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To measure the equivalent ratio distribution of the two-stage lean premixed (DLP) flame, we propose using ace-
tone/toluene planar laser-induced fluorescence (PLIF) technology to simultaneously measure the concentrations of the two
components. Appropriate excitation laser wavelength and filters are used to assess the influence of acetone and toluene
on each other’s fluorescence signal at room temperature. Experimental results show that acetone has a strong absorption
effect on toluene’s fluorescence signal, the effective absorption cross-section is 5.77× 10−20 cm−2. Acetone has an ob-
vious quenching effect on the toluene fluorescence signal, and the Stern–Volmer coefficient is 0.50 kPa−1. The collisions
between the molecules of toluene and acetone will lead to the enhancement of the fluorescence signal of acetone, and the
enhancement coefficient is exponential with the acetone’s concentration. The quantitative relationship between the fluores-
cence intensity and the concentrations of the two tracers is obtained by establishing the photophysical model of toluene and
acetone’s fluorescence signals.
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1. Introduction

Due to the increasingly serious air pollution, combustion
emissions have become a topic of concern.[1] Lean premixed
(LP) combustion is a common method of reducing NOx.[2,3]

However, low equivalent ratio flames are easily flameout.[4,5]

Zhao[6] studied dual-stage lean premixed (DLP) flame com-
bustion by configuring two lean premixed gases with different
equivalent ratios to achieve stable flame combustion. The most
important feature of the DLP is the multiscale distribution of
the input equivalence ratio. Studies have reported that the
flames propagating in varying equivalence ratio zones clearly
differ from equivalent homogeneous flames,[7–10] so the equiv-
alent ratio distribution measurement has guiding significance
for improving the DLP. Since the respective equivalent ratios
of the two gases are known, a technique is required that can
simultaneously quantitatively measure concentrations of both.
Although most flames in industrial combustors are turbulent,
the research should start from the laminar flow field at room
temperature and normal pressure to avoid the influence of tur-
bulent fluctuations and capture more accurate concentration
distribution data. Therefore, the measurement object of this
study is the flow field under room temperature and normal
pressure.

Traditional sensor probe measurement technology is dif-
ficult to obtain the original structure of the flow field, result-
ing from the interference of intrusive detection. As a diag-

nostic technique, the optical measurement technique plays an
important role in the flow field analysis at present. The great-
est advantage of the optical measurement is a completely non-
contact measurement without destroying the original structure
of the flow field. The tunable diode-laser absorption spec-
troscopy (TDLAS), laser-induced breakdown spectroscopy
(LIBS), coherent anti-stokes Raman spectroscopy (CARS),
and other laser spectral measurement technologies have high
measurement accuracy.[11–15] However, these laser spectral
measurement technologies work only with a few single points
or single lines. The planer laser-induced fluorescence (PLIF)
is a non-contact imaging technique for concentration distri-
bution measurements of the liquid and gaseous flow field in
a two-dimensional plane,[16–18] which is particularly suitable
for measuring the concentration of the whole flow field. The
PLIF technology can select two tracers to represent two differ-
ent gas components to achieve the measurement target for the
flow field of the DLP.

To measure the two components’ concentration, detec-
tors simultaneously capture the fluorescence signals of cor-
responding tracers, and shield the other fluorescence signals.
This requires a large difference in the peak fluorescence spec-
trum of the two tracers. Ketone compounds represented by
acetone[19–22] and 3-pentanone[23,24] and aromatic compounds
represented by toluene[25–28] are both widely used as the PLIF
tracers. Among these tracers, the fluorescence spectrum’s
peak regions of acetone and toluene are far away from each
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other, which are very suitable for the simultaneous concen-
tration measurement of two components. Compared with the
same type of tracers, acetone and toluene have higher satu-
rated vapor pressure, which is suitable for the concentration
measurement of the gaseous flow field. Relying on the char-
acteristic that the fluorescence signals of NO and acetone are
easy to distinguish, Meyer[29] used the NO/acetone dual tracer
PLIF technology to realize the visualization of the two gas
components’ mixing process. However, NO is a toxic gas that
can be hazardous in engineering applications. Since the wave-
lengths of the lasers used to excite nitric oxide and acetone
differ, this PLIF system requires a variety of lasers, includ-
ing tunable lasers that can excite NO. This greatly increases
the complexity of the laser system. The research results of
Thurber[22] and Koban[25] showed that under room temper-
ature conditions, both the absorption spectra of acetone and
toluene contain a region that overlaps each other, and a sin-
gle wavelength laser can simultaneously excite th two tracers.
Toluene and acetone are relatively non-toxic and safe, suitable
for open flow field measurement. Therefore, this study selects
acetone and toluene as the tracers.

