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ABSTRACT 	ARTICLE	INFO	

In	this	research,	a	3D-CFD	model	was	created	to	investigate	the	behavior	of	
spray	and	combustion	in	a	three-cylinder	GDI	engine	using	a	six-hole	nozzle	
injector.	To	validate	the	model,	in-cylinder	data	pressure	was	conducted	at	
Iran	 Khodro	 Power	 Train	 Company	 (IPCO)	 under	 wide-open	 throttle	 and	
5500	 rpm	 conditions.	 The	 obtained	 data	 were	 incorporated	 into	 the	 CFD	
model	 to	 simulate	 the	 spray	 evolution	 and	 combustion	 process	 inside	 the	
cylinder	during	fuel	injection.	Droplet	temperature	and	lambda	distribution	
from	 30	 deg	 to	 279	 deg	 after	 injection Were	 displayed.	 Temperature	
distribution	during	 2	 to	 40	 deg	 ATDC	was	 illustrated	 in	 the	paper.	Finally,	
evaporated	fuel	and	wall	film	of	the	cylinder	head,	liner,	and	piston.	Intake	
and	exhaust	valves	and	equivalence	ratio	 in	the	combustion	chamber	have	
been	studied.	
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1-	Introduction	
Internal	 Combustion	 Engines	 (ICEs)	 are	 commonly	 utilized	 in	 power	 generation,	 ships,	
locomotives,	aerial	transportation,	and	various	mobility	applications.	Most	of	the	ICEs	rely	
on	 fossil	 fuels,	 particularly	 diesel	 and	 gasoline	 engines.	 However,	 these	 engines	 release	
harmful	 gases	 such	 as	 nitrogen	 oxides	 (NOx),	 carbon	 monoxide	 (CO),	 and	 particulate	
matter	(PM),	which	pose	risks	to	human	health.	Strict	regulations	such	as	European	Limits	
and	 the	 Environmental	 Protection	 Agency	 (EPA)	 require	 automotive	 manufacturers	 to	
enhance	 ICEs	 to	 meet	 acceptable	 emission	 levels	 and	 improve	 engine	 efficiency.	 The	
Gasoline	 Direct	 Injection	 (GDI)	 strategy	 allows	 Spark	 Ignition	 (SI)	 engines	 to	 achieve	
better	fuel	economy	and	reduced	emissions.	Goliath	and	Gutbrod	first	employed	the	GDI	
strategy	 in	 the	 automotive	 industry	 in	 1952	 to	 power	 a	 two-stroke	 gasoline	 engine.	
Meanwhile,	 Mercedes	 Benz	 utilized	 it	 for	 the	 300SL	model	 with	 a	 four-stroke	engine.	 In	
1996,	Mitsubishi	 introduced	the	 first	modern	GDI	engine	for	the	 Japanese	and	European	
markets,	which	was	designed	to	operate	with	stratified	and	homogenous	charge	strategies	
at	 medium-	 and	 high-load	 operating	 conditions.	 Other	 manufacturers	 subsequently	
adopted	Mitsubishi’s	strategy	and	developed	their	own	engines.	

