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comparing the virtual soot attenuation calculated based on 
the planar LII result with that measured using light-of-sight 
extinction.

1  Introduction

Laser-induced incandescence (LII) is currently the state 
of the art in the quantitative measurements of soot volume 
fractions (fv) and is widely employed to advance under-
standing of the mechanisms that govern the evolution of 
soot in flames. Planar LII has many advantages over the 
laser extinction method because it can provide spatially 
and temporally resolved measurements of fv, while extinc-
tion is limited to providing the integrated fv over the beam 
path. These advantages are especially beneficial in turbu-
lent flame measurements, where the distribution of soot 
sheets is spatially inhomogeneous and varies with time. To 
obtain reliable measurements of fv, much effort has been 
made to improve the measurement accuracy of planar LII. 
For example, previous investigations have advanced under-
standing of the soot’s physical and chemical properties 
[1–4], the LII process itself [5–8], and the calibration pro-
cess used to quantify the LII signals [5, 9–11]. These stud-
ies have found that collecting the LII signal prompt with 
the infrared excitation beam at 1,064 nm can provide accu-
rate measurements of fv in laminar, non-elevated pressure 
flames. However, in turbulent flames additional effects, 
such as beam steering and signal trapping, can influence 
the measurement accuracy. Importantly, systematic inves-
tigation of influence of these two effects on LII measure-
ments in turbulent flames has been rarely reported, even in 
flames at atmospheric pressure.

Beam steering is caused by gradient components of the 
refractive index normal to the beam propagation and is 
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difficult to predict or avoid in turbulent flows and flames. 
These gradients change the direction of the beam and dis-
tort its spatial intensity profile. These changes can influ-
ence the signal intensity and/or the measurement accuracy 
of many commonly employed optical techniques, e.g. LII 
[10], laser-induced fluorescence (LIF) [12, 13], coherent 
anti-Stokes Raman scattering (CARS) [12, 14], particle 
image velocimetry (PIV) [15], Rayleigh scattering [16, 17], 
and other techniques that are based on line-of-sight attenu-
ation [18, 19]. Hence, it is necessary to assess the influence 
of gradients in refractive index on measurement uncertainty 
in turbulent flows, especially for techniques that are sensi-
tive to laser fluence, such as LII.

The influence of beam steering on LII measurements has 
rarely been reported even though the effect has been rec-
ognized widely for a long time. To date, the only related 
work was reported by Zerbs et  al. [10], who investigated 
the changes in the local laser fluence and the beam pattern 
in turbulent sooting C2H4/air flames at different pressures 
from atmospheric to 9 bars. They found that the beam pat-
tern changes dramatically from one shot to another and that 
the local fluence varies significantly from 30 to 200 % of the 
initial values. As a result, neither locally saturated laser flu-
ence (>0.3 J/cm2) nor a spatial resolution better than 1 mm 
can be guaranteed at the highest pressure (9 bars). Zerbs 
et  al. also found that the changes to the beam pattern are 
worse for the high-pressure case. This finding is consistent 
with another study of beam steering effect on the CARS and 
LIF techniques applied in flames [12]. While there is some 
limited information on these effects at high-pressure com-
bustion and non-reacting flow conditions, very little has been 
reported under atmospheric conditions. The authors have 
noted in a previous work that there is a tangible influence by 
beam steering on soot volume fraction measurements using 
the planar LII technique in turbulent sooting flames [20]. It 
was found that the averaged planar LII signal is asymmetric 
relative to the centreline of the turbulent jet flames at atmos-
pheric pressure under study. The averaged LII signal on the 
beam-incident side was found to be stronger than that on 
the beam-exit side. The uneven signal cannot be explained 
by the attenuation of highly saturated laser fluence (~1.0 J/
cm2) by soot particles. Asymmetric LII images, observed 
with symmetric averaged OH* chemiluminescence, were 
also reported by Kӧhler et  al. without providing any defi-
nite explanation [21]. The authors had performed planar LII, 
point-wise CARS and PIV measurements in non-premixed 
C2H4/air turbulent jet flames, with the same aim as the work 
reported in [20], to provide new and extensive data in tur-
bulent sooting flames for soot model validation. A possible 
explanation for the asymmetric LII signals is the distortion 
of the laser sheet due to the influence of beam steering that 
occurred in the flames. To assess this proposition and pro-
vide more reliable experimental data for modelling, the 

present paper reports the influence of beam steering on beam 
patterns passed through flames together with the planar LII 
signals recorded simultaneously in atmospheric sooting 
flames. It also aims to reveal the relationship between beam 
steering and LII signals at different exit Reynolds numbers 
(Re), and hence different turbulence intensities.

