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Abstract Control and reduction of soot particle emissions
from aeronautic turbines requires a monitoring system suit-
able for quantification of these emissions. Currently, such
emissions are estimated using the technique of smoke num-
ber. This is an extractive method, which is not sensitive
enough for the low emission levels of modern gas tur-
bines. Within a recent European project, AEROTEST, part
of the project aimed at investigating an alternative soot mon-
itoring technique, laser-induced incandescence (LII) as an
in-situ optical diagnostic for quantification of soot emis-
sions. For aero-engine applications, especially those involv-
ing large-scale turbines, it is necessary to perform the mea-
surements at long distance from the turbine. The LII tech-
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nique is favourable in this respect as it provides for non-
intrusive measurements and, by detecting the isotropic LII
signal along the same axis as the incoming laser beam (so
called backward LII), both the laser and the detector can
be built inside one system located several meters from the
turbine. The concept was initiated in the previous European
projects, AEROJET I and II. This paper describes the mod-
ified version of the system and the procedure developed to
achieve reliable and quantitative soot volume fraction mea-
surements in the exhausts of aero-engines. Application of
the backward LII technique is demonstrated in the exhaust
of a military turbojet engine for different engine speeds.

PACS 42.62.-b · 42.62.cf · 42.62.Eh

1 Introduction

Soot emissions from aircraft engines take place mainly at
the troposphere level and have a significant impact on the
environment. Soot particles can initiate heterogeneous reac-
tions that modify atmospheric composition [1, 2] and can
act as nuclei for ice particle formation [3] leading to con-
trails. They can also be responsible for the formation of
cirrus clouds and can modify radiation transfer [4, 5], all
processes that are believed to contribute to climate change.
Near ground, epidemiological studies show the responsibil-
ity of soot particles in some cancers and respiratory prob-
lems due to their small size [6, 7]. Very few data about the
mass, number and morphology of soot particles emitted by
aero-engines are available [8–10]. A recent morphological
study of soot particles issued from aeronautic turbines was
performed using transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) [10] confirming
the small dimension of the emitted particles; primary soot
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particles were found to be spherical with a diameter rang-
ing from 10 to 22 nm. In addition to environmental strate-
gies, monitoring emission is a useful indicator of the en-
gine health condition. An increase in soot emission can be
an early indication that maintenance intervention is required
[11].

The current requirement for certification of aero-engine
requires a measurement of smoke number (SAESN) [12].
Exhaust gas is sampled using a rake of probes. Four liters of
sampled gas are passed through a filter paper and SAESN
is determined from the reflectance of the stained filter pa-
per. This is the slowest step in the emissions certification
process. It is also not sensitive enough for measurement of
low concentrations of particles emitted by current engines
at low power conditions. A promising alternative is Laser-
Induced Incandescence (LII), which has emerged as an at-
tractive non-intrusive method for real-time soot volume frac-
tion monitoring in practical devices. The LII technique is
based on the detection of increased thermal radiation from
soot particles heated to very high temperatures (∼4000 K)
by a short laser pulse. It has been shown that the resulting
signal is approximately proportional to the soot volume frac-
tion, fv [13, 14]. The technique has been extensively used in
laboratory flames, see for example [15–17], and also in au-
tomobile engines [18–20] and sampled automotive exhaust
gas [21]. To the authors’ knowledge, only two previous stud-
ies report soot particle monitoring in the exhaust of aircraft
engines using the LII technique. Both studies rely on the
collection of the incandescence signal in a backward config-
uration fulfilling the remote-sensing requirements of aero-
engine test beds. Jenkins et al. [22] developed a compact
system in which the collection axis forms an angle of 9 de-
gree with respect to the axis of the incoming laser beam (at
a wavelength of 1064 nm). The system allows for spatially-
resolved measurements and has been calibrated using a soot
generator producing carbon particles of about 500 nm. Black
[23] also developed a remote-sensing LII system but with
both laser and LII collection axes coincident, simplifying
scanning of the laser beam across the exhaust plume. The
laser beam (at wavelength 1064 nm) was expanded to a di-
ameter ∼70 mm and focused in the plume with a telescope
and the LII radiation was collected in the exact opposite di-
rection via a large-dimension dichroic mirror, enabling the
incandescence signal to be collected by a CCD camera. This
system was very compact and permitted a fast alignment
on test beds. The performance of the initial version of the
backward LII system was demonstrated for qualitative mea-
surements of soot in several campaigns [24]. However, ini-
tial modelling studies showed that calibration of this focused
LII system would be problematic, and this paper describes
calibration and application of a backward collection system
with a collimated beam providing an integrated measure-
ment along the path of the beam through the exhaust plume.

In order to calibrate the backward-LII system in terms of
quantitative soot volume fractions, a 40 kW oil-fired heat-
ing burner, connected to a chimney, was adapted to burn
kerosene in air. The soot is likely to be similar to that pro-
duced in an aero-engine, the main differences being that
combustion takes place at atmospheric pressure with air at
ambient temperature in the burner. In the chimney section
where soot particle temperatures approach those of aero-
engine exhausts, a calibration cell was implemented. The
soot field across the flow was found to be homogeneous
on a 10 cm path length, facilitating a relatively straight-
forward calibration of the spatially-integrated backward-
LII technique. The calibration cell was characterised in
terms of soot volume fraction using extinction measure-
ments. Theoretical calculations were used to assess the
characteristics of the system and allow analysis of the ef-
fects of several parameters on the backward LII measure-
ments.

