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Inlet valve

Pressurized hot gas

Fuel injector

Spray dump

Combustion
chamber

Exhaust valve

Sapphire windows

HochTemperatur-DruckZelle
 

(HTDZ)
Full optical access: 
design for 4 sapphire 
windows
Pre-combustion 
technique higher end 
gas temperature
Pilot injection:

• 100-1020 bar injection 
pressure

• 2-80 bar air pressure
• 760 K air temperature

Main injection

• 860 K air temperature
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• Shadowgraphy: density, extinction 
– dense regions of spray, penetration depth and dispersion

• Laser scattering: ~d6, bias to larger particles
– gas/vapor/liquid phases, particles

• Emission imaging: VIS-UV
– chemiluminescence, flame structure,  thermal soot emission

• Laser induced incandescence (LII): ~d3 

– soot volume fraction
• Time-resolved LII: transient thermal radiation

– ensemble averaged particle diameter

Applied techniques
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Pilot Injection (1)

Shadowgraph

Schlieren

Without

 

Injection 465.0 ms

Shadowgraph

Schlieren

465.5 ms 465.6 ms 465.7 ms

465.9 ms 466.0 ms 466.1 ms 466.2 ms465.8 ms
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Time resolved laser-induced incandescence (TIRE-LII) 
in-situ particle sizing
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LSQ Curve
 

Fit Procedure
Model:
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TR-LII Measurements
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* B. Bougie et. al., University of Nijmegen, NL
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Ensemble mean 
particle diameter 
during high 
pressure spray 
combustion

Varied:
Laser probe delay 
after time of 
fuel injection

Single-pulse TIRE LII signal evaluation

10

15

20

25

13.2

13.6

14.0

14.4

14.8

15.2

15.6

16.0

 Δt (SOI -> LII probe) [ms]

m
ea

n 
di

am
et

er
 d

m
 [n

m
]

 dm (best fit)

 

 mean gas pressure

 g
as

 p
re

ss
ur

e 
at

 Δ
t [

ba
r]

4 6 8 10 12 14 16

0.20

0.25

σ re
l =

 σ
rp
/rp

m
ea

n

 rel. sigma



General Energy – Combustion Research Laboratory

PJan 03/08/06
10

Quantitative 2-D Soot
 

Measurement
 

by
 

RayLIX

• Simultaneous
 

use
 

of
– Rayleigh Scattering (particle

 
diameter, particle

 
number

 
density)

– Laser-Induced Incandescence (particle
 

diameter, soot
 

volume
 fraction)

– Laser Extinction (laser
 

absorption)

to reduce
 

the
 

uncertainty
 

of parameter
 

estimations
 by

 
the

 
combination

 
of independent techniques
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Laminar
 

and turbulent diffusion
 

flames

RAYLIX Applications
 

(I)

R. Suntz et. al., University of Karlsruhe

fv Nv R

Result

 

for

 

laminar

 

diffusion

 

flame
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RAYLIX Applications
 

(II)

Exhaust
 

of an Internal
 

Combustion
 

Engine

in-situ, on-line measurement U. Spicher et. al., University of Karlsruhe

Laser beam

Exhaust

 
gasLine of sight

 
CCD Camera



General Energy – Combustion Research Laboratory

PJan 03/08/06
13

P

N

T

HTDZ

Trigger

Beam
lift

Trigger/
Delay

generator

Pulse
generator (2x)

HTDZ
Sync

from
camshaft

Coincidence
detector

IF-Filter
(650 nm)

IF-Filter
(532 nm)

532 nm

1064 nm

LII

LES / EXT

Nd:YAG-Laser
(1064 + 532 nm)

Optical delay

• instantaneous
• imaging
• temporally resolved
• quantitative ?

(Suntz / Bockhorn et al.: PCCP 4, 3780 (2002)):

(fv / Nv / rm )

“RAYLIX” simultaneous Rayleigh, LII & Extinction
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Application
 

of RAYLIX Technique
 

at HTDZ

RAYLIX = Simulataneous
 

Application
 

of Rayleigh Scattering
 

+ LII + Laser Extinction
Suntz

 

/ Bockhorn et al.: PCCP 4, 3780 (2002)

Determination of fv
 

, Nv

 

, rm

• instantaneously

• spatially resolved

• quantitative
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Two 
cameras

650 nm
Dichroic
mirror

460 nm

LII-Laser
(1064 nm)

Fuel

P(t)

Novel LII setup with 2-d recording

Time after laser pulse: 20 ns 40 ns 60 ns

Cell wall temperature: 350°C
Gas temperature (after pre-injection): 415°C
Pressure (after pre-injection): 40 bar



General Energy – Combustion Research Laboratory

PJan 03/08/06
16

Summary

• RAYLIX is a combination of the techniques Rayleigh Scattering, Laser Extinction 
and Laser-Induced Incandescence to measure in-situ soot particle diameter, 
soot volume fraction and soot particle number density

• This combination allows to reduce the uncertainties and number of assumptions 
in the measurement of soot

• The application of this method has been started to be used on the PSI-HTDZ
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Spray/Combustion
 

Chamber
 

Facility

Quelle: Kai Herrmann ETHZ/Wärtsilä

High Efficiency
 

Engine
 

R&D on Combustion
 with

 
Ultra-Low

 
Emissions

 
for

 
Ships
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