Beam steering arises from the non-homogeneity of the 
refractive index (n) field of the fluid medium. According 
to the Gladstone–Dale relation, the refractive index is the 
product of the Gladstone–Dale constant K and the fluid 
density ρ, which can be expressed as [22] 

For a gas mixture containing m species, a more general 
expression can be written as

where ρi are the partial densities of the individual compo-
nents. For a simplified two-gas mixture system, as shown 
in Fig. 1, the deflection angle at x direction of a light ray 
crossing the mixing boundary, αx, can be expressed as [22] 

and the deflection distance hx at the plane of z = z3 is

For a gaseous system, the integration part of Eq. (3) can be 
rewritten as

(1)n(x, y, z)− 1 = K(x, y, z)ρ(x, y, z).
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Fig. 1   Refraction of a light ray, showing the deflection distance hx 
caused by the mixture boundary of a dual-gas system
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where P is the pressure, T is the gas temperature, and R is 
the gas constant. In the derivation of Eq. (5), the ideal gas 
law, i.e. ρ = P/RT, and an approximation of 1/n = 1 have 
been used. The deflection distance, hx, is then rewritten as

Equation (6) reveals that the light deflection can be induced 
both by the change of gas composition and by the compo-
nent of temperature gradient normal to the light propaga-
tion. The extent is dependent on the width of, and gradi-
ents through, the inhomogeneous region. This applies for 
conditions such as when a laser beam passes through the 
mixing boundary of two gases (even for cold flows at room 
temperatures) or a flame. Given that, in turbulent flows, the 
index of refraction is time dependent [i.e. n = n(x, y, z, t) 
where t denotes the time], such deflections are difficult to 
characterize. Therefore, new experimental data are needed 
to guide the development of methods with which to better 
account for the effects of beam distortion.

Signal trapping is another potential source of uncertainty 
for fv measurements using LII, e.g. [23–25]. Incandescence 
signals emitted from the laser sheet plane are attenuated 
along the optical path to the detector. This attenuation can 
be caused by scattering and absorption of soot particles and 
also by absorption of soot precursors, such as polycyclic 
aromatic hydrocarbons (PAHs), in a broadband spectral 
region from the UV to 680 nm [26]. It has previously been 
suggested that LII measurements in flames employ signal 
detection at short wavelengths because the natural soot 
luminosity decreases sharply towards the UV [5]. However, 
LII signals at short wavelengths, for instance in the blue 
region ~450  nm, are expected to be attenuated more sig-
nificantly than those at long wavelengths in the red spectral 
region. This attenuation is not only due to PAH, but also 
because of the optical extinction caused by soot particles, 
which is inversely proportional to the beam wavelength λ 
in the visible spectral region [27]. Therefore, it is important 
to study and correct for the influence of signal trapping on 
LII measurements, especially in locations where soot load-
ing is high, and short-wavelength LII signals are collected 
through a blue band-pass or interference filter. This applies 
to most studies, in which soot volume fractions were meas-
ured in non-premixed, sooting turbulent flames using LII. 
For example, an interference filter centred at 450 ± 10 nm 
with a full-width-at-half-maximum (FWHM) of 40 ± 8 nm 
was used by Köhler et al. [21, 28] in studying a lifted, non-
premixed sooting C2H4/air flame; a band-pass filter centred 
at 430 nm (with a FWHM of 10 nm) was used by the Ade-
laide group to perform fv measurements in attached soot-
ing flames [20, 29]; a broad detection band of 300–600 nm 
for LII signals was used by Shaddix et  al. [30] in similar 
studies. To quantify LII signal trapping at the wavelengths 

(6)hx ∼= (z3 − z1)
P
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dz,

typical of LII planar measurements, a 450-nm laser beam 
was employed in the present work to perform the extinction 
measurements in turbulent sooting flames. The extinction 
results were compared with the virtual attenuations calcu-
lated with soot volume fractions measured with planar LII 
to assess the feasibility of directly evaluating the magnitude 
of signal trapping in planar LII measurements.

2 � Experimental set‑up

2.1 � Burner

A straight-pipe jet burner was employed in the present 
study for both the sooting flames and the non-reacting 
flows. A round aluminium tube, with an inner diameter (d) 
of 4.4 mm, was mounted in the middle of a square contrac-
tion (150 mm × 150 mm), delivering co-flowing air at an 
ambient temperature and a mean velocity of 1.1 m/s. The 
fuel pipe has a length of 385 mm, including a tapered end 

Fig. 2   Soot luminosity around 700  nm recorded in three C2H4/air 
non-premixed flames with different Reynolds numbers of (a) 660, 
(b) 5240, and (c) 11,670. The corresponding cross sections (a) at x 
= 160 mm, for (b) and (c) at x = 200 mm are shown as well. The 
images are averaged over 300 instantaneous images recorded by a 
CCD camera mounted with a band-pass filter centred at 700 nm with 
a 40-nm transmission band. The fuel pipe ends at x = 0 mm



734 Z. W. Sun et al.

1 3

at the jet outlet that was raised 18 mm above the contrac-
tion edge. A traverse was used to move the burner vertically 
to achieve measurements at different heights above the 
nozzle.

