4.1
411 (Cetane Number,CN) [9]
2 cetane (n-hexadecane)
100 isocetane heptamethyl nonane paraffin
15 ASTM D613
cetane number = % n-cetane + 0.15 (%heptamethyl nonane) (4-1)
, , 1
cetane index (CCl) API gravity
mid-boiling temperature (50 % evaporated) ASTM D976
4.1.2 (Volatility)

initial boiling point (IBP), end
point (EP) final boiling point (FBP), percent of condensate recovered percent
residue of nonvolatile matter 41
Volatility ( )



volatility

vapor lock vapor lock
misfire
volatility
350 °c 400 °c
volatility
(mid-volatility)
cetane index
ASTM D976
volatility 4-1
volatility

Temperature 'C

250 -

200 —

B8P

150 —

Mid-Boiling
Point

100 T T T T
o 20 40 60 80
Recovery - Vol %
41 (i filiation curve)

100

9]

37

50%



413

414

APl gravity
[5]

(Density)

Straight-run distilled

Hydrocracked

Thermally cracked gas oil
Catalytically cracked gas oil

gas oil

(Viscosity)

spray,

penetration

(droplet)

805 - 870 kg/m3
815-840 kg/m3
835 - 875 kg/m3
930 - 965 kg/m3

(spray penetration)

wet

38

injection timing
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4.15 (Lubricity)
high frequency
reciprocating rig (HFRR) CEC F-06-A-96 1
4.1.6
heavy paraffinic hydrocarbons
Paraffin (wax)
4.1.7
peroxide
hydroperoxide
polymerization
chain  termination
antioxidant
oxidation
2 soluble gum nonvolatile
insoluble  gum

(qum)



02

total particulate matter (TPM)

(<0.05%

418 " (Sulphur Content)
03
50 ppm
class 1)

hydro-processing

4.1.9 (Aromatic Content)
Aromatic
particulate emission aromatics

)

sulphur dioxide (S02

sulphur trioxide (S03

liner

0.05%
aromatic 5%
hydro-processing



4

4.1.10 (Water and Sediment Content)

4111 (Flash Paint)

4.2 ? (Biogas)

3
411 , ,
4.1.2 acetoginic bacteria
4.1.3 2 1)
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421 [10],
( 4-1
(CHJ 50-70 % (C02 30-50%,
(2 (N2 (2) (H2D)
23.3 MJ/m3
41 Biogas (Biogas CH4 !165% 1

2 35%) [10]

Key numbers unit Biogas
CH4 (methane) [vol%] 55-70
C02(carbon dioxide) [vol%] 30-45
N2 (nitrogen) [vol%] 0-2
H2 (hydrogen sulphide) ppm ~500
NH, (ammoniac) ppm ~100
Water dew point [°C] saturated
Net calorific value [MJ/nm3 23.3

[KWhinm3 65
MJlkg] 202

Density ka/ 3 1.16
Relative density [ 0.863
Wobbe index () [MJInm3 21.3
Methane number [ ~135
Stoichiometric mixtures

Air requirement [hnm3nm3gas]  6.22
Flame temperature®) [°C] 1911
Water dew point (flue gas) [°C] 59.2
Water vapour (flue gas) vol% 19.3

) Adiabatic flame temperature



4.2.2 Flame Velocities [11]
Flame Velocities

4-2

9-10

4.2.3 Flammability Limit
Flammability Limit ( limit of inflammability)

UEL (upper explosive limit) LEL (lower
explosive limit).

BIOBRS FLRME VELOCITY
Dt tnfhawr n HG)

[&
w
w
~
[
(T8
>
—
B—y
(59
o
el
T
=
il
=
@«
™
- 85°F €5 —~—— ]
m% B 7 8 ® [T 12 13 14 15

PERCENT METHANE IN MIXTURE

4-2 Flame Velocities
[11]



4-3

Flame velocity UEL
LEL Flammability Limit
VRTSR  RCR RS NOICRTEQ
0
a5

.....
..