The	 primary	 advantage	 of	 the	 GDI	 strategy	 is	 that	 it	 allows	 mixture	 preparation	 to	
occur	in	the	combustion	chamber,	overcoming	the	limitations	of	Port	Fuel	Injection	(PFI)	
and	 benefiting	 from	 the	 direct	 injection	 cooling	 effect	 to	 achieve	 higher	 compression	
ratios.	 The	 thermo-fluid	 dynamics	 in	 the	 combustion	 chamber	 significantly	 influence	
mixture	 formation	 in	GDI	engines.	Factors	such	as	piston	shape,	 injector	 position,	 intake	
ports,	 and	 valve	 seat	 geometry	 heavily	 impact	 tumble	 and	 swirl	 ratios.	 Additionally,	 the	
injector	 nozzle	 number,	 injection	 pressure,	 sequential	 injection	 timing,	 and	 injection	
direction	 also	 affected	 the	 mixture	 formation	 [1-7].	 Banerjee	 et	 al.	 [8]	 investigated	 the	
effects	 of	 mixture	 preparation	 in	 a	 GDI	 engine,	 they	 studied	 the	 impact	 of	 ambient	
pressure,	ambient	temperature,	and	fuel	temperature	on	spray	atomization	for	an	injector	
with	 a	 single	 nozzle.	 They	 found	 that	 changes	 in	 ambient	 pressure	 and	 temperature	
significantly	influenced	spray	penetration.	Piston	shape	also	had	notable	effects	on	charge	
stratification	due	to	the	reverse	tumble	at	the	end	of	the	compression	ratio.	Addepalli	et	al.	
[9]	 conducted	 a	 computational	 fluid	 dynamics	 (CFD)	 analysis	 on	 the	 effect	 of	 mixture	
preparation	on	emissions	and	engine	performance	in	a	GDI	engine.	They	reported	that	the	
early	 fuel	 injection	 did	 not	 have	 any	 significant	 impact	 on	 mixture	 preparation.	 The	
direction	of	the	injector	was	also	studied,	and	the	results	showed	that	deviations	from	the	
base	 direction	 affected	 mixture	 preparation.	 Additionally,	 they	 found	 that	 the	 mixture	
stratification	in	a	wall-guided	GDI	engine	was	more	sensitive	to	the	engine	speed	and	inlet	
air	pressure,	but	less	affected	by	the	compression	ratio.	When	the	engine	speed	increased	
from	 2000	to	 3000	 rpm,	 the	 percentage	 of	 evaporated	 fuel	 also	 increased.	 Zhaung	et	 al.	
[10]	 discussed	 the	 influence	 of	 the	 direct	 injection	 of	 water	 into	 the	 cylinder	 on	 the	
combustion	 of	gasoline	 direct	 injection	engines	 through	 numerical	 simulation	 Zhaung	et	
al.	 [11]	 explored	 the	 effects	 of	 six	 different	 cases	 of	 port	 water	 injection	 on	 the	
combustion,	 knock	 suppression	 and	 emissions	 of	 a	 supercharged	 GDI	 engine	 through	
numerical	 simulation.	The	 six	 different	 intake	 port	 water	 injection	cases	 including	 three	
vertical	distances	from	the	cylinder	center	to	the	water	injector	and	two	different	injection	
directions,	 were	 investigated.	 Xiang	 et	 al.	 [12]	 investigated	 both	 the	 macroscopic	 and	
microscopic	characteristics	of	impingement	spray	from	a	GDI	injector	fueled	with	gasoline	
and	ethanol	performed	under	injection	pressure	up	to	50	MPa,	providing	new	findings	to	
promote	a	more	homogeneous	air-fuel	mixture	and	reduce	PM	emissions.	Heechang	et	al.	
[13]	 studied	 the	 spray	 chamber	 and	 injector	 conditions	 including	 (1)	 cold,	 subcooled	
standard	 temperature	and	pressure	(2)	practical	gasoline	fuels	with	 full-range	distillation,	
(3)	flash-boiling	with	fuel	temperature	and	vacuum	gas	pressure,	and	(4)	high	gas	pressure	
and	temperature	typical	of	injection	during	compression.	