Previous research results[21,30] indicate that under the
conditions of determining the excitation laser wavelength and
the filter, the temperature, pressure, and gas composition have
a significant effect on acetone and toluene’s absorption cross-
section and fluorescence quantum yield (FQY). The measure-
ment object of this study is the atmospheric pressure flow field
at room temperature, so the influence of pressure and temper-
ature can be excluded. In order to minimize the influence of
various gas compositions on the fluorescence intensity, only
nitrogen is used to dilute acetone and toluene in the following
experimental studies. Thus, the main non-concentration factor
that affects the tracers’ fluorescence intensity is the effect of
acetone and toluene on each other’s fluorescence signals.

This paper validates the feasibility of using ace-
tone/toluene PLIF technology to achieve the simultaneous
measurement of two gas components’ concentration. The
absorption spectra and fluorescence spectra characteristics of
acetone and toluene are studied to assess the appropriate exci-
tation wavelength and filter, respectively. The influence of the
tracers on each other is quantitatively assessed in a static cell,
and a photophysical model is obtained that provides the quan-
titative relationship between the components’ concentrations
and respective fluorescence intensity.

2. Theoretical background
Assuming constant filtering, constant detector gain, and

identical collection optics, in the normal pressure and room
temperature flow field, the fluorescence signal intensity of a
single tracer at a certain position can be expressed by

Slif = kE(x)ntracer(x)σ(λex)φ(λ ,λex,ni(x)), (1)

where x is the position of the observation point, which is de-
termined by the laser transmission distance in the tracer va-
por. E(x) is the laser energy density used to excite the tracer.
ntracer(x) is tracer’s concentration. σ(λex) is the absorption
cross-section of the tracer under an incident light wavelength
of λex. φ(λ ,λex,ni(x)) is the FQY of the tracer molecule deter-
mined by the concentration of compositions ni(x), excitation
laser wavelength λex, and specific fluorescence wavelength λ .
k is the calibration constant.

After determining the excitation laser wavelength and fil-
ter, equation (1) can be simplified to

Slif = kE(x)ntracer(x)σφ(ni(x)). (2)

According to Lambert–Beer’s law, E(x) can be expressed by

E(x) = E0 exp
(
−
∫ x

0
σntracer(x)dx

)
, (3)

where E0 is the laser energy density at x = 0.
This study uses a static cell with a constant volume.

Tracer vapor and various diluent gases are considered ideal
gases, so the partial pressure (kPa) of a certain component is
used to represent its concentration. The concentration of each
gas component is consistent everywhere inside the static cell.
And there is only a diluent gas of nitrogen inside the static cell,
so equations (2) and (3) can be further developed into

Slif = kE0 exp(−σntracerx)ntracerσφ(nN2 ,ntracer). (4)

Since the measurement object is the normal pressure flow
field, the total pressure inside the static cell is 101 kPa. In
this study, the partial pressure of nitrogen ranges from 90 kPa
to 101 kPa, and the effect of nitrogen on the FQY of acetone
and toluene is negligible. According to the research results of
Hartwig,[20] when the tracer vapor concentration is low, the
higher molecular collision efficiency and faster vibration re-
laxation rate caused by the increased tracer concentration can
also be neglected. In this way, the FQY can be considered as
constants, and equation (4) can be further simplified as

Slif = kE0 exp(−σntracerx)ntracerσ . (5)

When the excitation laser energy (E exp(−σntracerx)) is
normalized, the tracer concentration and its fluorescence in-
tensity approximated have a linear relationship. This is the
basic principle of single tracer LIF technology to achieve flow
field concentration measurement. But when there are two trac-
ers besides nitrogen in the flow field, acetone and toluene, then
equation (5) can be further developed into the following ones:

St =ktE0 exp(−(σana +σtnt)x)ntσt
φt(na)

φt(na=0 kPa)Tt(na), (6)

Sa =kaE0 exp(−(σana+σtnt)x)naσa
φa(nt)

φa(nt=0 kPa)Ta(nt), (7)
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where St, nt, σt, and kt represent the fluorescence intensity,
concentration, absorption cross-section, and calibration con-
stant of toluene, respectively. φt(na)/φt(na = 0 kPa) repre-
sents the variation coefficient of toluene’s FQY due to the
presence of acetone with a concentration of na. Tt(na) is
the transmittance of the toluene’s fluorescence signal. This
is because toluene’s fluorescence signal will be partially ab-
sorbed by acetone with a concentration of na in the environ-
ment before reaching the detector. The same naming rules
also apply to acetone. The tracers’ effective absorption cross-
section on each other’s fluorescence signals can be calculated
by Lambert–Beer’s law. The variation coefficient of the FQY
needs to study the changing trend of the tracer’s fluorescence
intensity after being affected by the other tracer.

The effect of the two tracers, acetone and toluene, on
each other’s fluorescence signal intensity is mainly reflected in
the quenching and enhancement of the fluorescence intensity.
Take the acetone’s effect on toluene as an example, I0 is the
toluene’s fluorescence intensity without acetone, and I is the
toluene’s fluorescence intensity after being affected by ace-
tone. n(T ) is acetone’s concentration. Therefore, I/I0 is the
variation coefficient of toluene’s FQY. If acetone has quench-
ing effect on toluene’s fluorescence, the strength of quenching
effects is analyzed using the Stern–Volmer equation

I0 − I
I

= kSV ×n(T ) =
I0

I
−1. (8)

The Stern–Volmer coefficient kSV represents the quench-
ing ability of acetone to toluene’s fluorescence signal. If ace-
tone has an enhancement effect on toluene’s fluorescence, we
can use kG in the following equation to evaluate the enhance-
ment ability of acetone to toluene’s fluorescence signal:

I − I0

I0
= kG ×n(T ) =

I
I0
−1. (9)

By studying the variation trend of I/I0, we can quantify the
variation coefficient of the FQY. The toluene’s effect on ace-
tone can also be analyzed in this way.

3. Experiment

3.1. Fluorescence detection

An optically-accessible static cell provides this experi-
ment’s research environment. The cell has quartz glass win-
dows on four sides for the incident of UV pulsed laser and ac-
quisition of fluorescence signals, and the inside is a cube with
a side length of 13 cm. The gas path structure of the static cells
is shown in Fig. 1. Open the No. 1 needle valve and use a me-
chanical pump to pump the pressure inside the static cell below
0.05 kPa. Then close the No. 1 needle valve. The mechanical
pump is used to remove air from a stainless steel tank contain-
ing liquid acetone, then the tank’s ball valve is closed. After
20 minutes, the pressure inside the tank is stabilized, and the
pressure is the acetone’s saturated vapor pressure at the tem-
perature inside the tank. The tank contains only acetone vapor.
Pure toluene vapor can be obtained in the same way. Open the
No. 3 needle valve, and the pure toluene vapor flows into the
static cell slowly under the control of the needle valve. The
vacuum gauge can measure the partial pressure of toluene va-
por in the static cells in real-time. When the partial pressure of
toluene reaches the requirement, close the No. 3 needle valve.
Open No. 2 needle valve, because the saturated vapor pressure
of acetone at room temperature is much higher than that of
toluene, and pure acetone vapor will flow into the static cells
slowly under the control of the needle valve. When the partial
pressure of acetone reaches the requirement, close the No. 2
needle valve. Open the No. 1 needle valve, nitrogen flows into
the static cell at a fast speed. We use the pressure meter to
measure the variation of the total pressure in real-time. When
the total pressure is higher than 90 kPa, the needle valve is
used to reduce the nitrogen flow rate, so that the total pressure
can reach 101 kPa slowly.
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Fig. 1. The gas path structure of static cells.
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The frequency of the pulse laser is 1 Hz. The transmitted
light energy has a linear relationship with the reflected light
energy after the laser pulse incidents onto a quartz plate at 45◦.
This relationship is used to monitor the incident pulse laser
energy by placing a quartz plate in front of the cell. A laser
energy meter probe is placed behind the cell to measure the
pulsed laser’s residual energy. The position where the pulsed
laser enters and leaves the static cell is in the center of the two
windows. Laser-induced fluorescence from the center of the
cell is collected by a spectrometer or an Andor ICCD, so the x
in Eq. (5) is 6.5 cm. A schematic of the experiment is shown
in Fig. 2. The timing control of the experimental systems is
coordinated by the Stanford research system, DG546.

