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Abstract The results of a novel technique for the quan-
tification of oxygen in an isothermal turbulent free jet us-
ing toluene laser induced fluorescence (LIF) are presented.
This method relies on the red-shift of the toluene LIF emis-
sion spectrum with increasing oxygen concentration. Eval-
uating the LIF signal ratio from two different wavelength
regions simultaneously produces results that depend only
on the local oxygen concentration. From calibration data,
obtained from repeated tests, the oxygen sensitivity of the
two-color LIF technique is best for oxygen partial pressures
pO2 ≤ 120 mbar in the current setup. Quantified images of
oxygen distribution are presented for 40.4, 60.5, 80.5, and
103 mbar pO2 in the toluene-seeded jet flow that is shielded
by a toluene-seeded nitrogen co-flow at atmospheric pres-
sure and temperature. Based on the average oxygen con-
centration images (obtained from 100 instantaneous oxygen
images), the error in accuracy of measuring the oxygen con-
centration was 0.8, 3.0, 7.7, and 7.3% with a precision of ±
8.6, 5.5, 13.3, and 11.6% for the jet pO2 = 40.4, 60.5, 80.5,
and 103 mbar cases, respectively. The main jet flow charac-
teristics have been captured by the technique as determined
from the measured oxygen distribution images. Centerline
profiles of average oxygen concentration, normalized to the
value at the nozzle exit, demonstrate self-similar behavior
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from 5 mm above the nozzle exit. Radial oxygen concentra-
tion profiles exhibit a Gaussian-type distribution that broad-
ens with distance above the nozzle exit, in agreement with
literature.

1 Introduction

Quantifying the instantaneous distribution of oxygen is
highly desirable in various applications. For instance, the
determination of the proper fuel/air ratio in flames and in-
ternal combustion engine operation has been a vital aspect
in the optimization of practical combustion processes. The
demand for lower emission and higher efficiency combus-
tion processes has been the motivation for research toward
more extensive understanding of engine operation using
laser based in-situ diagnostics strategies [1]. Determining
the conditions of the fuel/air mixture in terms of fuel con-
centration, oxygen concentration and temperature plays a
pivotal role since it has a critical impact on the ignition
behavior and on subsequent combustion. While qualitative
measurements of fuel density are feasible based on the flu-
orescence properties of commercial fuels [2] a quantitative
determination of fuel concentrations is often based on the
use of well characterized fluorescent tracers [3]. The fluo-
rescence intensity of these tracers often depends not only on
the tracer concentration but also on temperature, total pres-
sure and oxygen partial pressure. While the dependence on
total pressure is generally weak, the dependence on oxygen
partial pressure is particularly strong with aromatic com-
pounds. Based on this cross-influence of temperature and
oxygen partial pressure on the LIF signal, it is possible to
determine these additional quantities from the signal evalua-
tion. In situations where the concentration of the fluorescent
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tracer does not change, the variation in total signal can be di-
rectly interpreted as a measure of temperature [4, 5] or oxy-
gen partial pressure. In situations, where the concentration
varies, two-color measurements have been used to derive T
or pO2 information from a ratio of two signals that then is
independent of the local tracer concentration (e.g. [6]).

For the measurement of fuel/air ratios a variety of differ-
ent approaches have been presented. Previous investigations
have used instantaneous temperature distribution informa-
tion in the compression stroke and the unburned end-gas of a
spark ignition engine in order to calculate the fuel/air equiv-
alence ratio assuming constant oxygen content in the intake
air, as presented by Einecke et al. [6]. A similar approach
was used by Rothamer et al. [7]. The technique requires si-
multaneous excitation with two different laser wavelengths,
for example at 248 and 308 nm and is therefore experimen-
tally challenging. The FARLIF approach suggested by Re-
boux [8] takes advantage of the strong quenching of toluene
LIF by oxygen in order to directly measure the fuel/air
equivalence ratio. Although this method works well at low
temperatures it does not give any information about absolute
concentrations. Furthermore, its extensions to engine condi-
tions become questionable at high temperatures as shown
by Koban et al. [9]. For measurement of oxygen concen-
trations in fuel/air mixtures, Koban et al. used the different
responses of toluene and 3-pentanone to collisional quench-
ing by molecular oxygen in their two-tracer technique [10].
Their experiments were conducted at room temperature and
atmospheric pressure. An application to internal combustion
engines was presented by Frieden et al. [11]. The two-tracer
approach, however, is based on the assumption that the con-
centration ratio of both tracers is not varying. Additionally,
non-radiative energy transfer between the tracers must be
accounted for [10]. Toluene was suggested for a simplified
method with single-line excitation and two-line detection for
measuring temperature [5] that could in a similar way also
be used for measuring the oxygen concentration. The ex-
perimental demonstration for this technique, however, was
missing so far and is presented in this paper.