Lili	 et	 al.	 [14]	 investigated	 GDI	 fuel	 spray	 characteristics,	 and	 spray	 impingement	 on	
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cylinder-wall	 oil	 film	 was	 carried	 out	 in	 a	 constant	 volume	 chamber.	 Quito	 et	 al.	 [15]	
studied	a	series	of	comparative	experiments	conducted	on	a	GDI	turbocharged	engine	to	
investigate	the	effects	of	the	asynchronous	intake	valve	Miller	cycle	on	the	performance,	
combustion,	 and	 emissions	 characteristics.	 Their	 results	 show	 that	 using	 the	
asynchronous	valve	closing	in	the	test	engine	can	not	only	realize	the	Miller	cycle	but	also	
flexibly	 control	 the	 load,	 effectively	 reduce	 pump	 loss,	 and	 improve	 fuel	 economy	
compared	 to	 the	 late	 intake	 valve	 closing.	 Modapour	 et	 al.	 [16]	 adopted	 a	 combined	
experimental	 and	 numerical	 approach	 to	 examine	 the	 influence	 of	 wall	 temperature	 as	
well	 as	 gas	 temperature	 and	 pressure	 on	 spray	 evolution.	 For	 fuel	 injection	 conditions,	
split	proportion	and	wall	stand-off	distance	are	not	varied.	The	single	injection	case	was	
also	 studied	 for	 comparison.	 The	 experiments	 were	 conducted	 under	 atmospheric	
conditions	but	for	different	wall	 temperatures,	and	the	 fuel	spray	was	visualized	using	a	
high-speed	 shadowgraph	 technique.	 Berni	 et	 al.	 [17]	 applied	 3D	 Computational	 Fluid	
Dynamics	with	several	models	to	simulate	the	secondary	break-up	process,	among	which	
the	 Reitz-Diwakar	 and	 the	 Kelvin-Helmholtz	 Rayleigh-Taylor.	 To	 improve	 the	 predictive	
capabilities	 and	 reduce	 the	 need	 for	 case-by-case	 tuning,	 they	 applied	 an	 alternative	
secondary	 break-up	 model	 proposed	 in	 the	 present	 paper.	 It	 was	 based	 on	 the	 Reitz-
Diwakar	one	but,	compared	to	the	latter,	a	zonalization	of	the	break-up	regimes.		

In	 this	study,	a	3D-CFD	model	 was	 developed	 to	predict	 the	spray	 evolution,	 mixture	
preparation,	and	combustion	in	a	three-cylinder	GDI	1.3-liter	engine	operated	at	5500	rpm	
and	wide-open	throttle	conditions.	A	side-direct	injector	was	implemented	numerically	in	
the	 combustion	 chamber	 to	 investigate	 the	mixture	 formation.	 Also,	 the	effects	 of	 direct	
injection	on	the	tumble	number	were	studied.	Moreover,	the	effects	of	the	spray	on	wall-
wetting	were	studied.		

 

2-	Governing	Equations	
The	governing	equations	for	mass	conservation	and	momentum	transport	are	as	follows	[8]:	
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2-1-Heat	Transfer	

The	energy	transport	equation	used	for	the	simulations	is	as	follows	[10]:	
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where,	 ρ �
��

��
�	 	 is	 density,	 Y�	 is	 the	 mass	 fraction	 of	 each	 species	 m,	 P(Pa)	 is	 the	

pressure,	D	�
��

�
�	is	the	mass	diffusion	coefficient,	e	(kJ/kg)	is	the	specific	internal	energy,	S	

is	the	source	term,	σ��	is	the	viscous	stress	tensor,	T(K)	is	the	temperature,	and	h� �
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2-2-Spray	Modeling	

The	disintegration	of	spray	into	millions	of	droplets	and	their	evaporation	is	produced	the	
mixture	in	the	combustion	chamber.	The	local	and	global	air-to-fuel	ratio	significantly	are	
affected	 the	 combustion,	 fuel	 economy,	 emissions,	 and	 engine	 performance.	 In	 recent	
years,	 many	 scholars	 carried	 out	 experimental	 and	 numerical	 investigations	 on	 spray	
modeling,	mixture	formation,	breakup	models,	and	so	on	[9].		
	
2-3-Primary	and	Secondary	Breakup	Models	

The	 primary	 breakup	 model	 aims	 to	 simulate	 the	 fluid	 behavior	 at	 the	 nozzle	 exit.	 It	
considers	 the	 Kelvin-Helmholtz	 instabilities,	 which	 means	 the	 development	 of	 the	
perturbations	on	the	liquid	surface	during	injection	in	a	gaseous	environment.	One	famous	
model	 to	 predict	 the	 primary	 breakup	 is	 the	 wave-breakup	 or	 Kelvin-Helmholtz	 (KH)	
model,	developed	by	Reitz	[8].	The	overall	breakup	consists	of	the	primary	and	secondary	
breakups.	 Liu	 et	 al.	 proposed	 [8]	 a	 combination	 model	 for	 both	 primary	 and	 secondary	
breakups	called	 the	hybrid	 Kelvin-Helmholtz	 (KH)	 and	 Rayleigh-Taylor	 (RT)	model.	 The	
RT	 breakup	 model	 is	 more	 dominant	 for	 the	 near	 nozzle	 zones,	 while	 the	 KH	 model	
prevails	farther	away.	The	hybrid	KH-RT	model	showed	promising	results	for	both	diesel	
and	gasoline	combustion	engines	[8,	9].		
	
