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Abstract

Blow-down supercharging by pressure wave (BDSCpw) was studied as a potential
technique for boosting a homogeneous Charge Compression Ignition (HCCI) engine.
The four-cylinder model, first, was built in the one-dimensional engine software GT-
Power suite. Three different combustion models, namely Sl-combustion, HCCI-
combustion, and Stochastic Reactor Model (SRM) were investigated. The results show
that the SRM combustion model, LOGEsoft software, well described the combustion
event under the HCCI condition, which is highly dependent on the spatial distribution
of in-cylinder pressure and temperature. Three detailed reaction mechanisms, namely
LOGE, GT-Power, and SK171, of Primary Reference Fuel (PRF) were compared. The
duplicate reaction is a critical factor for predicting the combustion phasing as it affects
the formation rate of H202 an OH radicals, which control the auto-ignition event. The
HCCI engine model with developed combustion object (coupled model) has an ability

to predict the combustion process and engine’s performance.

The coupled model was used to study the performance of HCCI engine of BDCSpw.
Four different operation points running at 2000 rpm were studied by following the
models proposed in [1]. The results indicate that the combustion phasing of low load
operation is earlier than high load operation hence, controlling the ignition timing is
challenging. The engine model fuelled with RON65, compression ratio of 12, 2000rpm,
and intake air temperature 298K, can achieved the 8 bar IMEP with the maximum
pressure rise rate of 6.34 bar/deg. The emission levels of NOx, CO, and unburned fuel

are lower than from the convention Spark Ignition (Sl) engine.

For the BDSCpw technique, the amount of EGR re-introduced can be varied by
adjusting the valve lift and/or duration. However, it requires an attention as the in-
cylinder gases will flow out if the in-cylinder pressure is higher than the exhaust port
pressure hence, there is no benefit of the exhaust valve re-opening. The geometry of

the exhaust manifold also affects the wave dynamics in the exhaust manifold.

In conclusion, the BDSCpw technique can boost a HCCI engine without the need for
turbocharging. However, controlling the combustion is more complicated than
suggested in [1].



Acknowledgements

| would like to express my gratitude to Prof. Alex Taylor, my supervisor, and my
associate supervisor, Prof. Yannis Hardalupas for giving me an opportunity to work on

this project. Thank you for all the guidance and supports along the way.

| would also like to thank my supportive tutors, Nikita Christina and Vourliotakis
Georgios, for their help and suggestions on the project, especially on the engine and
combustion simulation.

Finally, I would like to show my appreciation to Pearce Daniel and the supporters
from Lund Combustion Engineering, Corinna Netzer, Christian Klauer, and Andrea

Matrisciano for their help on software technical and license issues.



Contents

ADSETACT ...t e e e e e ii
ACKNOWIEAGEIMENLS ... e e e e e e e e e e e e e e e e e ea e e e eeeeeeennne iii
(00011 (=] 01 S TP PP PPPPPPP v
IS A0 0 18 =P vii
LISt Of TADIES ... X
L. INEFOTAUCTION .ttt 1
I N o T o [ @4 =T o T [ SRR 1
L.1.1 OVEIVIEW..ciiiiiiiiiiieeeeeeeee ettt ettt ettt ettt e e e e e e e e e e e eeeeeees 1
1.1.2 Advantages and Challenges............ccvvviiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeee 2

1.2 LIEEIALUIE SUIVEY ... .o 4
1.2.1  POSSIDIE SOIULIONS ...t 5
1.2.2 Blow-Down Super-Charging by pressure wave (BDSCpW) .........ccccev...... 6
1.2.3 Detailed reaction MeChaniSM...........c..uviiiiiiieiiiiiiiiie e 10
1.2.4 Combustion characteristic of fUelS ............cccccriiiiiiiiii e 12
1.25 ENGINE MOEIIING ...uuiiiiieiiieeeee e 13

1.3 AIM aNd ODJECLIVES .....vveiiiiie et e e 17

IR 701 R N o PP 18
1.3.2  ODJECHVES ...ceiiiiiiiiiiiieeeeeeeeeee ettt 18

2. MEENOU ... 19
2.1 GTrPOWET ... 19
2.2 LOGESOT ..cociiiiiiiiiiieeeeeee 19
PR B OLo 18] o] | gV I ol 1 =] ¢ o] o KO PP 20
3. Building the engine model of BDSCpw technique ............coovvviiiiiiiiiiiiiiiiiiienennn. 22
G0 R =1 0T [ TS o1=Tod 0% 11 0] o H 22
3.2 TYPE OF fUBI .. e e 22

G TG T @ 1011 = (o) o I 0T | o | O PUPSN 23



4.

