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Figure 1- Computational grid at TDC
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Figure 2- Effects of grid size on in-cylinder mean pressure and rate of heat release
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Table 1- Engine Specifications

Engine Type Heavy Duty Turbo-Charged Diesel Engine
Number of Cylinders 1
Bore (mm) x Stroke (mm) 137.16 x 165.1
Geometric compression ratio 16.1:1
Displacement VVolume (L) 2.44
Connecting rod Length (mm) 261.6
TDC Clearance gap (mm) 1.97
Engine Speed (rpm) 1208
Piston Shape Stock
Bowl Volume (cc) 110.8
Intake Valve Close time (CA) 143
Exhaust Valve Opening time (CA) 490
Intake Manifold Air Pressure (bar) 2.0
Intake Manifold Air Temperature (K) 313

CS g il ilolw Wladein - Jgus
Table 2- Fuel injection system specifications

Injector Holder Bosch CRIN 2

Nozzle Type Sac

Sac Volume (mm?3) 0.7
Number of Injector Holes 6

Spray Angle (Degree) 145

Nozzle Hole Diameter (mm) 0.25

Injection Pressure (bar) 755

Discharge Coefficient (-) 0.69

Hydraulic Flow

(cc per 30 sec @ 100 bar) 1000
Fuel Temperature (K) 341

Total Fuel per Cycle (mg) 172.2
Fuel Injection Timing (CA) 350
Fuel Injection Duration (CA) 16.8
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Figure 3- Fuel injection rate
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Table 3- Fuel specifications
Specific Gravity @ 15.5 C (-) 0.856
Viscosity @ 40 C (cSt) 2.71
Surface Tension @ 25 C 30
Lower Heating Value (MJ/Kg) 42.526
Cetane Number 46.1
HI/C ratio 1.74
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Figure 4- Validation of nean in-cylinder pressure and rate of heat release
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Table 4- Initial boundary conditions

In-Cylinder Temperature (K) @ 1VC 350
In-Cylinder Pressure (bar) @ IVC 2.0
Swirl ratio (-) @ IVC 0.7

Piston Top Temperature (K) 533
Cylinder Head Temperature (K) 513
Cylinder Wall Temperature (K) 423

Iy 9550 69,5, by b ouds (giludcd 9 oy Sl jo onls JSis ‘5L¢ao¢.:.3“>l’| Ol Hlee dslio & Jgoz
S S b anlie o pwwlio cBo b onds JoSis L;Lma;.{}ﬂ Ol &5 Consl (aseine Jgao Cledbl b aps oo jlid
[ro]esleas jlwas

Loy ¥T (g0us 9 2205 yolio —0 Jguzr
Table 5- Experimental and numerical values of emissions

Results (g/Kg. fuel) NOXx PM CcO UHC
Experimental 49.8 0.31 3.1 2.1
CFD Simulation 50.6 0.325 2.781 1.729
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Figure 5- Numerical study strategies [21]
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Table 6- Initial conditions for single and group hole nozzle

Specifications Single Hole Nozzle (SHN) Group Hole Nozzle (GHN)
Number of Nozzle Holes 6 12
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. . 1 2
computational domain
Injection Duration (CA) 16.8 CA
Nozzle Hole Diameter (mm) 0.25 [ 0.175
Injection Pressure (bar) 755
Fuel Spray Angle (Degree) 145
Divergence Angle (Degree) - [ 10
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Figure 6- Effects of study strategies on ignition delay (a) and combustion phase (b)
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Fig. 7 Effects of study strategies on fuel atomization characteristics
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Figure 8-Effects of study strategies on max heat release rate point (a) and combustion duration (b)
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Figure 9- Effects of study strategies on max in-cylinder pressure (a) and temperature (b)
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Figure 10- Effects of study strategies on ringing intensity (a) and max. pressure rise rate (b)
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Figurel1- Effects of study strategies on NOx (a) and PM pollutants (b)
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Figure 12- Effects of study strategies on CO (a) and UHC (b) pollutants
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Figure 13- Effects of study strategies on engine performance

g0 0 Slos gl p aalllao o paly ol sl VY S

YU F yo adais 5 8 S o a 50 Vo aygly 0 Cd g il b ol cvslice sy dw jo oad &) glo 5158 b

rhw § oS oo 5o (58,515 ab eIl avslie 4o Sl aglyam 0 Ve b (29,5 Fligw 0l 6,5 W g
sz ol lalan Sl () 505 54 ralns 51 ssipm insS o Gl ol g ol 4Byt pgise 8 Shae
sl o0ls ylii |y andllas ol 5o jeise o,Sdee 5 (FanVl oads agy cll> 5 4l Sl lo glawslie ¥