As a second field of application the imaging of oxygen
distribution, based on the method described in this paper,
can be used as a tool to determine the level of mixing within
the flow and to distinguish between macroscopic mixing
(stirring) and mixing on a molecular level (micro mixing). It
has been shown that quantitative images of molecular mix-
ing in free shear flows may be obtained using tracer species.
LIF images of nitric oxide and acetone have been used by
King et al. [12] and Meyer et al. [13]. King et al. investi-
gated the extent to which an axisymmetric shear layer, in
the form of a jet, is mixed at the molecular level while
Meyer et al. have studied the role of large- and intermediate-
scale structures in determining the state of molecular mix-
ing in the developing and far-field regions of gaseous planar

shear layers. Yip et al. [14] have visualized gas-phase fluid
mixing processes using the technique of sensitized phos-
phorescence from acetone/biacetyl and toluene/biacetyl sys-
tems. Because quenching of aromatic tracers occurs pre-
dominantly upon collision with oxygen molecules, the ef-
fects of quenching that are described later in this paper
would only be present in case of micro-mixed gases.

Quantitative imaging diagnostics which are based on
tracers require a detailed knowledge about the spectroscopic
characteristics of the relevant fluorescent tracers. The strong
dependence of toluene LIF on oxygen and the available pho-
tophysical studies on toluene [9, 15] makes this tracer at-
tractive for measuring local oxygen concentrations. In the
present work results of experiments aimed at quantifying the
distribution of oxygen, by detecting the effect of quenching
on the emission spectra, are presented.

2 Experimental

The experimental setup, depicted in Fig. 1, consists of
a conical nozzle (exit diameter d = 1.7 mm, length l =
222.3 mm). The first 197 mm of the nozzle is cylindrical
in shape with a constant diameter of 8 mm and the conical
end, of length 25.4 mm, has a half-angle of 9◦. The nozzle
is mounted co-axially within a 38.4 mm diameter aluminum
tube that is 460 mm long and delivers a low velocity outer
co-flow (U∞ = 0.52 m/s). The tip of the nozzle extrudes out
of the co-flow tube by 2 mm. The jet flow Reynolds num-
ber ranges between Red = Ue d/ν = 1914 and Red = Ue

d/ν = 2113, for the pO2 = 0 and 103 mbar cases, respec-
tively, where Ue and d are the nozzle exit velocity and exit
diameter, respectively, and ν = μ/ρ is the kinematic vis-
cosity of the gas mixtures. The tests were carried out at
room temperature and pressure, maintaining isothermal con-
ditions to avoid simultaneous effects of temperature vari-
ation on the toluene LIF spectrum. A bubbler system was
used to seed the gases with toluene in both the jet flow (0.3%
by volume toluene) and co-flow (0.01% toluene) providing
LIF signal throughout the entire region of interest. The per-
centage of toluene within the flows was confirmed through
gas chromatography tests. A lower amount of toluene was
used in the co-flow to minimize attenuation of the excitation
laser light by the tracer [16]. Controlled amounts of oxygen
could be introduced into the jet flow and/or co-flow. All gas
flows were metered using appropriate mass flow controllers
(MKS and Tylan) which were calibrated for each specific
gas.

A light sheet generated by a krypton fluoride (KrF) ex-
cimer laser (Lambda Physik, LPX 120) with a beam at
248 nm (20 ns pulse width, broadband output at 1 Hz repeti-
tion rate) was used to excite the toluene. The laser sheet flu-
ence chosen was 20.8 mJ/cm2, thus taking precautions that
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Fig. 1 Experimental setup:
Toluene-seeded jet flow
(N2 + O2) shielded by a
toluene-seeded N2 co-flow (left
panel). Excitation is achieved by
a KrF excimer laser sheet.
Toluene LIF is detected
simultaneously by two cameras
in two different wavelength
regions of the spectrum (right
panel)

