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• TO DETERMINE THE TOXICITY OF PM EMISSIONS FROM 
VEHICLES EQUIPPED WITH CATALYZED PARTICULATE 
MATTER TRAPS AND OPERATING ON ULTRA-LOW SULFUR 
FUEL

• TO EXAMINE PARTICLE SIZE DISTRIBUTIONS AND 
CONCENTRATIONS FROM VEHICLES OPERATING ON ULTRA-
LOW SULFUR FUELS AND EQUIPPED WITH CATALYZED 
PARTICULATE MATTER TRAP SYSTEMS
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GLOBAL OBJECTIVE

SPECIFIC OBJECTIVE
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EXPERIMENTAL TEST MATRIX
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Property CARB ECD ECD-1

Cetane Number 54.1 64.7             51.3

Sulfur, ppm 121 7.4                13.1

SFC Aromatics
Total, vol% 22.5 10.9              23.8
PNA, wt% 4.1 0.9              2.8

FUEL ANALYSIS RESULTS



ARCO Tanker Trucks
• Kenworth chassis
• 1995 & 96 Cummins M11 10.8 litre turbocharged diesel, 330hp
• 10 spd. manual transmission 
• Johnson Matthey CRT

(continuously regenerative
technology)

• 32,200 lb 
test weight



Average Tanker Truck Emissions
Each bar is average of 2 vehicles, 3 runs per vehicle

(LeTavec, C., ARICE Workshop, California Energy Commission, July 10, 2001, Sacramento, Ca.)

Average Tanker Truck Emissions
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APPROACHAPPROACH

• SINGLE STAGE DILUTION  OF RAW EXHAUST WITH A 
MASS FLOW CONTROLLER-BASED DILUTION SYSTEM

• MEASURE CONCENTRATIONS AND PARTICLE SIZE 
DISTRIBUTIONS ON STEADY-STATE OPERATION

• COLLECT DATA DURING WARM-UP TO OBSERVE THE 
EFFECT OF CATALYST LIGHT-OFF ON PARTICLE SIZE 
DISTRIBUTIONS

• BASED UPON THE STEADY-STATE PARTICLE SIZE 
DISTRIBUTIONS, SELECT A FEW KEY PARTICLE SIZES 
FOR TRACKED DURING THE TRANSIENT OPERATION
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TUNNEL BACKGROUND
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Data: BACKGROA_B
Model: LogNormal 
  
Chî 2/DoF = 3.6306E12
R̂ 2 =  -4654.12809
  
y0 27.34666 ±390205.33873
xc 41.26481 ±3.16219
w 0.55217 ±0.11071
A 3722939.81838 ±528909.44602

dN
/d

lo
gD

p
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COLD START AT 40 MPH; DR=13:1
TRANSIT BUS 

FUEL: ECD 
EXHAUST AFTER-TREATMENT: JOHNSON-MATTHEY
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Data: LONGWARMUP40_B
Model: LogNormal 
  
Chî 2 =  3.5581E15
R̂ 2 =  -84.23006
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w 0.23488 ±0.03402
A 186338746.56612 ±22183786.02401dN
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Data: LONGWARMUP4_B
Model: LogNormal 
  
Chî 2 =  1.9771E17
R̂ 2 =  -486.17702
  
y0 -78685.06209 ±69631357.07132
xc 20.27037 ±1.12555
w 0.39403 ±0.06607
A 1015579919.01093 ±134647683.03769
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COLD START AT 40 MPH; DR=25:1
TRANSIT BUS 

FUEL: ECD 
EXHAUST AFTER-TREATMENT: JOHNSON-MATTHEY
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Data: Data4_B
Model: Gauss 
  
Chi 2̂/DoF = 58663656482.383
R 2̂ =  0.98668
  
y0 0 ±0
xc1 10.00921 ±0.05296
w1 4.69174 ±0.15787
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Data: Data7_B
Model: Gauss 
  
Chi 2̂/DoF = 2394044893.55192
R 2̂ =  0.88749
  
y0 0 ±0
xc1 8.89932 ±0.19587
w1 2.84408 ±0.44551
A1 1117020.5288 ±154571.24576
xc2 19.17271 ±0.16497
w2 7.11482 ±0.37993
A2 4476248.80983±247572.12211
xc3 85.72075 ±2.28865
w3 73.57633 ±5.09993
A3 22813873.08273 ±1295876.50453
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Data: Data9_B
Model: Gauss 
  