5.

7.

3.4 Exhaust manifold modifiCation...........coovieeee e, 23

Combustion objects for HCCI condition..............ccooiviieiiiiieiiiiiiiee e 32
4.1 Type of combUSHION ODJECIS......cccceiiieeicc e e 32
4.2  The result from RONOS5 fUEl .........oooiiiiiiiiiiiiiee e 33
4.3  The result from RONBS fUEI ..........uuiiiiiiiiiiiiiiiiiiii 35

4.3.1 In-cylinder pressure COMPAriSON ........coceeeieeeeieieeee e 37

4.3.2 In-cylinder temperature COMPAriSON .........cooeviiiiiiiiieeieeeeeee e 38

4.3.3 MFB and rate of heat release comparison............ccccoeeeeeeiiieiiiiee e, 39

4.3.4 NOX €miSSION COMPATISON ...ccceeiieeeieeeeeeee e 41

4.3.5 HC mass fraction COMPAriSON........cocoviiiiiiieeieeeeee e 42
4.4 Importance of the combustion ObJecCt............ccooviiiiiiiiii e, 44

Reaction MechaniSms COMPANISON ........iieeeeeiiiieiiiiiee e e e e e e e e e 45
5.1 Set of detailed reaction MEChANISMS.........ccceeeiiiiiiiiiiiiiiiee e 45
5.2 In-cylinder pressure and temperature COMpPAriSON ........cccceeeeeeveeeeviviiiieeeeeens. 45
5.3 MFB and Heat Release Rate COMPariSON ...........ccoovvvuvviiiiiieeeeeeeiiiiiiie e a7
5.4 NOX EMISSION COMPATISON .....uuuuiiiieeeeiiiieiiiiee e e e e e e e e e e e e e e e e e e 49
5.5 HC and HCO EMISSION COMPATISON .......ccvuuuiiiiieeeeeeeiiiiiee e e ee e 51
5.6 CO EMISSION COMPAIISON .....uutuuiiiiitirieniitiiitiieeiiiesiesseseeeessseeeeeeseseeseeeeeeeeeneene 53
5.7 Importance of the detailed reaction mechanisms...........cccccccevevevviiiiiineeeenn. 54

Four-cylinder coupled model ............oooviiiiiiiiiiiiiii 57
6.1 Combustion duration and phasing COmMpariSoN ............ccccccvvvvveiiiiiiiiieeeeeeeenen. 57
6.2 In-cylinder pressure and temperature COMPAriSON .........cccvvvvvveiiieeiieieeeeeeenen. 58

6.3 Indicated Specific Fuel Consumption (ISFC) and EGR Fraction comparison

................................................................................................... 59

6.4 EMISSIONS IEVEIS......cooiiiiiiiiiiiiii 59
6.5 Load and rate Of PreSSUIE MSE ........uuiiiiiiiiiie e 60
Varying amount Of EGR ......coooiiiiiiii e 64



8.
9.
10.

11.

7.1 Valve lift and tiMINgG .....oooooeiiieee e

7.2  Exhaust manifold gEOMELIES .......cooeeeeiiiiiecee e

Conclusion

Future work

R BT E N CES ... e e

APPENAICES ...

11,1 APPENAIX A

11.2  APPENdiX B .

11.3  APPENIX C oo

Vi



10. References

[1] Hatamura K. "A study on HCCI (homogeneous charge compression ignition)
gasoline engine supercharged by exhaust blow down pressure”. SAE
international journal of engines 2007(2007-01-1873): 1121-1132.

[2] Z P, YL, NB. "Theoretical and Experimental Studies of CAl combustion in four-
stroke gasoline engines". Available from:

http://www.brunel.ac.uk/cedps/mechanical-aerospace-civil-

engineering/mecheng/research/capf/cai [Accessed 9 July 2016].

