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Precise	  control	  of	  the	  combusMon	  process	  allows	  for	  high	  
efficiency	  and	  low	  emissions	  

Slide	  adapted	  from	  DOE	  presenta<on,	  Gurpreet	  Singh	  et	  al.	  

LTC creates reacting mixtures in-cylinder 
that avoid soot and NOx formation … 

…while at the same time avoid CO and 
UHC emissions. 

Charge must end up in this region 
after combustion is complete  
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Dual-‐fuel	  ReacMvity	  Controlled	  Compression	  IgniMon	  (RCCI)	  

RCCI	  allows	  increased	  engine	  operaMng	  
range	  for	  premixed	  combusMon	  through:	  

•  Global	  fuel	  reac9vity	  (phasing)	  
•  Fuel	  reac9vity	  gradients	  (pressure	  rise)	  
•  Equivalence	  ra9o	  stra9fica9on	  
•  Temperature	  stra9fica9on	  	  

RCCI	  offers	  both	  benefits	  and	  challenges	  to	  
implementaMon	  of	  LTC	  

•  Diesel-‐like	  efficiency	  or	  beFer	  
•  Low	  NOx	  and	  soot	  
•  Controls	  and	  emissions	  challenges	  
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Diesel-‐like	  (or	  beCer)	  efficiency	  with	  reducMons	  in	  both	  NOx	  and	  PM	  
	  
•  Peak	  BTE	  within	  light-‐duty	  drive	  cycle	  
range	  (beCer	  than	  peak	  BTE	  of	  1.9L	  GM	  
diesel)	  

•  Has	  the	  potenMal	  to	  improve	  fuel	  
economy	  by	  15%	  over	  best-‐in-‐class	  PFI	  

Data	  from	  Curran	  et	  al	  will	  be	  presented	  at	  2013	  SAE	  World	  Congress	  

Low NOx across BTE 

Near zero smoke number 
(not zero PM) 

ORNL	  and	  EPA	  FTP	  (UDDS)	  2009	  PFI	  Fuel	  Economy	  Data	  	  

PFI 

RCCI Fuel Economy Data 
Modeled Fuel Economy 

Data for small to full-size passenger cars with varying vehicle weight 

Simulated	  RCCI	  Fuel	  Economy	  compared	  to	  PFI	  gasoline	  
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RCCI	  PM	  with	  uniquely	  different	  morphology	  and	  chemistry	  

•  Lack of appearance of black carbon in RCCI suggests differences 
in chemical composition 

•  Qualitative comparison of similar masses à RCCI particles shown 
to be mostly organic rather than elemental carbon 

Conventional 

0.137 

PCCI RCCI 

0.040 0.025 
PM Mass 
(mg/min)* 

SAE	  2010-‐01-‐2266	  

Engine Condition: 2300 rpm, 4.2 bar BMEP 
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Gasoline-‐like	  HC	  and	  CO	  emission	  levels	  but	  at	  much	  
lower	  exhaust	  temperatures	  

Exh	  Temp	  

T<200⁰C	  

HC	  

CO	  
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RCCI	  presents	  different	  emission	  challenges	  
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EffecMveness	  of	  a	  DOC	  to	  control	  PM,	  CO	  and	  HC	  from	  RCCI	  
•  RCCI	  engine	  based	  on	  2007	  GM	  1.9-‐L	  mulM-‐cylinder	  diesel	  engine	  

–  Dual-‐fuel	  system	  with	  PFI	  injectors	  for	  gasoline	  

–  OEM	  diesel	  fuel	  system	  

–  OEM	  variable	  geometry	  turbocharger	  

•  DRIVVEN	  control	  system	  with	  DCAT	  
–  Full	  control	  of	  diesel	  &	  gasoline	  fuel	  systems	  

–  Cylinder-‐to-‐cylinder	  balancing	  capability	  

•  Exhaust aftertreatment 
–  Model DOC 100 g/ft3 Pt, 1.25-liter 

ORNL Multi-Cylinder 1.9L GM CIDI 

Number	  of	  Cylinders	   4	  

Bore,	  mm	   82.0	  

Stroke,	  mm	   90.4	  

Compression	  RaMo	   17.5	  

Rated	  Power,	  kW	   110	  

Rated	  Torque,	  Nm	   315	  Modified Intake Manifold with PFI Injectors 



9 2013 DOE CLEERS Workshop 

RCCI PM mass reduced by ~50%	  

•  Engine-out PCCI and 
RCCI mass are similar 
in magnitude but… 

–  10% PM mass 
reduction in PCCI 
compared to 50% in 
RCCI 

•  DOC effective despite 
low RCCI exhaust 
temperature 

–  Conventional: 411°C 
–  PCCI: 408°C 
–  RCCI: 247°C  

Cell 2, 6-7, 6-9, 6-10, GM engine
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RCCI post-DOC emissions 0.014 ± 0.001 g/hp-hr 
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Engine Condition: 2300 rpm, 4.2 bar BMEP 
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RCCI PM Nuclei mode number concentration reduced 35 ± 6% by DOC	  

