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Technical/Programma�c Approach  
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Our approach coordinates and leverages the strengths of several institutions to 

facilitate development of both fundamental understanding and design tools
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Major Technical Accomplishments: Relevance   

• Development and applica�on of quan�ta�ve, toluene-LIF diagnos�c to measure 
in-cylinder equivalence ra�o distribu�ons, and the impact of Pinj and Rs on the 
mixture forma�on process. Comparison to model predic�ons. (SNL & UW)

 Barriers/Targets: Improved understanding and improved modeling of in-cylinder processes; 
Tier 2, bin 2 emissions target; emission control efficiency penalty < 1%

• Further quan�fica�on of the temperature and composi�on sensi�vity of quan�-
ta�ve in-cylinder CO imaging diagnos�c (SNL)

 Barriers/Targets: Improved understanding and improved modeling of in-cylinder processes; 
Tier 2, bin 2 emissions target

• Low-swirl flow field characteriza�on via PIV and comparison of measured flow 
fields with revised RNG model predic�ons (SNL & UW)

 Barriers/Targets: Improved understanding and improved modeling of in-cylinder processes

• Updated conceptual model for light- and heavy-duty LTC combus�on based on 
measured φ distribu�ons  (SNL)

 Barriers/Targets: Improved understanding

• Soot modeling  (UW)
 Barriers/Targets: Improved understanding and improved modeling of in-cylinder processes; 

Tier 2, bin 2 emissions target
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Mo�va�on for Toluene-LIF φ Measurements  

The initial jet penetration, entrainment and mixture preparation processes in 
light-duty engines are very different than in the “free-jets” characteristic of 
heavy-duty engines:

-19°
4° ASI

6.0°
ASI

Heavy-duty Light-duty

Liquid Fuel
Pre-ignition Vapor Fuel

• Light-duty engines have strong wall interactions, including liquid phase impingement 
and re-direction of jet momentum by the piston surfaces

• Swirl creates a strong cross-flow which, near TDC, is strongest at the jet stagnation 
region near the bowl lip

• The equivalence ratio distribution at SOC will strongly impact emissions & performance

  There are no quantitative measurements of the pre-combustion fuel-air
  equivalence distribution in light-duty engines for CFD validation



Engine Facility and Experimental Set-up  

Laser
sheet

Intake

IntakeExhaust

Exhaust

Laser
sheet

Exhaustt

Exhaust
Intake

Intake

PI MAX ICCD

Measurements are made in a GM 1.9L 

optically accessible engine

Engine Geometry  Injector specifica�ons 
Bore 82.0 mm Injector Bosch CRI2.2 
Stroke 90.4 mm Nozzle Type Mini Sac (0.23 mm3) 

Displ. Volume 0.477 L Holes 7 

Geometric CR 16.7 Nozzle diameter 0.139 mm 

Squish Height 0.88 mm Included Angle 149° 

   Hole geometry KS1.5/86 



Fuel & Tracer Selec�on / Opera�ng Condi�on 

• Diesel fuel unsuitable due to 
unknown photophysics

• Toluene tracer (0.5%) in 
fluorescence-free base fuel

 - Known photophysics (T, P 
dependency)

 - Thermal stability
 - Closely matched boiling points

• Matches combustion phasing, 
HR and HC/CO emissions of 
CN47 diesel under 
early-injection operation

• Measurements made in an N2 
atmosphere

 - Matched T and ρ 

Crank Angle
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Image Processing Summary  
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Results:
Overview   

Clearance volume plane

Bowl rim plane

Lower bowl plane

Darkened areas of the laser sheet indicate visible regions

Mixture formation process 
is clearly illustrated:
 First penetration domi-

nates, then rotation 
 Mixing is rapid

 - Reduction of φ in jet head
 - Homogenization of  

upper-central regions 

 Significant, repeatable 
jet-to-jet variation




Results: Baseline PCI
Pinj = 860 bar, Rs = 2.2
1500 rpm, 3 bar imep   

-20.0°CA

Clearance volume plane

Bowl rim plane

Lower bowl plane

Darkened areas of the laser sheet indicate visible regions
Crank Angle
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 Near the peak rate of injection the jets are just 
approaching the bowl rim