9590 8 y5dos 9 (Fa¥T e Cdlo 9 (53,5, arl Il (o duslio -V Jgux
Table 7- Comparison between Baseline and pollutants -performance optimum case

Case

NOx
(g/kg. fuel)

PM
(9/kg. fuel)

Cco
(g9/kg. fuel)

UHC
(g9/kg. fuel)

1P
(kw)

ISFC
(Kg/kwh)

ITE
(%)

RI
(MW/m2)

(Al



Bacsg's'e”e 50.6664 0.32501 1.7296 27813 24.4445 0.1737 48.6359 2.8296

Optimum case 48.6738 0.2876 0.9090 2.2832 24.56023 0.1729 48.8658 3.037
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NOx Nitrogen Oxides

PM Particulate Matter

Cco Carbon Monoxide

UHC Unburnt Hydro-Carbons

IP Indicated Power

ISFC Indicated Specific Fuel Consumption
ITE Indicated Thermal Efficiency
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SOl Start of Injection

CA Crank Angle

BTDC Before Top Dead Center

RI Ringing Intensity

‘5“0)-.&5 9 ’&»d 3y

SVEYAYY Slow o,leds 43 (o)) (63,29 -l ol & pam olKisls o sus plowl cidgh 7ok SO b Las o (s00e anlllas (]

10.

11.

12.

13.

14.

15.

&Ll

A. Yousefi, M. Birouk, and H. Guo. "An experimental and numerical study of the effect of diesel injection timing on natural
gas/diesel dual-fuel combustion at low load." Fuel, 203, 2017, pp. 642-657.

R. Payri, F.J. Salvador, J. De la Morena, and V. Pagano. "Experimental investigation of the effect of orifices inclination
angle in multihole diesel injector nozzles. Part 2—Spray characteristics." Fuel, 213, 2018, pp. 215-221.

W. Du, Q. Zhang, Z. Zhang, J. Lou, and W. Bao. "Effects of injection pressure on ignition and combustion characteristics
of impinging diesel spray.” Applied energy, 226, 2018, pp. 1163-1168.

M.K. Yesilyurt. "The effects of the fuel injection pressure on the performance and emission characteristics of a diesel
engine fuelled with waste cooking oil biodiesel-diesel blends." Renewable energy, 132, 2019, pp. 649-666.

B. Jafari, M. Pourfallah, S. Mirsalim, and D.D. Ganji. "The Effect of Different Injection Configuration on Combustion and
Emissions Formation in a Heavy Duty Diesel Engine." THE JOURNAL OF ENGINE RESEARCH, 16, 2009, pp. 43-51.
J.A. Soriano, C. Mata, O. Armas, and C. Avila. "A zero-dimensional model to simulate injection rate from first generation
common rail diesel injectors under thermodynamic diagnosis." Energy, 158, 2018, pp. 845-858.

J. Hu, C. Yao, P. Geng, J. Feng, M. Liu, Z. Li, and H. Wang. "Effects of pilot injection strategy of diesel fuel on combustion
characteristics in a premixed methanol-air mixture atmosphere in a CVCC." Fuel, 234, 2018, pp. 1132-1143.

R. Mobasheri, and M. Seddig, "Applying the Homogeneity Factor to Evaluate the Effects of Pilot Injection Characteristics
on Air-Fuel Mixing Quality and Engine Performance in a Turbo-Charged High Speed Direct Injection (HSDI) Diesel
Engine." Fuel and Combustion, 10, 2017, pp. 53-71.