the LIF signal vs. laser energy remains linear [17]. The laser
sheet was homogenized with the aid of a beam homogenizer
(SUSS MicroOptics) that is placed before the sheet-forming
optics (cf. Fig. 1). Two intensified CCD cameras (Lavi-
sion, Flamestar2 and Nanostar, respectively) each fitted with
a UV lens (f = 105 mm, f# = 4.5 and f = 100 mm,
f# = 2.8, respectively) were located on opposite sides of
the jet to capture the fluorescence at 90◦ to the laser sheet
plane. The cameras were synchronized with the laser trig-
ger to record the LIF images simultaneously at a rate of
1 Hz. Appropriate filters were used to capture the shorter and
longer wavelength regions of the emission spectrum (a band
pass Semrock BP280 filter, and a long pass Schott WG320
filter, respectively). Measurements showed that the interfer-
ence band pass BP280 filter detects the peak toluene fluores-
cence at λ = 280 ± 14 nm, and the WG320 filter detects the
wavelength region λ ≥ 320 nm. The DaVis software from
LaVision was utilized for data acquisition and processing.

3 Theoretical background

Consequential to UV excitation, the emitted LIF signal S of
a tracer, such as toluene as in our case [3, 18], depends on the
laser intensity laser Ilaser, the detection volume V , the tracer
number density n and its absorption cross section σ , the de-
tection efficiency η and fluorescence quantum yield Φ(nq)

of the tracer which is a function of the number density, nq ,
of any quenching species that are present, in the present case
oxygen.

S ∝ IlaserV nσηΦ(nq) (1)

The fluorescence quantum yield Φ is interpreted as the
ratio of the rate of fluorescence kf l to the sum of all
de-excitation rates. These include the intramolecular rates
(knon-rad for the non-radiative pathways and kf l for the fluo-
rescing pathway), and the intermolecular collisional quench-

ing rate kq :

φ = kf l

knon-rad + kf l + kqnq

(2)

Often the Stern–Volmer plot, that is the inverse of the
fluorescence signal normalized by the unquenched signal,
S0, versus the quencher concentration, is evaluated in order
to obtain a measure of the quenching rate. The slope of the

Stern–Volmer plot kSV = kq

knon-rad + kf l , which represents

the effect of quenching relative to the total intramolecular
de-excitation rate, would indicate the strength of quenching
[3]. In our case for the longer and shorter wavelength parts
of the spectrally integrated signal intensities (selected by the
Schott filters BP280 and WG320, respectively) the Stern–
Volmer expressions are

SWG320 = SWG320
0

1 + kWG320
SV [O2]

and

SBP280 = SBP280
0

1 + kBP280
SV [O2]

(3)

where SWG320 or SBP280 are signal intensities with O2 in
flow, SWG320

0 or SBP280
0 are signal intensities without O2

in flow, and KWG320
SV or KBP280

SV are the Stern–Volmer con-
stants.

The normalized signal ratios are then:

SR = SWG320

SBP 280
=

(
1 + kBP280

SV [O2]
1 + kWG320

SV [O2]

)(
SWG320

0

SBP280
0

)
(4)

The oxygen concentration [O2] can therefore be calcu-
lated via (5)

[O2] = SR0 − SR

SRKWG320
SV − SR0K

BP280
SV

. (5)
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Fig. 2 Red-shift of the toluene LIF emission with increasing O2 par-
tial pressure with 248 nm excitation at room temperature (adapted
from [15])

where SR0 = SWG320
0

SBP280
0

.

If calibration data are obtained with the same setup as the
desired measurements, [O2] can then be directly determined
from a calibration curve without calculating the KSV values
first.

Quenching of the fluorescence from aromatic molecules
in the presence of oxygen is a well-known phenomenon
[19, 20]. Almost every collision with oxygen leads directly
to electronic de-activation [15]. On the other hand collisions
with nitrogen are not likely to change the electronic state.
Therefore, it is a reasonable approximation to regard oxy-
gen as the only important colliding species that influences
the signal intensity. It has been shown experimentally that
with 248 nm excitation of toluene at room temperature and
air pressures above 3 bar, oxygen quenching is the dominant
de-excitation pathway and intramolecular relaxation can be
neglected [8].