2-4-Collision	Model	

The	No	Time	Counter	model	was	used	to	model	the	spray	collision,	which	is	as	accurate	as	
the	O’Rourke	model,	but	much	faster	[9].	The	base	grid	mesh	size	was	considered	as	2	mm,	
and	by	using	Adaptive	Mesh	Refinement	and	fixed	embedding	with	a	scale	of	3,	the	mesh	
size	during	spray	injection,	collision,	and	evaporation	was	refined	up	to	0.25	mm	in	some	
zones.	The	mesh	size	of	0.25	mm	for	spray	parcel	zones	was	accurate	enough	according	to	
the	 results	 of	 Ref.	 [9].	 The	 parcel	 number	 of	 480000	 showed	 accurate	 results	 and	 good	
agreement	 with	 experimental	 data.	 Higher	 parcel	 numbers	 (higher	 than	 2,400,000)	
showed	 poor	 results	 due	 to	 the	 overestimation	 of	 liquid	 penetration	 and	 general	
underestimation	of	the	drag	forces	in	injector	engines	[9].		
	
2-5-Wall	Impingement	Model		

The	injected	fuel	jet	in	the	combustion	chamber	impacts	the	piston	surface	and	affects	the	
combustion	characteristics	and	emission	formation.	The	fuel	jet	and	wall	interactions	can	
be	 divided	 into	 four	 regimes	 based	 on	 the	 Webber	 Number	 and	 wall	 temperature	 [9],	
including:		
 Stick	
 Rebound	
 Spread		
 Splash	
The	 O’Rourke	 wall	 impingement	 model	 was	 used	 to	 simulate	 all	 the	 regimes	 and	 the	
interactions	between	the	spray	droplets	and	the	wall	surface.		
	
2-6-Turbulent	Regime	Modeling	

The	 Generalized	 Re-Normalization	 Group	 (GRNG)	 k-ɛ	 model	 was	 applied	 to	 predict	 the	
turbulent	 regime.	 This	 model	 is	 appropriate	 for	 the	 reacting	 and	 non-reacting	
compressible	 flows,	 especially	 in	 the	 case	 of	 Internal	 Combustion	 Engines	 (ICEs).	 The	
(GRNG)	k-ɛ	model	governing	equation	is	as	follows	[9]:	
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In	the	intake	stroke,	a	tumble	flow	typically	occurs	and	continues	into	the	compression	
stroke	until	the	piston	is	close	to	Top	Dead	Center	(TDC).	The	level	of	tumble	is	measured	
using	tumble	ratios,	namely	TRx	and	TRy.	These	ratios	are	defined	based	on	the	angular	
velocities	 of	 a	 solid	 body	 rotating	 flow	 in	 the	 y-z	 plane	 (ωx)	 and	 x-z	 plane	 (ωy),	
respectively.	

 

3-	Computational	Approach	and	Methodology	
A	CFD	model	was	developed	to	port	design	to	optimize	tumble	number	in	the	combustion	
chamber	of	the	EC5+	(Turbo-Charged)	engine	for	the	condition	of	fully	open	throttle	and	
the	 engine	 speed	 of	 6000	 rpm.	 The	 CFD	 model	 predicts	 an	 open-cycle	 engine	 exchange	
from	 0	 °ATDC	 to	 720	 °ATDC.	 For	 modeling	 the	 turbulence	 regime	 of	 the	 fluid	 flow,	 the	

Generalized	Re-Normalization	Group	(GRNG)	k-ɛ	model	was	applied.	