Chi 2̂/DoF = 3606796717.84368
R 2̂ =  0.71696
  
y0 0 ±0
xc1 14.64227 ±0.17783
w1 3.92238 ±0.37578
A1 1800038.12931±170670.75859
xc2 59.01413 ±1.94953
w2 44.18309 ±3.96365
A2 12521355.40515 ±968624.85735dN
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Data: Data13_B
Model: Gauss 
  
Chi 2̂/DoF = 1375324682.6376
R 2̂ =  0.84935
  
y0 0 ±0
xc1 15.2847 ±0.12392
w1 4.27703 ±0.26563
A1 1854324.18787 ±115178.78633
xc2 79.87348 ±2.25234
w2 70.88729 ±4.58786
A2 15842074.40864 ±885770.28917dN
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Data: Data15_B
Model: Gauss 
  
Chi 2̂/DoF = 980753015.66787
R 2̂ =  0.75114
  
y0 0 ±0
xc 81.74481 ±1.98574
w 75.3909 ±3.62947
A 16705671.39328 ±744599.87414
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Data: Data5_B
Model: LogNormal 
  
Chi^2/DoF = 1.0092E13
R^2 =  -35716.73077
  
y0 0.5921 ±646318.86606
xc 116.27605 ±16.09971
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Data: Data23_B
Model: LogNormal 
  
Chi^2/DoF = 1.2322E13
R^2 =  -33062.20607
  
y0 0.60459 ±896621.03746
xc 101.01482 ±14.77481
w 0.78104 ±0.22608
A 5604603.03804 ±1014146.18833dN
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AFTER WARM-UP AT 20 MPH; DR=25:1
TRANSIT BUS 

FUEL: ECD 
EXHAUST AFTER-TREATMENT: JOHNSON-MATTHEY
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COLD START AT 40 MPH
TRANSIT BUS 
FUEL: ECD 1

EXHAUST AFTER-TREATMENT: JOHNSON-MATTHEY
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w 0.26709 ±0.03642
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AFTERWARM-UP AT 40 MPH
TRANSIT BUS 
FUEL: ECD1 

EXHAUST AFTER-TREATMENT: JOHNSON-MATTHEY
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AFTERWARM-UP IDLE
TRANSIT BUS 
FUEL: ECD1 

EXHAUST AFTER-TREATMENT: NONE
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Data: IDLE_B
Model: LogNormal 
  
Chî 2 =  2.5821E16
R̂ 2 =  -73.33068
  
y0 -591.62941 ±18906004.8423
xc 15.49838 ±0.43006
w 0.22293 ±0.02967
A 551180759.789 ±60890075.37483dN
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Data: IDLEB_B
Model: LogNormal 
  
Chî 2 =  4.7493E13
R̂ 2 =  -0.04194
  
y0 0.14839 ±763760.98512
xc 14.8461 ±1.55436
w 0.1595±0.1094
A 5308598.72397 ±3056114.92098dN

/d
lo
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AFTERWARM-UP AT 40MPH
TRANSIT BUS 
FUEL: ECD1 

EXHAUST AFTER-TREATMENT: NONE
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Data: A40MPHA_B
Model: LogNormal 
  
Chî 2 =  3.8108E15
R̂ 2 =  -75.10488
  
y0 775028.48387 ±7307976.74624
xc 15.64438 ±0.44766
w 0.22923 ±0.03069
A 208167834.81088 ±23097132.80758dN

/d
lo

gD
p

Dp (nm)

Data: A40MPHB_B
Model: LogNormal 
  
Chi^2/DoF = 2.6058E17
R^2 =  -34415.85298
  
y0 0.01919 ±177918911.71443
xc 72.24424 ±8.47088
w 0.81376 ±0.23489
A 818811800.68858 ±177916028.71149

dN
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Data: A40MPHC_B
Model: LogNormal 
  