Figure 2 presents the luminosities of three non-premixed 
C2H4/air flames stabilized on this burner. The flames had 
different Reynolds numbers of 660, 5240, and 11,670 at 
the nozzle exit. The luminosity images were averaged over 
300 instantaneous images recorded with a CCD camera 
(MegaPlus ES4020). A band-pass filter centred at 700 nm 
with a transmission band of 40 nm was mounted in front of 
the camera to only gather light emission in the IR regime. 
All three flames show good symmetry in soot luminosity 
about the flame centreline, which is demonstrated clearly 
by the cross sections of luminosity images in Fig. 2. When 
further increasing the fuel flow rate and Re > 11,670, the 
flame lifted from the burner nozzle. No investigation was 
performed in any lifted flames in the present work. These 
images show that there is no inherent asymmetry in the 
soot concentration in these flames.

2.2 � Optics

Figure  3 presents a schematic diagram of the optical 
arrangement. The 1,064  nm output from a Nd:YAG laser 
(Brilliant B) was used to provide the light source for the 
LII measurements. The round laser beam was expanded 
via two cylindrical lenses (f = −40 mm and f = 100 mm) 
and then focused into a laser sheet via a cylindrical 
lens of f  =  1,000  mm. Before the first cylindrical lens 
(f = −40 mm), no optics were applied to smooth the laser 
beam; only a combination of a half-wave plate and a Glan-
laser polarizer was used to vary the laser power. The laser 
was operated at its maximum power output. The laser sheet 
had a height of ~20 mm and was directed through the cen-
treline of the jets or flames. An intensified CCD camera 
was mounted perpendicular to the laser sheet to collect 

the prompt LII signal by setting the gate width to 40  ns. 
The camera was equipped with a band-pass filter cen-
tred at 450 nm (with a 10 nm FWHM) and a Nikon lens 
(f = 50 mm and F/1.4).

Figure 4 presents the fluence curve for the current set-
up, which was used to assess the quality of the so-called 
plateau regime. The curve was measured in a premixed 
C2H4/air flat sooting flame (with an equivalence ratio 
ϕ =  2.0), stabilized on a McKenna-type burner (Holthuis 
& Associates). A flame stabilizer, parallel to the burner sur-
face, was located at a height of 20  mm above the burner 
surface (HAB). The measuring point was centred at 14 mm 
HAB. All results in Fig. 4 were averaged for 50 laser shots 
and for a 10 × 5 mm2 (width × height) area. A ‘plateau’ 
regime, over which the LII signal was constant to within 
about ±9 %, is generated at laser fluence >0.3 J/cm2. The 
fluence curve does not exhibit any peak, which is often 
found near to the start of the plateau region and is associ-
ated with the onset of soot sublimation. This implies that 
the laser beam provided by the multi-mode Nd:YAG laser 
has a poor Gaussian profile [31]. The ‘constant’ LII signals 
in Fig.  4, as for those in most planar LII measurements, 
are the averaged results of different laser fluence along the 
laser sheet thickness. The laser fluence used in the present 
work was around 0.8 J/cm2.

A flat glass diffuser (50  ×  50  mm2) was mounted 
~2.2  m down-beam from the flame and aligned perpen-
dicular to the laser beam. To record the spatial profiles of 
the laser sheet which passed through the flames, the dif-
fused reflection was recorded by a CCD camera (MegaPlus 

Fig. 3   Schematic diagram of the experimental set-up. PD is a pho-
todiode

Fig. 4   Prompt LII signal intensity as a function of laser fluence for 
the present optical arrangement
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ES4020) without any optical filter. The CCD camera was 
synchronized with the ICCD camera for the LII to provide 
simultaneous measurement of the LII signals and the beam 
profiles.

To study the signal trapping, a 450-nm beam from a 
laser diode module (Oxxius Inc.) was employed to replace 
the LII laser beam. The round blue laser beam had a 
diameter of ~3  mm and passed through the full width of 
the flames along the centreline. The blue laser beam was 
electronically modulated at 50 μs in duration with a 5-Hz 
repetition. Part of the beam was reflected to a photodiode 
by a glass plate, and the laser power was recorded during 
measurement to correct for the fluctuations in laser power. 
The diffuse reflection from the diffuser was recorded by a 
CCD camera through a band-pass filter (450 ± 5 nm). It is 
noted that, for the turbulent flames and non-reacting flows 
and with the beam widening and flicking extensively, the 
transmitted beam was still located on the square diffuser. 
This allowed the reflection intensity on the whole diffuser 
to be integrated and the transmitted intensity of the laser 
beam to be determined.