The long wavelength part of the toluene LIF spectrum is
affected less by oxygen quenching than the region around
the 280 nm peak, thus indicating a similar red-shift effect
that has also been shown for the temperature dependent
cases presented in the past [5]. This phenomenon, shown
for excitation of toluene at 248 nm at room temperature in
Fig. 2, is limited to relatively low oxygen partial pressures.
Above ∼200 mbar O2, no significant change in the spec-
trum has been observed with further increasing oxygen par-
tial pressures [15]. The local toluene and oxygen concen-
trations vary simultaneously where the jet flow mixes in-
homogeneously with the surrounding co-flow. Forming the
ratio of two simultaneously recorded LIF signals from two
different wavelength regions will cancel out the tracer con-
centration and the local laser fluence and the result in prin-
ciple provides quantitative information about the local oxy-
gen content. To simplify the determination of the relative
response of both detectors, however, a calibration measure-
ment at a known oxygen concentration is performed. The
influence of signal trapping, from the long wavelength end

of the toluene absorption spectrum, in the BP280 detection
channel has been analyzed using spectrally-resolved absorp-
tion cross section measurements [21]. Assuming a worst
case scenario where the maximum concentration of toluene,
the value at the center of the jet close to the nozzle exit, cov-
ers a path length of 40 mm (diameter of co-flow cylinder
is 38.4 cm) showed the fractional re-absorption of fluores-
cence radiation to be less than 0.5%. Therefore, the effect of
signal trapping is considered negligible.

4 Data processing

Each set of two instantaneous LIF images obtained simulta-
neously from opposite sides of the jet and co-flow are first
corrected for background signal that has been recorded with
the laser on but without flow. Because ratios of images are
used in the following analysis only, a correction for the laser
sheet intensity variation and laser pulse energy are not nec-
essary as long as the laser fluence does not exceed the range
of linear signal response. The two images are then corrected
for distortions and one image is flipped and matched onto
the other with sub-pixel resolution. For the image match-
ing step an adequately designed grid (1 mm diameter dots
distanced by 2 mm from each other) that is printed on trans-
parent film is placed in the location of the laser sheet and its
image is captured using both cameras. For consistency this
grid image is obtained before and after each test. The DaVis
software (Lavision) uses the grid images from each camera
to calculate the required image distortion corrections. A fur-
ther improvement of the image matching may be made by
using image pairs of tracer signal rather than images of the
reference pattern only, as shown by Tea et al. [22].

The corrected images are numerically filtered using a
spatial averaging filter. Various filter box sizes were investi-
gated and a 5×5 pixel (0.36×0.36 mm2) box size was cho-
sen. The projected pixel size in the images is 0.07 mm/pixel
and it is assumed that the chosen filter box size does not
significantly deteriorate the spatial resolution that is limited
by the image intensifier. The simultaneous images, from the
short and long wavelength regions of the LIF spectrum, are
then divided with each other and normalized by the refer-
ence intensity ratio (from experiments without O2 obtained
for each camera) in accordance with (4). The result provides
the normalized ratio of signals from the two wavelength re-
gions detected. In order to obtain the oxygen concentrations
for each divided image set, the appropriate calibration curve
obtained using the same filter combination is applied (cf.
Fig. 4). Figure 3 shows an example of an O2 image that is
obtained from two instantaneous LIF images for the case
with seeding of 60.5 mbar O2 into the jet flow.
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Fig. 3 Illustration of the
two-color toluene LIF technique
applied to obtain a quantitative
distribution of the O2
concentration for 60.5 mbar O2
in the jet flow. Shown are
instantaneous LIF images and
the resulting oxygen distribution

Fig. 4 Calibration curve of the normalized LIF signal ratio (for the
BP280–WG320 filter pair) against O2 partial pressures

5 Results and discussion

5.1 Choice of detection filters

Various combinations of detection wavelength ranges were
investigated using appropriate pairs of Schott filters for
the two cameras. These were: BP280–WG320, BP280–
WG305, and WG280–WG305 (BP280 is a bandpass filter
centered at 280 nm and WG305 and WG320 are long pass
filters with cut-off wavelengths of 305 and 320 nm, respec-
tively). For the determinations of calibration curves, data
were obtained from a region with a size of 190 × 190 pix-
els or 13.3 × 13.3 mm2, with homogeneous and controlled
oxygen concentrations. This reference condition was gener-
ated by adding various concentrations of toluene and oxy-
gen to the co-flow and running the experiment without the
central jet flow. The BP280–WG320 filter pair provided the
strongest signals and the best sensitivity to oxygen concen-
tration and hence this combination was used in all the mea-
surements presented here.