•  RCCI	  accumulaMon	  mode	  (>30	  nm)	  
~100	  Mmes	  less	  than	  Conv	  and	  PCCI	  

–  Enhanced	  fuel	  and	  air	  mixing	  

–  High	  HC	  concentra9on	  with	  lack	  of	  
soot	  surface	  area	  for	  adsorp9on	  
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PCCI: Post DOC
Dual: Engine Out
Dual: Post DOC

Engine Condition: 2300 rpm, 4.2 bar BMEP 

Nuclei mode is susceptible to 
vaporization and oxidation at 250 °C 
given high surface tension 
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RCCI	  HC	  species	  are	  quite	  different	  from	  Conv.	  CombusMon	  

SAE	  2010-‐01-‐2266	  

•  Considerable	  increase	  in	  
carbonyl	  emissions	  for	  dual-‐
fuel	  RCCI	  

•  DisproporMonal	  increase	  in	  
mono-‐aromaMc	  carbonyls	  
(Gasoline=mono-‐aromaMc	  rich,	  
diesel=mono-‐aromaMc	  poor)	  

Engine Condition: 2300 rpm, 4.2 bar BMEP 

* 

* 
* 

Gasoline to diesel ratio changes over the speed/load map, the chemical composition will 
shift from diesel-like to gasoline-like HCs and vice versa which may pose a challenge for a 
oxidation catalyst 
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RCCI	  results	  in	  shil	  in	  HC	  and	  CO	  light-‐off	  temperature	  

•  RCCI	  engine	  out	  CO	  is	  5x	  higher	  

•  RCCI	  engine	  out	  HC	  is	  4x	  at	  lower	  loads	  
and	  11	  Mmes	  at	  higher	  loads	  

•  Lower	  exhaust	  temperatures	  

1250 rpm 

2000 rpm 

Speed/Load	  
rpm/bar	  	  

ΔT	  
°C	  	  

1250/2.0	  	   8	  

1250/5.0 35 

2000/2.0 34 

2000/6.0 49 
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•  80%	  HC	  and	  100%	  CO	  
conversion	  at	  190°C	  at	  
convenMonal	  combusMon	  

•  No	  catalyst	  acMvity	  in	  
RCCI	  below	  200°C	  

•  Shil	  to	  higher	  HC	  and	  CO	  
light-‐off	  in	  RCCI	  
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Summary	  

Engine Out Emissions 

NOx	  

PM	  

HC	  

CO	  

R
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C
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•  Significant	  reducMon	  in	  
engine	  out	  NOx	  and	  PM	  
emissions	  

•  Much	  higher	  CO	  and	  HC	  
emissions	  

•  Low	  exhaust	  temperatures	  
(much	  <200°C)	  

DOC	  

•  50%	  reducMon	  in	  PM	  by	  DOC	  at	  250°C	  

•  Shil	  to	  higher	  HC	  and	  CO	  light-‐off	  in	  RCCI	  
–  No	  DOC	  ac9vity	  below	  200°C	  and	  near	  complete	  CO	  and	  HC	  removal	  above	  

300°C	  compared	  to	  80%	  HC	  and	  100%	  CO	  conversion	  at	  190°C	  at	  conven9onal	  
combus9on	  



14 2013 DOE CLEERS Workshop 

BMEP
(bar)

Speed
(RPM)

Torque
(ft-‐lb)

Diesel	  
Rate
(g/s)

Gasoline	  
rate
(g/s)

Max
COV
(%)

Gas	  %
(mass)

BTE
(%)

Raw
BSFC	  
(g/kwhr)

D_eq
BSFC	  
(g/kwhr)

BaroP
(InHg)

AirMassFlo
w
	  (g/s)

EGR	  Rate
(%) 	  

AFR
mass

HC	  
(ppm)

NOx	  
(ppm)

CO
(ppm)

CO2	  
Intake
(%)

CO2	  
Exhaust
(%)

O2	  Intake
(%)

O2	  
Exhuast
(%)

MPR
(kpa/deg
)