 Signal within the inner rim plane and bowl is due 
to LIF from scattered laser light. Brightest regions 
likely delineate liquid length (correlations give      
~ 8.3 mm)

 Large quantities of fuel vapor near the head are 
unlikely to be associated with diagnostic error (LIF 
from scattered laser light)
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Results: Baseline PCI
Pinj = 860 bar, Rs = 2.2
1500 rpm, 3 bar imep   y 

[m
m

]

30

20

10

0

10

20

30

y 
[m

m
]

30

20

10

0

10

20

30

x [mm]
y 

[m
m

]
30 20 10 0 10 20 30

30

20

10

0

10

20

30

1.5

1.0

0.5

0.0

Eq
u

iv
al

en
ce

 ra
ti

o

Plane 1 (clearance)

Plane 2 (rim)

Plane 3 (bowl)

Swirl

-17.5°CA

Clearance volume plane

Bowl rim plane

Lower bowl plane

Darkened areas of the laser sheet indicate visible regions
Crank Angle
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 Shortly after EOI, jets have penetrated into the 
squish volume and deep into the bowl

 Rich mixture dominates, with steep fuel concen-
tration gradients at the head and edges of the jet 
(Consistent with Dec’s heavy-duty model) 

 Large quantities of fuel vapor near the head and 
above the piston bowl

 Is this evidence of the Coanda effect?



The Coanda Effect  

Spray asymmetries are more 
pronounced at higher ambient 
pressures: 

dhole= 0.25 mm
Pinj= ~ 200 bar

θ = 25°
b = 1.5 mm

θ = 25°

b = 1.5 mm

• Pronounced spray asymmetry is intro-
duced by a close-by wall

• The effect has been measured under 
diesel-like spray and ambient condi�ons 
(SAE 951923)

• Capturing this effect in simula�ons may 
be essen�al to predic�ng fuel distribu-
�ons near the head

Side view

Top view



Results: Baseline PCI
Pinj = 860 bar, Rs = 2.2
1500 rpm, 3 bar imep   

-15.0°CA

Clearance volume plane

Bowl rim plane

Lower bowl plane

Darkened areas of the laser sheet indicate visible regions
Crank Angle
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 Penetration into the squish volume continues de-
spite opposing squish flow

 Peak φ and fuel concentration gradients at the 
head and edges of the jet are decreasing. Mixture 
in tails of jets is rapidly becoming leaner 

 (Consistent with Musculus’s EOI over-leaning work) 
 Jet-to-jet asymmetries correlate with swirl  offset
 Considerable azimuthal spreading, but little radial 

diffusion, is seen within the bowl
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Results: Baseline PCI
Pinj = 860 bar, Rs = 2.2
1500 rpm, 3 bar imep   

-10.0°CA

Clearance volume plane

Bowl rim plane

Lower bowl plane

Darkened areas of the laser sheet indicate visible regions
Crank Angle
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 Squish volume penetration continues, peak φ and 
φ gradients continue to decrease 

 Mixture in tails of jets in clearance plane and bowl 
rim plane too lean for complete combustion

 Within the clearance plane, the flow in the bowl is 
rotating faster than within the squish volume 

 Jets have traversed the bowl floor and are rising 
against the bowl pip; radial diffusion within the 
bowl remains surprisingly small,  

Plane 1 (clearance)
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Results: Baseline PCI
Pinj = 860 bar, Rs = 2.2
1500 rpm, 3 bar imep   

 -5.0°CA

Clearance volume plane

Bowl rim plane

Lower bowl plane

Darkened areas of the laser sheet indicate visible regions
Crank Angle
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At the start of HTHR:
 Fuel in Plane 1 is likely contacting the cylinder walls and 

will be forced into the ring-land by volume expansion due 
to heat release

 Fuel-rich mixtures persist within the squish volume, but 
<φ> is less than 2 (single-cycle images show this also)