	
4-	Simulation	Setup	
Figure	 1	 displays	 the	 geometry	 of	 the	 GDI	 engine	 combustion	 chamber.	 The	 GDI	 engine	
specifications	are	given	in	Table	1.	The	computational	mesh	is	generated	at	each	runtime	
during	the	CFD	simulation.	The	geometry	of	a	mesh	is	composed	of	any	arbitrary	number	
of	 logical	 blocks	 that	 are	 patched	 together	 in	 a	 completely	 seamless	 fashion.	 The	
movement	of	the	piston/flow	domain	is	resolved	using	the	boundary	motion.	As	the	piston	
moves	during	the	solution	process,	the	internal	mesh	structure	deformed	automatically	to	
optimize	the	mesh.	The	distortion	of	each	cell	occurs;	when	the	generated	cell	distortion	
reaches	a	certain	level,	the	solution	is	re-zoned	onto	a	new	mesh.	Figure	1	illustrates	the	
fluid	 domain	 of	 the	 simulation,	 such	 as	 the	 inlet	 ports,	 exhaust	 ports,	 and	 combustion	
chamber	geometries	in	the	CONVERGE	CFD	tool.	The	cell	number	ranged	from	110468	at	
TDC	to	741523	at	BDC	for	the	computational	grids.	Mesh	independency	was	investigated	
by	variation	of	cell	number	from	50231	to	143784	on	in-cylinder	maximum	pressure.	
	

	
Figure	1	The	geometry	of	the	engine	combustion	chamber	
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Table	1	The	engine	specifications	
Bore	 77	mm	 Engine	Speed	 5500	rpm	
Stroke	 93	mm	 Fuel	 Gasoline	
Compression	ratio	 9.7	 Connecting	rod	length	 134.5	mm	
Displacement	volume	 1299.2	cc	 Start	of	injection	 379	BTDC	
Inlet	valve	diameter	 30	mm	 Injection	duration	 170	CAD	
Exhaust	valve	diameter	 26	mm	 Injection	pressure	 350	bar	

Intake	valve	timings	
IVO	=	366°	ATDC	
IVC	=	598°	ATDC	

Exhaust	valve	timings	
EVO	=	126°	ATDC	
EVC	=	385°	ATDC	

 

5-	Initial	and	Boundary	Conditions	
Computation	 starts	 at	 270	 deg	 before	 TDC	 overlap.	 Initial	 data	 for	 the	 start	 of	 the	
simulation	were	selected	from	GT	POWER	results.	Figure	2	shows	the	transient	boundary	
condition	 of	 mass	 flow	 rate	 and	 temperature	 versus	 crank	 angle	 imposed	 on	 the	 air	
runner.	 Figure	 3	 shows	 the	 transient	 boundary	 condition	 of	 pressure	 and	 temperature	
versus	the	crank	angle	imposed	on	the	exhaust	port.		
	

	
Figure	2	Transient	boundary	condition	at	air	runner	versus	crank	angle:	mass	flow	and	temperature	

	

	
Figure	3	Transient	boundary	condition	at	exhaust	port	versus	crank	angle:	pressure	and	temperature	

	
The	 temperature	 was	 taken	 as	 452	 K	 for	 the	 liner,	 403	 K	 for	 the	 cylinder	 head	 and	

piston,	542	K	for	the	intake	valve,	and	673	K	for	the	exhaust	valve.	All	boundary	conditions	
were	validated	with	the	experimental	data.	
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6-	Validation	study		
Figure	4	illustrates	the	experimental	and	CFD	pressure	versus	crank	angle	degree	(time).		
Comparison	between	CFD	and	experiment	shows	good	agreement.	The	maximum	error	is	
5	percent.	
	

	
Figure	4	Experimental	and	CFD	in-cylinder	pressure	versus	crank	angle	degree	

 

7-	Results	and	Discussion	
Figure	 5	 depicts	 the	 peaks	 of	 the	 tumble	 number	 during	 the	 intake	 and	 compression	
strokes.	When	the	intake	valve	lift	is	maximum,	the	tumble	number	is	at	its	maximum	level	
of	about	-0.75.	Another	peak	occurs	at	about	90	to	60	degrees	before	TDC.	This	figure	also	
specifies	 the	best	 timings	 with	maximum	 tumble	number	 levels	 with	 this	 specific	 intake	
port	and	combustion	chamber	geometry.	These	crank	angle	degrees	(CADs)	are	 the	best	
timing	for	sequential	direct	injections	for	the	same	GDI	engine.	