3 � Results and discussion

3.1 � Beam steering

Figure 5 presents typical profiles of the laser beam for LII 
measurements after passing through an air jet flow (Fig. 5a) 
and a turbulent non-premixed C2H4/air sooting flame 
(Fig. 5b–f). The images were detected at a distance of 2.2 m 
down-beam from the flame. Additional sample of recorded 
beam profiles can be found in Media 1. The exit Reynolds 
number of the flame was 4330, and the laser beam was cen-
tred at x/d = 139 downstream of the nozzle. Note that x is 
the distance above the jet exit and d is the internal nozzle 
diameter (d = 4.4 mm). This height (x = 612 mm) corre-
sponds to the tip of the highly loaded soot zone, as shown 

in Fig. 2b, c. It was found that for air jets at Reynolds num-
ber investigated, the beam profile was neither affected nor 
distorted, as shown in Fig. 5a. It should be noted that the 
width of the laser sheet (~10 mm) shown in Fig. 5 is much 
larger than that in the flames (~600 μm undistorted) owing 
to the use of focussing optics.

The results shown in Fig. 5 and Media 1 reveal that the 
turbulent flames severely deform and distort the beam spa-
tial profile at x/d =  139, leading to a change in the laser 
fluence distribution. The intensities within laser beam 
vary significantly due to flame flicker both in the horizon-
tal and in the vertical directions, even though the overall 
location of the beam does not change significantly; i.e. the 
direction of the laser sheet does not vary significantly (by 
<130 mrad). Importantly, effects of focussing in the vertical 
direction are very significant, which induces vertical redis-
tributions of the laser fluence within the sheet, even though 
the changes in thickness in the horizontal direction (i.e. in 
sheet thickness) are less significant. Nevertheless, these 
flickering effects in the horizontal direction were found to 
be stronger in the downstream than in the upstream region 
of the turbulent sooting flame. It is worth noting that the 
beam profiles were recorded at a distance of 2.2 m down-
beam from the flame because of the challenge of record-
ing these profiles within the immediate vicinity of the flame 
due to the high soot loading and the infrared wavelength 
(1,064 nm) of the laser beam. While there may be some dif-
ferences between the beam profiles within the flame and 
those recorded at the 2.2 m distance, it is still reasonable 
to use the beam profile at 2.2 m as a proxy to quantify the 
relative extent of beam distortions within flames.

Consistent with typical planar LII set-ups, the present 
laser sheet is focused horizontally to provide a thin meas-
urement volume. Hence, the following analysis on the 
influence of fluence distribution is limited to the vertical 
direction. The fluence profile in this direction was calcu-
lated by integrating the signal along the radial direction of 
the beam. The result of this integration is shown in Fig. 6a, 

Fig. 5   Examples of instantaneous beam profiles that have passed 
through a a turbulent air jet flow and b–f through a turbulent non-pre-
mixed C2H4/air flame of Re = 4330 at x/d = 139. The images were 

recorded at 2.2 m down-beam from the flame. A video recording 250 
images can be found in Media 1
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which presents the integrated axial profiles from Fig.  5a, 
d. It is evident that the gradients in refractive index from 
the turbulent flame generate regions of both increased and 
decreased intensity of the laser fluence about the original 
values, especially over the range of 10 < L < 25 mm, where 
L expresses the distance from the image edge in the axial 
direction. The intensity variation ratio was employed to 
quantify the disturbance of the laser sheet and was defined 
as

where Iundist,averaged is the intensity profile averaged from 
500 undisturbed laser shots that were recorded in ambi-
ent air. Figure 6b presents the corresponding R values for 
the two curves as shown in Fig. 6a. It can be seen that the 
intensity fluctuations are very high for the disturbed beam, 
up to 80–90  %, while that of the undisturbed beam (for 
ambient air flows) is negligible.

(7)R(I) =

(

I

Iundist,averaged
− 1

)

× 100%,

Figure  6c presents the distribution of measured R val-
ues as a function of L calculated from 500 disturbed laser 
beams, while Fig.  6d presents the corresponding histo-
gram of R over the region of 10 < L < 20 mm. This cen-
tral flat region (for the undisturbed laser beams) is typically 
selected as being the most accurate for LII measurements 
and was also selected for the present work. In this region, 
the R value was measured to range mostly between −50 
and 60  %, while the peak of the histogram was found at 
R = −8  % with a mean value of −4.7  %. When the LII 
technique in a planar measurement is operated in the ‘pla-
teau’ regime of the highly nonlinear fluence curve (e.g. as 
shown in Fig. 4), any decrease in the laser fluence to below 
the plateau region results in a strong decrease in the LII 
signal, while a similar increase in the laser fluence results 
in, at most, a small increase in the LII signal. This pro-
vides a potential explanation for the observation that the 
radial profiles in LII signals are frequently asymmetric in 
non-premixed jet flames [20, 21]. The laser sheets were 