The backward-LII technique has been applied in several
aero-engine test beds during this work (European STREP
AEROTEST project). Here, the potential of the technique is
demonstrated in detail by measuring quantitatively the soot
profile across the exhaust plume of a SNECMA ATAR tur-
bojet aircraft engine at RWTH Aachen and the sensitivity
and spatial resolution of the technique are discussed.

2 Experimental equipment and model tools

2.1 The LII system

The backward-LII configuration enables collection of the in-
candescence signal in the opposite direction of the propaga-
tion direction of the incident laser beam. The principle of the
system is shown in Fig. 1. The laser beam is aligned through
the jet exhaust plume, and the resulting incandescence im-
aged on an ICCD camera in the counter-propagating direc-
tion. The backward-LII signal collected by the camera is
shown in the inset of Fig. 1 and represents the spatial LII
distribution when path-integrated along the laser beam.

When the measurement system was first designed, the
laser beam was expanded and focused in the region of in-
terest using a three-lens telescope [23]. In this study, where
the aim was to make quantitative measurements, the focused
configuration was abandoned in favour of an unfocused con-
figuration. The signal interpretation from a focused configu-
ration is much more challenging than for an unfocused sys-
tem, since the laser energy absorbed by soot particles in the
exhaust plume is dependent not only on the radial spatial
profile of the laser (which is near-Gaussian for the system),
but also on the distance from the beam focus. Previously
we have shown that the non-uniform radial laser energy dis-
tribution in the beam favours a broadening of the spatial
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Fig. 1 The experimental setup
showing the LII equipment on a
test bed to quantify soot particle
emissions

LII distribution and a hole-burning effect in the beam cen-
tre due to soot sublimation for high laser energies [25, 26].
The focused configuration, where the radial spatial profile
varies along the laser beam axis, thus results in a signal av-
eraged over many of these signal contributions. This is il-
lustrated in Fig. 2 for an ideal Gaussian beam profile and
propagation in focused and unfocused configuration. Ob-
viously the size and shape of the backward LII signal is
a complex function of both laser fluence and soot volume
fraction levels along the laser beam. In Fig. 2, showing re-
sults for uniform volume fraction and high laser pulse en-
ergy, the maximum LII signal does not originate from the
focal region and spatial resolution is difficult to estimate. In
principle, spatially-resolved measurements are possible for
lower pulse energies, but due to the strong dependence of
the LII signal on the laser fluence in this fluence regime,
quite large uncertainties in calibration are expected if laser
fluence, location of focus, etc. is not known. An unfocused
configuration was adopted for the new version of the sys-
tem to simplify signal interpretation and hence system cali-
bration. The objective was to obtain a section of collimated
beam over the exhaust plume diameter (typically 0.5 m) lo-
cated at several meters from the LII system to make it pos-
sible to quantify the signal. A compromise had to be made
between the laser cross section in the plume (the larger the
section, the stronger is the signal) and the local laser flu-
ence (a certain laser fluence must be reached (∼0.20 J/cm2)

in order to make adequate measurements). The set-up de-
scribed hereafter and illustrated in Fig. 1 has been selected
to this aim.

Fig. 2 Modelled backward (left) and right-angle (right) LII images
from focused (upper pictures) and unfocused (lower pictures) config-
urations. The coordinate axes are defined in Fig. 1. Note that these
signal images are spatially averaged along the third dimension, i.e. the
backward along the x-axis and the right angle along the z-axis

The soot diagnostic system is divided into two subsys-
tems: the LII system composed of a shielded box contain-
ing laser, detector and collection optics mounted on an op-
tical bench together with a computer to record and store
data, and a remote-control system. During the applied mea-
surements, the LII system is located in the aero-engine test
bed while the remote-control system is located in the test
bed control room. Figure 1 shows the LII system set up
for measurements on an engine test bed. It consists of a
Nd:YAG laser (Quantel CFR400) operated at 10 Hz emit-
ting pulsed (FWHM ∼ 7 ns) radiation at the wavelength
1064 nm. The laser energy can be attenuated using a com-
bination of a polariser and a half-wave plate. The rotation
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of this half-wave plate and hence the transmitted laser en-
ergy is remotely controlled. The available laser energy at
the laser output is 400 mJ and the beam diameter has been
estimated to be 9 mm (at 1/e2). In order to obtain a laser
beam with a near-constant distribution of laser energy along
the laser beam axis, a telescope consisting of a diverging
lens (f = −75 mm) and a converging lens (f = 200 mm) is
used to compensate the natural divergence of the laser beam.
The distance between the lenses is adjusted depending on
the distance between the plume and the prism at the laser
box output. In most of the experiments the LII system was
placed at 2–3 meters from the plume and the beam diameter
in the plume was about 7 to 9 mm, giving a maximum peak
fluence of about 0.4 J/cm2. The laser beam emerges from
the system via a large right-angle prism, which can be tilted
by a stepper motor in order to scan the laser beam through
the plume as shown in Fig. 1.

The LII signal is collected through the same scanning
prism and reflected by a dichroic mirror and a broadband
mirror to a 1280 × 1024 pixels ICCD camera (PCO Dicam
Pro, pixel size = 6.7 × 6.7 µm). The detection was not spec-
trally filtered to get a sufficiently high broadband LII signal
on the test beds. However, a filter was placed in front of the
camera to block any residual radiation at 1064 nm. Because
the signal travels in the opposite direction to the propagation
of the incident laser beam, the configuration is termed back-
ward LII. Measurements were performed promptly with a
20-ns gate, to maximise signal and minimise particle size
effects. The camera is equipped with a 94 mm UV CERCO
camera lens whose aperture can be varied between f/16 and
f/2.8 using a remote-controlled stepper motor. Data was
transferred from the camera to the local computer via op-
tical fibre links. The image captured by the camera (inset of
Fig. 1) represents the radial LII signal distribution spatially-
integrated along the laser beam. The entire LII system is lo-
cated in the engine test cell and is remote-controlled from
the control room with a laptop via an Ethernet connection.
The data processing of the LII signal images was performed
using Matlab®.

