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Abstract

This research studied abnormalcombustion in a diesel dual fuel (DDF) engine that uses natural gas
and diesel as fuels. The standard engine was tested at injection timing of 18 BTDC with engine load
of 5.13 kWand engine speed at2,000 RPM; and. In addition the single cylinder diesel engine was
modified to be able to adjust injection timing and amount. The modified engine was tested at
injection timing of 20, 30 and 45 BTDC with engine load of 3.18 kW andengine speeds of 1500,

1800 and 2000 rpm . The ratio of natural gas and diesel was in the range of 70% up to 88%.

It was found that heat release rateof normal combustion in DDF engine can be separated into two
phases, i.e. first combustion phase, which is the combustion of air-natural gas mixture and diesel,
and second combustion phase, which is the combustionof residual natural gas. For knocking
combustion condition, there is only first phase combustion, but heat release is quite high about 2-4
times and at before TDC.In addition atnear knock conditions, there are two phases combustion as
same as the normal combustion, but the peak of heat release rate is higher about twice times at few

crank angles after TDC.

Keywords: Abnormal combustion/ Dual fuel/ Engine knocking/ Ignition delay.
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3.6Experimental conditions for Diesel and DDF operating under normal combustion process:

Details of specific heat ratio

4.1 Details of mass flow rate and the energy component of Diesel and DDFengine speed

2000 RPM, Torque = 24.5 Nm, Power = 5.13 kW

4.2 Details of exhaust temperature and COV,
2000 RPM, Torque = 24.5 Nm, Power = 5.13 kW

4.3Maximum cylinder pressure of Diesel and DDF (Unit :bar)

4.4 Start of combustion at different testing conditions

4.5 Ignition delay at different testing conditions52

4.6 IMEP of diesel and DDF for normal combustion

4.7 COV of IMEP of diesel and DDF for normal combustion54

4.8 Details of mass flow rate and the energy rate of Diesel and DDFat engine speed
1500 RPM and engine power 3.18 kW

4.9 Details of mass flow rate and the energy rate of Diesel and DDFat engine speed

1800 RPM and engine power 3.18 kW

avep) for different values of Z at engine speed
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4.10Details of mass flow rate and the energy rate of Diesel and DDFat engine speed
2000 RPM and engine power 3.18 kW

4.11 Thermal efficiency of normal combustion at testing condition

4.12 Percent of first stage Combustion phase Diesel and DDF engine operating normal
combustion

4.13Effect near knock of DDF engine operating under normal combustion process:
Heat release rate and percent premixed combustion phase

4.14Comparison between average and maximum IMEP for abnormal combustion

4.15 Abnormal Combustion of COV of IMEP at Z>88%74
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2.1The four-stroke operating cycle [3] 4
2.20perating cycle under conventionalDiesel deal fuel mode [4] 5
2.3 Cylinder pressure versus crank angle traces of cycles with (a) normal combustion,(b)light 7
knock, and (c) heavy knock. 4000 rev/min, wideopen throttle, 381 cm3displacement
single-cylinder engine. [3]
2.4 The microphones on the caterpillar 3401 [6] 8
2.5 Sensor B output [6] 8
2.6Cylinder pressure versus crank angle traces of cycles with SI knock detonation may also 9

occur after maximum pressure and CI knock detonation at very start of combustion
process[4]
2.7 A trend comparison between the Diesel knock level quantification techniques and the total 10
AE energy (RMS) values from the engine block [7]
2.8 Effect of methane and oxygen concentration on ignition delay [9] 11
2.9(a) Pressure-crank angle diagram ofknock DDF operation. (b) Heat released diagram of 13
DDF fuel operation. (Engine speed 3000 RPM; engine torque output 9.65 Nm.) [11]
2.10PREMIER combustion Concept [12] 14

2.11DI engine heat release rate diagram identifying different diesel combustion phase [3] 16

[
2.12 Cylinder Pressure p, rate of Fuel injection My , and net hfheat release rate Q | calculate 16

frompressure for small DI diesel engine, 1000RPM, normal injection timing,

bmep=0.62Mpa [3]

3.1Adjust injection timing system 19
3.2Adjust injection timing 20
3.3ECU injection gas system 20
3.4 Eddy current dynamometer and dynamometer control desk 21

3.5 Schematic diagram of the experimental setup 22
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3.6 Digital weight scale for diesel

3.7 Fuel flow sensor and digital flow meter

3.8 Amplifier for load cell and balance beam

3.9 Calibration load cell

3.10 Valve control CNG gas

3.11 CNG gas flow meter

3.12 Intake and exhaust pressure

3.13 Thermocouple lubricant temperature

3.14 Strain gauge for intake and exhaust valve and Bridge amplifier

3.15 Exhaust and Intake Valve curve Conventional valve timing

3.16 Lamina air flow

3.17 Pressure transducer Kistler 6061B and charge amplifier

3.18 Needle lift sensor and Bridge amplifier

3.19 Crank angle encoder

3.20 Pressure data acquisition AVL 619 Indimeter

3.21 Show graph of cylinder pressure with crank angle operating under no fire
Engine speed at450RPM.

3.22Data acquisition NI cDAQ-9172

3.23Flow chart diagram

3.24Computer for data acquisition using Labviewprograming

3.25 Specific heat ratio calculation from log (P) and log (V) in thecompression stroke

3.26 Specific heat ratio calculation from log (P) and log (V) in the Expansion stroke

3.27 Comparison between filter and unfiltered cylinder pressure and pressure rise rate with
crankangle

3.28 Start of injection comparison between needle lift and second derivative needle lift

3.29 Shown start of combustion and end of combustion
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3.30 Shown period for specific heat ratio calculation

3.31 Comparison between maximum first stage (A) and second stage (B) : Pressure rise rate;
Heat

4.1 Comparison between Diesel and DDF engine operating under normal combustion process:
Thermal efficiency at engine speed 2000 RPM, Torque = 24.5 Nm, Power = 5.13 kW

4.2 Comparison between Diesel and DDF engine operating under normal combustion process:
Variation power of pressure, pressure rise rate and heatrelease rate with crank angle at
enginespeed 2000 RPM, Torque = 24.5 Nm, Power = 5.13 kW

4.3Comparison between Diesel and DDF engine operating under abnormal combustion
process: Variation power of pressure, pressure rise rate and heat release rate with crank
angle at engine speed 2000 RPM, Torque = 24.5 Nm, Power = 5.13 kW.

4.4 Comparison between IMEP for diesel, normal and abnormal DDF operation.

4.5 Comparison between Start of Combustion of Diesel and DDF engine operating normal
combustion at engine speed 1500,1800 and 2000RPM

4.6Comparisonbetween ignition delay for normal combustion

4.7Comparison IMEP of diesel and DDF for normal combustion

4.8 ComparisonP-V Diagrams at Z = 70% and engine speed 1800 RPM

4.9Comparison COV of IMEP of diesel and DDF for normal combustion.

4.10 Comparison between Diesel and DDF engine operating under normal combustion process:

Thermal efficiency at engine speed 1500 RPM, Power 3.18 kW.

4.11 Comparison between Diesel and DDF engine operating under normal combustion process:

Thermal efficiency at engine speed 1800 RPM, Power 3.18 kW.

4.12 Comparison between Diesel and DDF engine operating under normal combustion process:

Thermal efficiency at engine speed 2000 RPM, Power = 3.18 kW.

4.13 Comparison between Diesel and DDF engine operating under normal combustion process:

Thermal efficiency.

40

41

44

45

48

49

51

52

53

54

55

56

57

58

59



22

51 Wi

U

4.14 Comparison between Diesel and DDF operating under normal combustion Process: 60

Variationof pressure; heat release rate with crank angle engine speed 1500RPM

and 2000RPM

4.15 Comparison between cylinder pressure and mixing ratio for Diesel and DDF at Start 61
ofinjection 20 BTDC

4.16 Comparison between Diesel and DDF, start of injection at 20 BTDC engine operating 62

Undernormal combustion Process: Variation of pressure; heat release rate with crank

Angle engine speed1500RPM, 1800RPM and 2000RPM.