Fig. 6   a Axial profile of the 
intensities integrated in the 
radial direction of the beam for 
the disturbed (Fig. 5d) and the 
undisturbed (Fig. 5a) instanta-
neous beam sheets. b The inten-
sity variation ratios R of the two 
curves shown in (a) relative to 
that of the average of 500 undis-
turbed beam sheets. c Statistics 
of the R values along the laser 
sheet height (L) calculated from 
500 laser shots. d The corre-
sponding histogram of R values 
for the middle part of the laser 
sheet, i.e. from 10 < L < 20 mm 
as shown in (c)
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distorted in the beam-incident side of the flames, which 
caused the LII signals generated by the disturbed laser flu-
ence in the beam-exit side to be weaker than those in the 
beam-incident side generated by the undisturbed laser flu-
ence. This effect should be significant when planar LII is 
performed in turbulent flames using a laser sheet without 
a homogenous spatial profile, e.g. a Gaussian profile laser 
sheet. Near the two wings the laser fluence must be below 
the ‘plateau’ regime or not fully saturated, even though the 
averaged laser fluence along the laser sheet thickness is in 
the ‘plateau’ regime. So, in these regions LII signals can 
decrease significantly when the laser sheet is distorted. This 

further highlights the importance of the use of a laser sheet 
with good spatial profiles when LII is applied in turbulent 
flames diagnostics, as is already well accepted in studies 
performed in laminar flames to understand the LII process.

To quantify the extent of deformation to the intensity 
profiles of a laser sheet, the standard deviation of the R val-
ues was calculated. This can be expressed, for the jth laser 
shot recorded, as

(8)�(j) =

√

∑n
1 R

2
i

(n− 1)
,

Fig. 7   a Distortion extent of the beam sheet as a function of the exit 
Reynolds number in non-premixed C2H4/air sooting flames. The 
nozzle diameter was d =  4.4  mm, and the measuring location was 
x/d = 15, i.e. x = 66 mm. A parameter, Δ, is introduced to quantify 
the distortion extent (see the main text for details). The results are 
calculated from 500 beam sheets recorded, and the error bars report 
the standard deviation of the Δ values. b The mean soot volume frac-
tion, fv, calculated from 500 instantaneous LII images and averaged 
over a region from x = 61 to 71 mm and over the full width of the 

images. c The difference in the intensity of averaged LII signals from 
the left- and right-hand side of the flames. The error bars show the 
standard deviation of the differences in 500 instantaneous LII images. 
The exit strain rates corresponding to the Reynolds numbers labelled 
are shown as well. d The averaged LII images (have been converted 
to soot volume fractions) in three flames of different Reynolds num-
bers of 1540, 2390, and 3300, respectively. The laser beam passed the 
flames along the centreline from the left to the right of the images
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where the index i is the pixel number and n = 361, corre-
sponding to the selected region from 10 < L < 20 mm.

Figure  7 presents the results of measurements per-
formed in sooting flames of different Reynolds number at 
the exit of the nozzle with the aim of revealing the rela-
tionships between the Δ value, the flame turbulence and 
the uneven intensity of LII signals. Here the exit Reynolds 
number was varied by varying the fuel gas velocity at the 
constant nozzle diameter (d =  4.4  mm). The correspond-
ing exit strain rates are shown in Fig.  7. The measuring 
location was constant at x/d =  15, i.e. 66  mm above the 
jet nozzle. Figure 7a presents the Δ values as a function of 
the exit Reynolds number. The mean values of Δ are calcu-
lated from 500 images of beam profiles, and the error bars 
present the standard deviations. Figure 7a indicates clearly 
that the deformity of the laser sheet is strongly dependent 
on the flame turbulence level. At this location, the flame 
with a Re = 1540 did not induce any deformity to the laser 
sheet. Significant and intermittent laser sheet deformation 
can be observed at Re =  2390 where the flame is in the 
transitional regime to turbulent flow. However, the extent of 
deformation increases markedly with only a small increase 
in the Reynolds number to Re = 3300, which is still tran-
sitional, but exhibits more significant temporal and spatial 
fluctuations in the flame sheet. This, in turn, causes signifi-
cant spatial fluctuations in the laser sheet. Further increase 
to the Reynolds number did not make any significant differ-
ence to the Δ value, which remains approximately constant 
over the range of 6,000 < Re < 12,000.

Figure 7b presents the mean soot volume fractions calcu-
lated from 500 instantaneous LII images. The results were 
averaged over a region from x =  61 to 71  mm and over 
the full width of the LII images. The reduction in fv with 
increasing jet velocity is a result of the increased strain rate, 
as is well known [32–34]. Figure  7c presents the normal-
ized differences between the averaged LII signal intensities 
(calculated from 500 images) on the left and right sides of 
the flame about the centreline, defined as (Ileft − Iright)/Iright. 
The LII signals were averaged for the full half-widths of LII 
images from x = 61 to 71 mm, and the error bar presents 
the standard deviation of the differences calculated from 
500 instantaneous LII images. A sharp increase in LII inten-
sity difference from the Re = 2390 flame to the Re = 3300 
flame was observed. Figure 7d presents examples of aver-
aged LII images (have been converted to soot volume frac-
tions) measured in three flames with Re = 1540, 2390, and 
3300, for which the laser beam direction is from the left to 
the right of the LII images. Significant asymmetry can be 
seen for the Re =  3300 flame between the beam-incident 
(on the left) and the beam-exit side (on the right). The dif-
ference in signal is less significant for the other two flames 
of lower Reynolds numbers (Re = 1540 and 2390). Combi-
nation of Fig. 7a, c reveals a strong correlation between the 