Figure	 6	 depicts	 the	 spray	 evolution,	 lambda	 distribution,	 and	 droplet	 temperature	
from	the	40	Crank	Angle	Degrees	(CAD)	after	the	Start	of	Injection	(SOI)	until	the	End	Of	
Injection	(EOI).	At	40	CAD	after	SOI,	the	local	excess	air-to-fuel	ratio	(Lambda	or	λ)	varies	
from	0.5	to	1.5.	The	zones	of	� = 1.5,	where	excess	air	exists,	are	the	regions	that	are	far	
from	the	injector.		
	

	
Figure	5	Tumble	number	versus	crank	angle	
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Lambda	distribution	 Droplet	temperature	

	
	

40	Deg	after	TDC	–	30	Deg	after	Injection	Initiation	
	

	
	

60	Deg	after	TDC	70	Deg	after	Injection	Initiation	
 

	 	
120	Deg	after	TDC	–	100	Deg	after	Injection	

	

	 	
170	Deg	after	TDC	–	150	deg	after	Injection	

	

	 	
270	Deg	after	TDC	–	250	deg	after	Injection End	of	the	injection	

Figure	6	Mixture	formation	investigation Droplets	distribution	and	lambda	during	injection 
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Conversely,	in	the	regions	near	the	injector	(or	in	the	spray	cone),	λ	is	about	0.5,	much	
richer.	In	addition,	the	spray	droplet	temperatures	are	about	295	K	near	the	nozzle,	and	it	
increases	up	to	about	370	K	to	be	vapored	and	make	a	homogenous	mixture.	At	the	End	of	
Injection	(EOI),	the	excess	air	to	fuel	mixture	(λ)	becomes	more	homogenous	but	not	fully	
homogenous.	The	average	spray	droplet	temperature	reached	about	360	K,	showing	that	
most	parcels	have	not	been	vaporized	at	this	CAD.	The	cooling-charge	effect	of	the	spray	is	
evident	at	this	CAD,	which	is	an	excellent	advantage	of	the	GDI	engines.	On	the	contrary,	
some	parcels	with	temperatures	of	about	380K	or	more	have	not	been	vaporized	and	stick	
to	 the	 cylinder	 wall	 and	 piston	 surfaces.	 They	 are	 the	 primary	 sources	 of	 Particulate	
Matter	 (PM),	 which	 is	 one	 of	 the	 main	 drawbacks	 of	 the	 GDI	 engines.	 Temperature	
distribution	 in	 the	 cross-section	 through	 the	 mid-plane	 of	 the	 spark	 plug	 is	 shown	 in	
Figure	 7	 Due	 to	 high	 tumble	 flow	 in	 the	 cylinder	 of	 GDI,	 the	 flame	 front	 moves	 to	 the	
exhaust	side	of	the	combustion	chamber.	The	maximum	temperature	is	2500	K.		
	

	 	
2	deg	BTDC	

	
TDC	

	

	 	
10	deg	ATDC	

	
20	deg	ATDC	

	

	 	
30	deg	ATDC	

	
40	deg	ATDC	

	

	
Figure	7	Temperature	distribution	in	the	cross-section	through	the	midplane	of	spark	plug 

	
Figure	 8	 describes	 the	 curves	 of	 the	 evaporated	 fuel	 mass	 over	 time.	 The	 mass	 of	

evaporated	 fuel	 during	 the	 sparking	 represented	no	 more	 than	 40%	 of	 the	 injected	 fuel	
mass	 for	 low	 engine	 temperatures.	 This	 evaporation	ratio	 increased	 up	 to	60%	 for	 high	
engine	temperatures.	It	can	be	expected	for	the	low	engine	temperature	that	a	part	of	the	
fuel	 would	 probably	 never	 evaporate	 even	 during	 the	 combustion,	 mainly	 due	 to	 wall-
wetting.	This	would	explain	why	the	injection	of	a	fuel	mass	more	than	the	stoichiometric	
one	is	required,	especially	under	these	conditions.	