Chi^2/DoF = 1.3635E17
R^2 =  -13870.07349
  
y0 -0.0892 ±107553750.27302
xc 54.84063 ±5.17918
w 0.67857 ±0.17281
A 649882165.65839 ±113572224.18901

dN
/d
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AFTERWARM-UP AT 20MPH
TRANSIT BUS 
FUEL: ECD1 

EXHAUST AFTER-TREATMENT: NONE
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Data: A20MPFA_B
Model: LogNormal 
  
Chî 2 =  3.8287E16
R̂ 2 =  -71.27321
  
y0 740790.74053 ±22651109.87149
xc 17.19155 ±0.43995
w 0.20564 ±0.0273
A 697883824.95754 ±77078351.15995

dN
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Data: A20MPFB_B
Model: LogNormal 
  
Chi^2/DoF = 1.7592E16
R^2 =  -105.09934
  
y0 329300.73566 ±15879560.37719
xc 17.18565 ±0.52131
w 0.2392 ±0.03282
A 430489949.674 ±48695787.75668

dN
/d
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COLD START  IDLE
TRANSIT BUS 
FUEL: CARB

EXHAUST AFTER-TREATMENT: NONE
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Data: COLDIDLELOA_B
Model: LogNormal 
  
Chi^2/DoF = 3.243E16
R^2 =  -382.97398
  
y0 3.66124 ±25138476.45891
xc 26.25 ±1.29107
w 0.36465 ±0.05712
A 445309934.24232 ±55019336.31493

dN
/d

lo
gD

p

Dp (nm)

Data: COLDIDLELOB_B
Model: LogNormal 
  
Chi^2/DoF = 2.1668E17
R^2 =  -288.961
  
y0 572280.59273 ±59543079.51264
xc 21.90141 ±0.86105
w 0.29753 ±0.04365
A 1302732754.95637 ±154514581.60697

dN
/d

lo
gD

p
Data: COLDIDLELOC_B
Model: LogNormal 
  
Chi^2/DoF = 1.613E18
R^2 =  -182.38624
  
y0 2542892.14617 ±157448305.24751
xc 19.36598 ±0.68168
w 0.27087 ±0.03867
A 3784221734.66011 ±440063648.92628

dN
/d

lo
gD

p
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DURING WARM-UP AT 40MPH
TRANSIT BUS 
FUEL: CARB

EXHAUST AFTER-TREATMENT: NONE
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 B
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Data: COLD40MPHB_B
Model: LogNormal 
  
Chi^2/DoF = 9.371E16
R^2 =  -15111.64021
  
y0 446879.56513 ±101233019.56466
xc 57.77144 ±5.8603
w 0.72569 ±0.20156
A 520308407.10096 ±101662864.31733
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Data: COLD40MPHC_B
Model: LogNormal 
  
Chi^2/DoF = 7.7279E16
R^2 =  -14141.08351
  
y0 436754.94998 ±66191241.20241
xc 64.40612 ±5.66128
w 0.63045 ±0.13911
A 506894205.98039 ±79053356.16092

dN
/d

lo
gD

p
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Data: COLD40MPHD_B
Model: LogNormal 
  
Chi^2/DoF = 1.1537E17
R^2 =  -6663.28703
  
y0 436307.10555 ±128498844.78035
xc 43.34834 ±4.54007
w 0.7517 ±0.2305
A 568746189.41521 ±123488980.57157

dN
/d

lo
gD

p

Dp (mm)
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Data: COLD40MPHA_B
Model: LogNormal 
  
Chi^2/DoF = 4.2517E16
R^2 =  -114.2264
  
y0 443625.60033 ±24882233.42068
xc 17.33642 ±0.54469
w 0.2468 ±0.03412
A 656346809.84193 ±74628190.91266

dN
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lo
gD

p

Dp (mm)
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Data: COLD40MPHF_B
Model: LogNormal 
  
Chi 2̂/DoF = 6.174E16
R^2 =  -5527.58868
  
y0 207334.55461 ±56815363.49703
xc 42.76829 ±3.53769
w 0.59775 ±0.12888
A 468010676.07491 ±69804177.96944

dN
/d

lo
gD

p

Dp (mm)
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 B
 Pk1COLD4B
 Pk2COLD4BData: COLD40MPHG_B

