
Sources of UHC and CO in 
Low Temperature Automotive 
Diesel Combustion Systems 
Paul Miles 
Sandia National Laboratories /  Lund University 

Co-workers: 

Isaac Ekoto, Mark Musculus, Ben Petersen (Sandia) 

Dave Foster, Youngchul Ra, Rolf Reitz (UW) 

Öivind Andersson, Ulf Aronsson, Bengt Johansson (Lund U.) 

Sponsors: 

US Department of Energy, EERE-OVT, Gurpreet Singh, Program Manager 

General Motors Corporation, Russell Durrett, Project Technical Lead 

Directions in Energy-efficiency and Emissions Research, 27-30 September 2010 – Detroit, MI 

M 
OF 

E YD 
PA

RT 
ENT 

NE

ERG 

E 

AU
N

I 

D 

OF

M
R 

C 

T 

ST S 

E 

TA

I 

A

E 

CRF 



 

 

 

 

The Nissan MK system
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What are low-temperature combustion systems?What are low-temperature combustion systems? 

• Low Temperature combustion systems go by a variety 
of names (MK, PCI, PPCI, HECC, HCLI, Unibus, etc.) 

• All of them strive to enhance premixing of fuel and air, 
and to keep peak combustion temperatures low – 
thereby avoiding NOx and soot formation 

Advantages: 

- Conventional diesel FIE & 
bowl geometry 

- Combustion timing is 
controlled by fuel injection 

Disadvantages: 

- High UHC & CO emissions 
(efficiency penalty) 

- Limited speed / load range 



 
 

UHC can stem from both fuel-rich and fuel lean
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Constant φ & T,  P = 60 bar, 
∆t=2 ms,  21% O2 

Soot/NOx contours from 
Kitamura, et al., JER 3, 2002 
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• For temperatures above ~1200 K, UHC 
oxidation in lean mixtures is complete 
(independent of EGR rate) 

Constant φ & T,  P = 60 bar, 
∆t=2 ms,  21% O2 

Soot/NOx contours from 
Kitamura, et al., JER 3, 2002 
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Poor mixture formation: • Low injection pressure 
• Poor atomization 

• Under or over-penetration 

• Sac volume / hole dribble 

Constant φ & T,  P = 60 bar, 
∆t=2 ms,  21% O2 

Soot/NOx contours from 
Kitamura, et al., JER 3, 2002 
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Poor mixture formation: • Low injection pressure 
• Poor atomization 

• Under or over-penetration 

• Sac volume / hole dribble 

• Over-lean mixtures 
- Small nozzle holes 

- Excessive injection pressure 

- Excessive ignition delay 

Constant φ & T,  P = 60 bar, 
∆t=2 ms,  21% O2 

Soot/NOx contours from 
Kitamura, et al., JER 3, 2002 
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Poor mixture formation: • Low injection pressure 
• Poor atomization 

• Under or over-penetration 

• Sac volume / hole dribble 

Cold quench layers 
• Crevices 

• Wall films 

• Over-lean mixtures 
- Small nozzle holes 

- Excessive injection pressure 

- Excessive ignition delay 

Constant φ & T,  P = 60 bar, 
∆t=2 ms,  21% O2 

Soot/NOx contours from 
Kitamura, et al., JER 3, 2002 



 
 

Bulk gas CO sources are similar to the bulk gas
sources of UHC
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Over-rich regions caused by poor mixture formation 

(typical of high load – CO emissions track soot emissions 
Constant φ & T,  P = 60 bar, 
∆t=2 ms,  21% O2 

Soot/NOx contours from 
Kitamura, et al., JER 3, 2002 
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Bulk gas CO sources are similar to the bulk gas
sources of UHC
Bulk gas CO sources are similar to the bulk gas 
sources of UHC 

Over-rich regions caused by poor mixture formation 

(typical of high load – CO emissions track soot emissions 

• Over-lean mixtures 

(typical of light load – CO emissions 
correlate with τign 

• For temperatures above ~1450 K, CO 
oxidation in lean mixtures is complete 
(independent of EGR rate) 

Constant φ & T,  P = 60 bar, 
∆t=2 ms,  21% O2 

Soot/NOx contours from 
Kitamura, et al., JER 3, 2002 
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860 bar rail pressure 
7-Holes, 0.14 mm 
Included angle = 149° 
Mini Sac (Vol. = 0.23 mm3)

} 

Based on production GM 1.9L head
 
Bore = 82.0 mm, Stroke = 90.4 mm
 

The optical piston 
retains the same bowl 
geometry and valve
pockets as a production 
intent piston; only the 
crevice land height is 
larger 

The Bosch CRI2.2 
nozzle hole layout 
has also been 
modified to facili
tate optical studies 
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Bore = 82.0 mm, Stroke = 90.4 mm
 