4.17 Comparison between cylinder pressure and engine speed for Diesel and DDF at start of 63
injection20 BTDC
4.18 Comparison cylinder pressure between and start of injection of Diesel and DDF 64

at 45 BTDCengine operating under normal combustion Process: Variation of pressure;
heat release rate with crank angle engine speed 1500RPM, 1800RPM and 2000RPM

4.19 Comparison between Diesel and DDF, start of injection at 20 BTDC engine operating 65
under normal combustion Process: Variation of pressure; heat release rate with crankand
engine speed 1500RPM and 2000RPM

4.20 Comparison between cylinder pressure and start of injection for Diesel and DDF 66
at engine speed 1500RPM

4.21 Typical DDF engine heat release rate diagram identifying different DDF combustion phase 67

4.22 Comparison percent of Premixed Combustion phase Diesel and DDF engine operating 68
normal combustion at engine speed 1500,1800 and 2000RPM

4.23 Comparison between Diesel and DDF engine operating under normal combustion 69
process: Variation of maximum heat release rate with crank angle at 20 BTDC to

45 BTDC; power Output 3.8kW engine speed1 SO0RPM, 1800RPM and 2000RPM
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4.24 Comparison between Diesel and DDF engine operating under normal combustion and
near knock Process: Variation of pressure; pressure rise rate; heat release rate and
cumulative heat release with crank angle at engine speed 1500 and 2000 RPM

4.25 Comparison maximum cylinder pressure between Z=70% and DDF Z > 88%
at engine speed1500 RPM and start of injection 30 BTDC

4.26 Comparison heat release rate between Z=70% and Z > 88% at engine speed1500 RPM
and start of injection 30 BTDC

4.27 Comparison between IMEP of abnormal combustion.

4.28 Comparison between abnormal Combustion of COV of IMEP at Z>88%

4.29 Comparison between Diesel and DDF engine operating under normal combustion and
knock Process: Variation of pressure; pressure rise rate; heat release rate and cumulative
heat release with crank angle engine speed at1500 RPM

4.30 Comparison between Diesel and DDF engine operating under normal combustion and
knock Process: Variation of pressure; pressure rise rate; heat release rate and cumulative
heat release with crank angle at engine speed 1500 RPM

4.31 Comparison between Diesel and DDF engine operating under normal combustion and
knock Process: Variation of pressure; pressure rise rate; heat release rate and cumulative

heat release with crank angle at engine speed 1800 RPM

4.32 Comparison between Diesel and DDF engine operating under normal combustion and
knock Process: Variation of pressure; pressure rise rate; heat release rate and cumulative
heat release with crank angle at engine speed 1800 RPM

4.33 Comparison between Diesel and DDF engine operating under normal combustion and
knock Process: Variation of pressure; pressure rise rate; heat release rate and cumulative

heat release with crank angle at start of injection 30 and 45 BTDC
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4.34 Comparison between Diesel and DDF engine operating under normal combustion and
knockProcess: Variation of pressure; pressure rise rate; heat release rate and cumulative
heat release with crank angle at engine speed 2000 RPM

4.35 Comparison between Diesel and DDF engine operating under normal combustion and

knock Process: Variation of maximum pressure rise rate with crank angle

4.36 Comparison between Diesel and DDF engine operating under normal combustion and
knock Process: Variation of maximum heat release rate with crank angle

.1 Start of Combustion and End of Combustion

9.2 Amplitude Knock Sensor engine speed 1800 RPM 45 BTDC

9.3 Amplitude Knock Sensor engine speed 2000 RPM 45 BTDC

9.4 Amplitude Knock Sensor engine speed 2000 RPM 30 BTDC

9.5 Period of Fast Fourier Transform calculate

9U.6FFT analysis knock sensor signal: Knocking combustion, and stronger oscillations were

detectedat 6 kHz to 8 kHz during knocking combustion.
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§ﬂﬁ 2.7 A trend comparison between the diesel knock level quantification techniques and the total

AE energy (RMS) values from the engine block [7]
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gﬂﬁ 2.9 (a) Pressure-crank angle diagram ofknock DDF operation. (b)Heat released diagram of

DDF fuel operation. (Engine speed 3000 RPM; engine torque output 9.65 Nm.) [11]
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gﬂﬁ 3.5 Schematic diagram of the experimental setup
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1 Weight - kg
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4 Bridge amplifier for loadcell 0-10 \Y
5 Digital weight scale for diesel 0-3000 g
6 Gas flow meter 4.0-20 mA
7 Injection gas ECU 12 v
8 Trigger sensor for ECU gas 5 v
9 Gas injector 12 A%
10 Eddy current dynamometer 0-15 kW
11 Crank angle encoder 5 v
12 Diesel injector with needle lift sensor 0-10 \%
13 Bridge amplifier for needle lift sensor 0-10 \Y%
14 Pressure transducer Kistler 6061B 0-250 bar
15 Charge amplifier 0-10 \Y
16 Pressure data acquisition AVL 619 Indimeter - -
17 Computer for data acquisition AVL 691 Indimeter - -
18 Thermocouple exhaust gas temperature 0-1000 0C
19 Thermocouple air temperature 0-100 OC
20 Thermocouple water temperature 0-100 ‘c
21 Thermocouple lubricant temperature 0-100 OC
22 Data acquisition No.4,6,10,18-21 - NA
23 Computer for data acquisition - NA
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25 Diesel tank 3 kg
26 Fuel flow 0-100 g/s
27 Digital flow meter - -
28 Intake pressure 20 9420 kpa
29 Exhaust pressure 0-35 kpa
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gﬂﬁ 3.10 Valve control CNG gas
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gﬂﬁ 3.21 Show graph of cylinder pressure with crank angle operating under no fire Engine speed at
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13199 3.6 Experimentalconditions for Diesel and DDF operating under normal combustion process:
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gﬂﬁ 4.1 Comparison between Diesel and DDF engine operating under normalcombustion process:

Thermal efficiency at engine speed 2000 RPM, Torque = 24.5 Nm, Power = 5.13 kW
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gﬂﬁ 4.2 Comparison between Diesel and DDF engine operating under normalcombustion process:
Variation power of pressure, pressure rise rate and heatrelease rate with crank angle at engine

speed 2000 RPM, Torque = 24.5 Nm, Power = 5.13 kW

a q Y A ¢ BI&' a A
4.2.2 ﬂ1‘§'J!ﬂ3131"iﬂ]i!Nﬂ‘ViN“llE)\‘i!ﬂiﬂﬁﬂuﬂm‘lﬂ‘ﬂmwaﬁﬂ!"ﬂﬁ!!ag DDF

[y . A I = Y
mmﬂumﬂ‘lunix‘uang‘u(Cylmder Pressure) 319142 (a) JumsnfSeunesuanuaunely

j‘ a 1 1 U 1 4
ﬂizuaﬂqmmwmwmawauax DDF meaams@mmﬁwaqamw DDF Lﬁ’f)xill"li]"lﬂﬂﬁig]ﬂi’ﬂﬂ"lﬁ

9 ~ ] = o Y @ 1 ~ o o Y a @ R
!,GU'IU]JJLWEN’E]EJ'NL@EI'J1/]'lﬁlﬁﬂﬂ'lllﬂuqx‘lll'1ﬂﬂ'31ﬂ?iﬂﬂﬂ1ﬂﬂuq@ﬂ11ﬁ@mﬂ{]ﬂ%ﬂﬂﬂ1§’f]ﬂt;Nﬂ'J']L‘]JuWﬁ3ﬂ

Q

mﬂé”m”ldmmm%’auﬁi’uwwmmmmﬁuazﬁ”wmmmﬁ AIUAAIMTAIUIUN 3 VBINIANUIN N

¥
WU ﬂ1?]@]ﬁi1ﬂ@]i?ﬁ")ﬂﬂ’ﬂh%ﬂuﬁinw1$3~lWﬁ@]@ﬂ’ﬂi]ﬂu%’NﬂWif]@ mi%m%mmamamﬂﬂﬁ’m



46

v a o o 9.9 L A o myr o qY N
w1 vl quvginazanuauge mldnssameveusomasiildaeildyaszidald las