[3] Yasar H, Soyhan H, Walmsley H, Head B, Sorusbay C. "Double-Wiebe function:
An approach for single-zone HCCI engine modeling". Applied Thermal
Engineering 2008;28(11): 1284-1290.

[4] Dec JE. "Advanced compression-ignition engines—understanding the in-cylinder

processes". Proceedings of the combustion institute 2009;32(2): 2727-2742.

[5] Eng J. "Characterization of pressure waves in HCCI combustion”. SAE
international journal of engines 2002(2002-01-2859): .

[6] Zhao H. "HCCI and CAI engines for the automotive industry". : CRC Press;
2007.

[7] Saxena S, Bedoya ID. "Fundamental phenomena affecting low temperature
combustion and HCCI engines, high load limits and strategies for extending
these limits". Progress in Energy and Combustion Science 2013;39(5): 457-488.

[8] McAllister S, Chen J, Fernandez-Pello AC. "Fundamentals of Comcustion

Processes". : Springer; 2011.

[9] Babajimopoulos A, Lavoie GA, Assanis DN. "Modeling HCCI combustion with
high levels of residual gas fraction-A comparison of two VVA strategies". SAE
international journal of engines 2003(2003-01-3220): .

71


http://www.brunel.ac.uk/cedps/mechanical-aerospace-civil-engineering/mecheng/research/capf/cai
http://www.brunel.ac.uk/cedps/mechanical-aerospace-civil-engineering/mecheng/research/capf/cai

[10] Chen G, lida N, Huang Z. "Numerical study of EGR effects on reducing the
pressure rise rate of HCCI engine combustion”. Frontiers of Energy and Power
Engineering in China 2010;4(3): 376-385.

[11] Alger T, Mangold B. "Dedicated EGR: a new concept in high efficiency engines".
SAE international journal of engines 2009;2(2009-01-0694): 620-631.

[12] Thirouard B, Cherel J, Knop V. "Investigation of mixture quality effect on CAl
combustion”. SAE international journal of engines 2005(2005-01-0141): .

[13] Kuboyama T, Moriyoshi Y, Hatamura K, Yamada T, Takanashi J. "An
Experimental Study of a Gasoline HCCI Engine Using the Blow-Down Super
Charge System". SAE international journal of engines 2009(2009-01-0496): .

[14] Kuboyama T, Moriyoshi Y, Hatamura K, Takanashi J, Urata Y, Yamada T. "A
Study of Newly Developed HCCI Engine With Wide Operating Range Equipped
With Blowdown Supercharging System". SAE International Journal of Engines
2011;5(2011-01-1766): 51-66.

[15] Gotoh S, Kuboyama T, Moriyoshi Y, Hatamura K, Yamada T, Takanashi J, et al.
"Evaluation of the performance of a boosted HCCI gasoline engine with
blowdown supercharge system". SAE International Journal of Engines
2013;6(2013-32-9172): 2171-2179.

[16] Yang Y, Dec JE, Dronniou N, Sjoberg M. "Tailoring HCCI heat-release rates with
partial fuel stratification: Comparison of two-stage and single-stage-ignition
fuels". Proceedings of the Combustion Institute 2011;33(2): 3047-3055.

[17] Egolfopoulos FN, Hansen N, Ju Y, Kohse-Hoéinghaus K, Law CK, Qi F.
"Advances and challenges in laminar flame experiments and implications for
combustion chemistry”. Progress in Energy and Combustion Science 2014;4336-
67.

[18] Curran HJ, Gaffuri P, Pitz WJ, Westbrook CK. "A comprehensive modeling study
of n-heptane oxidation". Combustion and Flame 1998;114(1): 149-177.

72



[19] Curran HJ, Gaffuri P, Pitz W, Westbrook C. "A comprehensive modeling study of
iso-octane oxidation". Combustion and Flame 2002;129(3): 253-280.

[20] Niemeyer KE. Skeletal mechanism generation for surrogate fuel. Master of

Science in Aerospace Engineering. Case Western Reserve university; 2010.

[21] Jia M, Xie M. "A chemical kinetics model of iso-octane oxidation for HCCI
engines". Fuel 2006;85(17): 2593-2604.