Both pressure history and emissions behavior 

are well-matched to metal test engines 
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RRecap frecap from DEER 2008:om DEER 2008:
 

In early-injection (PCI-like) combustionX 
systems, UHC is observed: 

- Near the injector 
- In the squish volume 
- In mixture leaving the bowl 

50 cycle average image Predicted UHC 

Simulations suggest that rich mixture leaving the bowl dominates, but this is only 
infrequently observed in the experiments 

CO is mainly found within the squish volume 
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In early-injection (PCI-like) combustionX 
systems, UHC is observed: 

- Near the injector 
- In the squish volume 
- In mixture leaving the bowl 

Simulations suggest that rich mixture leaving the bowl dominates, but this is only 
infrequently observed in the experiments 

CO is mainly found within the squish volume 

? 

50 cycle average image Predicted UHC 

In our recent work, we have applied a variety of measurement techniques to: 

- Identify the cause of the discrepancy between experiments and model 

- Approximately quantify the magnitude of the UHC from various sources 

- Improve the accuracy of in-cylinder CO measurements (eliminate interference) 

- Examine the impact of load, O2, SOI, and fuel type 



 

CComplemenomplementartary optical diagy optical diagnostic tnostic techniquesechniques
 
arare used te used to image UHC and Co image UHC and COO 
355 nm PLIF images capture CH2O and PAH 
(Parent fuel and products of φ>2 combustion) 

Intake 
Laser 
sheet 

off-axis jet-axis 
side side 

After correction a near seam-Before correction Exhaustless image is obtained 

ICCD Filter Set 355 nm• CG 385 
t = 0.5 mm• Corion 500 nm SP 

PI MAX ICCD 
• 512 by 512 resolution 
• 100 ns gate 
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arare used te used to image UHC and Co image UHC and COO 
355 nm PLIF images capture CH2O and PAH 
(Parent fuel and products of φ>2 combustion) 

Intake 
Laser 
sheet 

off-axis jet-axis 
side side 

After correction a near seam-Before correction Exhaustless image is obtained 

Computed exhaust gasch2o (formaldehyde) 
composition at 2000 rpm,hocho (formic acid) 
5 bar IMEP, Pint=1.8 barch3cho (acetaldehyde)
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Rich mixture UHC consists of C2H4, C2H2, and 

CH4—species which are not excited at 355 nm
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Injector leakage is clearly observed in the
images
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...that are also seen in 
elastic scatter images 
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10% O2, 3 bar load (SAE 2009-01-0928) 
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25°CA 

UHC from piston top films is 
observed during expansion... 

Single-cycle, 355 nm LIF images, 3 bar load 
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UHC from piston top films is 
observed during expansion... 

...as is UHC embedded in 
crevice flows 
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Single-cycle, 355 nm LIF images, 3 bar load Cycle-averaged, 355 nm LIF image, 4.5 bar load 
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Single-cycle, 355 nm LIF images, 3 bar load 
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inner bowl fluorescence ( ~ 1 cycle in 5) 
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Deep-UV LIF can detect rich mixture CO
(and UHC?) that is inaccessible at 355 nm
Deep-UV LIF can detect rich mixture CO 
(and UHC?) that is inaccessible at 355 nm 
Potential 
UHC/CO 
sources: 

• Injector sac 
dribble 

• Crevice UHC 
and wall films 

• Poor mixture 
formation 
(over-rich re-
gions) 

• Excessively 
lean regions 

white isotherm = 1200 K 

green isotherm = 1500 K 

Mole 
Fraction 

5.0 x 10-3 

0.0

Mole 
Fraction 

0.00 

0.01 

Simulation 

The predictions of rich 
bowl mixture persist into 
expansion... 

0.0 

0.5 

1.0 

1.5 

φ
φ ? 





15% 

20% 

UHC 

CO 



 
 

DeepDeep-UV LIF can det-UV LIF can detecect rich mixt rich mixturture Ce COO
 
(and UHC?)(and UHC?) thathat is inact is inacccessible aessible at 355 nmt 355 nm
 

Potential The predictions of rich 
UHC/CO bowl mixture persist into 
sources: expansion... 

