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Direct luminosity images showing lift-off 
in a Cat 3171 with a HEUI injector.

� 1200 RPM 
� Moderate 

load
� CN 45 fuel

Lift-off

(Mueller and Musculus, 2001)
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Objectives of the soot investigation.

� Measure soot distributions 
downstream of the lift-off length:
– #2 diesel fuel, paraffinic fuels.
– low-sooting (oxygenated) fuels.

� Parameters considered:
– orifice diameter.
– injection pressure. 
– ambient gas: 

• temperature.
• density.
• oxygen concentration (EGR).

� Impact of fuel-air premixing 
upstream of the lift-off length.
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Research was conducted in an optically 
accessible combustion vessel.

� Ambient gas conditions:
– 15-21% O2 (inert, EGR, air). 
– 800  - 1300 K.
– 7 - 60 kg/m3.

� Common-rail fuel injector:
– 40 - 200 MPa.

� Single orifice tips:
– 45 - 180 µm.

15% O2 corresponds to 40% EGR at a high-load condition.
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The fuel injector:  electronically controlled, 
common rail, 200 MPa pressure rating.
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The soot measurements were made with 
two techniques:  extinction and LII.

Beam 
dump

HeNe laser (632.8 nm)
1 mm diameter beam

Nd:YAG laser (532 nm)
80 mm wide sheet

1 nm Band-
pass filter

50 mm dia-
meter lens

Diffuser
Neutral density filter

Photodiode

Top View Front View

HeNe laser

Luminosity,
OH Chemiluminescence

and
LII images

Fuel Injector



7

The lift-off length is determined from 
time-averaged images.
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Lift-off on a diesel fuel jet can change 
significantly with changing conditions. 

0 100 200 300 400 5000

10

20

30

40

50

60
ρ [kg/m3]  T [K]

14.8 1000
14.8 1100
30.0 1000

Orifice diameter [µm]
700 800 900 1000 1100 1200 1300 1400
0

10

20

30

40

50

60

70

80

7.3

Ambient-gas temperature [K]

Li
ft-

of
f l

en
gt

h 
[m

m
] 

Engine
conditions

ρρρρ = 14.8 kg/m3

30.0

58.5

O2 = 21%



9

So
ot

Lift-off
LengthEn

tra
in

ed
 A

ir

The lift-off length determines the amount 
of fuel-air mixing prior to combustion. 
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Fuel-air mixing is strongly affected by 
temperature, but not density.

∆Pinj= 138 MPa;  d = 180 µm ρ = 14.8 kg/m3; T = 1000K
∆Pinj = 138 MPa
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Diesel Conditions
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8
� Conditions:

– 7.3 - 58.5 kg/m3

– 800 - 1000 K
– 40 - 190 MPa
– 100 - 363 µm

� Premixing affects 
soot formation.
– more carbon to 

CO, less to soot 
precursors

Fuel-air mixing upstream of the lift-off 
length plays a role in the evolution of soot.

φφφφ    = 2φφφφ    = 2

ζst [%] 

So
ot

 lu
m

in
os

ity
 / 

Fu
el

 fl
ow

 ra
te



12

Typical axial soot distribution.

∆Pf = 138 MPa,   d = 100 µm,   
Ta = 1000 K,   ρa = 14.8 kg/m3
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Peak soot levels increase with 
increasing ambient temperature.

Conditions: d = 100 µm, ρ = 14.8 kg/m3, ∆P = 138 MPa
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Soot within the fuel jet decreases with 
decreasing orifice diameter.
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Conditions: ∆Pf = 138 MPa,  ρa = 14.8 kg/m3,  Ta = 1000 K

LII images support the soot extinction 
measurements.

Camera gain = 0.8d =180 µm

1.071 µm

1.0100 µm

12.850 µm

� Averages of 12 or 
more LII images.

� Optically thick 
conditions for larger 
orifice diameters. 

Nd:YAG
direction
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Soot within the fuel jet decreases with 
increasing injection pressure.

� The peak soot-volume 
fraction varies linearly 
with injection velocity          
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� d =100 µm,  ρa = 14.8 kg/m3,  Ta = 1000 K

LII images support the soot extinction 
measurements.
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Soot increases with increasing ambient 
density.

Conditions: d = 100 µm,  ∆P = 138 MPa
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So
ot Diffusion flame

“Rich premixed
combustion zone”

(ζζζζst=15%)Lift-off length

Liquid length

Implications for the overall structure of a 
fuel jet prior to wall impingement.

How does this picture change with conditions?

10 mm
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ζζζζst = 30%
Lift-off
length
Liquid
length

Less soot

d = 100 µm;  ∆Pinj = 200 MPa
ρ = 20 kg/m3; T = 1000 K

ζζζζst = 8%Lift-off
length

Liquid
length

More soot

d = 250 µm; ∆Pinj = 40 MPa  
ρ = 23 kg/m3; T = 1100 K

Implications for the overall structure of a 
fuel jet  prior to wall impingement.

10 mm
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Summary and conclusions.

� Engine conditions (T and ρ) and injection parameters 
(d and ∆Pinj) affect lift-off:
– changes in structure of a diesel fuel jet. 

� Soot decreases with increasing ∆Pinj or with 
decreasing d, T, and ρ.
– the peak soot varies linearly with ambient temperature.
– the peak soot varies linearly with injection velocity.
– no soot was formed with the 50 µm orifice at a moderate-load engine 

condition (        = 2 ).

� The amount of soot in a diesel fuel jet is strongly 
linked to the amount of fuel-air mixing upstream of the 
lift-off.

)(Hφ