[22] Huang C, Lu X, Huang Z. "New reduced chemical mechanism for homogeneous
charge combustion ignition combustion investigation of primary reference fuels".
Energy & Fuels 2008;22(2): 935-944.

[23] Tsurushima T. "A new skeletal PRF kinetic model for HCCI combustion”.
Proceedings of the Combustion Institute 2009;32(2): 2835-2841.

[24] Luong MB, Luo Z, Lu T, Chung SH, Yoo CS. "Direct numerical simulations of the
ignition of lean primary reference fuel/air mixtures with temperature
inhomogeneities". Combustion and Flame 2013;160(10): 2038-2047.

[25] Patel A, Kong S, Reitz RD. "Development and validation of a reduced reaction
mechanism for HCCI engine simulation”. SAE international journal of engines
2004(2004-01-0558): .

[26] Andrae J, Johansson D, Bjornbom P, Risberg P, Kalghatgi G. "Co-oxidation in
the auto-ignition of primary reference fuels and n-heptane/toluene blends".
Combustion and Flame 2005;140(4): 267-286.

[27] Yao M, Zheng Z, Liu H. "Progress and recent trends in homogeneous charge
compression ignition (HCCI) engines". Progress in Energy and Combustion
Science 2009;35398-437.

[28] Sjoberg M, Dec JE. "Comparing late-cycle autoignition stability for single-and
two-stage ignition fuels in HCCI engines". Proceedings of the combustion
institute 2007;31(2): 2895-2902.

73



[29] Bhave A, Balthasar M, Kraft M, Mauss F. "Analysis of a natural gas fuelled
homogeneous charge compression ignition engine with exhaust gas recirculation
using a stochastic reactor model". International Journal of Engine Research
2004;5(1): 93-104.

[30] Yamasaki Y, lida N. "Numerical Analysis of Auto Ignition and Combustion of n-
Butane and Air Mixture in the Homogeneous Charge Compression Ignition
Engine by Using Elementary Reactions". SAE SP 2003(2003-01-1090): 239-250.

[31] Kusaka J, Yamamoto T, Daisho Y. "Simulating the homogeneous charge
compression ignition process using a detailed kinetic model for n-heptane
mixtures". International Journal of Engine Research 2000;1(3): 281-289.

[32] Easley WL, Agarwal A, Lavoie GA. "Modeling of HCCI combustion and
emissions using detailed chemistry”. SAE international journal of engines
2001(2001-01-1029): .

[33] Aceves SM, Flowers DL, Westbrook CK, Smith JR, Pitz W, Dibble R, et al. "A
multi-zone model for prediction of HCCI combustion and emissions”. SAE
international journal of engines 2000(2000-01-0327): 1-11.

[34] Babajimopoulos A, Assanis DN, Fiveland SB. "An approach for modeling the
effects of gas exchange processes on HCCI combustion and its application in
evaluating variable valve timing control strategies". SAE international journal of
engines 2002(2002-01-2829): .

[35] Najafabadi MI, Somers B, Nuraini AA. "Validation of a Reduced Chemical
Mechanism Coupled to CFD Model in a 2-Stroke HCCI Engine". SAE
international journal of engines 2015(2015-01-0392): .

[36] Narayanaswamy K, Rutland CJ. "Cycle simulation diesel HCCI modeling studies
and control". SAE international journal of engines 2004(2004-01-2997): .

[37] ANSYS Inc. ANSYS Fluent Theory Guide. ; 2013.

74



[38] Soyhan H, Yasar H, Walmsley H, Head B, Kalghatgi G, Sorusbay C. "Evaluation
of heat transfer correlations for HCCI engine modeling". Applied Thermal
Engineering 2009;29(2): 541-549.

[39] Gamma Technologies LLC. GT-POWER Engine Simulation Software. Available
from: https://www.gtisoft.com/wp-content/uploads/2015/01/Powerl.pdf.

[40] LUND COMBUSTION ENGINEERING. Available from: http://www.loge.se/.

[41] Tutorial for LOGESsoft software. Stochastic Engine Models. ; 2015.

[42] User's Manual for LOGEsoft software. Book 3 Engine Models. ; 2015.

75


https://www.gtisoft.com/wp-content/uploads/2015/01/Power1.pdf
http://www.loge.se/