• Injector sac 
dribble 


15% ...but the measurements 

show that the flow exiting 
• Crevice UHC  the bowl is clean 
and wall films 20% 

• Poor mixture 
formation  ?X
(over-rich re- 5% 
gions) 

• Excessively 
lean regions 

PAH (fuel) 

0 

0.5 

1 

white isotherm = 1200 K 

Mole 
Fraction 

5.0 x 10-3 

0.0
UHC 

CO 

C2 (partially-
burned) 

0 

0.5 

1 

0 

0.5 

1 

Deep-UV LIF 
(UHC/CO distributions at 50° aTDC) 

0.0 

0.5 

1.0 

1.5 

φ
φ 

green isotherm = 1500 K 

Mole 
Fraction 

0.00 

0.01 

CO 

Simulation




 
 

DeepDeep-UV LIF can det-UV LIF can detecect rich mixt rich mixturture Ce COO
 
(and UHC?)(and UHC?) thathat is inact is inacccessible aessible at 355 nmt 355 nm
 

white isotherm = 1200 K 

Potential 
UHC/CO 
sources: 

• Injector sac 
dribble 15% 

• Crevice UHC 
and wall films 20% 

• Poor mixture 
formation  ?X 
(over-rich 5% 

regions)


• Excessively 
?
 
lean regions 60% CO 

C2 (partially-
burned) 

PAH (fuel) 

0 

0.5 

1 

0 

0.5 

1 

0 

0.5 

1 

Deep-UV LIF 

Mole 
Fraction 

5.0 x 10-3 

0.0
UHC 

Fuel lean mixture


0.0 

0.5 

1.0 

1.5 

φ
φ 

green isotherm = 1500 K 

Mole 
Fraction 

0.00 

0.01 

CO 

The predictions of rich 
bowl mixture persist into 
expansion... 

...but the measurements 
show that the flow exiting 

the bowl is clean 

UHC and CO are domi-
nated by bulk gas mixture 
near the injector and in 
the squish volume 

...the simulations indicate 
that these mixtures are 

fuel-lean
Simulation


(UHC/CO distributions at 50° aTDC)




 

LLoad swoad sweeps ceeps confirm thaonfirm that the neart the near-injec-injecttor andor and
 
squish vsquish volume rolume regegions arions are fuel lean & dominane fuel lean & dominantt
 

355 nm PLIF C2 (partially burned) 

1.5 bar 
50° aTDC 

IMEP 
Single 

1.5Cycle 
0.75PLIF 
0Images 

0 

0.4 

0.8 

3.0 bar 50° aTDC 
IMEP 

Partially-burned UHC 
near the injector and in 
the squish volume de-
creases with increasing 
load... 

...as do engine-out UHC 


50° aTDC


0 

0.2 

0.4 

emissions 

4.5 bar 
IMEP
 

1600 
Rich mixture and films are 1400 
more common at higher load 

1200 

• Excessively 
lean regions  U

H
C 

[p
pm

]

1000 

800 

600 

400 
60% 200 

0 1.
5 

ba
r

3.
0 

ba
r

4.
5 

ba
r 



 

1.5Cycle 
0.75PLIF 

LLoad swoad sweeps ceeps confirm thaonfirm that the neart the near-injec-injecttor andor and
 
squish vsquish volume rolume regegions arions are fuel lean & dominane fuel lean & dominantt
 

355 nm PLIF C2 (partially burned) CO 
Partially-burned UHC1.5 bar 

50° aTDC 
IMEP 

0 

0.75 

1.5 

near the injector and in 
Single 

the squish volume de-
0Images creases with increasing 


0 

0.4 

0.8 

0 

0.5 

1 

load... 
3.0 bar 50° aTDC 
IMEP ...as do engine-out UHC 

emissions


0 

0.2 

0.4 

0 

0.25 

0.5 

CO near the injector first4.5 bar 50° aTDC 
IMEP increases as UHC oxida-

tion improves, then is 

oxidized at the highest 


• Excessively 
lean regions 

Rich mixture and films are 
1.

5 
ba

r

3.
0 

ba
r

4.
5 

ba
r 

load1400 7000 
more common at higher load 

1200 6000 

U
H

C 
[p

pm
]

1000 

60% 200 

1600 

CO
 [p

pm
] 

1.
5 

ba
r

3.
0 

ba
r

4.
5 

ba
r

8000 

5000 Increased load always 

800 

600 

4000 improves the squish3000 

400 2000 volume CO oxidation

1000 

0 0 



Emissions incrEmissions increase with timing rease with timing retaretard or advd or advancancee 

UHC and CO emissions are 
mimimized near MBT timing 

0 

2 

4 

6 

8 

10 

0 

10 

20 

30 

40 

50 

-35 -30 -25 -20 -15 -10 -5 0 
SOI [°aTDC] 

C
O

 [g
/k

W
-h

r]

U
H

C
 [g

/k
W

-h
r]

MBT 



      
Emissions incrEmissions increase with timing rease with timing retaretard or advd or advancancee 

... but the sour... but the sourcce locae locations artions are the samee the same 
355 nm PLIF C2 (partially burned) CO 