MFB50
(CA	  ATDC) IMEP NMEP

IntMnfP
(psig) IntmnfT TurbOutT

1.0 1000 11.526 0.1537 0.04770 10.4 0.2369 18.90 443.0 443.4 28.91 15.91 4.53 0.05 79.00 1992.3 26.84676 5086.4 0.096 2.12 20.88 17.34 344.2 -‐7.04 156.6 146.9 0.26 40.04 127.9
2.0 1000 22.772 0.1240 0.15309 2.8 0.5525 27.11 308.5 309.2 28.91 15.90 3.51 0.05 57.37 2882.1 10.24139 5244.6 0.105 3.00 20.86 16.10 297.3 -‐1.77 257.5 249.1 0.26 40.32 157.8
3.0 1000 34.429 0.0930 0.25252 4.0 0.7309 32.85 254.4 255.1 29.05 15.42 2.85 0.03 44.63 3225.4 7.471395 2010.4 0.113 3.96 20.90 15.16 413.2 -‐0.41 373.4 365.1 0.47 42.06 188.1
4.0 1000 45.384 0.1193 0.33133 1.5 0.7352 33.19 251.8 252.5 28.91 16.06 4.29 0.07 35.64 3228.0 16.59825 1412.8 0.237 5.53 20.68 12.97 796.1 4.00 593.0 558.7 2.79 41.06 257.0
1.0 1500 11.97972 0.1906 0.13741 5.7 0.4189 18.08 462.8 463.6 28.93 23.25 3.25 0.04 70.89 3630.9 21.92095 5015.9 0.065 2.01 20.81 17.52 254.1 -‐4.90 185.8 172.1 0.38 41.50 145.9
2.0 1500 22.973 0.2111 0.22608 4.2 0.5171 26.00 321.7 322.3 28.93 22.73 2.10 0.05 52.00 3034.6 27.03704 4845.1 0.065 3.11 20.82 16.07 286.2 -‐2.99 284.5 271.2 0.07 41.29 180.3
2.6 1500 29.609 0.2365 0.27792 4.0 0.5403 28.48 293.6 294.3 28.92 22.87 1.78 0.01 44.47 2852.7 9.790642 3579.5 0.069 3.85 20.83 15.20 360.0 -‐0.71 342.8 328.3 0.36 41.20 198.7
4.0 1500 45.495 0.1550 0.50697 2.4 0.7659 33.97 245.9 246.7 28.92 24.67 1.75 0.02 37.26 3118.1 12.51186 1834.2 0.088 5.06 20.81 13.70 601.3 2.46 487.1 467.6 1.48 41.18 235.9
5.0 1500 56.297 0.1743 0.60694 1.1 0.7769 35.62 234.6 235.3 28.91 27.14 4.29 0.03 34.74 3400.6 16.59825 1412.8 0.237 5.53 20.68 12.97 796.1 4.00 593.0 558.7 2.79 41.06 257.0
2.0 2000 23.139 0.3194 0.28121 4.0 0.4682 25.42 329.1 329.7 28.90 32.82 2.03 0.01 54.64 3020.8 18.98806 4808.9 0.062 3.07 20.87 16.14 282.8 -‐0.83 301.0 279.3 0.36 41.88 188.5
3.0 2000 32.623 0.3428 0.35210 5.6 0.5067 30.97 270.1 270.6 29.16 32.78 1.90 0.01 47.17 2355.9 11.40967 3297.5 0.074 3.91 20.94 15.08 362.5 0.57 385.1 361.2 0.20 41.38 222.0
4.0 2000 44.813 0.2970 0.59950 3.1 0.6687 32.96 253.6 254.3 28.91 37.39 1.95 0.01 41.71 2844.0 7.817478 2418.5 0.087 4.43 20.83 14.48 507.3 1.38 497.9 467.9 2.45 41.97 229.9
5.0 2000 56.344 0.2438 0.79817 5.2 0.7660 35.64 234.4 235.1 29.15 38.60 2.20 0.02 37.04 2967.4 15.54202 1369.6 0.117 5.32 20.88 13.34 816.4 2.08 597.8 565.1 3.17 42.00 259.0
6.0 2000 67.329 0.1511 1.04544 2.2 0.8737 37.07 225.3 226.1 28.91 42.20 1.95 0.01 35.27 2928.7 23.94954 1082.8 0.111 5.69 20.80 12.87 1026.9 3.15 706.7 667.1 4.72 41.96 268.3
3.0 2500 34.248 0.4623 0.53313 5.4 0.5356 28.37 294.8 295.4 29.14 46.86 2.64 0.01 47.07 2855.7 13.51801 4591.7 0.096 3.66 20.92 15.28 362.7 0.02 416.5 378.7 3.14 41.24 217.0
4.0 2500 45.299 0.4574 0.72241 5.7 0.6123 31.65 264.1 264.8 29.14 49.75 2.52 0.02 42.17 2940.4 13.86699 3198.8 0.107 4.26 20.90 14.59 522.5 -‐0.40 516.3 475.7 4.21 41.31 237.7