It was observed that the unfocused laser beam generated
some visible light when hitting solid surfaces after the mea-
surement region and this stray light interfered with, or even
overwhelmed the backward LII image. In smaller engine test
cells, for example at RWTH Aachen, it was necessary to ter-
minate the beam in a way that did not generate visible light.
A system described in reference [23] was used. A 1.6 m long
transparent tube filled with water was placed on the oppo-
site side of the exhaust plume to the LII system as shown in
Fig. 1. This functions as a cylindrical lens with very short
focal length, bringing the beam to a tight focus just beyond
the tube, so that it, when terminated against surfaces, has
diverged sufficiently to not generate interfering light. The
beam could be scanned along the length of the tube, avoiding

the need to translate a beam dump during scanning. In cases
where these measures could not completely prevent interfer-
ences, a background scan was recorded without the engine
running, and background images were subtracted from the
LII images in the data analysis. This procedure was found
unnecessary in the large test cell at Rolls–Royce, Derby UK,
in which the terminating metal surface was ∼9 m from the
LII system prism. At that distance the beam had diverged
naturally to a diameter >30 mm and did not generate any
interference to the LII image [27].

2.2 The calibration system

In order to obtain quantitative soot volume fraction data
from the LII system, the system must be calibrated. Cali-
bration using conventional right-angle arrangements usually
relies on gravimetric methods [28] or extinction-based mea-
surements [29, 30]. For the latter, laboratory flames are most
widely used, but the use of soot generators has also been re-
ported [22]. Recently, the use of an incandescent lamp has
been demonstrated for calibration purpose [31]. The latter
technique shows to be promising, since it enables calibra-
tion without the need of additional sources of soot from
flames or soot generators. It relies on absolute intensity cal-
ibration of the detectors using an incandescent lamp with
well-known irradiance characteristics. For successful results
with this approach, it is however essential to have full con-
trol of the size of the measurement volume and the optical
properties of the soot particles (i.e. the absorption function
E(m)) must be known. For measurements in aero-engine
exhausts using a backward LII approach, where the size of
the measurement volume is hard to control due to the non-
uniform spatial distribution of the laser energy, and where
the optical properties of soot may differ from typical liter-
ature values of flame soot, an extinction-based approach in
a controlled environment showed more promise as detailed
below.

A calibration system has been specially developed to
minimise differences in operating conditions for the aero-
engine and the calibration system, and it is shown in
Fig. 3. A 20–40 kW domestic fuel swirl burner (Weishaupt
WL5/1-B) is used to generate the turbulent flames. Domes-
tic fuel was replaced by Jet-A1 kerosene fuel. A kerosene
spray is produced through an injector (0.5 Steinen 60◦ST).
The injection pressure was set to 10 bar and the kerosene
mass flow rate was kept constant and equal to 1.5 kg/h. Al-
though not measured, the air flow rate was controlled by
setting a flap at the entrance and by measuring the differ-
ential pressure (Sensor Technics HCX series 0–10 mbar).
In order to produce soot particles and to vary the soot load,
the air flow rate was decreased to levels below those encoun-
tered in normal domestic use. The burner produces turbulent
flames of about 30 cm length and 10 cm in diameter. The
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Fig. 3 The calibration burner producing a homogeneous soot field in the calibration cell

combustion system is encircled by a water-cooled cylindri-
cal vessel 30 cm in diameter and 1 m in length. The burnt
gases flow though a 12-cm diameter water-cooled chimney.
The different parts of the combustion system are equipped
with optical access allowing for right-angle and backward
LII measurements in both the flame and the exhaust gases.
A specially designed calibration cell is located across the
chimney 2.3 meters downstream from the burner. As will
be shown later, the soot volume fraction levels at this lo-
cation were found to be nearly homogeneous over a di-
ameter of 10 cm. The homogeneity is important to reduce
the uncertainties when comparing the LII signal obtained
in the calibration system with the LII signal from the aero-
engine plume and integrated over a large diameter (typi-
cally 0.5 m). Furthermore the temperature in the calibra-
tion cell was probed to be in the range 650 to 850 K using
thermocouples, and these temperatures were close to those
encountered in the aero-engine exhaust plumes in the test
beds.

The calibration relies on right-angle LII, backward LII
and extinction measurements (to be described in Sect. 3.1)
performed in the calibration cell shown in Fig. 3. The ra-
dial soot distribution in the cell was obtained using right-
angle LII measurements performed using a second inten-
sified CCD camera (Princeton instruments). In addition,
the radial temperature profile was obtained by translating a
chromel-alumel thermocouple (type K) across the chimney
diameter. Different soot loads were tested by varying the air
mass flow rate introduced in the burner, and for all flow rates
the LII signal intensity was found to be nearly constant over
the cell diameter (12 cm). In Fig. 4, an example is shown for
a given air flow rate. The integrated path length (FWHM)
is equal to 10.4 cm. Interestingly, the temperature is also
nearly constant (750 K) in the same region, see Fig. 4. Low-
ering the air flow at constant kerosene mass flow rate leads
to an increase of the soot load and to a decrease of the burnt

Fig. 4 Radial distributions of the right-angle LII signal (black curve)
and the temperature (grey symbols) obtained in the calibration cell at
air flow rate 0.85 (arb. units)

gas temperature, allowing the LII response to be tested over
a given range of soot volume fractions.