 There is substantial over-lean mixture in the upper-central 
regions of the bowl and clearance volume. This mixture 
will be forced/drawn into the squish volume by gas expan-
sion and the reverse-squish flow, where we observe UHC 
and CO during expansion (More analysis in SAE 2012-01-0692)

Plane 1 (clearance)
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Impact of Injec�on Pressure: Start of HTHR (-5°)  
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Pinj = 500 bar Pinj = 860 bar Pinj = 1220 bar

Increased injection pressure gives:
 Greater penetration into the squish 
volume, with greater potential for 
crevice UHC 

 Higher φ in the head of the jet, with 
greater potential for soot and rich-
mixture CO and UHC

 More over lean mixture in the upper-
central region of the combustion 
chamber 

Comparisons with simulations in 
progress 

Pinj 
[bar]

CO 
[g/kg-f]  

UHC 
[g/kg-f]  

500 96.7 10.5
860 121.2 11.2

1220 130.0 11.0

Engine
emissions:

See ASME ICES2012-81234 for additional details



Impact of Swirl Ra�o: Start of HTHR (-5°)  
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Rs = 1.55 Rs = 2.2 Rs = 3.5

Increased swirl ratio results in:
  Increased mixing in the head of the 
jet; less jet penetration

 Larger mass of over-lean fuel mixture 
in the upper-central region of the cyl-
inder (particularly at highest Rs) 
Less over-lean mixture low in the bowl

CO emissions trends can be ex-
plained by severe over-mixing

Comparisons with simulations in 
progress 

Rs 
CO 

[g/kg-f]  
UHC 

[g/kg-f]  

1.55 96.2 8.9
2.2 117.8 10.5
3.5 95.3 12.3

Engine
emissions:

See ASME ICES2012-81234 for additional details



Comparison with Simula�ons (UW)
– Impact of Grid Resolu�on 

-20.0° aTDC 

-17.5° aTDC 

-15.0° aTDC 

Coarse Grid

~1.4 mm

Medium Grid

~1.0 mm

Fine Grid

~0.7 mm

Experiment

(spray-averaged)

-

-

-

Other factors, such as uncertainty in 
injection rate profiles, can also influ-
ence penetration
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Comparison with Simula�ons (UW) 

-20.0° aTDC 

Coarse Grid

~1.4 mm

Medium Grid

~1.0 mm

Fine Grid

~0.7 mm

Experiment

(spray-averaged)

0

1.5

Modeled UHC
(CO is similar)

Measured UHC
(C2 emissions)
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Future Work 

We will continue to focus on the mixture 
preparation process through measurement and 
simulation of φ-distributions (SNL & UW):

 - SOI Sweeps (in progress)

 - Vertical-plane imaging (on and off-axis)

 - Quantification of measurement accuracy

 - Comparison with simulations for Pinj , Rs, and SOI sweeps

Extend operating condition of mixture prepara-
tion to multiple injection strategies (SNL & UW) 

 - Post-injection strategies for low-load reduction of UHC 
and CO

 - Split-injection strategies for noise reduction 

Continue with model development and refinement (UW)

Examine impact of asymmetries on combustion and emissions, and our ability to 
capture them in simulations 

15o bTDC

Plane 3

Plane 2

Plane 1

Vertical

Plane

(measured)

0
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φ

φ

Vertical

Plane

(simulated)

Initial vertical plane
comparisons are promising



Summary

 - Lack of fundamental knowledge   - Lack of modeling capability

 - Tier 2, Bin 2 emissions   - 40% diesel fuel economy improvement

 - Emission control efficiency penalty   - 30$/kW specific cost;  

 - Quantitative measurement and comparison with simulations of in-cylinder φ distributions

 - Identification of source of discrepancies between measured and simulated UHC/CO sources

 - Updated conceptual model for light- and heavy-duty LTC combustion

 - Flow field characterization via PIV and comparison to refined generalized-RNG model predictions

 - Improved soot models for conventional diesel and LTC combustion

 - Improved diagnostics for quantitative in-cylinder CO measurements

 - Since our engine facility upgrade to the GM 1.9 L engine in 2006, we have been building a 
knowledge base and quantitative measurement data base for model validation that includes 
measurements of multiple species and flow, all at a consistent set of operating conditions