Q

Ay A A 1 o Y Yy 9 9/311 = ya E)
ﬂaﬁiJ']ﬂ‘!L“If’é]LWﬁ\‘]‘ﬂiJ']ﬂﬁ\‘lNﬁ“l/lﬂ‘l’islf'Nﬂ'JHJa'lslﬂell’é]\iﬂ'ﬁLWWul‘?mﬁutmgllﬂWﬂW']ll‘HiJ‘I/]?’L!UJQTJN“I/NGD"J\?
B Y Y a 1 4 I 1 A A g o Y o o o
Fuaumae lndinaneugudmeunuaziilugreignguiaonduriildanuauge 1150 DDF

g}/ [ a a [ |o 4 A o a
LR ﬂﬂ“l/l\?’éﬂﬂ']ﬁllagﬂ']cli‘ﬁ'iﬁJ‘]ﬂ@]ﬁﬂwaiﬁlﬂmﬂﬂu‘ﬁ'}\iﬂ'ﬁ@ﬂﬁ'] LﬁﬂlWﬁJﬂT“ﬁ‘ﬁﬁiﬁJ%Wﬁﬂaﬁqﬂﬂﬂﬂ

U

dgl a v 2o a ~ I 9 ~ A S 1w 1 Y
VU qmwgn%’nmi@ﬂﬂm1amazﬂ5mmmmmcﬁaﬂaﬂmmﬂ ﬂﬂ?igﬂlﬂﬂlﬂiﬂﬂﬂu@wnﬂua'ﬂWai‘ﬂ

] g’/ { [+ a 4 o ]
Araszimeandlu 18 smnalSnatranilosuazMasssuaa lununenmea i liseni

Y 9 9 R Yo ' J o Y [ Yo
awwmmimw"lwut’nwumuﬂmmTwuﬂﬂaﬂummﬁuﬂmﬂuu m“lwmmﬂummmm'lﬁum

1A A A o a 49! U 9y v o A a A Y
NIANALYA LlI@L‘WlIﬂW‘ﬁf‘ﬁﬁiiJ%WﬁN'lﬂ"lJ‘Lli]gﬁﬂWﬁiﬂﬂ’ﬂllﬂuﬁWﬁQ Naﬂﬁ]ﬂigﬁﬂ‘ﬁﬂTWﬂ'l'iLW'lvl'ﬂiJﬂlclfﬁ

@An71 DDF

U { Y] o [ 4 P 1

onnmatasunasnnuaunalunszuengu(Pressure Rise Rate)d1%5UIAT090UANAIYAN I

o ya ] < 1 Y v ~ Y]

gas M lnilisamnuazanuaunelunszuengungs dwwalioasiman)deuntasnnuauga
° o A A o A g ' Yo ) o =

A1) 11150 DDF illamiumassssumamn 11unn aawaldonsimsenndanas sasimsilasunlas

o o = 1 %) a 1o { Y
ﬂ'31llﬂuﬂ181uﬂigﬂﬁlﬂq1_lﬁ1@13J1Ji$ﬂi“ﬂ1ﬁﬂﬂﬂ1‘ﬂf‘ﬁiih"]ﬂ@] Lmﬂ@]i1ﬂ1§ﬂ1ﬂﬂaEJ‘L!!L‘]JaQﬂ'NlJﬂ‘Ll

9
v v A =

' Y ' 4 A o a
ﬂ’]ﬂﬂluﬂﬁzﬂﬂﬂq‘llﬂqu@ﬂﬁ\ﬂ%ﬂ\‘]%’]ﬂﬂ’]ﬁlﬂ’]q‘ﬁﬁ} ﬂﬂuuﬂl"b’aﬂla’ﬂﬂﬂﬂﬂﬁ’] DDF lﬁﬂleJﬂ’]“]f‘ﬁﬁﬁN%Wﬂ

W lan@esannamn lvilanas

v (Y] A~ I = o

onsimsdanilassnainunnudou (Heat Release Rate)31/7 4.2 (b) WumsilSeumeuvesons
1 o 9 A S 9}49’ a A T o 1

fﬂi‘ﬂﬁﬂ‘ﬂﬁ@fJWﬁ\i\‘nuﬂ’JﬁJii’J‘LlGUf’NLﬂi@ﬂﬂu@]ﬂi%%’@mﬁﬁm%ﬁLLZ’1$ DDF wuMoasimsiantlase

Y
WauANNSouVBIAITAgNNI NI 1ZgNg AR INMAIAIoAeIMA TR ouIWIRARAToINE I I

v [
a2 =

a v 9 Y1 oA yd X a ' - = o 1
Lﬂﬂﬂ’JHJEHGD'TGUi’NﬂﬁLNWllﬁiJﬂ@uVIL llﬂWSLWTHlWNVILGD'@LWﬁQS%‘H’JN@WﬂTﬁLLﬁgﬂL%a NNTUNUNOU

[

9y Y v A . . 1o A Y =) dy a 1R A Y
LLﬁ’JLW1VI,1/i§J UN ‘L!Gl,ﬂ (Premixed Combustion Phase) memmﬂmm%mwmagmumimﬂwu

1 % 1 o g a { )
ao lauiBangadauadumn Indizemasiimioay (Mixing — Controlled Combustion Phase) L9

'
o A

~ o s 9 &‘ a 1 9 1 Y= [ A
Qg‘ﬂ‘ﬂ 2.11 1S UIATOUAN HIFOINGY DDF wmmmm‘lﬁmmmwmmwauammgﬂm 4.2(b)

(%

J A A 4 Y 2] a g Y 4] ay v A A
NA1INDd Lﬂi’fNEIHGIE]@’E]'lﬂ'lﬁWiE]llﬂ']“]f‘ﬁiillGIﬂﬁlla'J ﬂi“l’i’f]']ﬂ1ﬁl,m$ﬂ']%‘ﬁiill%ﬂﬁif]uﬂu‘ﬁ')ﬂﬂﬂ@

A o = U

j’ a 1= ~ 9 9 = <A 9 o = 1 dy I~ [
LYDINDN Lmaﬂﬂ?mmwuﬂmmmqﬂm ﬂLillLN"Illﬁll 1!1/]1/]1!1@5]\‘11 gNFIIUIUY UBINULTAVUBINTTIAN

4 3 d ' 1 3
137 ( First Stage Combustion Phase) to¥29usnvesmswn Insiaduilusrsnassveanswn Tnshilu

%

[ A = = 1A 9 &‘ a o a Y a A A (=] 9
PINN ’Jﬂﬂﬁﬂﬂﬂﬂlmuﬂ"ﬁm"ﬂlﬁﬂ FIDLWANNIETITUFIALUASDINIATINIALTaNVIaooglanlioy (

9
Y [

Y
Second Stage Combustion Phase) 9u¥gamsir il aniusasimsiaaassnasnuanudonaueg



47

@ Yy 1 Yy o q Y1 A Y 1
ﬂ‘]ﬁf’NL!iﬂ"’U@QﬂﬁLW'lvlﬂllﬂ1‘113%!,5ﬂGU’ENﬂTﬂF\Hll‘HNUQEW]ﬂW‘H’NVIﬁENGUENﬂTﬂNWll‘ﬂlliJﬂnl'lﬂ

Y3 9

Tunassnudnudanwsnvesmsw Indun saeiaesvesmamn ludndesaiu 1137 4.2 b) ¢
1 =Y = = =\ Y dy a ] o Y o 1 [
1 Z = 70% USunadmalisuniimsw Tnifiremasswsnun ldoamslaatdesndsanu
J R 1 § J o o 1 o a J
ANMUTOUFIND Z=82% uar1amsw Indaaideauinnal mInnanmsaina1ndnhunimsizims
A 4 A A o 1 [ Y 1 ] ~ 3 Y
w IngdlunSessud DDF Belinonsimistantasendsaiuanudousiusnuin svidentios