Δ value and the LII signal difference. For an increase in the 
Δ value from 5 % at Re = 2390 to 15 % at Re = 3300, the 
normalized difference of the LII signals is increased mark-
edly from 13 to 43 %; i.e. the measured soot volume frac-
tion on the right side of the flame can be underestimated by 
up to 30 %. In Fig. 7c, the difference of ~12 % in the low 
Reynolds number flames corresponds to the low Δ values 
of 4 % in Fig. 7a. This difference is attributed to the laser 
power extinction by the relatively high soot concentration 
in the low Reynolds number flames. When H2 blended into 
the C2H4 flow to reduce the soot concentration to <0.6 ppm 
in a set of laminar flames (with Re = 1900), this difference 
is reduced to <3  %. The drop in normalized difference in 
highly Reynolds number flames (but with the same Δ 
value) is understood to be due to the decreased contribution 
of laser power extinction due to the low soot loading (see 
Fig.  7b). For the highly turbulent flames with Re =  7110 
and 11,670, the soot sheets at this location (x/d = 15) appear 
as isolated ‘islands’. This leads to the large error bars as 
shown in Fig. 7c.

The deformation of the laser sheet was found to vary 
with HAB both in non-reacting C2H4 flows (Fig. 8a) and in 
C2H4/air sooting flames (Fig. 8b). As shown for the weakly 
turbulent flame with Re = 4330 in Fig. 8b, the Δ value was 
found to decrease from 22 to 5 % with an increase in HAB 
in the region of x/d < 50, and then to increase to 16 % in 
the region of x/d > 50. It is likely that the initial reduction 
is due to a decrease in effective Reynolds number because 
of the re-laminarization that occurs with combustion. This 
deduction is based on the measurements performed in the 
non-reacting C2H4 flow, as shown in Fig. 8a, where the Δ 
value was found to decrease monotonically with x/d as the 
fuel mixes more and more with the surrounding air. The 
increase in the Δ value towards the tail of the flame is likely 
to be due to the increasing role of buoyancy-driven turbu-
lent eddies. A similar trend in the Δ value as a function of 
x/d was also found for other C2H4/air turbulent flames with 
different Reynolds numbers. It is worth emphasizing that 
significant beam steering is also found in the non-reacting 
C2H4 flow, as is shown in Fig. 8a. The Δ value can be up to 
15–20 % in locations near the burner nozzle, e.g. x/d = 20. 
This degree of deformity level is about the same as that in 
the turbulent flames under study.

Figure 8c presents the difference of averaged LII signals 
on the two sides of the C2H4/air flames, which were meas-
ured simultaneously with the Δ values as shown in Fig. 8b. 
There is no clear correlation between the Δ value and the 
asymmetry of LII signals. Even a distorted beam with a low 
Δ value, e.g. that at x/d = 60 shown in Fig. 8b, can induce 
a significant asymmetry to LII signals. From Fig.  8c, a 
trend can be seen where the differences between the LII 
signals on the two sides are smaller for locations above 
x/d = 80 and higher for those below x/d = 80. Around this 
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location, i.e. x/d = 80 (x = 352 mm), the two soot layers 
merge together, which can be seen from the soot luminosity 
shown in Fig. 2b, where the flame has a similar Reynolds 
number of 5240. The trend that LII images become more 
symmetric in the downstream region was also demonstrated 
in a work of Köhler et al. [21].

Figure  9a presents the results of a further systematic 
measurement in a set of non-reacting C2H4 flows with 
different Reynolds numbers. Because the C2H4 gas has a 
relatively large refractive index, even a weakly turbulent 
flow with Re = 1000 can induce strong beam steering and 
hence a large deformity to the beam. Moreover, as shown 
in Fig. 9a, the Δ value is approximately constant as the Re 
number is increased above Re = 1000. In addition, Fig. 9b 
presents the Δ values measured in the three turbulent non-
reacting flows of ethylene, methane, and air with the same 
exit Reynolds number (Re = 6500), as well as their refrac-
tive indices. It can be seen that the Δ value is strongly 

correlated with the refractive index, via the ∂K
∂x

 dependence. 
Therefore, it is worth emphasizing that it is necessary to 
consider the influence of the refractive index on beam steer-
ing when optical methods are applied to turbulent flows/
flames, even for non-reacting flows at room temperatures.