5.0 2500 55.937 0.4068 0.92925 5.3 0.6955 34.50 242.2 242.9 29.15 50.93 2.28 0.02 38.12 2999.0 13.41384 2112.6 0.113 4.95 20.89 13.78 581.0 1.83 608.2 570.4 4.56 41.30 261.1
6.0 2500 68.483 0.3105 1.19411 4.1 0.7936 37.49 222.8 223.5 28.89 53.49 2.12 0.03 35.55 2731.3 17.54717 1463.9 0.117 5.52 20.81 13.08 675.4 4.03 715.3 682.8 5.38 41.26 280.1
7.0 2500 78.568 0.2584 1.37302 1.0 0.8416 39.66 210.6 211.3 29.08 57.19 2.42 0.04 35.05 2682.5 20.79622 1062.4 0.139 5.73 20.87 12.84 919.9 4.54 782.8 760.6 6.02 38.74 288.3
3.0 3000 33.086 0.7532 0.44403 1.8 0.3709 27.36 305.8 306.3 28.92 53.56 3.55 0.03 44.73 3036.9 17.84201 4877.0 0.135 3.80 20.81 15.01 361.2 3.21 421.2 383.5 2.44 40.81 240.5
4.0 3000 44.942 0.6248 0.79988 0.8 0.5614 31.21 267.9 268.5 28.92 58.15 3.16 0.03 40.82 3682.7 16.79074 3673.4 0.140 4.43 20.81 14.25 400.5 3.60 527.4 488.5 4.06 40.87 261.7
5.0 3000 56.639 0.5265 1.11731 1.5 0.6797 34.08 245.3 245.9 28.92 61.72 2.74 0.03 37.55 3846.9 16.85599 2935.7 0.137 5.00 20.82 13.54 402.2 5.46 635.6 597.0 4.98 40.84 284.6
6.0 3000 67.357 0.4536 1.36788 0.8 0.7510 36.56 228.5 229.2 28.92 67.68 2.72 0.03 37.16 3212.5 15.44515 2105.9 0.144 5.30 20.81 13.22 540.3 5.19 727.6 685.5 6.85 41.01 286.7
7.0 3000 79.071 0.3817 1.61880 0.6 0.8092 39.07 213.8 214.5 28.91 74.51 2.56 0.03 37.25 2888.3 13.22318 1781.9 0.138 5.37 20.83 13.15 557.1 6.34 816.1 782.7 7.84 42.02 289.6
8.0 3000 90.206 0.2786 1.91768 0.7 0.8732 40.59 205.8 206.5 29.06 69.94 1.70 0.06 31.84 2682.5 44.89502 836.9 0.108 6.37 20.93 11.97 900.8 6.67 887.7 867.0 7.07 41.92 336.6
4.0 3500 44.996 0.6504 1.05779 1.2 0.6192 30.40 275.0 275.7 29.05 70.85 4.12 0.03 41.48 4108.0 37.86805 5047.0 0.167 4.06 20.82 14.71 357.0 2.50 530.1 488.5 4.93 40.23 258.0
5.0 3500 56.876 0.6707 1.21474 1.0 0.6443 34.81 240.1 240.7 29.05 70.53 3.56 0.02 37.41 2919.1 50.24901 2529.5 0.181 5.07 20.81 13.61 489.3 2.80 628.5 593.1 4.91 41.03 292.0
6.0 3500 67.181 0.6177 1.45456 1.0 0.7019 37.40 223.5 224.1 29.02 73.95 2.42 0.05 35.68 2516.6 52.12778 1767.4 0.133 5.48 20.89 13.11 592.2 4.15 729.6 691.9 5.71 40.41 310.7
7.0 3500 78.427 0.5308 1.78108 0.7 0.7704 39.13 213.5 214.2 29.02 78.57 2.00 0.04 33.98 2359.6 70.44397 1056.2 0.120 5.96 20.91 12.49 850.9 3.71 826.0 788.5 6.99 42.01 324.7
8.0 3500 89.872 0.4152 2.18229 0.9 0.8402 39.90 209.4 210.1 29.01 84.60 1.76 0.06 32.57 2254.8 44.31132 780.3 0.109 6.21 20.93 12.19 986.6 5.58 920.3 880.5 8.69 43.46 333.3

RCCI	  Mapping	  Data	  	  is	  available	  at	  CLEERS	  website	  

•  Efficiency	  and	  emissions	  map	  of	  gasoline	  and	  diesel	  RCCI	  

•  hCp://www.cleers.org/databases/filepage.php?fileid=30	  

	  

Boost	   HC Ex T MPR 

http://www.cleers.org/databases/ 