ATl

ya a .
4.2.3 mﬁmﬂvmwwﬂnﬂ (Abnormal Combustion)
d' aldla a d‘ A =Y [ Qd’ 1 1 a @
gﬂ‘ﬂ 4.3 (a) Llﬁﬂ\‘lﬂ1iLN'l]1°H3J‘1/]Wﬂﬂﬂ@]LN@LWN‘]Ji?J'IﬂJﬂ']%‘ﬁﬁﬁSHﬂGW]ﬂ'I Z 41N 88%LNANINNAU
"o W [ Y] Y a [ 4 o 1 A 9 [
ﬂ'lﬁ]cluﬂig°L|E]ﬂ’q‘]JGluLm’Jai]ﬂihlllL‘V]1ﬂulmg!,W'lhlﬂllLﬂﬂ“HENf[‘L!EJG]'IEJ“]Ju@]'lLLWuﬂLﬁiJ@]uﬂTHN'lulﬂllwliJ
1 A [ =~ Y o J v 1 9 ¥ o
UHUDU ’Vii@ll'l\nai]ﬂiMﬂWiLWWUlWIIWaﬂfjfuﬂiﬂ'lﬂﬂulﬂﬂ”] ngiﬂﬂ’JQi]ﬂilliJllﬂ'liLN'lllWiJi'JlWN@@ﬁ'l
d' % 1 1 d' U 1 (%3
ﬂmﬂaﬂuuﬂaqmm@uﬂwiumzuanqu”lmmuau 51N 43 () naavasINslanasenasau
9 J YA a a J . 9 v @
ﬂ’NiJi’OuW'LI'J'Iﬂ'IiLN'l]lVTNﬁWW]Jﬂ@]ﬁﬁ'ﬂﬁl’ﬂ\i Second stagecombustion 198 UNIHINIBDAITING
1 [ Y 1A [ 3’/ ya a A d’dy a =1
ﬂamJa’aﬂwawmﬂ’nmeumﬂmmma ﬂﬁuuﬂWiLW'l]lﬂllWﬂﬂﬂ@]ﬂ]@\‘ﬂﬂﬁ'ﬁ]\?ﬂu@]L‘]fﬂLWﬁﬁﬁ'JiJllﬂ'lﬁLW'l
9 1 . . 1 a @ [ 9 Il
Vl’ﬁll“]f’NFlrSt Stagecombustion N1NNI 95% LLﬁ$Lﬂﬂﬂ'l§LL‘]JiW‘L!GllENﬂ'J'l‘JJﬂui]'lﬂﬂ'li!N1ulWlJLLa$UliJ

2 9 4
’ﬁnﬂiﬂﬂ')‘]Jﬂuﬂﬁﬁ1ﬂ1ilihﬁuﬂ15lw1qﬂmﬂ



48

120

)
S

— Z=0 (Diesel)
100 E —— Cycle 2 (DDF)

——— Cycle 9 (DDF)

—— Cycle 37 (DDF)

—— AVG 100 Cycle (DDF)

1
=
o

5
Pressure Rise Rate (bar/Degree)

80

Cylinder Pressur (bar)

o

-10 0 10 20 30 40 50
Crank Angle (Degree. ATDC)

(a) Cylinder pressure and pressure rise rate.

200
— = Z=0 (Diesel)
g —— Cycle 2 (DDF)
=4 150 —— Cycle 9 (DDF)
o} —— Cycle 37 (DDF)
% —— AVG 100 Cycle (DDF)
2
o 0F
<
@
©
& sof
Q
[}
o
o
© v
S o
I
50 1 1 1 1 1 1
-10 0 10 20 30 40 50

Crank Anale (Dearee. ATDC)

(b) Heat release rate.

gﬂﬁ 4.3 Comparison between Diesel and DDF engine operating under abnormalcombustion process:
Variation power of pressure, pressure rise rate and heat release rate with crank angle at engine

speed 2000 RPM, Torque = 24.5 Nm, Power = 5.13 kW.
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M15199 4.2 Details of exhaust temperature and COV,yepy for different values of Z at enginespeed

2000 RPM, Torque = 24.5 Nm, Power = 5.13 kW

Conditions Exhaust Temperature ( 0C) Intake Temperature ( 0C) COV nep) (%)
Diesel 333.2 38.8 2.8
7Z=T70% 341.3 40.5 2.1
7=82% 354.0 40.7 2.2
7=88% 368.2 41.4 2.4

7=92% (Abnormal) 312.5 41.4 64.0
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M135199 4.3 Maximum cylinder pressure of Diesel and DDF (Unit :bar)

1500 RPM 1800 RPM 2000 RPM
SOl
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45BTDC | 1150 112.7 109.7 110.6 109.2 105.2 108.8 104.8 97.5
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M13197 4.4 Start of combustion at different testing conditions

SOC Diesel (Degree) SOC Z=70% (Degree) SOC Z=82% (Degree)
>l 1500 RPM[ 1800 RPM|2000 RPM| 1500 RPM| 1800 RPM|2000 RPM| 1500 RPM]| 1800 RPM|2000 RPM
20 BTDC -1.5 -0.5 1.1 -1.6 1.0 43 -0.8 2.7 5.7
30 BTDC -7.1 -6.4 -4.1 -6.8 -4.8 -1.7 -6.1 -34 -0.1
45 BTDC -124 -10.7 -10.1 -12.3 -93 -9.1 -10.2 -94 -7.8
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gﬂﬁ 4.5 Comparison between Start of Combustion of Diesel and DDF engine operating normal

combustion at engine speed 1500,1800 and 2000RPM
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3197 4.5 Ignition delay at different testing conditions

Ignition delay Diesel (Crank angle) Ignition delay Z=70% (Crank angle) | Ignition delay Z=82% (Crank angle)
>l 1500 RPM | 1800 RPM | 2000 RPM | 1500 RPM | 1800 RPM | 2000 RPM | 1500 RPM ([ 1800 RPM | 2000 RPM
20 BTDC 18.5 19.5 21.1 18.4 21.0 243 19.2 22.7 25.7
30 BTDC 229 23.6 259 232 25.2 283 239 26.6 299
45 BTDC 32.6 343 349 32.7 35.7 359 348 35.6 372
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3 U 4.6 Comparisonbetween ignition delay for normal combustion

a 4 [} a a H 1 y [ [ a {
M53A31EHANNANY T ANTHAIRAEUT M1 nanuaumslunszuenguAT IR TS
~ A A v o I o [ o %’ ~
nasunlasnielunszuengy Tasfanazigins Wudmwoiu 50 Iansuazig aumInagoun
4‘ = w 9 o 1 dl [ dl =} U a a d' 1 dy
Roulu@ernu ud A mas aauaaIns e 4.6 malSeumeunnuaulssansHamasuy
1 4' 9 a 1 1] 1 = d‘
youuaazou lylunsnaaey voamsw Indinanudieglugie 83 991269 bar Nn15zv09

A s A A 9w Y a
INTVYUADYN 3.18 kW "U@Qnﬂuf’)uulsllﬂ]ﬁ'ﬂﬂﬁ@llﬁ']ﬁjllﬂ]ﬁLNT"lwiJﬂﬂﬁ



53

135199 4.6 IMEP of diesel and DDF for normal combustion

IMEP (bar)

Diesel Z=170% 7=82%

Speed
1500 RPM | 1800 RPM | 2000 RPM | 1500 RPM | 1800 RPM | 2000 RPM | 1500 RPM | 1800 RPM | 2000 RPM

20 BTDC 11.14 9.78 9.3 11.14 10.15 10.74 10.47 9.68 10.31
30 BTDC 11.86 10.91 11.27 11.84 10.54 12.69 11.47 10.6 12.68
45 BTDC 10.43 10.52 9.32 11.06 10.46 83 10.5 10.23 8.96
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3 U 4.7 Comparison IMEP of diesel and DDF for normal combustion
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gﬂﬁ 4.8 ComparisonP-V Diagrams at Z = 70% and engine speed 1800 RPM
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13199 4.7 COV of IMEP of diesel and DDF for normal combustion

COV of IMEP (%)
Diesel 7=70% 7=82%
Speed
1500 RPM| 1800 RPM {2000 RPM]|1500 RPM| 1800 RPM [2000 RPM|1500 RPM| 1800 RPM |2000 RPM
20 BTDC 343 3.01 291 2.51 2.23 2.19 2.50 2.56 2.26
30 BTDC 445 3.81 3.59 2.7 2.86 2.64 2.57 248 2.35
45 BTDC 6.52 4.85 440 5.00 5.28 4.08 451 398 422
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3 U 4.9 Comparison COV of IMEP of diesel and DDF for normal combustion.
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19199 4.8 Details of mass flow rate and the energy rate of Diesel and DDFat engine speed

