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Abstract:

Nine gasoline fuels have been tested under a wide range of stoichiometric, knock-limited Spark Ignition (SI)
combustion conditions. Testing revealed that fuels with matched Research and Motor Octane Number (RON & MON)
ratings exhibited similar resistance to autoignition at all conditions, and only showed measurable differences at well
“beyond-RON” conditions. An uncertainty analysis of the Octane Index approach to ranking fuels was completed, and
under the farthest from RON condition tested, the Octane Index described approximately 85% of the observed
variation between the fuels. The focus of the project is now shifting to understanding fuel autoignition behavior under
lean and dilute conditions, using the same palate of fuels.
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Outline

. Stoichiometric Knock Limits Wrap-Up

2. Octane Index Uncertainty at Stoichiometric Conditions
Wrap-Up

3. Mixed-Mode Combustion for High Efficiency and Low
Emissions

4. Future Directions
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A\ Research Engine Characteristics

“eDIS|
eCR=12:1
¢(0.55 L displacement

® High-swirl operation

—Single intake valve

e ow residuals

—No valve overlap
¢ KL-CA50 measured at 1400 RPM

¢ Conventional High-Energy Ignition
System used

¢ \Well-mixed charge operation

—3- or 4- injection strategy for low PM
emissions.
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Test Regimes: Steady State and Transient
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Experiments Experiments

e Steady-state operation reflects knock-limited operation at throttled and
naturally aspirated conditions

® Transient operation allows testing of knock-limited boosted “beyond RON”
conditions

— Reduced wall temperatures move conditions farther “beyond RON” than steady-
state operation at the same intake conditions and engine speed
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Fuel Properties

Iso-butanol | 2-butamol | Diisobutylene | . High Cyclo- High
ond bond ond High Olefins ; Alkylate E30 Aromati RD5-87
# 1 2 3 4 5 6 7 8 9
RON 98.1 98.2 983 98.2 978 98.0 97.9 98.1 92.1
MON 88.0 89.1 885 88.0 86.9 967 87.1 876 848
AKI (R+M)2 93.1 93.7 934 93.1 923 973 92.5 928 88.5
Octane
Sensitivity 10.1 9.1 98 10.2 11.0 13 10.8 10.5 73
(RON - MON)
T10 (°C) - - - 77 56 93 61 59 -
T50 (°C) - - - 104 87 100 74 108 -
T90 (°C) - - - 136 143 106 155 158 -
TF (°C) - - - 198 204 161 204 204 -
A'”‘“":/“; (Vol. 19.0 17.9 20.1 13.4 332 0.0 8.1 30.8 209
(1]
Olefins (Vol. %) 38 3.6 4.0 26.5 16 0.0 5.0 42 49
P‘""ff;‘; L 531 50.1 563 56.4 40.6 100.0 57.1 65.0 60.0
L]
Cycloalkanes
: 0.0 0.0 0.0 2.9 242 0.0 7.0 8.0 113
(Vol. %)
S 0.0 0.0 0.0 0.0 0.0 0.0 30.0 0.0 106
%)
Net Heat of
Combustion 40.6 40.1 433 441 432 445 382 43.0 419
(MJI/kg)
Stoichiometric
Air to Fuel 13.8 136 147 148 145 15.1 12.8 145 14.1
Ratio ()
Heat of
Vaporization 416 422 330 . . 309 536 363 -
(kd/kg)
Heat of
Vaporization Per|
Mass of 282 28.9 21.1 . . 19.1 38.8 234 .
Stoichiometric
Charge (kd/kg)
- - pi - ol -4 4 L
Average C:6.299 c6.122 C:7.519 C:7.125 C:6.46 C:7.76 C:4.49 C:6.92 ¢ 6.01
Molecular H:-12.744 H:12.532 14420 143 g 1171 1745 H:9.87 g 1241 H:11.84
Formula 0:0.326 0:0.378 T T T T 0:05 T 0:0.2
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N Knock Limits: Steady-State 30 °C
CRE. 35
RON =98
30 k=0 I\

N
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/ -I-AII kylate

-¢-High Aromatic

KL-CA50 [CAD aTD(]
N
o

-4-E30
15 RD5-87
-®-Isobutanol blend
10 A 2-Butanol blend
- Diisobutylene blend
> @ High Olefins '
0 -O-High Cycloalkanes
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Intake Pressure [kPa]

e Under steady-state naturally aspirated conditions, all RON = 98 fuels
behave similarly

— Indicates K= 0
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Knock Limits: Intake Temperature Response

: A
. CRE.

fuels

/ @ NTC behavior observable in High
Olefins and High Cycloalkanes

— Similar to behavior observed with
other RON =98, S = 10 core fuels
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2N Knock Limits: Transient Response
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® Transient high-load testing shows clear crossover in performance of
high- and low-octane sensitivity fuels

— Indicates need for Octane Index (Ol) approach in assessing fuel knock limits

® Observable differences in performance for 7 RON =98, S = 10 gasolines
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SHIFTING GEARS: OCTANE INDEX
CALCULATION AND UNCERTAINTY




VB
2N Octane Index Framework
CRE.