Adv. 
SOI 

2x Gain
-27.6° 

50° aTDC 

MBT 
SOI 
-23.1° 

1.5 

0 

0.75 

1.5 

0 

0.75 

1.5 

0 

0.75 

0 

0.75 

1.5 

Ret. 
SOI 
-12.3° 

PLIF Images 
0 

0.75 

1.5 

0 

0.75 

1.5 

With both advanced and retarded SOI, the dominant source of increased UHC 
and CO is the squish volume 
- With advanced SOI, the squish volume mixture near the piston top is likely rich 
-	 With retarded SOI, very lean squish volume mixtures increase emissions (rich bowl mix

ture is seen more frequently in the single-cycle PLIF images) 

2x Gain 

Single-
Cycle 

UHC and CO emissions are 
mimimized near MBT timing 

0 

2 

4 

6 

8 

10 

0 

10 

20 

30 

40 

50 

-35 -30 -25 -20 -15 -10 -5 0 
SOI [°aTDC] 

C
O

 [g
/k

W
-h

r]

U
H

C
 [g

/k
W

-h
r]

MBT 

Adv. 

Ret. 



 

    
 
  

   
 

 

 
 

Squish volume emissions are minimized by
small squish heights and low spray targeting 
Squish volume emissions are minimized by 
small squish heights and low spray targeting 

-SPT 

+SPT 

Targeting sweep 

Corner points of full 
factorial design 
(Detects interaction 
effects) 

DOE courtesy of 
Öivind Andersson, 
Lund University 

Squish sweep with 
constant targeting 

0-0.5 0.5 
0.70 

1.10 

1.50 

Relative Spray Targeting (mm) 

Sq
ui

sh
 C

le
ar

an
ce

 (m
m

) 

Response surface design with seven test 
points and one replicate (i.e., the entire test 
matrix was measured twice) 

Spray 
targeting 
definition: 



 

    
 
  

   
 

 

 
 

SSquish vquish volume emissions arolume emissions are minimize minimized bed byy
 
small squish heighsmall squish heights and lots and low sprw spraay tary targetinggeting 


1.50 32 

Sq
ui

sh
 C

le
ar

an
ce

 (m
m

) 

DOE courtesy of 24 
0.70 Öivind Andersson, 

-0.5 0 0.5 Lund University 22 
Relative Spray Targeting (mm) 

Response surface design with seven test 2.8 

Corner points of full1.10 
factorial design 
(Detects interaction 

Targeting sweep 
30

Squish sweep with 
constant targeting 

effects) 
SPT = 0.0 

SPT = -0.5 

SPT = 0.5 

CO 

points and one replicate (i.e., the entire test 2.6
 

matrix was measured twice)
 

U
H

C
 [g

/k
W

-h
r]

 
C

O
 [g

/k
W

-h
r]

28
 

26
 

0.6 0.8 1 1.2 1.4 1.6 
Squish Height [mm] 

1.2 

SPT = 0.0 

SPT = -0.5 

SPT = 0.5 

UHC 

2.4 

2.2 

2 

1.8-SPT
 

definition:
 
targeting 

+SPT 

1.4 

Spray
 1.6
 

0.6 0.8 1 1.2 1.4 1.6 
Squish Height [mm] 



  

Squish volume emissions are minimized by
small squish heights and low spray targeting 
Squish volume emissions are minimized by 
small squish heights and low spray targeting 

22

24

26

28

30

32

0.6 0.8 1 1.2 1.4 1.6
Squish Height [mm]

C
O

 [g
/k

W
-h

r]

SPT = 0.0

SPT = -0.5

SPT = 0.5

CO

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

0.6 0.8 1 1.2 1.4 1.6
Squish Height [mm]

SPT = 0.0

SPT = -0.5

SPT = 0.5

UHC

U
H

C
 [g

/k
W

-h
r]

-SPT

+SPT

Conventional diesel design guidelines still apply when PCI-like 

combustion is employed in typical diesel hardware geometries: 

A large k-factor and spray targeting within the bowl is desirable 
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SummarSummaryy
 

• 	 Optical measurements obtained in an engine with realistic geometry, operating in 
an early-injection (PCI-like) combustion regime at a speed and load typical of an 
urban drive cycle, have identified the following sources of UHC and CO emissions: 

- Lean mixtures near the cylinder centerline and in the squish volume (~ 60%) 

-	 Cool mixture expelled from the ring-land crevice & piston top fuel films (~ 20%) 

-	 Fuel associated with nozzle dribble and poor atomization near EOI (~ 15%)


-	 Rich mixtures within the bowl (~ 5%) 

• 	 Simulation predictions that rich mixtures are a dominant source of UHC and CO 
emissions are not supported experimentally. At higher loads, or with different 
engine geometries, however, there is clear evidence that rich mixtures are of 
greater importance 

• 	 Lean mixture within the squish volume appears to be dominated by fluid from the 
edges and tails of the fuel jets, forced into the squish volume by gas expansion in 
the bowl and the reverse squish flow 

• 	 Simulations have become useful design tools, but further improvement is required 
to accurately capture LTC UHC and CO emissions behavior 