To summarise, the calibration burner originally devel-
oped within this work produces relatively cold soot particles
with homogeneous distribution. Using this burner, backward
LII measurements can be performed in conditions similar to
those on the tests beds, i.e. with a similar distance between
the LII system and the burner, similar solid angle etc.

2.3 The LII model

One important tool for the development of the quantita-
tive measurement system is the theoretical model for laser-
induced incandescence developed within the project. It is
based on a heat and mass transfer model for soot particles
exposed to short laser pulses and is fully described else-
where [14, 32]. The model has the potential to predict both
the temporal and spatial signal response from soot parti-
cles when using the backward LII configuration. One ex-
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ample of this was previously shown in Fig. 2. The model is
also capable of predicting the fluence curve from the same
systems, enabling direct comparison with measured fluence
curves in the calibration cell and on the test beds. Apart
from serving as a tool for evaluating various measurement
strategies, the model has primarily been used to assess un-
certainties involved in providing the quantitative measure-
ments.

3 Calibration procedure

The conversion of an LII signal acquired from an exhaust
plume in a test bed into an absolute soot volume frac-
tion (fv) proceeds as follows. First the relationship between
the soot volume fraction obtained from extinction measure-
ments in the calibration cell and backward LII signal yield is
established. Then the link between the LII signal obtained in
the calibration cell and that measured on a test bed is deter-
mined. These steps will be described in this section followed
by a discussion of the uncertainties introduced in the proce-
dure.

3.1 Calibration of the backward LII system in the cell

First the soot volume fraction, fv , in the calibration cell at
a given air mass flow rate has been measured using laser
extinction according to the Beer-Lambert law, and fv is cal-
culated as

fv = − λ ln(I/I0)

6πE(m)L
, (1)

where I is the transmitted laser energy and I0 the incident
one, L the length of the light path through the absorbing
medium and E(m) is the absorption function depending on
the complex refractive index of soot, m. It has been assumed
that soot particles are small enough to be within the Rayleigh
limit, i.e. the energy loss due to scattering can be neglected.

Experiments were performed at a wavelength of 1064 nm
in the calibration cell. The laser beam was aligned perpen-
dicularly to the exhaust gas flow coming from the kerosene
burner (see Fig. 3). The transmitted laser energy was mea-
sured using a power meter (Nova, Ophir Optronics). I0 was
measured after the cell but for non-sooting flame conditions
to compensate for energy losses in the windows of the cell.
The absorption function was assigned the value 0.40 [33]
and is discussed in a later part of the paper. From the rel-
atively flat profiles obtained using right-angle LII, the soot
volume fraction could be considered homogeneous over a
path length of 10.4 cm. Within the available range of air
mass flow, attenuation of a few percent were achieved and
compared with the backward LII measurements presented
hereafter.

Fig. 5 LII signal as function of the laser fluence. The inset represents
an image of the backward-LII signal recorded with the camera for a
fluence of 0.21 J/cm2. The blue square shows the limits of the region
of interest (35 × 35 pixels)

The next step involves calibrating the backward LII sys-
tem for absolute soot volume fraction. For this purpose the
summed pixel intensity from the LII spot was used. A good
correlation between backward LII measurements and ex-
tinction measurements was found over the fv range avail-
able with the set-up (between 15 and 90 ppb). Calibration
was carried out using the following burner conditions: Gas
temperature = 750 K and soot volume fraction measured
to 44 ppb by extinction. For these calibration conditions,
the intensity of the LII signal was recorded as function of
the laser fluence as shown in Fig. 5. The shape of this flu-
ence curve is characteristic of a Gaussian beam [34]. The LII
signal shows an initial threshold at about 0.03 J/cm2, after
which the signal increases sharply, and at ∼0.2 J/cm2 a re-
gion where the LII signal is nearly constant (plateau region)
is obtained. The LII signal was recorded promptly during
the laser pulse with a gate width of 20 ns. The aperture of
the camera lens was f/8 and the distance between the LII
system output and the calibration cell axis was 2.5 m corre-
sponding to a solid angle of Ω = 7 × 10−4 sr.

For the calibration procedure, the intensity of the LII sig-
nal was chosen just at the beginning of the plateau region
for a mean fluence of 0.21 J/cm2. The LII spot at this flu-
ence is shown in the insert of Fig. 5 and the total intensity
of the selected matrix was 1.16 × 105 counts corresponding
to a soot volume fraction of 44 ppb (the absorbing length
was 10.4 cm). From this calibration step performed in the
calibration cell, it is now possible to link the backward-LII
intensity to a spatially-integrated soot volume. Extrapolation
of this procedure for soot volume fraction determination in
aero-engine test beds is detailed below.
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3.2 Link between soot volume fraction in the calibration
cell and in the exhaust gas of an aero-engine.

The aim of this section is to establish the link between the
LII signal measured on a test bed with specific conditions
(length of soot volume, distance from the laser, laser flu-
ence, camera aperture, LII signal attenuation, etc.) with the
LII signal measured in the calibration cell for corresponding
conditions.