‘/ Octane Index = RON - K « S
f/ S =RON - MON
| K = Dependent on operating
condition
Beyond Beyond
MON RON
MON | | RON
K>1 Higher Lower K<O0
Ex: Heated Temperature Temperature Ex: Boosted SI,
intake / high for a given for a given GClI, boosted
residuals HCCI Pressure Pressure HCCI

Extrapolation H H Extrapolation

Ol Reference: SAE . : :
#2001-01-3584 e eeeannns MOd ern SIEngmeS
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' A! Monte Carlo Sampling Procedure

CY?F{: 1 Operating Point

. RON/MON | 9 Fuels, 9 nominal KL- .| KL-CA50
Goal: Determine effects of Variation CAS50’s Variation

RON/MON/KL-CAS50 uncertainty on K 100K sets of samples

calculations

® Use Monte Carlo sampling scheme to = - /N
. . . . Research Octane Number [ % mr\l!:tznronaneNumher - [d ]
assess distribution of possible K ~ [ e Regression o ‘;C e
values at each operating point Determine K
v
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' ! K Uncertainty Results: 146 kPa Intake, Transient

o
CRE.

1
— e “Beyond RON” condition exhibits large K
|—|0.8 r . . .
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c . . .
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=04 e R2 distribution closer to 1 than for other
%02 example, despite wide K distribution
Lo

0 = . .

-7 6 5 -4 -3 2 1 0
KI[-]
10 1
6
E‘_ 8 0.9 5
3 6 038 4
z N
= o~
= 4 0.7 3
2 2
o
s 2 0.6
1
0 : : ' '
05 06 07 08 09 1 0'5_5 4 3 92 1 o0
R” [ K[

COMBUSTION RESEARCH FACILITY il @ Sandia National Laboratories



j

2N K Uncertainty Results
CRE. —
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® 80% probability range grows as K becomes more negative
® Results less dramatic and more symmetric in interpolation region

® Large uncertainty in K, but does it matter?
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Deviations from Ol-based Ranking
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¢ Alcohol blends outperform Ol predictions.
® Diisobutylene (iso-octene) and High-Cycloalkanes underperform.
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SHIFTING GEARS: MIXED-MODE
COMBUSTION

S
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;\/\ Partial Fuel Stratification for Stable Ultra-lean Operation

CRE.

8 ‘ ‘ ‘
~® Need to stabilize deflagration to < 7 ~®-Well-mixed, Tin =30 C §
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® Use small injection at the time of spark. o 3
: 8 2 ismmmn |
Partial Fuel Stratified Lean V4 | 1 ~a
I T T T T T T T T i T 1 O : ; ; ; )
-360 -320 -280 -240 -200 -160 -120 -80 -40 0O 40 80 0.5 0.6 0.7 0.8 0.9 1
Crank Angle [°CA ATDC] Equivalence Ratio [¢]
>
[L )
a £
n e
o L
z:h
o <
-: (3]
o
Q.
2 |
>
]
=
L
IR Reference

COMBUSTION RESEARCH FACILITY @ Sandia National Laboratories



N
N\
CRE

:
:

Efficiency Benefit of Lean Operation

® Early injections provide 17.0 mg,

for ¢endgas

=0.50

(Metric used for further slides.)

* 18.6 mg total: ¢

42
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=0.55

® Lean operation provides substantial efficiency 0]
/ benefits, 34 = 40%.

* Naturally-aspirated IMEP , = 580 kPa, 1400 rpm.
® Here, partial fuel stratification uses 1.emg.
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N
o
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IMEP Variability and CA50 Requirement

CRE.