The calibration curve (signal ratio vs. oxygen partial
pressure) obtained for this filter combination, which has
been used to obtain the final [O2] images presented is shown
in Fig. 4. The error bars, shown in absolute values on the

graph, are determined from the variation of signal ratios
from several independent measurements using the configu-
ration and spatial resolution mentioned above. On the same
graph the rate of change of the normalized fluorescence sig-
nal against oxygen partial pressures is plotted. From this it
can be argued that for the current conditions the technique
works up to approximately pO2 ∼ 120 mbar O2. Above
∼140 mbar O2 the signal ratio becomes almost independent
of variations in oxygen partial pressure resulting in poor sen-
sitivity.

The signal in both detection channels shows an almost
hyperbolic dependence on the oxygen pressure. Due to the
resulting strong non-linearity of the LIF signals with vary-
ing oxygen concentrations, it is mathematically necessary to
calculate the oxygen maps from instantaneous (as opposed
to averaged) LIF images. However, because ratioing instan-
taneous images with limited signal-to-noise level leads to a
significant increase in noise, in cases where S/N-ratios are
low, averaging of the measurements on each channel before
calculating the ratio might lead to overall higher quality re-
sults. In the present paper, all averaged O2 concentration im-
ages presented have been obtained from 100 instantaneous
O2 concentration maps that are calculated using instanta-
neous LIF images.

5.2 Signal sensitivity

One of the challenges in the current technique is the mea-
surement of low signal levels and the resulting restrictions
in signal-to-noise ratios. Quenching reduces the signal in-
tensity dramatically and therefore, the initial signal intensity
in the no-oxygen case should be high enough in order to
achieve measurable intensities when oxygen is added to the
flow. In Fig. 5 the toluene LIF images (averaged from 100
instantaneous images) of the jet flow with no oxygen and
with 80.5 mbar O2 are shown for the long wavelength, i.e.,
intrinsically weaker, detection channel (λ ≥ 320 nm). For
the conditions used, the average signal intensity within the
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Fig. 5 Averaged toluene LIF images obtained using the WG320 filter for the jet flow containing no O2 (left), and 80.5 mbar O2 in the center flow
(right). Co-flow: N2 seeded with toluene

Table 1 Signal levels, S, relative to the no-oxygen signal, S0, from
each detection channel obtained from a region close to the nozzle exit
and the corresponding signal-to-noise ratios, S/N, for each detection
channel. The error in accuracy of measuring the oxygen concentration,
ε, and a statistical average of precision in the [O2], σ , are also shown.
The error in accuracy and precision are determined from the same re-
gion of interest in the averaged O2 images that are obtained using 100
instantaneous O2 images

pO2 /mbar SBP280

SBP280
0

S/NBP280 SWG320

SWG320
0

S/NWG320 ε σ

0 1.00 29.2 1.00 24.8 – –

40.4 0.08 19.4 0.13 19.8 0.8% ±8.6%

60.5 0.06 18.4 0.10 19.5 3.0% ±5.5%

80.5 0.05 18.5 0.09 19.2 7.7% ±13.3%

103 0.04 18.1 0.08 18.2 7.3% ±11.6%

jet center flow near the nozzle (obtained from a box of size
9 × 11 pixels) went down by a factor of approximately 11
when 80.5 mbar O2 was added to the jet flow. The signal-
to-noise ratio, S/N, for each detection channel is determined
from a homogeneous region close to the nozzle exit for each
jet pO2 case. The results are given in Table 1. The data show
a decrease in S/N for both detection channels with increas-
ing jet pO2 . In both detection channels the S/N is severely
reduced in the presence of oxygen addition to the jet flow.

The initial signal intensities could be enhanced through
various measures e.g. increasing the laser energy, increas-
ing the concentration of toluene within the flow or improv-
ing the solid angle of detection and the filter transmission.
However, it is essential that all the contributing parameters
are optimized for the specific setup and conditions if it is de-
sired to maintain a linear signal response and to avoid laser
attenuation effects, and to keep the required large dynamic
range and good signal-to-noise levels.