"\\g’m 20

bttt e

BIOGAS IN RIR. X

40 50 00 7‘0 80 w 100
METHANE CONTENT. Z BY VOLUME

4-3 UEL ~ LEL  Flammability Limit
[11]

4.2.4 Flame Temperature
Flame Temperature
NOX

(stoichiometric) 3484T

4-4
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ND dissociation - water vapor as indicated

FLAME TEMP.,°F

0 10 20 0 40 5 60 0 80 g 100

METHANE CONTENT. 2 BY VOLUME

4-4 Flame Temperature
[11]

425 Fuel Energy Value
(gross and net energy)

HHV (high heating
value)
HHV 55.5 MJlkg LHV (low heating

value)
LHV 50 MJlkg 4-2



4-2

Fuel
Butane
Hydrogen
Hydrogen
Sulphide
Methane
Octane
Propane

4-3

Fuel
Natural Gas
Gasoline
Diesel
Fuel Qi
Propane

46

[11]
Heating Value AirlFuel Ratio (Stoichiometric)
Chemical  HHV
Formula  [kikg] ~ LHV [kikg] Vol AirA/ol.Fuel Wt Fuel/WtAir
n-CHD 49,593 45,771 310 15.50
h2 142,107 120,075 2.38 3450
h2s 16,508 15,205 1.15 6.08
ché 55,533 49,997 9.53 17.2
gMg 48,372 44,871 - 151
c3He 50,402 46,374 23.80 15.70
[11]
Heating Value Air/Fuel Ratio
HHV [kikg] LHV [klkg] Wt Fuel/Wt Air
50,776 45811 15.73
46,952 43,706 14.80
44,177 41,531 14.35
43,924 41,380 13.99
50,179 46,255 15.35

4-5
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WPTTER URPCH AS INDICATED

LOWER HEATING VALUE, BTU/FT "

40 %0 & 0 - 0 100

METHANE CONTENT. Z BY VOLUME

4-5 low heating value
[11]

4.2.6 Fuel Mixture
Flammability Limit

515 %
stiochiometric ( ) 9.4%
Air-Fuel Ratio tiochiometric,
AlF 17.21 kg airlkg CH4
Equivalence ratio stiochiometric

Equivalence TRatio () - AF Stoichiometric
AF Actual (4-2)

() = 1 stiochiometric ratio
() < 1 lean mixture, excess air
() > Lrich mixture, excess fuel



stiochiometric ratio

4-6
V\RTB CONTBF RS HOM

a
=
[+
o
pu |
[ 93]
b |
[V 9
o
P
o
c L

%0 ) % ™ w0 @ 100

METHANE CONTENT, Z BY VOLUME
4-6 Air-to-Fuel Ratio
[11]
4.2.7 Water Vapor

50 glL
flame temperature, flammability limit, lower heating value  Air-Fuel ratio

4.2.8 Hydrogen Sulphide (H2)

0.1-0.5
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431

4311

4
112

(Time dependent degradation)

Failure

Stress

time

47 [12]

4-7

(Strength)
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43.12 , (Time independent degradation)

4-8
(Safety Factor : SF)
1 (Shock
or Impact load)

// Failures
% \ Strength
Stress
time
4-8 [12]

(Time
dependent) (Wear) (Time
independent)

(Wear
mechanisms)

50320 (DIN 50320)
4 4-9



ol

Tribochemical

Reaction

4-9 [12]
43.2
(Wear mechanisms)
(Stress)
(Strength) (
/ >1)
(Stress)

(Apparent area of contact)

4-10
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¢ T T - + 239
0 62 124 186 248 um

410 [12]

(Yield strength)
“Asperities”
Asperities
Asperities
Asperities

4321 (Adhesive wear)
Asperities

: Asperities ‘ " (Cold-welded)
411
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411 [12]

4322 (Abrasive wear)

4-12

(Hardness)

T IWVSINLIAILLA

o § lusnwdsun (i)

nirlvavas
N —
A1Imanan

Aoanysnaisimalaniuly
nazbirndnlulugaeie

L g mdsanInas WiAnn pane
& iden A en e e

412 [12]
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4323 (Fatigue wear)

(Stress cycles)

(Compressive stress) (Tensile
stress)
(Dents)
(Crack)
4-13
4324 (Tribochemical reaction)
1 (Fretting
wear) Tribochemical reaction
(Tribo) (Reaction)
(Adhesive)
(Tribo)
(Catalyst)
(Surface area)
(
)

(Rusty wear powder)
(abrasive)

(Spine)
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Stress risers Crack Forms
Force

|
Particle §ii»

1. First,stresses at component _ 2. Then,small surface micro cracks
surface develop and lead to elastic develop and or just benneath the solid
deformation and plastic flow of material. surface during component use.

Cracks and faults coalesce Pantices released

Repeated stress

‘V

3. The faults then_join to form larger 4. surface material then breaks away,

voids undermining component Surface

4-13 (Tribochemical reaction) [13]

44 13

(Reduces Friction) (Reduces Wear)

(Saves Power) (Reduces Heat)
(Load-Carrying Lubricant Film)

(Carries Away Heat)

) (Sealing)

) (Preventing Corrosion and Rust)
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44.1.1 (Viscosity)

(Flowability)

ASTM  (American
Society for Testing and Materials) STLE (Society of Tribologists and Lubrication
Engineers) Sl
(cSt) 40°c

AMMUANAR T AN INATRAUIUNAY ﬂ'nsmf'mgo

4-14 [12]



5/

( 4-14)
4412 (Oxidation resistance)
3
2 "
" (Saturated) : " (Unsaturated)

10 (18°F)

70° 2

60 70° (140  150°F)

Oxidation Inhibitor

Additive Packages R&0 Inhibitor



45 [13]

451

45.1.1.