The LII system setup on a test bed may differ depen-
dent on the test bed configuration. The LII system is gener-
ally placed in a plane containing the plume axis (see Fig. 9
described later), enabling most efficient use of the vertical
scanning range of the laser beam. When possible, the LII
system is located 2.5 meters from the engine axis i.e. the
same distance as during the calibration procedure in the cell.
In cases where the distance to the plume differs from 2.5 m,
the signal yield will be different due to a change in solid
angle. This effect is compensated for by using simple geo-
metrical considerations. The integrated path length L is es-
timated or assumed to be equivalent to the exhaust plume
diameter, which can be measured by scanning through the
plume [27]. The other varying parameters of the LII system
are (1) the aperture of the camera lens (depending on the in-
tensity of the LII signal) and (2) the laser energy (or laser
fluence). The gain of the camera is unchanged during the
experiments.

The link between the LII signal measurements in the ex-
haust plume and the calibration burner is obtained as fol-
lows. Consider the local LII signal SLII,Plume(x) at the posi-
tion x defined along the laser beam axis in the plume:

SLII,Plume(x) = K
E(m)Plume

λ6
det

× fv(x)

[
exp

(
hc

λdetkT

)
− 1

]−1

, (2)

where K is a calibration constant including the solid an-
gle, the transmission of the set-up (optics, filters, the cam-
era aperture, etc.), E(m)Plume is the absorption function of
soot particles at the detection wavelength, λdet is the detec-
tion wavelength of the LII signal, fv(x) the local soot vol-
ume fraction and the term in brackets represents the temper-
ature dependence of the black body radiation from the soot
particles. In practical backward-LII applications, the laser
beam is aligned perpendicular to the exhaust plume symme-
try axis. The backward LII signal integrated along the diam-
eter LPlume of the plume (SLII,Plume) is given as

SLII,Plume =
∫

LPlume

SLII,Plume(x) dx

= KPlume

∫
LPlume

fv(x)
E(m)Plume

λ6
det,Plume

×
[

exp

(
hc

λdet,PlumekT

)
− 1

]−1

dx. (3)

By neglecting the variations of E(m)Plume within the plume
and by assuming that soot particles reach a similar tempera-
ture along the x-axis, we can write

SLII,Plume = KPlume
E(m)Plume

λ6
det,Plume

[
exp

(
hc

λdet,PlumekT

)
− 1

]−1

× f̄v,PlumeLPlume, (4)

where f̄v,Plume is the mean soot volume fraction integrated
along the path of the plume diameter. The assumption of a
nearly constant temperature of the heated particles is reason-
able along the laser axis because of the use of the unfocused
configuration.

In the above equations, we have implicitly considered a
monochromatic detection. In practice the LII radiation is
collected broadband as detailed in Sect. 2.1. However, in-
cluding an exact wavelength integration (as was carried out
in [26]) in the above equations is unnecessary since only
soot volume fraction are deduced from the LII signal. The
LII measurements being performed with a short time gate
surrounding the laser pulse and with the same detection
scheme in the calibration cell and in the plume are rela-
tively independent on the wavelength. It would have been
quite different if we were studying particle sizes, where the
wavelength-dependent decay-time is used.

Following the same approach used to derive (4) for the
test bed, the signal for the calibration cell can be written

SLII,Cal = KCal
E(m)Cal

λ6
det,Cal

[
exp

(
hc

λdet,CalkT

)
− 1

]−1

× f̄v,calLCal. (5)

It is easily seen that the mean soot volume fraction in the
plume can be deduced from the comparison between (4)
and (5). Provided that the soot particles are heated to the
same temperature in the calibration cell and the engine ex-
hausts, the bracketed term is the same in (4) and (5). To ob-
tain this important simplification, our strategy has been (1)
to compare the fluence curves obtained in the aero-engine
and in the calibration cell, and (2) to heat the soot particles
in both cases with the laser fluence required to be just be-
low the plateau region of each fluence curve. Following this
approach, the peak temperature is likely to be similar and
the expression within brackets will be equal in (4) and (5).
Keeping all the experimental parameters constant, one can
derive

f̄v,Plume = f̄v,Cal

(
LCal

LPlume

)(
SLII,Plume

SLII,Cal

)

×
(

E(m)Cal

E(m)Plume

)(
KCal

KPlume

)
. (6)
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3.3 Assessment of uncertainties

The calibration approach developed to obtain quantitative
soot volume fraction data from aero-engine exhausts is
based on several assumptions and in this section we will dis-
cuss the most important of these. All measurements on soot
using optical techniques require knowledge on its optical
properties. For the LII process the absorption characteristics
of soot described using the absorption function E(m) will
be the most important, previously seen appearing in (2)–(6).
Since soot particles may show variations in optical proper-
ties dependent on their origin and the physical conditions
in their surroundings, the value of E(m) must be either
measured or assumed. Literature values on E(m) from
flame soot have shown variations in the range 0.2–0.42
[30, 33, 35, 36]. Adopting the value 0.4 as mentioned in
Sect. 3.1 thus introduces an uncertainty in the absolute lev-
els of soot volume fraction in the calibration cell by at max-
imum a factor of ∼2. It is important to note that E(m) is an
intrinsic property of soot giving uncertainty to optical tech-
niques applied for quantitative soot measurements, includ-
ing other means of calibrating LII such as the absolute inten-
sity calibration technique [29]. As the soot volume fraction
data from the calibration cell is derived using expressions
for the Rayleigh limit, errors may be introduced if the soot
particles are large enough to result in non-negligible scat-
tering. Finally the soot distribution must be homogeneous,
which was verified using the right-angle LII images (see
Fig. 4).

