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Enhanced Fuel and Air Mixing for Low 
Particle Emissions 

• Premixed charge compression ignition (PCCI) 
–  Early fuel injection and high levels of exhaust gas recirculation 

(EGR) 
–  Implementation difficult at high load and during transient tests 

• Dual-fuel reactivity controlled compression ignition (RCCI) 
–  Fuel reactivity dampened by large gasoline component                     

(Inagaki et al., 2006) 
–  For single-cylinder research engine at high load, particle emissions 

below US 2010 heavy-duty regulation (Kokjohn et al., 2009)  
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• Diesel 
injection         
–  150 degree 

spray angle 
–  ½ pressure 

of Conv. 

In-cylinder Mixing of Gasoline and 
Diesel Fuel 

•  Fraction 
injected ~          
75% Gasoline    
25% Diesel 

Start of injection 
(DBTDC) 
           RCCI 
Pilot        0 
Main      60 

Conv.    PCCI 
27.5          0 
1.7          4.7 

• Exhaust gas 
recirculation                
–  0% RCCI 
–  29% Conv. 
–  40% PCCI 

• Gasoline 
injection 
–  15 degree 

spray angle         
–  Completed 

before valve 
opens  

Swirl intensity  
 3.1 RCCI 
 2.5 Conv./PCCI 
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RCCI Combustion Characteristics 
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• Relative to Conv. 
and PCCI: 
–  Earlier combustion 

event 
–  Greater dissipation 

in heat release 
–  Higher bulk 

temperature 
–  Lower post-

combustion 
temperature 
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K. Cho (7th US National Combustion Meeting) 
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Sampling and Analysis Methods 

GM Engine  
4-Cylinder 
1.9 L  

DOC 

Microtunnel Dilution 
DR ~ 16 

TX40 Filter  
Pump, Dry gas meter 

3085 
DMA 3025 

CPC 

Steady-State 
•  2300 rpm, 4.3 bar BMEP 
•  Characteristic of FTP medium  
acceleration (Szymkowicz et al., 2001) 

Emissions Certification Fuels 
•  Ultra-low sulfur diesel (ULSD) 
•  Unleaded test gasoline (CP-Chem, UTG-96) 
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Particle Mass Emissions 
•  Qualitative comparison of similar masses=> RCCI particles may 

be mostly organic rather than elemental carbon 

Conventional 

1.37 mg 

PCCI RCCI 

1.21 mg 0.76 mg PM Mass 
Sampling Time 10 min 30 min 30 min 
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Cell 2, 6-7, 6-9, 6-10, GM engine
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Reduction by DOC 
Conventional Diesel: 30   6%
             Diesel PCCI: 9   18%
       Dual-Fuel RCCI: 47   9%

± 

± 
± 

Particle Mass Reduction by DOC 

• Engine-out       
PCCI and RCCI 
mass similar 

• DOC effective 
despite low RCCI 
exhaust 
temperature 
–  250 RCCI 
–  415 Conv. 
–  420 PCCI 

RCCI post-DOC emissions 0.014 ± 0.001 g/hp-hr 
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Particle Number-Size Distributions 

•  RCCI accumulation mode particles                           
~ 100 times less than Conv. & PCCI 

Low accumulation mode  
- Enhanced fuel and air 
mixing 
 

Significant nuclei mode  
- Fuel impingement 
-  Low exhaust temp. 
-  High HC concentration 
with lack of soot surface 
area for adsorption 
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Dual Fuel 6/9
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RCCI Number-Size Distribution 
•  Nuclei mode number concentration reduced 35 ± 6% by DOC 

–  Susceptible to vaporization and oxidation at 250 °C given high surface tension 
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NOx and Hydrocarbon Emissions 

•  RCCI NOx – possibly fewer local hot zones from better air and fuel 
mixing 

•  RCCI HC – diesel fuel may impinge on cylinder wall or gasoline on 
intake valve => suggests fuel injectors should be modified 

Engine Out Nox
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Conclusions 
•  Particle mass emissions 

–  RCCI engine-out similar to PCCI (0.027 ± 0.007 g/hp-hr) 
–  Reduction by DOC greatest for RCCI (47 ± 9%) 
–  RCCI post-DOC mass 0.014 ± 0.001 g/hp-hr 

•  Particle number concentration 
–  RCCI accumulation mode particles approximately 100 times 

lower than PCCI and Conv. 
–  Nuclei mode particles reduced 35 ± 6% by DOC 

•  Future investigations 
–  Modification of fuel injectors to prevent impingement 
–  Use of EGR to increase exhaust temperature 
–  Extend fueling strategy to higher load operation 