(Non shedding material)

45.1.2
1 7Ty
45.13
)
) (TBN)
0)
y

FTIR

58
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20 °c ,-10 °c 100 °c ( SAE
Society of Automotive Engineers)
40°C  100°

4-15

M6THOOOF
CHARGING SAMPLE PLACE IN CONSTANT ADJUST HEAD LEVEL b MM MEASURE FLOW TIME SECONDS

TEMPERATURE BATH ABOVE STARTING MARK FROM START TO STOP MARKS

4-15 (ASTM D-445) [13]

5%
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IP177,  IP276) TBN

454

(Additives) 1

(Wear Metals)

(TBN)

60

(TBN = Total Base Number) (ASTM D664 D2896,

TBN

+ 10%

75 ppm

600 ppm
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75 ppm
25 ppm
4.5.5 I (Ferrography)
| (
)
4-16
il S le Inlet .
Magnet (Fror:rr:zr:g‘; gf%%etlg
ogean m Strings
A ﬁ/‘dﬁ gnet
Oil Flow M e
Zone ~__
Magnetic
Poles

Qll ‘ i

Dran 3/

= |
Sample Ofi Waste Oil
Container Container

| [13]

4-16

4-17
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Entry Region Where
Fluid First Touches
Down on Ferrogram

Ferrogram

56 50 mm Position
2 50 _/
z;g B
HIE
AN B
'EE §5 2 _\ Non-wetting Barrier
= a 10 3
0 N
Submicroscopic
Exit End
lUoe
417 [13]

(Rubbing and
Adhesive wear)

(Abrasive or cutting wear)
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455.1 (Wear Particle Analysis)
4

Particle Size Distribution

4552 (Wear Particle
Microscopic Examination)
(Optical Microscope)

(Scanning  Electron
Microscope: SEM)

(Image Analysis)



4553

4-18

4-18

100

64

(Rubbing Wear Particle)

Sliding Wear Particle)

20

4-19

15

100

[13]

(Severe
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¥
v ,:"
$
a,
- §

Vi

4-19
(Severe Sliding Wear Particle) [13]

(Cutting Wear

Particles)
Abrasive

5 100
15 4-20

4-20 Cutting Wear [13]
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(Ferro Fatigue Particle)
(Gear  Fatigue
Particle) 4-21

10:1 (Stress)

4-21 (Gear Fatigue Particle) [13]

(Rolling Fatigue Wear
Particle) 4-22
75

(Cavitations Erosion)
10 100
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100

10

40:1

4-22 (Rolling Fatigue Wear Particle)[13]

(Combined Rolling and Sliding Wear Particles)
' 1
(Both Sliding and Rolling
Mode)

Rubbing Wear, Cutting Wear (High

Stress Sliding)

2100
4-23



25

500

4-23

[13]

50

(Bronize)

4-4

68
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4-4
[13]
()
/ /
( [silica])
/
(Polymer
Material)
45.6 FTIR (Fourier Transform Infrared Spectroscopy) [13]
FTIR
L 0.00008 0.04
(abs) (Wave Number 1cm.")
4-24
FTIR
FTIR
(Carbonyl)

1,800 1,670 cm.1
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sulphation

Absorbance

som! 3508’ o001 Fr™y) 200l 1407 10001

L Wavenumber (cm'1)
4-24 [13]
NO INO2  NX4
1,650 1,600 cm."1
Lacquer
Blow - hy
(Sulphur)
S03 02

1,180 1,120 cm.1 1



I

2,000 cm.'1

FTIR

4-25

dilution of oil new oil

§ 0.51 fuel peaks

I

000 850 © 800 750 700
Wavenumber (cm-1)
425 13
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1 1 I
4-26
0.5%
0.3
®
e 02
5
+
O
§ 0.1
0 v R — S
3800 3600 3400 3200
Wavenumber (cm-1)
4-26 [10]
FTIR (Fourier Transform Infra-Red Spectroscopy)
Absorbance Unit (abs) "
1
4.6

Jan K. JensentL  Anker B. Jensen [10]
( 4-1)

(02 2)



46.1 '

A.Henham M.K.Makkar [15]

(CO)

46.2

Sariful Bari [16]

(CH4
A.Henham M.K.Makkar[15]

96%)
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