® CoV of IMEP = 0.94% (lower than 1.4% of ¢ =

610
1.0.) 600 - ’,
) ) ) 590 - 1710310
* Combustion Noise Level is comparable to ¢g= _ [ |
. ©
1.0 operation £ 570
: : : > 5601
* Near-TDC combustion phasing required for ~ w s50-
. ore = 540 -
end-gas autoignition 530 -
D . .. | - IMEPg
— End-gas autoignition required for efficient gig 1 — Poly. (IMEPg)
operation 500 , , , , | |
700 15 20 25 30 35 40 45 50
10-90% Burn Duration [°CA]
650 - KI = 60 kPa 50
T
600 P amen e R e PNl © 41 1710310
6_“ 550 - @ @ § 40 A
X, RI = 0.27 MW/m? g
o 200 - 2 351
o 450 4| - Cycloalkane, Steady ST, 02 = S 40
= 20.9% -- CoV IMEP = 0.94% s
400 - - - S 25
350 - CNL =73 dBA = 20 - > 10-90%
— Poly. (10-90%)
300 T . . . 15 . . . : :
0 100 200 300 400 500 -2 0 2 4 6 8 10 12
Cycle Number [-] CAS50 [*CA]
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2N Autoignition for High-Cycloalkane
aef?; 55
e [0,] = 20.9%, 100 kPa intake S
pressure ; g gg: Phi-endgas = 0.50
o Steady ST = -25.3°CA. ? i
e Average CA50 = 5.3°CA. ( % 1ol
e Significantly higher temperature and E p
pressure required to achieve O e S I R ot
autoignition compared to Ay S P B
stoichiometric conditions
® End-gas autoignition dominates last 60
47% burned. _ 50 o
— At constant Kl level, autoignition g ;g
percentage varies by fuel X 50
® Despite significant autoignition < 10-
event, CNL/ KI /R °7

Mass Burned [%]
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2N Effect of Equivalence Ratio for P,, = 100 kPa

® 1400 rpm, P,, = 100 kPa, T,, = 90°C. Same intake conditions for
stoichiometric and lean operation.

e Use actual CA50 as reactivity metric for all lean operation.

* For a fixed P,, = 100 kPa, ultra-lean operation requires strong advancement
of CA50 to ensure end-gas autoignition.

® Small differences in 32 1 [ Akylate 100 kPa 1 e — —

-0-High Aromatic 100 kPa

1 | a-High Olefins 100 kPa
-@-RD5-87 100 kPa

| -@-High Cycloalkanes 100 kPa

@ sensitivities (slopes).

N
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N
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Effect of Intake [O,] for Mixed-Mode Comb.

V<

| ¢m, endgas =0.50.

mixed-mode combustion.
— Reactant [O,] would be affected.

* The fuels show different sensitivities to [O,]
e Octane Index appears to describe fuel

® 1400 rpm, P,. =100 kPa, T,, = 90°C,

® Trapped hot residuals can be used achieve
higher reactant temperature and facilitate

behavior to first order at both conditions

1400 rpm
PFS Sl Mixed-Mode

- B ensss = 0.50, T, = 90°C
03 A [O,;] = 15.5%, K =0.35
o A
[Ty]
<
O 2 -
©
-
g0

-2 y =-0.5832x + 57.897

R?*=0.8348
-4

84 86 88 90 92 94 96 98 100
Octane Index [-]

Actual CA50 [°CA]

1

1

1

Actual CA50 [°CA]

4

- Alkylate 100 kPa

—9—- High Aromatic 100 kPa

2 1 - High Olefins 100 kPa

-@- RD5-87 100 kPa

0 4 -® High Cycloalkanes 100 kPa

8 -
6 -
4 -
2 -
0
15 16 17 18 19 20 21 22
O, Mole Fraction [%]
44 - 1400 rpm
PFS S| Mixed-Mode
¢endgas= 0.50, Tin = 90°C
12 [0,] = 20.9%, K = 0.01
10 A
y =-0.9132x + 96.169
8 - R?=0.8425
6 -
(0]
4

88 90 92 94 96 98 100
Octane Index [-]
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2N Effect of Intake [O,] for High Cycloalkanes

CRE.

— — o —
® 1400 rpm, P, =100 kPa, T;, = 90°C, ¢, endgas = 0-50.
® High Cycloalkane has lowest -
sensitivity to [O,]. 5 1100 -
=
* Relatively small increase of = 1000 1
o
compressed-gas temperature £ 900 1
. . . . .y O
is required to induce autoignition. = 800 -
g —[02] = 15.5%
g 7003 —[02] = 20.9%
g .
600 1 1 1 ] ] ] ]
30 - —[02] = 15.5% 5000 4|High-Cycloalkanes
__ 259 | —[02]=20.9% 1400 rpm
S 20 - T 4000 -
5 X,
x 23000 -
T 10 5
< i
- £ 2000 X
0 : 1000 A —[02] = 15.5%
' —[02] = 20.9%
'5 ] ] ] ] ] ] ]
-40 -30 -20 -10 0 10 20 30 40 0 ' ' ' ' ' ' '
Crank Angle [°CA] -40 -30 -20 -10 O 10 20 30 40