 - Progress in simulation and modeling includes identification of best practice and tangible 
improvements in models for soot, vaporization, turbulence, and reduced kinetic mechanisms 



Technical Back-Up Slides 



Technical backup: CO signal quan�fica�on and
sensi�vity to temperature and composi�on (SNL)  

Task: Quantify potential errors in measured in-cylinder CO concentrations due to unknown 
composition and temperature within the cylinder 
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A range of expected temperatures 
can be estimated from homoge-

neous reactor simulations 
constrained to follow the

cylinder pressure

∑ iiqχ * 1.0e-9 [bar s]-1 = 8.5629 - 0.0067015*T + 2.0419e-6 *T2

f(x,y) = P_00 + P_10*x + P_01*y + P_20*x^2 + P_11*x*y + P_02*y^2 + P_30*x^3 + P_21*x^2*y+ P_12*x*y^2

P_00 P_10 P_01 P_20 P_11 P_02 P_30 P_21 P_12
0.977145 -0.465337 -0.165522 0.024578 0.092262 0.005744 -0.00015 -0.0031 -0.004253

x=ln(P), 5 < P < 50 bar
y=ln(T), 500 < T < 1500 K

σ )2( G )2(
0 *

2π c
=  σ(2)  [cm4 s];

For a quenching dominated signal, the net 
temperature dependence is given by:

Homogeneous reactor simulations 
have clarified the temperature depen-
dency of the quenching rate: 

The net uncertainty in CO concentration due to temperature 
uncertainty is very small. At pressures characteristic of the 
expansion stroke:
    30 bar (30°aTDC),   ΔCO = ±6.1%
    10 bar (50°aTDC),   ΔCO = ±2.7%

An engineering relation for the T & 
P dependency of the absorption 
rate has been obtained from de-
tailed simulation results:   

∑
∝
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Technical backup: flow measurement & modeling
(SNL & UW)  

Task:

 Develop & refine the G-RNG k-ε 
turbulence closure to predict a 
realistic engine length scale 
evolution and to provide improved 
agreement with data 

Progress this year:

2 based 
on a constraint relation with the 
Von Karman constant

jet flows, engine flows during 
compression, and channel flows

 
comparison with engine measurements)

more accurately than the RNG 
closure or the previous G-RNG 
model  

Excessive growth in the  mod-
eled length scale during 
expansion is eliminated 

considerably improved over 
k-ε and the RNG closure  
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Technical backup: LTC light-duty conceptual model
(SNL)  

-20°
3°ASI

-17.5°
5.5° ASI

-12.5°
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0°
23° ASI

30°15°
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4.25°
3° ASI
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8.0°
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8.75° ASI
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30°20°
18.75° ASIPeak

rate of
injection

Peak
1st-stage

AHRR

Peak
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Task:

 Revise conceptual model for both early-injection (PCI-like) and late-injection (MK-like) light-duty 
LTC combustion, incorporating the results of quantitative φ imaging 

Early injection:

Late injection:

First-Stage Ignition 
(H2CO, H2O2, CO, UHC)

Liquid Fuel Second-Stage Ignition of 
Intermediate Stoichiometry  
or Diffusion Flame (OH)

Soot or Soot Precursors (PAH)Pre-ignition Vapor Fuel Intermediate Ignition
(CO, UHC)

Second-Stage Ignition of
fuel-rich mixtures

 With early-injection, lean mixtures producing UHC and CO in the squish volume are forced there 
by gas expansion within the bowl and the reverse squish flow

 With late-injection, lean mixtures in the squish volume come from fuel injected directly into the 
squish volume, near the head and in regions between the jets  

Lean mixture entering squish volume 

Lean mixture injected directly into squish volume 



Technical backup: soot modeling (UW)  

Task:

 Develop combustion and soot 
formation & oxidation models valid 
for a multi- component fuel, 
incorporating a vaporization model 
capable of capturing fuel 

Progress this year:

single-component fuel

multi-component vaporization 
model & tested against 

and flame data

Example

results:

Soot
inj 

concentrations

point to surface 

for improvement
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