 HCNG	 gaseous	
fuels.	

3. HCNG	 operated	 dual	 fuel	 engines	 besides	 using	
renewable	 fuels	 of	 methyl	 esters	 of	 Honge	 and	
Jatropha	 oilcan	 provide	 partial	 substitution	 to	
renewable	 fuels	 and	 leads	 to	 lower	 emissions	 of	 HC	
and	CO	emissions	when	compared	to	CNG	operation.		

4. Adding	hydrogen	to	CNG	significantly	improves	brake	
thermal	 efficiency	 and	 reduces	 emissions	 of	 smoke,	
HC,	CO	emissions	except	NOx.	At	an	IT	27o	BTDC	and	
CR	of	17.5,	the	BTE	for	the	H‐HCNG	DF	operation	with	
EGR	of	5,	10,	15%	and	20%	were	24.1,	23.5,	22.5	and	
20.1	%	 respectively,	 compared	 to	 25.8	%	 for	 the	 D‐
HCNG	operation.	HCNG	enables	engine	operation	with	
leaner	fuel	air	mixture,	resulting	into	lower	emissions	
of	HC	and	CO	and	higher	NOx	emissions.	

5. Increased	 EGR	 rates	 increases	 smoke,	 HC	 and	 CO	
emissions	 and	 the	 brake	 thermal	 efficiency	 reduces	
while	NOx	reduces	significantly.		

6. Higher	 flame	 speed	 of	 hydrogen	 in	 HCNG	 results	 in	
reduced	 ignition	 delay,	 combustion	 duration	 while	
the	 peak	 pressure	 and	 heat	 release	 rates	 both	
increased.	

On	the	closure,	it	can	be	concluded	that	higher	percentage	
of	 hydrogen	 in	 CNG	 can	 affect	 the	 engine	 performance	
favorably	 but	 limit	 the	 engine	 operation	 with	 severe	
knock	especially	at	higher	 loads	of	engine	operation.	The	
problem	 of	 knocking	 can	 be	 effectively	 addressed	 by	
injecting	 HCNG	 into	 the	 intake	 manifold	 when	 the	 inlet	
valve	 opens	 to	 avoid	 pre‐ignition.	 Advancing	 the	 IT	 of	
pilot	 biodiesel	 fuel	 and	 increased	 CR	 can	 improve	 the	
performance	of	such	DF	engines.		

Current	 research	 work	 in	 diesel	 engines	 using	 gaseous	
fuels	(LPG,	CNG	and	HCNG)	in	single	mode	or	with	liquid	
fuels	 in	 DF	 mode	 make	 use	 of	 port	 or	 manifold	 gas	
injection	 systems	 and	 facilitate	 to	 overcome	 the	
drawbacks	of	the	backfire	and	pre‐ignition	which	is	prone	
to	 occur	 in	 carbureted	 engines.	 This	 can	 be	 eliminated	
with	 proper	 gas	 injection	 timing	 using	 low	 pressure	 gas	
injector	 operated	 by	 a	 suitable	 Electronic	 Control	 Unit	
(ECU).	 The	 continued	 work	 by	 the	 authors	 will	 address	
the	 drawbacks	 of	 gas	 induction	 system	 using	 venture	
replaced	by	an	ECU	 for	CNG/HCNG	 injection	 in	dual	 fuel	
modes	of	engine	operation.	
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