Figures	9-11	depict	 the	wall	 film	 or	the	parcels	and	wall-wetting	effects	 from	the	SOI	
until	the	end	of	injection.	The	fuel	mass	on	the	piston	surface	during	the	injection	is	higher	
than	 on	 the	 liner	 surface.	 Thus,	 the	 piston	 surface	 affects	 the	 mixture	 preparation	 and	
emissions	 formation	(especially	PM). In	addition,	 the	piston	surface	can	be	optimized	 in	
the	 next	 studies	 to	 properly	 guide	 spray	 droplets	 near	 the	 spark	 plug	 and	 make	
appropriate	 mixture	 stratification	 to	 have	 better	 combustion	 from	 the	 standpoint	 of	
emission	and	fuel	economy. 
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Figure	8	Liquid	and	evaporated	fuel	versus	crank	angle	

	

	
Figure	9	Wall	film	mass	on	the	piston	and	liner	

	

	
Figure	10	Wall	film	mass	on	the	cylinder	head	
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Figure	11	Wall	film	mass	on	the	intake	and	exhaust	valves	

	
Figure	12	displays	air-fuel	distribution	at	ignition	time.	Due	to	this	graph,	50%	of	 the	

equivalence	ratio	is	between	1.1	to	1.2,	so	the	flame	is	stable	in	these	conditions.	
	

	
Figure	12	Air-fuel	distribution	at	ignition	time	

	
8-	Conclusions	
A	3D-CFD	model	was	developed	for	the	3-cylinder	GDI	engine	to	numerically	investigate	
the	spray	and	combustion	evolution	in	the	combustion	chamber	while	using	the	gasoline	
direct	 injection	 (GDI)	 strategy	 at	 the	 speed	 of	 5500	 rpm	 and	 wide-open	 throttle	
conditions.	The	main	results	are	as	follows:	

1)	 CFD	 results	 showed	 the	 lambda	distribution	 at	 the	 ignition	 timing.	Near	 the	 spray	
zones,	lambda	is	about	0.7,	but	in	some	regions	far	from	the	injector,	lambda	increased	up	
to	1.5,	which	are	the	zones	contributing	to	thermal	NOX	formation.		

2)	 The	 CFD	 results	 showed	 the	 mixture	 homogeneity	 needs	 to	 be	 improved	 at	 the	
operating	conditions	of	5500	rpm	and	wide-open	throttle.	

3)	 The	 piston	 surface	 had	 higher	 liquid	 wall	 films	 than	 the	 liner,	 which	 shows	 that	
optimizing	the	piston	profile	is	necessary	to	minimize	the	wall-wetting	effect.	
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  ها: کلیدواژه

  موتور بنزینی پاشش مستقیم 

  سوخت هافشان

  سازي مخلوطآماده

  سازي افشانه شبیه

سوخت و  همحاسباتی براي بررسی رفتار افشاندر این پژوهش، الگوي سه بعدي دینامیک سیالات   

براي اعتبارسنجی الگو،  شش سوراخ ایجاد شد. هاستوانه با استفاده از افشان سه احتراق در موتوري

گاز  هان خودرو (ایپکو) تحت شرایط دریچدرون استوانه در شرکت تحقیقات موتور ایر هفشار داد

ت آمده در الگوي دینامیک سیالا دست هاي به دادهدور در دقیقه انجام شد.  5500کاملاً باز و 

افشانه و فرآیند احتراق در داخل استوانه در طول تزریق سوخت  زریقسازي ت محاسباتی براي شبیه

درجه پس از تزریق نمایش داده شدند.  279تا  30گنجانده شد. دماي قطره و توزیع لامبدا طی 

. در نهایت مکث بالا در مقاله نشان داده شده است هدرجه بعد از نقط 40تا  2توزیع دما در طول 
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