1500 RPMand engine power 3.18 kW.

Engine Speed 1500 RPM
Mass flow rate Energy
Condition Total rate (kW) | Energy NG(%) | Thermal Efficiency (%)
NG(kg/hr) | Diesel(kg/hr) | NG(kW) [ Diesel(kW)
Diesel 0.00 1.16 0.00 13.69 13.69 0.0 2322
20BTDC| Z=70% 1.72 0.73 18.65 8.59 2724 68.5 11.67
7=82% 1.56 0.34 16.90 4.03 20.93 80.7 15.19
Diesel 0.00 1.14 0.00 13.46 13.46 0.0 23.63
30 BTDC Z=70% 1.61 0.69 17.46 8.10 25.55 68.3 12.44
7=82% 1.45 0.32 15.69 3.75 19.44 80.7 1635
Diesel 0.00 1.63 0.00 19.24 19.24 0.0 16.53
45BTDC|  Z=70% 1.78 0.77 19.30 9.05 2835 68.1 11.22
7Z=82% 1.61 0.35 17.49 4.18 21.67 80.7 14.67
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gﬂﬁ 4.10 Comparison between Diesel and DDF engine operating under normal combustion process:

Thermal efficiency at engine speed 1500 RPM, Power 3.18 kW.
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19199 4.9 Details of mass flow rate and the energy rate of Diesel and DDFat engine speed

1800 RPMand engine power 3.18 kW.

Engine Speed 1800 RPM

Mass flow rate Energy
Condition Total rate (kW) | Energy NG(%) | Thermal Efficiency (%)
NG(kg/hr) | Diesel(kg/hr) | NG(kW) | Diesel(kW)
Diesel 0.00 1.13 0.00 13.34 1334 0.0 23.84
20 BTDC Z=70% 1.16 0.50 12.58 5.90 18.48 68.1 17.21
7=82% 1.10 0.24 11.93 2.83 14.76 80.8 21.54
Diesel 0.00 1.07 0.00 12.67 12.67 0.0 25.11
30 BTDC Z=70% 1.75 0.75 18.98 8.85 27.83 68.2 1143
7Z=82% 1.65 0.36 17.89 4.25 22.14 80.8 1436
Diesel 0.00 1.25 0.00 14.76 14.76 0.0 21.55
45 BTDC Z=70% 1.27 0.54 13.77 6.38 20.15 68.4 15.78
7=82% 1.11 0.24 12.04 2.83 14.87 80.9 21.39
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gﬂﬁ 4.11 Comparison between Diesel and DDF engine operating under normal combustion process:

Thermal efficiency at engine speed 1800 RPM, Power 3.18 kW.
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15199 4.10 Details of mass flow rate and the energy rate of Diesel and DDFat engine speed

2000 RPMand engine power 3.18 kW

Engine Speed 2000 RPM
Mass flow rate Energy
Condition Totalrate (kW) | Energy NG(%) | Thermal Efficiency (%)
NG(kg/hr) | Diesel(kg/hr) | NG(kW) [ Diesel(kW)
Diesel 0.00 1.09 0.00 12.87 12.87 0.0 24.71
20 BTDC 7=70% 1.22 0.52 13.23 6.14 19.37 68.3 16.42
7=82% 1.17 0.25 12.69 2.95 15.64 81.1 20.33
Diesel 0.00 1.06 0.00 12.54 12.54 0.0 25.36
30 BTDC 7=70% 1.69 0.72 1833 8.50 26.83 683 11.85
7Z=82% 1.62 0.35 17.54 4.13 21.67 80.9 14.68
Diesel 0.00 1.11 0.00 13.10 13.10 0.0 2427
45 BTDC Z=70% 1.25 0.53 13.55 6.26 19.81 68.4 16.05
7=82% 1.17 0.25 12.69 295 15.64 81.1 20.33
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gﬂﬁ 4.12 Comparison between Diesel and DDF engine operating under normal combustion process:

Thermal efficiency at engine speed 2000 RPM, Power = 3.18 kW.
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M13197 4.11 Thermal efficiency of normal combustion at testing condition

Thermal Efficiency (%)
Diesel 7=70% 7=82%
Speed
1500 RPM]| 1800 RPM([2000 RPM]| 1500 RPM| 1800 RPM[2000 RPM|1500 RPM|1800 RPM|2000 RPM
20 BTDC 23.22 23.84 2471236 11.67 17.21 16.42 15.19 21.54 20.33
30 BTDC 23.63 25.11 25.36 12.44 1143 11.85 11.35 14.36 14.68
45 BTDC 16.53 21.55 2427 11.22 15.78 16.05 14.67 21.39 20.33
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gﬂﬁ 4.13 Comparison between Diesel and DDF engine operating under normal combustion process:

Thermal efficiency.
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(b) Cylinder pressure and heat release rate

3 U 4.14 Comparison between Diesel and DDF operating under normal combustion Process:Variation

ofpressure; heat release rate with crank angle engine speed 1500RPM and2000RPM
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g‘ljﬁ 4.15 Comparison between cylinder pressure and mixing ratio for Diesel and DDF at Start of

injection20 BTDC
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gﬂﬁ 4.16 Comparison between Diesel and DDF, start of injection at 20 BTDC engine operatingUnder
normal combustion Process: Variation of pressure; heat release rate with crank Angleengine

speed1500RPM, 1800RPM and 2000RPM.
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g‘ﬂﬁ 4.17 Comparison between cylinder pressure and engine speed for Diesel and DDF at start of

injection20 BTDC
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3 U 4.18 Comparison cylinder pressure between and start of injection of Diesel and DDF at45 BTDC
engine operating under normal combustion Process: Variation of pressure; heat releaserate

with crank angle engine speed 1500RPM, 1800RPM and 2000RPM
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gﬂﬁ 4.19 Comparison between Diesel and DDF, start of injection at 20 BTDC engine operatingunder
normal combustion Process: Variation of pressure; heat release rate with crankand engine

speed 1500RPM and 2000RPM
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gﬂﬁ 4.20 Comparison between cylinder pressure and start of injection for Diesel and DDF at engine
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15199 4.12 Percent of first stage Combustion phase Diesel and DDF engine operating normal

combustion
First Stage Combustion Phase (%)
Diesel 7=70% 7=82%
SOI
1500RPM | 1800RPM [2000RPM | 1500RPM | 1800RPM [2000RPM | 1500RPM | 1800RPM [ 2000RPM
20 BTDC 31.0 39.0 35.0 35.0 32.0 34.0 30.0 28.0 31.0
30 BTDC 34.0 53.0 60.0 42.0 45.0 52.0 33.0 35.0 43.0
45 BTDC 52.0 72.0 79.0 91.0 81.0 57.0 72.0 48.0 41.0
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gﬂﬁ 4.22 Comparison percent of Premixed Combustion phase Diesel and DDF engine operating

normal combustion at engine speed 1500,1800 and 2000RPM



69

Y] J Y] % o L} Y d'
4.3.7 66151mi‘lJaﬂ‘1Jaﬂﬂwmemﬂ31maugaqw‘lumamuwwwmmﬂmwa
d‘ o w 1 [ 9 d' o 1 9 d' d’
weihoasmslanassndsnuanuieugegandumisosmyumaidomiosueslon lun1s
Y H | 1
NAFOUNIAALas DDF 1A1U52501 1500 D9 2000 50UAUIN HOHIANUFUNUEWUNEITNS
A a A o ' ™ 9 ~ 9 A & A
MNBIAINITRABININ 8aT 1M anlasendIIuANNToUNDIAYINAITOIHIBINNINAIN 1D

= v

a A 9 = = v 2 a X a A
MYUNUBIAINITRAN 20 DIAIUDIYUINANUBDLINIYY u,ﬁﬂﬂugﬂm 423 UUDIAINITRALBDLNAINND
v o v 1 [ { $ { 1 o 1
nuoasImsaatassndinuanudougegaiyumaideanioaaszi 20 03N UgUIAIBDUND I
Y ' o a o o A o Y
sasinsdasatdsendiniuanudougegamnanagudaiou uazlinsmun z 1nsild oas