The present results also imply that beam steering will 
adversely impact on the accuracy of other quantitative 
measurements, in which planar optical methods are used. 
This applies, in particular, to techniques whose signals are 
critically dependent on the laser fluence. Such techniques 
include two-line atomic fluorescence (TLAF) thermometry 
[20, 35] and soot aggregate sizing by combining LII and 
elastic light scattering (LII + ELS) [36]. Potential methods 
with which to correct for beam steering effect include the 
use of Rayleigh imaging and ray tracing. However, while 
this has been demonstrated in particle-free flames [17], it 
is yet to be demonstrated in sooting flames. The applica-
tion of a beam homogenizer [37] to shape the laser beam 

Fig. 8   Intensity of beam steering as a function of the height above 
the burner nozzle that is denoted as x/d a in a non-reacting C2H4 flow 
with Re =  6500 with air co-flow and b in a C2H4/air sooting flame 
with Re = 4330. The intensities of beam steering measured in a tur-

bulent air flow are also shown (square). c The difference ratio of aver-
aged LII signals on the two sides of the flame as a function of x/d, 
recording simultaneously with the beam profiles for calculating the 
results in (b)

Fig. 9   a Intensity of beam 
steering as a function of the 
exit Reynolds number in non-
reacting C2H4 flows at x/d = 26 
and b in different gases with 
different refractive indices (also 
shown). The exit Reynolds 
number of the three non-react-
ing flows was kept to be 6500
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before reaching the flame is one potential way to weaken 
the effects of beam steering. The collimated beam is modi-
fied into multiple beams that are emitted from micro lenses 
separately. In this way, the distortion of the total beam 
sheet, which is an average of the distorted sub-beams, 
has potential to be weakened and smoothened. However, 
its effectiveness in such applications is yet to be assessed. 
Additionally, a laser sheet not only with saturated fluence 
but also having a good spatial profile is beneficial for meas-
uring soot volume fractions using planar LII in turbulent 
flames.

3.2 � Signal trapping

The influence of signal trapping on LII measurements was 
investigated for an attached turbulent sooting flame on the 
same burner as introduced in the Sect. 2.2. The flame has 
a fuel mixture of C2H4/H2/N2 with a composition of 40, 
40, and 20 % by volume, respectively. The exit strain rate 
and the Reynolds number of the flame are 12.95×103 s−1 
and 15,000, respectively. Figure 10 presents the measured 
soot volume fractions using LII, as described in detail 
previously [20]. Briefly, LII signals around 430  nm were 
recorded in the turbulent flame and then calibrated by the 
LII signals recorded in a flat premixed C2H4/air on a McK-
enna burner. A continuous-wave laser beam at 1064 nm was 
used to perform extinction measurements in the flat flame. 
A value of Ke = 5.66 was used to calculate the soot volume 
fractions, where Ke is the dimensionless extinction coeffi-
cient. The value of Ke = 5.66 corresponds to E(m) = 0.3 
via Ke = 6πE(m). It was assumed that the scattering contri-
bution to beam extinction is negligible. The averaged soot 
volume fraction in this turbulent flame is up to 200 ppb and 
the maximum width of the averaged soot distribution is 
about 80 mm, at the same height. The combination of high 
soot loading and large flame width potentially causes LII 
signal trapping via soot absorption and scattering. In addi-
tion, PAH can also absorb LII signals in the blue spectral 
region [26, 38].

Figure  11a presents the measured attenuation of the 
450 nm beam as a function of x/d. The laser beam has the 
wavelength close to that of the LII signal (430  nm) and 
passed through the whole flame along the centreline. The 
attenuation for the half-width of the flame was calculated 
by dividing the value for the full-width flame by two. This 
halved attenuation presents reasonably the time-averaged 
loss of LII signals at 450 nm emitted from the flame cen-
treline. As shown in Fig. 11a, a maximum of 3 % has been 
found around x/d = 96, where the flame luminosity is wid-
est and soot loading is highest (see Fig. 10). A 3 % signal 
loss might be reasonably considered as a negligible error 
source in measurements using LII. However, this soot load-
ing is relatively light. Hence, it is still advisable to consider 

this error source when LII is applied to high sooting flames 
and/or to large combustion systems. For example, the 
maximum signal loss reaches 6 % in a similar flame with 
a lower strain rate of 3.95×103 s−1 and Re = 8,000 (with 
d =  5.8  mm). In another study, a minimum transmission 
of approximately 0.88 in the half-width flame (i.e. a maxi-
mum signal loss of 12 %) of LII signals collected through 
the visible region was reported, at the middle height of an 
C2H4 jet flame [39].

A comparison was also performed between the attenu-
ation of signals at 450 nm based on the planar LII results 
and the line-of-sight extinction measurement. This compar-
ison aims to assess the feasibility of estimating the magni-
tude of signal trapping directly from soot volume fractions 
measured with planar LII in a spatially symmetric system, 
like the jet flames in the present work. In calculating the 
attenuation based on the LII results shown in Fig. 10, the 
relation of δ = 1− e−Ke·(fv·r)/� was used, where δ denotes 
the attenuation, r is the radial distance, Ke = 5.66, and the 
wavelength λ =  450  nm. The value of Ke is the same as 

Fig. 10   Averaged soot volume fractions measured in the ‘target’ 
flame using planar LII, replotted from a previous work [20]
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that used in LII signals calibration. Figure 11b presents the 
attenuations based on the two methods. Attenuation is over-
estimated based on the LII results above the middle of the 
flame, while a good agreement can be seen in the upstream 
region of the flame, but the magnitudes of attenuations are 
still in the same range, i.e. 3.2 and 5.6 % at the maximum, 
respectively. The difference is <2.5 % for all x/d. The con-
sistency in the magnitudes of attenuation in the axial pro-
files implies that it is feasible to use LII signals to estimate 
and correct for the effect of signal trapping in mean soot 
volume fraction measurements.

