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Abstract — This paper presents the results of an experimental investigation of the correlation between the lubri-
cation characteristics of an engine and its fuel economy. Improving the lubrication characteristics of the engine
oil is one of the most efficient ways to improve a car’s fuel economy. The methods to accomplish this include
lowering the viscosity, adding a friction modifier and optimizing the shear stability index of a viscosity index
improver. In addition, it is necessary to use different methods to reduce the friction to individual lubrication areas,
because different lubrication regimes are used for different engine parts. The experimental investigation in this
study is based on design of experiments ; this paper presents the results of a modified Sequence VID test, which
is an ASTM standard test used to measure the effects of automotive engine oils on the fuel economy of passenger
cars. The results demonstrate the effects of the following lubrication factors on the fuel economy : the low tem-
perature cranking viscosity, high-temperature high shear (HTHS) viscosity, friction modifier, polymer type and
shear stability index of the viscosity index improver. Moreover, this study involves an analysis of variance based
on design of experiments. The test results show that the HTHS viscosity, friction modifier and shear stability
index of the viscosity index improver are more effective than the other factors. Therefore, lowering the viscosity,
adding a friction modifier and optimizing the shear stability index of a viscosity index improver should be con-

sidered to improve fuel economy.

Keywords —fuel economy (1 5 & &), friction modifier (WF227 Al), high-temperature high-shear viscosity
(L2 HE), lubrication regime (89 %), shear stability index (TG =)
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Fig. 2. Fuel economy improvement with HTHS viscosity in
sequence VID test.
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Table 1. Control parameters, fractional factorial design and factorial design

Control parameter

@ @ ©) @ ®
Parameter CCS HTHS (cP) FM (ppm) SSI Vil
0 ow 2.6 700 Low Comb. PMA
Level
1 SW 3.5 0 High PMA
1 0 0 0 0
2 0 0 0 1 1
3 0 1 1 0 0
(1 Test)
Test No. of 4% 0 1 1 1 1
Fractional 5 1 0 1 0 1
f: ial i
actorial design 6 1 0 ’ 1 0
7 1 1 0 0 1
8 1 1 0 1 0
1 0 0 0 0 0
2 0 0 0 1 0
3 0 0 1 0 0
(2" Test) 4 0 0 1 1 0
Test No. of
Factorial design 5 0 ! 0 0 0
6 0 1 0 1 0
7 0 1 1 0 0
8 0 1 1 1 0

Note) Test No. 4’s parameter combination of 1* Test : CCS(OW), HTHS(3.5 ¢P), FM(0 ppm), SSI(High), VII(PMA)
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Table 2. Engine specification Table 4. Calculation factors for fuel consumption
Number of Cylinder 4-stroke, In-line 4 Nominal ~ Nominal Stage .
; : . Stage Speed Power Length Weight
Type of Combustion Direct injection g p ; Factor
(r/min) (kW) (hr)
Max. Power, ps/rpm 201/6,300
— ; 1 2000 21.99 0.5 0.300
Max. Torque, m 25.5/4,250
*. orade, kemp 2 2000 2199 05 0.032
3 1600 16.77 0.5 0.310
4 1100 2.28 0.5 0.174
AH wEA OJLHA} A2Ee AEsia glom, ol 5 1100 2.28 0.5 0.011
Z1o] A A AFFS Table 207 YERH AT 6 1100 4.63 0.5 0.172
3-3. YH|AIE
AMAIE e X5 H A (Engine Dynamometer)S 34. BAIEN
AHgEtel, ke 83 % 2FEEelA AR 09 1R AFOIN H8F QA A4 e wE
o] Avlell tht I FAshe AAHRA Sequence-  AEolut A wE A4S A ¥, 7 AA
VID(ASTM D7598)5 7I¥te® W& Zn]e] JHis o] 23 FolA dFRES st d3dstes e
TS PR AR A8 Aol Uy g 2, A 968 1T A g T A4S N8
2 Table 33 o] EASYOM, &/mRet 24 Wk o] A%, Au WAES o B BAS

o B1E X

0117\1—4 254
SF3ATE.
Az 7F $HZA(Stage)et 1A17F Be] oHY
ol AX &, 5E7F Al5AF4AHE(BSFC, Brake
Specific Fuel Consumption, kg/kwhr) zﬂ%‘}ﬁl
3087 olle] AsdEares YT § 2 Jﬂ& #*
< 7t Stage®] HF AFHELHE J)ri AREgH
I3 Sequence-VID AEHoNM F33ks =274
(Stage 1~6)2] & USRS F317] Y3}, Table
49 ¥ A]gF Nominal power, Stage length, Weight
factors Stage'd 2 F3}3L, Stage 1914 Stage 62] 7t
ARARFS S 5 ASARFS AL o,