Vasaildsendanuanuiougegaarin lon

100

20 BTDC
30 BTDC
45 BTDC
Diesel

Z=70%
Z=82%

@
o
T

D
o
T

Max Heat release rate (J/Degree)
8
T

N
o
T

0 1 1 1 1 1
-15 -10 -5 0 5 10 15

Crank Angle (Degree)

gﬂﬁ 4.23 Comparison between Diesel and DDF engine operating under normal combustion process:
Variation of maximum heat release rate with crank angle at20 BTDC to 45 BTDC; power

Output3.8kW engine speed1 S00RPM, 1800RPM and 2000RPM

a ¢ a
4.4 WamMAATYIMsEN lndlnamsnatien(Near Knock)

I 1 A A A 1 t4 1 A 1 < ] A A Jd o
Auy19aNN0IAINITNAN 20 DIRNDUFUIMIUUAT Z INNNINATT 88% (TUAINATOIBUANIIY
aA <3 1 4 A o 1 a < 4 J {
UnananuiEIse 1500 Tlauda 2000 seuasuiteu lundslinansiienveuniessud 1ngili
4.24napamanfssumeuanuaumelunszuenguuazeanmanlasuulasanudumelunszuen
1 <3 = [ ' [ 9 1 v
FUYBIAAZANNIGTITOVHI BasIMsdantlasendsnuanuieuaznuanmslanassndeau
9 ~ I~ 1 A a = [ = A v
ANVTOUNANNIGITOV 1500 F0uA0UIN umafFeumeunuaauas DDF 1 Z=82% LageI9
Y a a 1 @ FY 1 1 a d
Indmsination(Near Knock) WUNANUAUNMSTUATZUBNTUVDIALEA AINAIBAINBUNTINATDN

y o v U @ 1 4 T 1 a d 1
inag 2=82% Lﬁ’f)l!"lﬂ"lﬁ"l@@]i"lﬂ”liﬂﬁﬂﬂai’)EJﬂTJ”IiJ@H@]@Z@JLWﬁ”I“]T@LWEJENW‘]J’NGB’Nﬂ@l‘lﬂﬁlﬂﬂuaﬂﬁjﬂ"l



70

v
gasimsdantasendsnunnudeuninnnawanen2 miaanazin1sw 1nine First  Stage

Y < Y % 2 o
CombustionPhaset!a Second Stage Combustion Phase 11/8A211I5950UIATOIWUAGIVY 6ATINT
' o y < X o ' o ) a o 7
Yaatlasendsnuanuioungavuuazdnsinmstlanilassnainuanuseugegamnanaiguinisny

1 A 9 9 = 1 o = o o
nazruTudums ludeghn -1 esnneugudarsunllind 44 esmvdsguidmonuuay

s3 < A X o o {
1o IFUAVYD First Stage Combustiont NNAUANANUITITOUAIAAIIUATIT19N 4.13
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Heat release rate and percent premixed combustion phase

Engine Speed 1500RPM | 1800RPM| 2000RPM
Maximume Heat release Rate (J/Degree) 87.6 102.5 123.8
Maximume Heat Release Rate with Carnk Angle (Degree) 3.6 5.1 8.8
Start of combustion with Crank Angle (Degree) -1 1.2 4.4
Percent Premixed Combustion Phase (%) 25.7 36.0 44.2
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gﬂﬁ 4.24 Comparison between Diesel and DDF engine operating under normal combustionand near
knock Process: Variation of pressure; pressure rise rate; heat release rate and cumulative heat

release with crank angle at engine speed 1500 and 2000 RPM
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gﬂﬁ 4.25 Comparison maximum cylinder pressure between Z=70% and DDF Z >88% at engine

speed1500 RPM and start of injection 30 BTDC
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M5ai 4.14 Comparison between average and maximum IMEP for abnormal combustion

IMEP (bar)
Speed 1500 RPM | 1800 RPM | 2000 RPM
Average 19.25 19.22 18.26
20BTDC(Near knock)

Max 21.58 22.73 21.97
Average 18.74 20.15 19.38

30BTDC (Knock)
Max 22.98 23.47 21.45
Average 17.76 16.28 17.13

45BTDC (Knock)
Max 20.18 21.99 22.48
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gﬂﬁ 4.27 Comparison between IMEP of abnormal combustion.
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135199 4.15 Abnormal Combustion of COV of IMEP at Z>88%

Abnormal combustion of COV of IMEP (%) and Z >88%
Condition | 1500 RPM 1800 RPM | 2000 RPM
20BTDC 25.84 34.50 30.40
30BTDC 32.70 41.21 37.60
45BTDC 40.10 37.53 36.42
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Process: Variation of pressure; pressure rise rate; heat release rate and cumulative heat

release with crank angle engine speed at1500 RPM



76

~ 9 a ~ ~ = =1 [ a d A A
5UN4.30 uaasmsw ldn@vesdiaaiesrminisia 20 BTDC Wsunumsimnation Nideu lunis
~ I ' A A @ A A oA A
NAFOUNANIGITOU 1500 F0UADUIN UMTUSUBIAINITRAT 20 3008245 BTDC WUIBIBINY
v v Y Y H
23MN13RAN 45 BTDC anuaumelunszuenguiiugainsmnionsimsnasuuasanudunay
I [ @ )] S A g LY 1 1Y 9
pa1msdanilassndsnuanuieuliannuunvuuazeninslaallassndsnuanuisugaga
=1 o 9 ~ A = Y o 1 a 4 A 4
eunvosrmaItemIsadisigaazimsen ludneugudmenuuaznunmsination luns oaoud
A R . X A 2 A A A A A <
DDF 1im3tm1 115%29 First stage combustion INNUYUINBUNITINUDIAINITRAALEALUASAIULITITOU
A PR A A A = o A A 9 9 A & A
AT 0IIUATINIDUHANTANHINANTENVVDIA M TNNeIVDIN Tt THTTuDUATBI8UA DDF 110
v 1] Y
INNDIANATRAALYANLIN First stage combustion INYUNINNI 95%ua311 1515w 1113929 Second

stage combustionffad [5]

50
150 —— Diesel
—— Knock20BTDC | ] 40 —~
- —— Knock30BTDC 3
100 —— Knock45 BTDC 5
’g @
& =0 &
©
L 50k <}
2 I 2
o I ~ 1 ©
a oF I ! 1\ 24
5 Vg )
(3] =
kS SR <
=~ -1
S s0fF I\ { TEE 10 g
° / A AN g
bl NP NN 1o &
100 | =\ N -
~ et
-150 1 1 1 1 1 10
20 10 0 10 20 30 40
300 800
—— Diesel
—— Knock20BTDC -
—— Knock30BTDC -
250 - ]
g —— Knock45 BTDC / —— P a
2 3
38 20f 3
= ©
@ o
E -
@ 150 F 3
@ T
Q
o 2
[} -
& 100 k|
g 5
£ [8)
50
0

-20

Crank Agle (Degree)

3 U 4.30 Comparison between Diesel and DDF engine operating under normal combustion andknock
Process: Variation of pressure; pressure rise rate; heat release rate and cumulative heatrelease

with crank angle at engine speed 1500 RPM



77

A A A 3 ' = ' a A s

31J‘Vl4.31Llﬁﬂ\ilx‘]@uhl"’l]ﬂ151/]ﬂﬁ@ﬂ1/]ﬂ]'lll!i?]§’0ﬂ 1800 F9UMDUINNUIINITINAUDNUDIUATOIIUA
A A Y s A a d ' Y o s

;uuimm maumsmﬂwuﬂ@ug{uﬂmﬂuu 71 30BTDC ﬂ15lﬂﬂuﬁlﬂ‘]ﬂ\‘]ﬂTiLNWlIWEJWﬁQﬁUfJGHEJUu

I a ] I a a 1 A A A o 1 4
L‘]Juﬂﬁl,ﬂﬂ‘lmﬂlIMEHLLiQNTﬂHJ‘L!ﬂﬁlﬂﬂu@ﬂ%]ﬂ@jﬂ’gﬂm@uaﬂm’E]LTIEJ?Jﬂ‘U 45 9IMNDUFUIMNIVU

30BTDC 45BTDC

50

—— Diesel
— Z=82% 4 40
—— Knock

150 -

Pressure Rise Rate (bar/Degree)

Cylinder Pressure (bar)

Cylinder Pressure (bar)
Pressure Rise Rate (bar/Degree)

Heat Release Rate (J/Degree)