Additional uncertainties are introduced when comparing
the LII signals obtained in the calibration cell with those
obtained from an aero-engine exhaust plume. Experimental
parameters such as the collection angle, spatial profile of the
laser energy, filter characteristics, and aperture settings can
be corrected for and are thus not considered a problem in this
respect. There are, however, a number of other parameters
which may introduce uncertainties not so easily accounted
for. Firstly it is possible that the physical, chemical and op-
tical properties of the soot in the two systems differ, which
may give rise to an unexpected signal response thus intro-
ducing errors. Considering once more (6) we can directly
see how the ratio between the values of the absorption func-
tion in the two systems is introduced. In the case where the
laser fluence is kept at the same level in both systems, a dif-
ference in optical properties will also affect the maximum
temperature of the soot particles (due to the heating not be-
ing equally efficient in the two systems), hence questioning
the validity of the assumption of equal peak temperatures.
A difference in initial temperature of the soot also gives rise
to this problem, as particles at lower temperature will need
higher laser fluence than particles at higher temperature in
order to reach the same peak temperature. This is directly
noticeable on the fluence curves from such systems, as il-
lustrated in the model results shown in Fig. 6 for a typical

Fig. 6 Modelled fluence curves for a 100 ns gate for the backward LII
system using the spatial distribution of the energy of a Quantel Bril-
liant laser represented in the inset. Calculations have been made for
both typical flame temperatures and typical gas turbine exhaust tem-
peratures. The particle size is 20 nm

flame temperature and gas turbine exhaust temperature re-
spectively.

In general, these factors may introduce considerable er-
rors in evaluated soot volume fractions, if not corrected for.
To give an idea of the size of these errors, the model for LII
was used to derive the soot temperature as function of time
for two different laser fluence levels. Figure 7 shows the ra-
tio between the expression in brackets in (4) and (5), i.e. the
function R:

R =
exp( hc

λdet,PlumekTPlume
) − 1

exp( hc
λdet,calkTcal

) − 1
, (7)

when considering that (1) both the soot initial temperature
(T g = 700 K) and the detection wavelength (λdet = 700 nm)
are equal in the two systems and (2) that the laser energy
in the plume is 0.30 J/cm2 while it was 0.33 J/cm2 in the
calibration cell. Figure 7b shows that the function R deviates
quite substantially from unity for a minor 10% difference in
laser fluence. Using a 20 ns prompt gate (shown in Fig. 7b)
would give a relative error on evaluated soot volume fraction
around 35%.

Unfortunately the uncertainty in the ratio of the absorp-
tion function values and the uncertainty introduced due to
different peak temperatures both affect the LII signal re-
sponse thus making it hard to account for. We here sum-
marise the approach used in this work to minimise the un-
certainties.

1. The calibration system has been developed with the aim
of providing soot with properties as close as possible
to that of aero-engine soot. By burning the same fuel
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Fig. 7 (a) Modelled time-resolved particle temperature for 30 nm particles exposed to a laser fluence of 0.3 J/cm2 (solid) and 0.33 J/cm2 (dotted)
respectively, and in (b) the ratio R defined in (7) is shown as function of time. The gate of the detector system is indicated

(kerosene) and measure in a homogeneous soot distrib-
ution at a similar gas temperature as in the aero-engine
exhausts, we have made the best possible effort to min-
imise the difference in soot properties between the two
systems.

2. The gas temperature in the calibration cell is similar to
measured values in aero-engine exhausts. Provided that
the assumption made in point 1 is true, this means that
the particles will reach the same peak temperature when
exposed to the same laser fluence, thus minimizing the
errors associated with a difference in peak temperature
previously shown in Fig. 6.

3. Both systems are characterised by recording a fluence
curve, i.e. the LII signal as function of the laser flu-
ence. Ideally the two curves should be the same. Differ-
ences can be explained either by the assumptions made in
point 1 or in point 2 being invalid. The approach used in
this work has been to adjust the laser pulse energy to ob-
tain an LII signal at a specific point on the fluence curve
in both the calibration cell and engine exhaust plume.
This would ensure that the peak temperature is similar in
both cases (assumption 2 holds), but it will leave the va-
lidity of assumption 1 undetermined. This means that (6)
holds and the uncertainty comes down to the uncertainty
in the ratio of the absorption functions. In most cases
encountered in the AEROTEST campaigns, a very good
agreement was found between fluence curves obtained in
the calibration cell or in test beds, reflecting likely similar
physical and optical properties of soot (the initial tem-
perature being quite similar). By contrast a variation of
E(m) would certainly lead to a shift of the fluence curves
[37], a fact that can mean that the operating laser fluence
must be adjusted in order to attain the same soot peak
temperature (i.e. be on the same position on the shape of
the fluence curve).

Although the sources of uncertainty given above are the
most crucial, several others have been considered. One of
these is the level of aggregation in the soot studied. The
model for LII is capable of predicting the LII signal from
aggregates provided that the aggregation can be described
by the Rayleigh–Debye–Gans theory for polyfractal aggre-
gates. This is believed to be valid as long as the primary par-
ticles and the number of particles per aggregate are not too
large [38]; the absorption characteristics will be similar to
the case of non-aggregated particles. The aggregation will,
however, affect the heat conduction process, primarily re-
sponsible for the LII signal decay time. If we consider a test
case where the signal is measured from a number of primary
particles either in isolated (Np = 1) or aggregated (Np > 1)

form, the soot volume fraction will be identical, yet the LII
signal will differ. The modelled results are shown in Fig. 8.
To give an indication of the typical uncertainties involved,
a relative error may be defined as the relative difference in
signal strength between Np = 500 and Np = 1 of a 100 ns
prompt gate. Calculations indicate the relative errors to be
less than 9% for the high-fluence case and less than 20% for
the low fluence case. This error will decrease with decreas-
ing gate time, especially for the high-fluence case.