Model: Gauss 
  
Chi^2/DoF = 1.53E12
R 2̂ =  0.9237
  
y0 0 ±0
xc1 16.89142 ±0.13913
w1 6.02506 ±0.35363
A1 97620451.08683 ±6752780.17728
xc2 51.6059 ±2.13088
w2 65.29349 ±4.92933
A2 498926428.91394 ±30945040.19402

dN
/d

lo
gD

p

Dp (mm)

 B
 B
 Pk1COLD4B
 Pk2COLD4B

Data: COLD40MPHH_B
Model: Gauss 
  
Chi^2/DoF = 1.4763E12
R 2̂ =  0.88894
  
y0 0 ±0
xc1 19.73805 ±0.28056
w1 10.27582 ±0.8786
A1 117090269.39146 ±14480200.41767
xc2 56.42826 ±2.77482
w2 60.59421 ±6.24617
A2 421953662.90096 ±36484019.37152

dN
/d

lo
gD

p

Dp (mm)

 B
 B
 Pk1COLD4B
 Pk2COLD4B

Data: COLD40MPHI_B
Model: Gauss 
  
Chi 2̂/DoF = 812690511470.16321
R^2 =  0.87796
  
y0 0 ±0
xc1 16.14835 ±0.16074
w1 4.50818 ±0.36887
A1 38728115.39074 ±3410790.70536
xc2 56.34347 ±1.49742
w2 63.04963 ±3.37988
A2 440641760.41518 ±19434927.84699

dN
/d

lo
gD

p

Dp (mm)
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Data: COLD40MPHE_B
Model: Gauss 
  
Chi^2/DoF = 1.7695E12
R^2 =  0.98456
  
y0 0 ±0
xc1 18.03783 ±0.05667
w1 6.93315 ±0.143
A1 326520499.35077 ±8081480.05524
xc2 58.16618 ±1.85186
w2 56.13178 ±4.23024
A2 464854592.14907 ±28598001.39718

dN
/d

lo
gD

p

Dp (mm)

 B
 B
 Pk1COLD4B
 Pk2COLD4B

Data: COLD40MPHJ_B
Model: Gauss 
  
Chi^2/DoF = 648773795678.00195
R^2 =  0.89619
  
y0 0 ±0
xc1 23.74164 ±0.47356
w1 13.93569 ±1.52092
A1 80415434.62302 ±13583146.03547
xc2 67.25648 ±1.95041
w2 64.55271 ±4.40363
A2 483935351.12801 ±27608105.66479

dN
/d

lo
gD

p

Dp (mm)
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DURING WARM-UP AT 20MPH
TRANSIT BUS 
FUEL: CARB

EXHAUST AFTER-TREATMENT: NONE
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Data: WARM20MPHA_B
Model: Gauss 
  
Chi^2/DoF = 1.4343E12
R^2 =  0.91251
  
y0 0 ±0
xc1 19.75347 ±0.24162
w1 10.09687 ±0.73162
A1 129607950.99627 ±13259637.16446
xc2 58.74106 ±2.19878
w2 62.29017 ±5.07575
A2 522245035.80515 ±35077032.50175

dN
/d

lo
gD

p

Dp (mm)

Data: WARM20MPHB_B
Model: Gauss 
  
Chi^2/DoF = 1.8203E12
R^2 =  0.96648
  
y0 0 ±0
xc1 16.43648 ±0.08644
w1 7.15221 ±0.2389
A1 218767394.44281 ±9623118.96608
xc2 52.17985 ±5.30782
w2 54.88238 ±12.90469
A2 168846445.11758 ±31658841.4364

dN
/d

lo
gD

p
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CONCLUSIONS

• ENGINES EQUIPPED WITH CATALYZED PM 
TRAPS AND OPERATING LOW SULFUR FUELS 
CAN DRAMATICALLY REDUCE THE  PM 
EMISSIONS, AFTER THE CATALYST LIGHT-OFF 
TEMPERATURE BEEN ACHIEVED.

• HIGH CONCENTRATIONS OF NANO-PARTICLE 
WERE OBSERVED DURING THE COLD START 
OPERATION OF VEHICLES. 

• BI-MODAL DISTRIBUTIONS WERE OBSERVED 
FOR FEW OF THE TEST RUNS, BUT THEY WERE 
NOT THE NORM.