Cumulative Heat Release (J)
Heat Release Rate (J/Degree)
Cumulative Heat Release (J)

0
-20 0 20 40 60 80 100 120 -20

20 40 60 80 100 120

Crank Angle (Degree) Crank Angle (Degree)

(a) Start of injection at 30 BTDC(b) Start of injection at 45 BTDC

3 U 4.31 Comparison between Diesel and DDF engine operating under normal combustionand knock
Process: Variation of pressure; pressure rise rate; heat release rate and cumulative heat release

with crank angle at engine speed 1800 RPM

A Y a = A = = @ a g A A
g‘ﬂ‘i’l 4.32LLﬁ'ﬂQﬂ1§LN”IUlWlIﬂﬂ@]ﬂlﬂ\im"b’aﬂﬂ\‘]ﬁWﬂﬁﬂﬂ 20 BTDC MguUnNuUNITINAUDN mmu"lmmi
~ < ] = = ) a A A A
NATOUNANNIGZITOU 1800 50UADUIN LaziNMIUSTUoIrmINITRAN 20 3088245 BTDC WU UNBDINY
v ] Y v H
’é]\?ﬁWﬂﬁaﬂ‘ﬁ 45 BTDC ﬂ3mﬂumaiumzumqmwugﬁmmmammmﬂaﬂuuﬂmﬂmmuuaz
(Y] 1 [ 9 = | A ds! [ 1 [ 9
@ﬁi1ﬂ1iﬂﬁﬂﬂaf]EIWﬁ\1\‘]TLJﬂ’3111if]u1Jﬂ1LW1I1]1ﬂ"lJLll,l,ﬂ8f]G]51ﬂ15ﬂﬂﬂﬂﬁﬁ)ﬂWﬂQﬂuﬂ’NNiﬂu’QMjW
[ { a0 1 4 A A 1 a
L‘ﬁEI‘Uﬂ’Uf]Q?’ﬂLWﬁWj}f]l“ﬁ%ﬁlﬂ1I‘f’ﬂ’(,;(\1Lla$1’:]fﬂil,f/ﬂ1ﬂﬂﬂ@uﬁuﬂﬁ18ﬂuﬂn1mm$ﬂ 30 BTDC WUI1N15INA

< T A A 9y o J
uf]ﬂ”l,ll?ul,l,i\ul]ﬂiJﬂWiLNWUIWiJWﬁQﬁHEJGHEIUH



78

1800 RPM

200 60

—— Diesel
—— Knock20BTDC

150

P S— —— Knock30BTDC
s —— Knock45 BTDC )
S 100 40 9O
g 2
0 Q
= 50 =
2 I &
<} I PY
["% =
5 3 | ! 120 &
2 h | /\ 5
£ \ 1y —_—— 2
> I - o
O SOF / \ I/'\\ °
e/ \,z?‘\ \\ 2
100F - - -dq0 ¢
~ < —— T a
N S gm -
-150 1 1 1 1 1
-20 10 0 10 20 30 40
300 800
Crank Agle (Degree) 4
- -
I~ P -
- - - 1
250 / S T
—— -~
- 600
/ -7
200 f / Pad
S — Diesel
7 —— Knock20BTDC
150 ¢ / —— Knock30BTDC 400

—— Knock45 BTDC

100

Cumulative Heat Release (J)

200

50

-20 -10 0 10 20 30 40

Crank Agle (Degree)

3 U 4.32 Comparison between Diesel and DDF engine operating under normal combustionand knock
Process: Variation of pressure; pressure rise rate; heat release rate and cumulative heat release

with crank angle at engine speed 1800 RPM

I

{ 4 4 o 1 ~ a A
Eﬂﬁ 4.33 L!ﬁﬂ\‘lﬁﬂul’lﬂlﬂ'ﬁﬂﬂﬁﬂﬂLﬂ%@ﬂﬂu@ﬂﬁﬂ??uﬁ?i@ﬂzooo FOUADUIN BIAINITRAN 30LLaT45
R U 1% 1 a a <3 ' o -/
BTDC Wﬂj1ﬂfjﬁﬂ1iﬂﬁ@ﬂﬁf]EJWﬁ\1\1'I‘L!ﬂ'ﬂ3J%@uﬁﬂWgQN?ﬂllﬁ%ﬂ’limﬂu@ﬂﬂ?ulliﬂl%ulaﬂﬁﬂu ANUU
< & 7t o a g A& A < A s X a
ﬂ')'llllﬁ")i@ﬂﬂlf]\‘]lﬂi@\?ﬂu@lMWﬁI@ﬂ@li\‘]ﬂ'ﬂﬂﬁilﬂﬂu@ﬂLN@LWNﬂUWNLiUi@ULﬂi@Qﬂu@]q@ﬂlUﬂ'ﬁlﬂﬂ

]
UBNNITTULI



79

30BTDC 45BTDC

—— Diesel
— Z=82% 4 40
—— Knock

Cylinder Pressure (bar)
Pressure Rise Rate (bar/Degree)
Cylinder Pressure (bar)
Pressure Rise Rate (bar/Degree)

250

Cumulative Heat Release (J)
Heat Release Rate (J/Degree)
Cumulative Heat Release (J)
Heat Release Rate (J/Degree)

Crank Angle (Degree) Crank Angle (Degree)

(a) Start of injection at 30 BTDC (b) Start of injection at 45 BTDC

3 U 4.33 Comparison between Diesel and DDF engine operating under normal combustionand knock
Process: Variation of pressure; pressure rise rate; heat release rate and cumulative heat

releasewith crank angle at start of injection 30 and 45 BTDC

~ 9 a =) ~ =) =~ @ a 4 A A

gﬂ‘ﬂ 4.34LL’(3fﬂ\‘1fﬂiWﬂul‘ﬂllﬂﬂ@lﬂlﬂ\iﬂlcﬁﬁﬂﬂ\‘lﬁWﬂWiﬂﬂ 20 BTDC MgununIstnauan Vllﬁf)ullﬂlﬂ1i
! < 1 = a o { 1 4 A
%ﬂﬁﬂﬂﬁﬂ??ﬂli’)‘ifl‘ﬂ 2000 52UADUIN Llﬁ%uﬂWiﬂiU@ﬂﬁ1ﬂ1iaﬂﬁ 2030tag45 BTDC wmnﬁmwu
v ] Y 9 H

NAINITRAN 45 BTDC mmﬂum&fluﬂizmﬂqumugﬁumumammmﬂaﬂuuﬂmmmwuuaz
[ 1 [ 9 = | A ds@’ [ 1 [ 9
@Gl‘ﬂfﬂ‘iﬂaﬂﬂﬁ’E]fJ‘Wﬁ\1\1TLJﬂ’JHJiE]‘L!3Jﬂ1L‘Wll3J1ﬂ"ll‘L!l,l,a8E]G]i1ﬂ1iﬂaﬂﬂaﬂﬂwa\i\ﬂuﬂ’ﬂﬂi?ﬂuq\itjﬂ
=} @ Y A a = 91 4 A <3 =\
L‘VIEJ‘]Jﬂ‘iJﬂ\‘]ﬁWLWﬁﬁli’Jm’JﬂQNﬂiq\mﬁ$3Jﬂ1§LW1llﬁ3Jﬂ@uﬂufJ@ﬂfJ‘iJ‘L!VI?JTﬂ!LﬁZﬂ’JTJJLi’Ji’e)‘UllNﬁTﬂﬂ@]iQ

[ a o a a o <
NUNITNAUDNYIAINNIDUFINITINAUDNNISFULIINN



80

60
150 —— Diesel 8
—— Knock20BTDC g
S —— Knock30BTDC a
100 | —— Knockd5 BTDC 5
] 44038
E=) o
o | ©
o so0f
3 I G
o Frp 2
o 3 [ 4 o
g fy) -
° | | 7]
£ Ly, —— 3
> sof I I / - a
\
l )/ \ Ny
a0 =m==ad N A~ 4o
= _—— e - e a4
~S.lIzTes
150 1 1 1 1 1
-20 -10 0 10 20 30 40
500 1000
—— Diesel
—— Knock20BTDC _
nN —— Knock30BTDC -
@ 400 F I N\ | — Knock4s BTDC - 4800 ~
o AN - 2
) < - P
[ ~ (%]
Q - @
S -7 8
E -1 o}
Esoo | /\\\v’},/ 600 @
5] —~—~— =T =
4 ] / \7_ -— —~ e %
§ 200 ! ! / 400 2
s =—| / 3
] —— g
@
ﬂ A I - s
] - £
153 -~ - 3
I 100 P —-————Ts - 200
- _ -