Stage 7 Orginal Sequence-VID®]|

Rls 9% =1 (Stage 7y F7H

F7F =79

value® 3tol, 24 A4 1Al folg 7
o] % AL BRI ANE APEATe] AL
5% fBES g, o B9 QAL D
Aolg 1Y FFsAo] FolAH, ANA T Pvalue
7} 0.05 oldteln] Rvaluert 245 kel 4124
of B & 4 k.
22} Aol A3k a9l

MRS 13F AlellA A
I

B8 7 Aol 5 £ FUs A AAE
) 2 el 8 Pot AT 2l ) 4RE
Pohe Ao, RE Q40 £3} ¥ WG-S5

Exo] 9t} B A|FoM= o1x}7} 3791
| gle e afliAE A8sion,

i

HA]E Calculation factor’} SO & AFARTF EAEAN AI|RE o]L5le] ox} ¥ FIle] BEAHLA
Atell A A eIkt 2 QEAREA S AAlSATH
Table 3. Modified sequence-VID test condition
Test condition
Stage 1 2 3 4 5 6 7%
RPM, r/min 2000 2000 1600 1100 1100 1100 4000
Torque, Nm 105 105 100 20 20 40 200
Oil temp °C 100 65 100 100 45 100 120
Coolant °C 95 40 98 99 30 99 95

Note) Additional test condition besides Sequence-VID
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Table 6. F-value and P-value and R-square for total
fuel consumption as a result of 1% seq. VID test

F, P and R* for total fuel consumption of
stage1~stage6

F P R’
CCS 0.49 0.56
HTHS 10.15 0.09
FM 10.61 0.08 92.2%
SSI 0.04 0.86
VII 2.20 0.28
Helt
e 727 AT = (High Temperature High Shear

viscosity)2} PF2ZA A (Friction Modifiery= “3th<2
Z =2 F-values} 92 pvalueE Ho, Algds &
Hlgol| el Jds] =2 Fa48 2e A= gl
S AUk B3 HEA G A AEMEA A