K. Mathivanan, J. M. Mallikarjuna, and A. Ramesh. "Influence of multiple fuel injection strategies on performance and
combustion characteristics of a diesel fuelled HCCI engine—An experimental investigation." Experimental Thermal and
Fluid Science, 77, 2016, pp. 337-346.

T. He, Z. Chen, L. Zhu, and Q. Zhang. "The influence of alcohol additives and EGR on the combustion and emission
characteristics of diesel engine under high-load condition." Applied Thermal Engineering, 140, 2018, pp. 363-372.

C.D. Rakopoulos, D.C. Rakopoulos, G.C. Mavropoulos, and G.M. Kosmadakis. "Investigating the EGR rate and
temperature impact on diesel engine combustion and emissions under various injection timings and loads by comprehensive
two-zone modeling." Energy, 157, 2018, pp. 990-1014.

D. Han, J. Zhai, Y. Duan, C. Wang, and Z. Huang. "Nozzle effects on the injection characteristics of diesel and gasoline
blends on a common rail system." Energy, 153, 2018, pp. 223-230.

J. Gao, S. Moon, Y. Zhang, K. Nishida, and Y. Matsumoto. "Flame structure of wall-impinging diesel fuel sprays injected
by group-hole nozzles." Combustion and Flame, 156, 2009, pp. 1263-1277.

M. Jia, M. Xie, T. Wang, and Z. Peng. "The effect of injection timing and intake valve close timing on performance and
emissions of diesel PCCI engine with a full engine cycle CFD simulation." Applied Energy, 88, 2011, pp. 2967-2975.

E.S. Guerry, M.S. Raihan, K.K. Srinivasan, S.R. Krishnan, and A. Sohail. "Injection timing effects on partially premixed
diesel-methane dual fuel low temperature combustion." Applied energy, 162, 2016, pp. 99-113.

\Al



16

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.

37
38

. J. Benajes, S. Molina, A. Garcia, and J. Monsalve-Serrano. "Effects of direct injection timing and blending ratio on RCCI
combustion with different low reactivity fuels.” Energy Conversion and Management, 99, 2015, pp. 193-209.

J. Li, W.M. Yang, H. An, and D. Zhao. "Effects of fuel ratio and injection timing on gasoline/biodiesel fueled RCCI
engine: A modeling study.” Applied Energy, 155, 2015, pp. 59-67.

J.B. Heywood, Internal combustion engine fundamentals, New York, McGraw Hill, 1988.

H. Hiroyasu, and A. Masataka. "Structures of fuel sprays in diesel engines." SAE transactions, 99, 1990, pp. 1050-1061.

G.L. Borman, and K.W. Ragland, Combustion engineering, New York, McGraw-Hill, 1998.

J. Gao, S.W. Park, Y. Wang, R.D. Reitz, S. Moon, and K. Nishida. "Simulation and analysis of group-hole nozzle sprays
using a gas jet superposition model.” Fuel, 89, 2010, pp. 3758-3772.

S. Park, R.D. Reitz, and J. Kim. "Combustion and emission characteristics of converging group-hole nozzle under lean
engine operating conditions." Fuel, 90, 2011, pp. 3259-3267.

S.W. Park, and R.D. Reitz. "Optimization of fuel/air mixture formation for stoichiometric diesel combustion using a 2-
spray-angle group-hole nozzle." Fuel, 88, 2009, pp. 843-852.

K.J. Richards, P.K. Senecal, and E. Pomraning. "CONVERGE v2. 3 Manual." Convergent Science, Inc., Madison,
WI 2016.

A. Patel, S. Kong, and R.D. Reitz. "Development and Validation of a Reduced Reaction Mechanism for HCCI Engine
Simulations," SAE Technical Paper 2004-01-0558, 2004, https://doi.org/10.4271/2004-01-0558.

H. Wang, R.D. Reitz, M. Yao, B. Yang, Q. Jiao, and L. Qiu. "Development of an n-heptane-n-butanol-PAH mechanism
and its application for combustion and soot prediction.” Combustion and Flame, 160, 2013, pp. 504-519.

S.L. Kokjohn, and R.D. Reitz. "Reactivity controlled compression ignition and conventional diesel combustion: a
comparison of methods to meet light-duty NOx and fuel economy targets.” International Journal of Engine Research, 14,
2013, pp. 452-468.