Crank Agle (Degree)

3 U 4.34 Comparison between Diesel and DDF engine operating under normal combustionand knock
Process: Variation of pressure; pressure rise rate; heat release rate and cumulative heat release

with crank angle at engine speed 2000 RPM

a d Y (Y] Y o
454 msamswﬁamﬂm'5nJﬁﬂumJaaﬂ31uﬂun1£|°luns:uangngmﬂﬁmamﬁwu

Q

y A
INAIUDLTIIEN

v
A o 1

Weruernnuaumelunszuenguumuimmeaimsnldsunlasanuaugagand iy
9 A o 9 a = A 1 = g};
INATVBEIN I Iﬂﬁlu’ll@’lﬂ?ilW’lthllﬂﬂ@ VNALEALLAS DDFAD%IN Z=70% llﬂ%um Z=88% JIUMN
A a o ! a & o = A < =
N@uulellﬂ'limﬂu@ﬂ VDS DIAINITRAANUIN20 BTDC llﬂ%um45 BTDC NaAULsI50U 1500 99
] a o Y v A A 2
2000 LlaSlﬁﬂﬂﬂ"luﬂﬂq\Tq@Wﬁniﬂl1ﬁ]"lﬂﬂ'J”Illﬂl!iﬂﬂ‘luﬂﬁ%'ﬂf‘)ﬂq‘ULLaSﬂQTNGﬁHﬂJBQﬂQTNQHﬁLWN%H
aa 3 9 0 v o A v o Jdo A
Llaglll!@ﬂlﬁﬂu@ﬂuﬁJHlﬁﬂﬂﬂﬁTNﬁNWﬂ‘ﬁLlﬁﬂ\ﬂug‘ﬂ‘ﬂ 4.35 gaaeANuaNNusonsulasuulag
v { o ] { 1 I 1 1
ﬂ?]"lllﬂuq\iq@‘ﬁﬁ"ﬂ!ﬂ1!\‘1@\‘l?nlj3JL'WE1"I"]Sj}ﬂlﬁaflx‘lﬁ"lﬂ"lﬁﬂuﬂ\iﬂﬂﬂlﬂu 3 GI)"Nﬂl@ﬂﬂ?im"lhlﬂﬁjclﬂﬂlliﬂinﬂ
9 A ) v o 9 a 9y A A 2 1Y
ﬂlﬂﬂ;ljﬁg‘]_]ﬂ 4.23 Ll"llﬂﬂ'ﬂll'ﬁﬂJWU‘ﬁﬂJi’NﬂTﬁLNTHWNﬂﬂ@LLﬁﬂQﬂ;ﬂﬂJ@Hﬁ(A) IUBINUDIAINITRA BRTINIT
= v I A 49@‘ 1 [} ~ A 1 Y a d A =
wWaguudasnnuauNINuNINIY FIUEINa o9 (B) ﬂ@%?ﬂﬂ?ilﬂ?qﬁuﬂﬂi‘!ﬂTﬂﬂﬂu@ﬂ‘ﬂ@ﬂf’nﬂTiﬂﬂ
~ A a 1 Y = o ' ' o 1
N20 BTDC %UATZ UAININNI 88%1/‘!‘]J'JTEJG]ZTTﬂTiL‘]JaEJHLHJE‘Nﬂfl"li]ﬂuhlll!l,@ﬂ@]%iﬂull"lﬂuﬂ

3 1 o ' a o { o ) < a )
ﬂ'J"IllLﬁ'ﬁi’)‘ﬂﬁNﬁ@]i’)@nll‘ﬂuﬂﬂ"lilﬂﬂ@@i”lﬂ1§Lﬂaﬂullﬂa\1ﬂ31ﬂﬂuE;NQ’@ENFI'JNJL?]TE)‘UQQ INAY AN

4 1 { 4 a 1 1 g}/ 1 ]
gfuﬂmﬂuummmxmqﬁam © ﬁ'ﬁ’)u]léllﬂTMﬂﬂi‘!ﬂﬂW‘]Jfﬂ FIIOIANITRAAULA 30 BTDC “lll



81

amsanuguIEuAuMsw Indausanmsdounlasnnudunelunszuenguluaimse
d' 1 9y a 1 4 [ d‘ 1Y = 1 1
auosmnuiueuld ifaneu guimesuuuazeasimsulasuulasnnuau TAwnna 2-3mved

@ A [ Y a
sasmalasunasanuaumelunszvenguvesmsw Ingding

/ B A 4 Normal Combustion
50 F 2
X L 2 M Knock 20BTDC 1500RPM
. O
| = Knock 20BTDC1800RPM
=
[ o > Knock 20BTDC 2000RPM
40 F =
C B n; f Knock 30BTDC 1500RPM
-2
- Cﬁ Knock 30BTDC 1800RPM
= -
2 F 2 Knock 30BTDC 2000RPM
j23
: & Knock 45BTDC 1500RPM
£
- 2 Knock 45BTDC 1800RPM
t -8
20 § Knock 45BTDC 2000RPM
\_ <1
3 B
- X
. ., g i x
X M
[ * *
L 1 1 L 1 1 L L 1 1 L L 1 B 1 L L L 1 L L 1 L 1 1 1 L L

-15 -10 -5 0
Crank Angle (Degree. ATDC)

W
—_
<
W

3 U 4.35 Comparison between Diesel and DDF engine operating under normal combustionand knock

Process: Variation of maximum pressure rise rate with crank angle

i
v S A U o

a q (Y]
4.5.5 i’ﬂi?l!ﬂ§1$1‘i®ﬂ§1f‘ﬂ‘i‘llaﬂﬂd@ﬂﬂﬁﬁﬁ1ﬂﬂ?1ﬂ%ﬂﬂgﬁgﬂ‘ﬂ!ﬂﬂUﬂUﬂ]l!T‘iﬂQHN!‘Wﬁ1

y
VAN IYN

~ 9

9 v W J o : < v v w
?HWTU@Glﬁ']fnﬁ‘ﬂﬁﬂ‘IJﬁ@fJWﬁ\NTLlﬂ'J']ﬂJ%}f’JuqxifjﬂVliz‘lllﬂﬁﬁ']!,Wﬁ'lsllf’JLW'deNﬂLWﬁf’JUﬂUﬂU@ﬁﬁ']ﬂTi
= o o Y Yy A v Y o ! Y Y
wWasuudasnnuau ﬂ'lclﬁﬁ'lﬂ'liﬂﬂﬂﬂllﬂlﬁuﬂlmu’ﬂ a1 sdantaosnasauanuiouves
A a d A 1 ' [ 1 1% 9 9 a
N@u]’lsllﬂ"l'ilﬂﬂuﬂﬂﬂﬂ"ljﬂﬂﬂ’ﬂ 2-3&‘1/]']511'(’)\1'E]G]31ﬂTi‘]Jaﬂ‘]Ja6fJWa\‘NTUﬂ’JTNﬁ@um@QﬂTﬁLWT"lWN‘]JfWI

1T a d a 1 4 A
ﬁﬂﬂﬂﬂﬂuﬂﬂllﬁ3Lﬂﬂﬂﬁ]uﬂuEl@nEJ’UuLLﬁ@N@ﬂngﬂ“VI 4.36



82

# Normal Combustion

M Knock 20BTDC1500RPM

-/

Maximum Heat Relaese Rate (J)/Degree)

\

Knock 20BTDC 1800RPM

350 > Knock 20BTDC 2000RPM

{ Knock 30BTDC 1500RPM
300

Knock30BTDC 1800RPM
Knock 30BTDC 2000RPM
250
Knock 45BTDC 1500RPM
200 Knock 45BTDC 1800RPM

Knock 45BTDC 2000RPM
150

X

X
X

.

L)
*
E

3

-15 -10 -5 0
Crank Angle (Degree. ATDC)

W
=)
>

3 U 4.36 Comparison between Diesel and DDF engine operating under normal combustionand knock
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