5.3 Oxygen concentration imaging measurements

To better understand the O2 concentration images presented,
it is useful to have a brief look at the jet flow structure. For
this purpose, an instantaneous LIF image (taken from the
stronger detection channel using the BP280 filter) is shown
for the oxygen-free case in Fig. 6. The vortical structures

Fig. 6 Instantaneous LIF image
of the oxygen-free jet flow,
obtained from the stronger
detection channel (BP280 filter)

seen close to the nozzle exit, at the jet/co-flow interface, re-
semble the ring-like structures in the heated air jet emerg-
ing from the smooth contraction nozzle of Mi et al. [23],
although their flow had a much higher Reynolds number,
Red = 16,000. Several researchers have analyzed the flow
structure of various jets. The formation of relatively large
structures, as seen in Fig. 6, is often attributed to a lami-
nar state of the shear layer, while small-scale structures are
seen to indicate the presence of turbulence [23]. The shear
layer is formed due to the velocity gradient between the jet
and co-flow (Ue/U∞ = 33 for the case shown in Fig. 6). The
growth of instabilities can lead to a roll-up of the shear layer
as seen in close proximity of the nozzle exit. In Fig. 6 it can
be seen that the ring-like vortical structures close to the noz-
zle exit appear to break up further downstream indicating
an increased level of turbulence. The higher level of turbu-
lence increases the entrainment of the surrounding co-flow
into the jet and would enhance the mixing process between
the two flows. This is reflected in the [O2] images shown in
Fig. 7 as discussed below.

Examples of instantaneous and averaged oxygen concen-
tration fields obtained for four jet pO2 cases (40.4, 60.5, 80.5
and 103 mbar), are presented in Fig. 7. The [O2] images
in Fig. 7 illustrate that, as expected, the maximum O2 con-
centration is present mainly near the nozzle exit before the
jet flow begins to mix with the outer coflow. As the flow
spreads out further downstream of the axisymmetric nozzle,
the oxygen concentration would be expected to reduce in
the center plane of the jet flow (where the laser sheet is lo-
cated). The O2 concentrations close to the jet exit, where we
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Fig. 7 O2 concentration fields
for jet pO2 = 40.4,60.5,80.5
and 103 mbar

Fig. 8 Averaged
O2-concentration along the
centerline, normalized to the
values at the nozzle exit,
[O2]/[O2]e , filled symbols.
Reciprocal data ([O2]e/[O2])
are shown as open symbols with
a linear fit

expect a homogeneous region prior to onset of mixing with
the co-flow, are compared to pO2 . In the ideal case the two
values should be similar within the potential core of the jet.
The values were found to differ by 0.8,3.0,7.7, and 7.3%
for the jet pO2 = 40.4,60.5,80.5, and 103 mbar cases, re-
spectively. The data were evaluated within a rectangular re-
gion of 9 × 11 pixels (corresponding to 0.64 × 0.79 mm2)
along the jet center using the average of 100 instantaneous
O2 images in each case. By assessing the variation of the O2

concentration within the same area of interest close to the
nozzle exit in the averaged O2 images, the corresponding
precision in O2 measurement is found to be ±8.6,5.5,13.3,

and 11.6% for the jet pO2 = 40.4,60.5,80.5, and 103 mbar
cases, respectively.

The average oxygen concentration along the centerline
was normalized to the average at the jet exit [O2]e (Fig. 8).

This produces results with a similar axial jet flow develop-
ment for all the jet pO2 cases. Shown on the same graph is
the reciprocal of the normalized concentration, [O2]e/[O2].
These profiles exhibit the linear variation required for self-
similarity (or self-preservation) [24] in the region y/d ≥ 3
or y ≥ 5 mm. Different authors indicate various locations
for the onset of the self-similarity region in their jet flows.
For example, Lubbers et al. indicate the onset around 11d

[25], Boguslawski et al. at 8d [26] and Adair et al. at 10d for
a methane jet [27]. In the current experiments we expect to
see self-similarity since the ratio of the co-flow to jet veloc-
ity, U∞/Ue, for all jet pO2 cases is below 5% [23]. For the
minimum and maximum jet exit velocities U∞/Ue = 3 and
2.8% respectively. The conventional idea of self-similarity
indicates that the flow becomes asymptotically independent
of the initial conditions at some far-field distance. The onset
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Fig. 9 Radial O2-concentration profiles from average [O2] images,
normalized to the average in the jet center close to the nozzle exit, for
various heights above the nozzle exit

of self-similarity would differ for different jet flows since the
initial conditions can play a big role in the internal adjust-
ments that a flow experiences before showing self-similar
behavior. The decay of normalized mean centerline concen-
tration may be described by the following hyperbolic rela-
tion [28]:

[O2]
[O2]e = kd

y + yo

(6)

The decay constant, k, and the virtual origin, yo, are de-
termined from experimental data by plotting the variation of
[O2]e/[O2] with distance from the nozzle exit, which gives
a slope that is equal to 1/k in the linear region. For the data
presented in Fig. 8, linear fit formed onto the average of all
reciprocals of the normalized oxygen concentration in the
region y/d ≥ 3, the decay constant and virtual origin are

found to be k = 5.9 and yo = −7d . The value of k tends
to vary between 4–6 in the literature [23, 26, 28, 29]. Inter-
estingly, Birch et al. indicate that the value of k tends to be
higher when near-field data are analyzed [29] as in our case.
For their turbulent free jet, k = 4.0 and yo = −5.8d in the
region y/d ≥ 25 while their data at y/d = 10–30 were well
described using k = 4.7.

The corresponding radial profiles, from the average [O2]
images of Fig. 7, normalized to the jet exit oxygen concen-
tration, at fixed heights above the nozzle exit (y = 10,15,

and 20 mm) are shown in Fig. 9. The nozzle exit is at y = 0.
These profiles further demonstrate that the technique has
captured the expected jet flow characteristic [30–32]. With
increasing height above the nozzle exit (increasing y) the
profiles, which have been fitted with Gaussian-type varia-
tion, broaden and the peak value decreases.

6 Conclusions and future work

In the present work we have demonstrated absolute oxy-
gen concentration imaging in a free turbulent isothermal
jet flow, at atmospheric pressure and room temperature, us-
ing two-color toluene LIF. Oxygen concentration measure-
ments are presented for 40.4, 60.5, 80.5, and 103 mbar O2

in the jet flow. This has been achieved by forming a ra-
tio from two toluene LIF signals that are obtained simul-
taneously from different wavelength ranges (using appro-
priate filters), each exhibiting a different response to oxy-
gen quenching. The detection wavelength ranges that pro-
vided the strongest signal and sensitivity to oxygen con-
centration were at λ = 280 ± 14 nm and λ ≥ 320 nm. We
have exploited the oxygen-dependent red-shift of the flu-
orescence emission resulting from the fact that the shorter
wavelength region of the toluene LIF emission spectrum is
more strongly affected by oxygen quenching than the longer
wavelength region. The calibration data obtained, by mea-
suring the signal ratios in regions with known O2 concen-
trations show that the sensitivity of the technique is highest
up to pO2 = 120 mbar while beyond pO2 = 140 mbar no in-
fluence of the O2 partial pressure can be seen for the current
setup. One measure of the technique’s accuracy in produc-
ing [O2] maps of the jet flow has been to compare the av-
erage [O2] obtained from a region close to the nozzle exit,
with the pO2 in the jet. From this the error in accuracy of
O2 measurement was below 10% for all jet pO2 cases, with
a precision ≤ ±13.3%; see Table 1. The two-dimensional
centerline and radial jet oxygen concentration profiles, from
the averaged [O2] images, exhibit the main jet flow charac-
teristics in agreement with literature.

If this technique is to be used in near-atmospheric tests,
there may be a possibility to increase the oxygen sensitiv-
ity with cameras that have a higher dynamic range and are
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equipped with high f-number detection optics. Another pos-
sibility is increasing signal intensities through higher laser
fluences and by intentionally leaving the fully linear range
of signal response. The investigation of the implications will
be part of future work. As part of future work also optimiza-
tion of image overlap for the LIF-image pairs that are to be
ratioed should be considered. In applications where mixing
on a molecular level is crucial, this technique may be taken
further to study the degree of mixing on a molecular level
within a specific flow field. Especially if an oxygen-free flow
is mixed with oxygen and the onset of mixing does not con-
tain very high concentrations of oxygen. This is simply due
to the fact that the method relies on the molecular quenching
effect of oxygen on the toluene molecules in order to mea-
sure the amount of oxygen. This will have practical applica-
tions, e.g., when distinguishing between micro- and macro
mixing, e.g., in supersonic combustion processes.
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