M. Raju, M. Wang, M. Dai, W. Piggott, and D. Flowers. "Acceleration of Detailed Chemical Kinetics Using Multi-zone
Modeling for CFD in Internal Combustion Engine Simulations," SAE Technical Paper 2012-01-0135,
2012, https://doi.org/10.4271/2012-01-0135.

V. Yakhot, S. A. Orszag, S. Thangam, T.B. Gatski, and C.G. Speziale. "Development of turbulence models for shear flows
by a double expansion technique.” Physics of Fluids A: Fluid Dynamics, 4, 1992, pp. 1510-1520.

S.P. Lin, and Z. W. Lian. "Mechanisms of the breakup of liquid jets." AIAA Journal, 28, 1990, pp. 120-126.

A.A. Amsden, J.P. Orourke, and T.D. Butler. "KIVA-2: A computer program for chemically reactive flows with
sprays.” NASA STl/recon technical report, N 89, 1989.

D.P. Schmidt, and C.J. Rutland. "A new droplet collision algorithm". Journal of Computational Physics, 164, 2000, pp.62-
80.

J.D. Naber, and R.D. Reitz. "Modeling engine spray/wall impingement" SAE transactions, 97, 1988, pp. 118-140.

A. Manuel, D. Gonzalez, G. Borman, and R.D. Reitz. "A Study of Diesel Cold Starting using both Cycle Analysis and
Multidimensional Calculations," SAE Technical Paper 910180, 1991, https://doi.org/10.4271/910180.

M.J. Tess, L. Chang-Wook, and R.D. Reitz. "Diesel engine size scaling at medium load without EGR." SAE International
Journal of Engines, 4, 2011, pp. 1993-2009.

R.M. Hanson, S.L. Kokjohn, D.A. Splitter, and R.D. Reitz. "An experimental investigation of fuel reactivity controlled
PCCI combustion in a heavy-duty engine." SAE international journal of engines, 3, 2010, pp. 700-716.
. AH. Lefebvre, and G.M. Vincent, Atomization and sprays, New York, CRC press, 2017.
. J.I. Ramos, Internal combustion engine modeling, New York, Hemisphere Publishing Corporation, 1989.

English Abstract

Numerical Study of the Effects of Injection Timing and Using Group-Hole

Nozzle for Fuel Injection in a Compression Ignition Engine

Mohammad Javad Noroozi'*, Mahdi Seddig?, Hessamedin Habibi?

1- Department of Mechanical Engineering, Ayatollah Ozma Borujerdi University, Borujerd, Iran, m.j.noroozi@abru.ac.ir
2- Department of Mechanical Engineering, Ayatollah Ozma Borujerdi University, Borujerd, Iran, Mahdi.Seddig@abru.ac.ir
3- Department of Mechanical Engineering, Tabriz University, Tabriz, Iran, Hesamedinhabibi95@ms.tabrizu.ac.ir
*Corresponding author
(Received: 2018.09.7, Received in revised form: 2018.10.26, Accepted: 2018.11.23)

In this numerical study, the effects of diesel direct injection timing and using a group-hole nozzle with 10
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degrees as divergence angle on combustion and fuel atomization characteristics, pollutant emissions, and
performance in a heavy duty diesel engine have been investigated. Regarding compression ignition combustion
simulation, a chemical kinetic mechanism consists of 61 species, and 296 reactions have been used. Results
showed that with a decrease in ignition delay duration, most of the fuel burnt in diffusive mode, combustion
process weakened, PM increased, and engine performance deteriorated. Also, by retarding the diesel injection
timing simultaneous with an increase in in-cylinder pressure and temperature, relative span factor has been
decreased. With the reduction of fuel spray width, diesel fuel droplets sprayed in a narrower region, and due to
the high density of the spray region, more fuel droplets collide. In the following because of the increase in
coagulation volume, PM increased. Furthermore, using group-hole nozzle strategy can improve fuel oxidation
process but results in more UHC emission compared with the baseline case which must be considered as a
disadvantage of using group hole nozzle concept.

Keywords: Combustion simulation, Injection timing, Group-hole nozzle, Engine performance, Pollutants
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