There is one fundamental assumption underlying all
extinction-based calibration schemes, and this is the as-
sumed linear relationship between the LII signal and the
soot volume fraction. Although this approximation often is
motivated, there is a size-dependence influencing the de-
pendence of the LII signal on the soot volume fraction. This
effect has been investigated in a recent publication by Bladh
et al. [14], where attempts have been made to quantify the
uncertainties introduced by this assumption for various ex-
perimental conditions. Hence, the error in evaluated soot
volume fraction will be minimised by having similar particle
sizes in the calibration burner and the aero-engine exhausts.
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Fig. 8 Modelled LII signals for different level of aggregation for low and high fluence. The calculations have been carried out for a Gaussian
beam profile at 1064 nm and detection at 700 nm. The ambient gas temperature is 600 K

Fig. 9 Configuration of
measurement on the ATAR
engine (distances are in cm)

4 Measurements

In this chapter the results of a campaign performed in the ex-
hausts of a military turbojet engine turbine (Snecma ATAR
101 F2) available at the University of Aachen (Germany) are
presented and discussed.

4.1 ATAR configuration

The ATAR 101F is a SNECMA jet engine with an after
burner. In the test bed it is operated in dry mode (with the
after burner installed but not operating). The main operating
conditions are: thrust 2850 daN, compressor pressure ratio:
4.2, mass flow rate through compressor 52 kg/s, average
gas temperature at turbine inlet: 1120 K, average gas tem-
perature at turbine outlet 970 K, and rotor speed 8300 rpm.
The engine is equipped with an annular combustor with 20
burners at the circumference. This arrangement provides a
quite homogeneous temperature distribution. The engine is
installed in a closed test bed with inlet and outlet at ambi-

ent conditions. Thus, only investigations at ground condi-
tions are possible. Due to jet effects a large amount of air
which has not passed through the engine is entrained into
the exhaust duct of the test bed. The total mass flow rate of
this air is about 250 kg/s. Downstream of the engine this
cold air is mixed with the exhaust stream and leaves the test
bed through the exhaust duct. The LII measuring plane was
chosen close to the thrust nozzle of the engine so that these
mixing effects are negligible. The main parameter which in-
fluences the gas temperature at the measuring location is the
heat loss over the engine casing downstream of the turbine.
The resulting temperature can be estimated to approximately
900 K.

Figure 9 shows the experimental setup for the LII exper-
iments carried out on the ATAR engine at Aachen. The out-
put of the LII equipment was located 2.44 m from the en-
gine centre axis and the laser crossed the plume at 7 cm
downstream the engine exhaust nozzle. The laser beam
was scanned through the exhaust plume for various engine
speeds and various nozzle apertures. The beam dump (de-
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Fig. 10 LII signal (total intensity of the LII spot) measured during the manual start up and examples of single-shot LII spot images

scribed in Sect. 2.1) was located 82 cm from the axis of the
engine.

4.2 Results

Most of the measurements have been carried out under
steady conditions (either idle, cruise, take-off or thrust). The
vertical profile of the LII signal across the plume could be
obtained by rotating the output prism of the LII system.

In addition, instantaneous LII measurements were dem-
onstrated during manual start-up of the engine, when large
soot loads were produced. An illustration of the single-shot
potential of the LII system is illustrated in Fig. 10. The en-
gine is started under manual control. A starter motor accel-
erates the rotor up to about 600 rpm. At this point kerosene
is injected into the 20 burners. Two of them are equipped
with heater and spark plugs where the kerosene is evapo-
rated and ignited. After this local ignition the combustion
starts to extend over the whole circumference. Now the en-
gine accelerates up to nominal speed by itself. Then the
operation is controlled automatically. Since the kerosene is
injected in all burners at start up, a large amount of un-
burned fuel collects at the bottom of the combustion cham-
ber. After the combustion has started this fuel also ignites
and forms a large flame front, which passes through the tur-
bine and the thrust nozzle. After a few seconds the waste
kerosene is burnt and the combustion chamber can operate
normally. During the transient start procedure, LII signals
were much higher than at steady engine speed as detailed
below.

Experiments were undertaken at different steady engine
speeds. Depending on the conditions, the initially circular
nozzle can be set elliptic with constant horizontal width
(b = 70 cm) and decreasing heights (from h = 70 to 40 cm).

Fig. 11 Profiles of LII signals for three different apertures of the ex-
haust nozzle

Three regimes have been investigated: take-off with fully
open nozzle (h = 70 cm), take-off with half-closed nozzle
(h = 55 cm) and 100% thrust regime with closed nozzle
(h = 40 cm). The closing of the nozzle led to higher con-
centration of exhaust gas together with an increase of mass
flow rate of kerosene, which induces a higher C/O ratio.
Figure 11 represents the variation of the LII signal, path-
integrated across the plume, at different heights above the
plume axis and measured with a fluence of 0.29 J/cm2 for
three operating conditions (at the idle and cruise regimes,
the signal/noise ratio was too low to obtain reliable scans.)
Obviously the signal depends on the total path length in
the plume which is varying with the angular position of the
laser. The reported intensity corresponds to the summation
of the intensity of each pixel of the LII spot, to which the
summation of the background was subtracted. The plastic
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cylinder filled with water, used as a beam dump, was not
efficient enough to completely suppress the background sig-
nal recorded by the camera. The background signal could
vary randomly due to dirt coming on the cylinder during the
tests. Grey rectangles on Fig. 11 show the geometrical limits
of the exhaust nozzle with open position. A high background
signal was recorded above the engine (radius >35 cm) due
to visible light generated by the laser beam hitting the metal
wall behind the beam dump. At the bottom of the engine the
background signal was also high leading to subtraction of
inappropriate background levels resulting in a negative net
signal.