Crank Angle [°CA]
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2N Effect of Intake [O,] for Alkylate.
r
CRE.
— — o —
® 1400 rpm, P,. =100 kPa, T,, = 90°C, ¢m, endgas = 0-50.
¢ Alkylate fuel has higher -
sensitivity to [O,]. 5 1100 - —
£
e Relatively large increase of = 1000 1
o
compressed-gas temperature £ 900 1
is required to induce autoignition. ; 800 - ‘
8 —[02] = 15.5%
g 700 7 — [02] = 20.9%
o [02] = 20.9%
600 1 1 ] ] ] ] T
30 A —[02] = 15.5% 5000 A Alkylate
= 251 | —[02=209% 1400 rpm
g 20 - i;.t_‘ 4000 A
2 fa—)
r 157 2 3000 A
x >
T 10 A a
< o i
5 A i 2000 s
0 s B 1000 - — [02] = 15.5%
-5 . . : : . . . ] — [02] = 20.9%
40 -30 -20 -10 O 10 20 30 40 0 —
Crank Angle [°CA] -40 -30 -20 -10 O 10 20 30 40

Crank Angle [°CA]
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A Chemkin Simulations of Mixed Mode Combustion

:

® Closed homogeneous reactor module with adiabatic assumption

® LLNL mechanism with 2,848 species and 12,201 reactions

® Variables : fuel type, intake O, mole fraction, initial temperature,
NO mole fraction in residual gas, pressure traces (CA50)

- ~ Compare autoignition timing (t,)).
O Initial conditions
. - ) 3000 11400 rpm, Mixed mode, 80
« Composition of oxidizer, residual 02 20.9%, CR12, Alkylate
« Equivalence ratio — 2500 A|—ak. 500K, Temp. _
 Initial temperature 3 —Alk., 800K, HRR - 60 S
@ 2000 o —Expr.Est End-gas Temp. TN e
.. E —EXxpr. Avg. AHRR, Base . \ )
1 Boundary condition g 1500 40 g:t
* Pressure from experimental data g— <
\. J o 1000 — A s S_
a _—— Al \ - 20 X
1 ANSYS Chemkin-Pro 18.0 500 — 1 \
O m AN
[Closed_Homageneous -40 -30 -20 -10 0 10 20 30 40

Crank Angle [°CA]
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Autoignition Phasing Sensitivity

- D

Alkylate
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Linear Combination of Sensitivity Analysis

Alkylate N High cycloalkane ~
Retard Retard
A ‘LNO 11TTinit A
T .
lNO ~L init
10 4+
2 10,
tw OF tu Of —[ CA50 adv.
0 0
0, 20.9% CAB0 adv. 0, 20.9%
t, of
0O, 15.5%
t, of
v 0, 15.5% v
Advance Advance
Experiment Predicted Error Experiment Predicted Error
341 2.64 -0.77 1.24 1.25 0.01
- / \ /
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Conclusions & Future Direction

>

‘| _*RON and MON provide at least 1t order description of fuel behavior under all
stoichiometric, knock-limited conditions tested

- e “Beyond RON” conditions result in a higher degree of uncertainty in Octane
Index predictions, due to extrapolation of RON and MON results

* Mixed-mode combustion provides efficiency benefits expected by lean
operation

® Octane Index framework appears to hold to first order at Mixed Mode
conditions which have been tested so far

® Challenges remain:
— Assuring stable flame development
— Achieving a range of operation
— Ensuring compatibility with a range of fuel compositions

® Many opportunities exist to improve Mixed Mode Combustion:
— End-gas fuel stratification a la LTGC

— Tailoring thermodynamic conditions at TDC
— End-gas equivalence ratio

COMBUSTION RESEARCH FACILITY 27 @ Sandia National Laboratories



Acknowledgements

2

f/ The authors would like to thank Xun Huan and Tiernan Casey for contributing
their expertise to the analysis of Octane Index Uncertainty, and Khachik
Sargsyan, Namho Kim, and Isaac Ekoto for their helpful discussions on this
project. The authors would like to thank Alberto Garcia, Gary Hubbard, Keith
Penney, and Tim Gilbertson for their dedicated support of the DISI laboratory.

The work was performed at the Combustion Research Facility, Sandia
National Laboratories, Livermore, CA. This research was conducted as part of
the Co-Optimization of Fuels & Engines (Co-Optima) project sponsored by the
U.S. Department of Energy (DOE) Office of Energy Efficiency and Renewable
Energy (EERE), Bioenergy Technologies and Vehicle Technologies Offices.
Sandia National Laboratories is a multi-mission laboratory managed and
operated by National Technology and Engineering Solutions of Sandia, LLC., a
wholly owned subsidiary of Honeywell International, Inc., for the U.S.
Department of Energy’s National Nuclear Security Administration under
contract DE-NAOOQ03525.

COMBUSTION RESEARCH FACILITY 28 @ Sandia National Laboratories