~(Shear Stability Index)= F3]H Z7NA =& F-

(30~40°C)= 18] =] AR AOJH(ECU, Engine  valueES Ko, 9n] AdAldl] thek F71 lo] B a3l
control unit)2 ZA == IFlo] EHASHA == 202 eSS
Aol 1918) RO FAAY. e, AEAT A AFAHO] e B4AF, 4ES 48 A= A
(Viscosity Index Improver)e] Z&|w FFol ot A AE 3T A2 T, PR, =R FEIA|
A e 2ol Aol tigk oS BolAl & o] AP tisk F7F S B HE | dxled
om, o]z 2% HEAF FIAE BF Polyme- Wi E271E A QlEl, fduiEel ukel 23}
thacrylate A|Z#] &0 FAFSE Zlof 7RIk A= AU A3 (Sequence-VIDyS AAlst o™, Ald A
Table 5. F-value and P-value and R-square for BSFC of parameters as a result of 1" seq. VID test
Stage(Test condition)
1 2 3 4 5 6 7
CCs 1.20 0.17 0.10 0.11 2.62 0.15 0.91
HTHS 13.8 322 5.34 7.27 2.29 6.65 453
F FM 9.51 1.55 8.36 15.39 0.06 7.72 6.66
SSI 0.04 0.52 0.09 0.11 1.08 0.37 344
Vil 1.48 2.93 2.07 1.53 0.99 0.96 13.1
CCs 0.39 0.72 0.78 0.78 0.25 0.74 0.44
HTHS 0.07 0.22 0.15 0.11 0.27 0.12 0.02
P FM 0.09 0.34 0.10 0.06 0.83 0.11 0.12
SSI 0.85 0.55 0.79 0.77 0.41 0.61 0.03
VI 0.35 0.23 0.29 0.34 0.43 0.43 0.07
R’, % 92.9 80.8 88.9 924 77.9 88.8 98.0
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Table 7. Fuel economy of candidates depending on stages
Fuel economy (BSFC, kg/kwh)
Case-1 Case-2 Case-3 Case-4
HTHS 2.6 2.6 2.6 2.6
FM (0] o X X
SSI Low High Low High
1 0.24149 0.24057 0.24194 0.24092
2 025114 0.25071 0.25079 0.25030
3 0.24412 0.24339 0.24478 0.24388
Stage 4 0.45940 0.46208 0.46824 0.46775
5 0.55686 0.56619 0.55876 0.56870
6 0.31975 0.31872 0.32311 0.31976
7 0.26331 0.26154 0.26278 0.26104
Fuel economy (BSFC, kg/kwh)
Case-5 Case-6 Case-7 Case-8
HTHS 3.5 35 3.5 3.5
FM (0] o X X
SSI Low High Low High
1 0.24319 0.24236 0.24365 0.24314
2 0.25278 0.25157 0.25228 0.25203
3 0.24573 0.24476 0.24695 0.24493
Stage 4 0.46639 0.46673 0.47472 0.47527
5 0.57609 0.56008 0.56224 0.57901
6 0.32280 0.32208 0.32621 0.32559
7 0.26380 0.26254 0.26572 0.26369
Table 8. F-value and P-value and R-square for BSFC of parameters as a result of 2" seq. VID test
Stage (Test condition)
1 2 3 4 5 6 7
HTHS 285.0 48.63 37.04 95.89 1.16 35.74 11.03
F FM 21.53 0.96 6.15 1435 0.14 19.42 0.93
SSI 56.25 8.49 20.44 1.40 0.64 4.95 10.24
HTHS 0.00 0.00 0.00 0.00 0.34 0.00 0.03
P FM 0.01 0.38 0.07 0.00 0.72 0.01 0.39
SSI 0.00 0.04 0.01 0.30 0.47 0.09 0.03
R’ % 98.1 88.72 89.7 97.1 0.00 89.1 73.3
ool theh EAREA AFE Table 7~Table 9o v 23T ® Bl npdxgA)o] Aleds LHEol
ERfSITE. et faAdel 12k AWAAe] Eat 24 Aot fAL
22} ] AEAF ] gk B A, Stage'd gt Aoz Yepdth Y23 dAY M= Stage 55
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Table 9. F-value and P-value and R-square for total
fuel consumption as a result of 2™ seq. VID test

F,P and R* for Total fuel consumption of
Stage1~Stage6

F P R’
HTHS 419.88 0.00
FM 81.54 0.00 98.82%
SSI 90.23 0.00

Pareto chart of standardized effect on BSFC
(«=0.05)

Parameter

] 2 4 € & 10 12 18 15 18
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Fig. 7. Pareto chart for stage 1.
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Table 119] Y] 7|A&L Staged Weight factor”}

Table 10. Summary of fuel economy (BSFC) improvement depending on parameters

Fuel economy (BSFC)

Stage 1 2 3 4 5 6 7
HTHS, % 2.6 vs 3.5 0.77 0.57 0.63 1.38 - 1.20 0.67
FM, % 0 vs 700 ppm 0.21 - - 1.69 - 0.88 -
SSI, % Low vs High 0.34 0.24 0.47 - - - 0.65
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Table 11. Improvement of fuel economy for Total fuel
consumption of parameters

Total fuel consumption
for stagel~6

Improvement, %

HTHS (2.6 vs 3.5 cP) 0.78
FM (700 vs 0 ppm) 0.34
SSI (High vs Low) 0.36

Cubic plot for Total fuel consumption«

GEsAE) CE=)
A /
/| /
| /
T | e
0 ppm :
|
|
|
E
mmo o
/; //
4 HTHS
700 ppm,, OBED Ei‘ﬁiib
Low High

SSi
Fig. 15. Cube plot for total fuel consumption of stage
1~6.
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