The results highlight an important effect of the nozzle
diameter both on the width of the plume and on the soot
emission. The maximum intensity is obtained at the nozzle
axis for the three conditions, and the LII signal is nearly
symmetrical with respect to the plume axis. As expected, as
the nozzle becomes narrower the width of the vertical plume
profile decreases and the soot volume fraction increases. The
integrated LII signal is found symmetric with the axis of the
plume. Tests performed at lower fluence (0.21 J/cm2) led to
similar vertical profiles.

The LII fluence curve, which represents the variation of
the LII signal (averaged over 50 laser shots) with laser flu-
ence, was measured to be used for the calibration procedure.
Figure 12 compares the fluence curves obtained in the ex-

Fig. 12 Fluence curve performed in the calibration cell and in the
plume

haust gas of the turbine and in the burnt gas of the cali-
bration burner under similar experimental conditions (dis-
tance between laser and plume, laser beam energy distribu-
tion, camera control, etc.). The aperture of the camera was
different to take into account the large variation of LII sig-
nal between the two experiments. Normalisation was per-
formed at high fluence. It is noteworthy that the shapes
of the fluence curves are quite similar. Following the dis-
cussion in Sect. 3.3, this indicates that soot particles pro-
duced by the kerosene burner and by the aero-engine (burn-
ing kerosene) act similarly with regard to the laser fluence.
This similar behaviour is interpreted in what follows by
considering a constant E(m) in the calibration cell and in
the test bed. The last step of the analysis involves cali-
bration of the LII measurements for providing quantitative
soot volume fractions. The calibration relies on the com-
parison of the LII signals, averaged over 50 shots, recorded
both in the kerosene burner and in the plume under con-
trolled experimental conditions (laser fluence, distance be-
tween laser and plume, aperture, gate position, etc.). Thus,
assuming that E(m) is the same in the calibration cell and
in the plume, and introducing the known values of the dif-
ferent parameters used in the procedure, the soot volume
fraction in the plume f̄v,Plume is simply determined us-
ing (6).

For each speed, the soot volume fraction on the en-
gine axis, averaged on length LPlume = 0.7 m has been
determined as follows: 0.25/0.55/1.55 ppb for open/half-
open/close nozzle, respectively. Measurements at idle or
cruise regimes were found to be affected by the weak sig-
nal/noise ratio (around 1.1–1.2) and led to a soot volume
fraction less than 0.1 ppb. Therefore depending on the back-
ground fluctuations, variations of the LII signals within a
factor of two could be observed. Nevertheless, LII images
were recorded at high fluence and the level of soot in the
plume could be estimated.

Results are summarised in Fig. 13, which shows the
LII images (corrected for background) recorded at differ-
ent regimes on the engine axis and the corresponding soot
volume fraction. From that comparison, and under the ex-
perimental conditions in the RWTH test bed, the limit of

Fig. 13 Soot volume fraction measured with backward LII on the ATAR engine for different speed conditions
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sensitivity can be estimated to be 40 ppt. An increase of sen-
sitivity could still be achieved by improving the background
rejection.

5 Conclusion

This paper presents the LII system and the procedure spe-
cially developed for quantitative measurements of the soot
volume fraction in the exhausts of aero-engines. The LII sig-
nal is collected counter to the propagation direction of the in-
cident beam (called backward-LII). The LII system has sev-
eral beneficial properties for use in aero-engine test beds,
such as high sensitivity, and capability of remote transient
in-situ detection. The LII system is also very compact, and
easy and fast to implement. Efforts have been concentrated
on developing a calibrated and sensitive LII system for aero-
engine applications.

The calibration procedure relies on a laboratory-scale
soot generator which is able to produce soot from kerosene
spray combustion and provides a homogeneous soot field
suitable for the backward-LII procedure. Combustion is
achieved with a domestic liquid fuel burner connected to
a chimney equipped with a cylindrical calibration cell. The
radial distributions of soot and temperature in this cell have
been found uniform over 10 cm allowing ideal conditions
for both laser-extinction and backward LII. The gas tem-
perature is close to that found in the aero-engine test beds
(600–900 K). The comparison of extinction with backward-
LII has allowed performing an accurate calibration for
given settings of the overall experimental parameters of the
LII system (laser energy, aperture, solid angle, etc.). The
methodology used to calibrate the LII system has been de-
veloped using not only experimental considerations, but also
theoretical ones. Uncertainties in, for example, gas temper-
atures and laser fluence have been theoretically analysed
in order to estimate their impact on evaluated soot volume
fraction data.

Finally, the capabilities of the backward LII system have
been demonstrated in the exhausts of an ATAR engine. The
system allows for single-shot measurements which are par-
ticularly useful to monitor the soot production during tran-
sient regimes. Radial profiles of soot volume fractions have
been obtained across the plume for different engine regimes.
At take-off regime, the soot volume fraction is found to
vary from 0.25 to 1.55 ppb depending on the aperture of
the turbine nozzle, while idle and cruise regimes produce
around 0.1 ppb. The limit of sensitivity has been estimated
to be 40 ppt, but may be improved using a more appropri-
ate laser beam dump. Since the end of the AEROTEST pro-
gramme the calibrated LII system has been used in a large
civil aero-engine test bed at Rolls–Royce (Derby, UK) [27]

and at Rolls–Royce Deutschland near Berlin. Further im-
provements will focus on the design of a more compact au-
tomated system which will not require a specialist operator.
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