The radially integrated values of <fv·r> are also com-
pared. The same value of Ke  =  5.66 was used for the 
450  nm beam in the calculations. Figure  11c presents 
the results from the two methods. Good agreement can 
be seen in the downstream region of the flame, i.e. above 
x/d = 100. Interestingly, at this height soot loading is high-
est, as shown in Figs.  9 and 11c. The <fv·r> curve meas-
ured via the blue beam extinction is biased towards the low 
x/d, which is likely due to the absorption of PAH around 
450  nm. Another factor that can affect the accuracy and 
contribute to the difference in Fig. 11b, c is the uncertainty 
in the Ke value used in these calculations. Previous stud-
ies showed that the value of Ke varies significantly with the 
wavelength and the combustion condition [3, 27, 38].

The results in this part show that, in addition to soot 
volume fraction, signal trapping can also potentially affect 
the accuracy of other quantities that are measured via LII 
signals, such as soot particle temperatures that are meas-
ured by two-colour LII [24] and soot aggregate sizes 
that are measured by LII+ELS [36]. This influence does 
not apply for techniques where the signals are equally 
trapped, for example time-resolved LII (TiRe-LII) [40, 
41]. To reduce the influence of signal trapping, detecting 

LII signals at long wavelengths, e.g. around 700  nm, can 
potentially be used for cases where natural incandescence 
and PAH absorption are negligible. This is because of the 
λ−1 dependence of optical extinction of soot in the vis-
ible and near-infrared spectral regions [27]. Moreover, an 
online calibration method, i.e. performing simultaneous 
extinction measurements using a laser beam with the same 
colour as LII signals, can be beneficial for correcting signal 
trapping effects on mean data [10]. The use of large collec-
tion optics to reduce the effects of signal trapping in parti-
cle-laden flows had been identified by Kalt et al [42]. This 
technique, however, may not be suitable when soot sheets 
are continuous.

4 � Conclusions

Both beam steering and signal trapping can result in a sig-
nificant underestimate of soot volume fraction by planar 
LII measurements in atmospheric pressure turbulent soot-
ing flames. In particular, the investigation has found that:

1.	 At atmospheric pressure, beam steering due to the gra-
dients of the refractive index in turbulent flows can 
significantly alter the distribution of local fluence in 
a laser beam sheet, particularly in the axial direction 
of the flow. This occurs not only in high temperature 
turbulent flames but also in non-reacting cold flows 
such as in a turbulent C2H4 jet issuing into air. Meas-
ured soot volume fraction can be underestimated by 
up to 30  % due to the nonlinear response of the LII 
signal to fluctuations in laser sheet intensity induced 
by beam steering. These fluctuations also explain the 
lack of symmetry in LII signals between the beam-

Fig. 11   a Measured beam attenuation for both the full width (see 
Fig.  10) and the half width of the flame. b The signal attenuations 
for the half-width flame measured by line-of-sight extinction and cal-

culated based on the LII results in Fig. 10. c The radially integrated 
<fv·r> values measured via line-of-sight extinction and calculated 
based on the LII results, respectively
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incident and the beam-exit sides of turbulent sooting 
flames, which have been observed previously but not 
explained. For this reason, measurements of fv obtained 
from the beam-incident side are more reliable than 
those on the beam-exit side.

2.	 The significance of beam steering is strongly correlated 
with the extent to which a flow is turbulent, as char-
acterized by the exit Reynolds number in the present 
work. The lower threshold of Reynolds number above 
which beam steering becomes significant was found to 
be approximately Re ~3300 in a set of C2H4/air sooting 
flames on a jet nozzle (d = 4.4 mm). Above this thresh-
old, the extent of beam steering is insensitive to the exit 
Reynolds number. This threshold corresponds approxi-
mately to the transition from laminar to turbulence in a 
jet flow.

3.	 The extent of beam steering was found to be a function 
of the height above the burner nozzle, both in flames 
and in non-reacting flows. For the latter, beam steering 
was found to be strongly dependent on the refractive 
indices for the two studies gases methane and ethylene.

4.	 Due to signal trapping, LII signals in the blue spec-
tral region can be attenuated by a few per cent in the 
regions of high soot loading within the studied flames. 
The magnitude of attenuation can be assessed reliably 
from planar LII results, but it is only possible to correct 
for the mean value of soot volume fractions.

Even though the present work has focused on the influ-
ences of the two effects on planar LII measurements, some 
of the conclusions are relevant to other optical methods, 
particularly techniques that are used for quantitative meas-
urements, and are sensitive to laser fluence, for example, 
LII+ELS, two-colour LII, and TLAF that are frequently 
applied for measurements in sooting flames.
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