PC
ICCD or 

spectrometer

probe

probe

static celldigital delay

energy meter

266 nm laser

Nd:YAG

Fig. 2. Schematic of the tracer fluorescence acquisition experiment.

According to Thurber’s[21] research, the main error of the
static cell experiment comes from three aspects: the adsorp-
tion of tracer vapor by the wall, the insufficient mixing of ni-
trogen and tracer vapor, and the photolysis of the tracer caused
by the laser. The needle valve is used to make the tracer vapor
slowly fill into the static cells, and the dynamic balance of ad-
sorption and desorption is achieved during this process in the
static cell. Nitrogen can flow into the static cells at a fast speed
and be fully mixed with the tracer vapor inside. When the in-
ternal pressure approaches 101 kPa, reduce the nitrogen flow
rate. The time interval between configuring the experiment
gas and the LIF experiment needs to exceed 5 minutes. This
ensures the full mixing of nitrogen and tracer vapor. The trig-
ger signal of the DG645 comes from the ICCD. Only when the
ICCD is working, the laser will run. In this study, the number
of ICCD acquisitions for each working condition is 40, and the
laser shot number is also 40. The laser energy density range in
this experiment is 13–64 mJ/cm2. The tracer photolysis effect
caused by such laser shot number and laser energy density is
negligible.

3.2. Absorption effect detection

The absorption effects of two tracers on each other’s fluo-
rescence signal are studied based on the experiment in Fig. 3.
The absorption cell is placed between the ICCD and the static
cell. One tracer is injected into the absorption cell, and the
other tracer is injected into the static cell. The fluorescent
signal in the static cell has to pass through the absorbent cell

to be collected by the ICCD. Thus, as the partial pressure of
the tracer in the absorption cell changes, the variations in the
fluorescence intensity in the static cell occur, and the absorp-
tion effect of one tracer on the fluorescence signal of the other
tracer is obtained. When the absorption spectroscopy is con-
ducted on this platform, the static cell is replaced with deu-
terium lamps, the ICCD is replaced by a spectrometer, and no
laser equipment is required. Light with a stable spectrum emit-
ted by the deuterium lamp will pass through the absorption cell
and enter the spectrometer. According to the spectral change
caused by the tracer’s concentration change in the absorption
cell, the tracer’s absorption spectrum is obtained.

PC

ICCD

probe
probe

static cell

absorption cell

digital delay

energy meter

Nd:YAG

Fig. 3. The schematic diagram of fluorescence’s absorption effect.

4. Results and discussion
4.1. Determination of excitation wavelength

Koban[25] and Thurber[22] have studied the absorption
spectra of toluene and acetone, respectively. Acetone and
toluene have wide absorption ranges in the ultraviolet region.
At room temperature, acetone’s absorption range is 225 nm to
320 nm and toluene’s absorption range is 230 nm to 270 nm.
Therefore, the wavelength ranging from 230 nm to 270 nm is
the overlap region of acetone and toluene’s absorption spectra.
According to Thurber[21] and Koch,[30] the FQY of toluene is
approximately between 0.1 and 0.3, and the FQY of acetone
is approximately between 0.001 and 0.002. Acetone’s fluores-
cence intensity is more dependent on the laser energy than that
of toluene. As much laser energy as possible should be used to
excite the acetone molecule. The peak of the absorption spec-
trum of acetone is around 275 nm, so the absorption spectrum
range of this experimental study is from 260 nm to 270 nm.

Toluene and acetone’s absorption spectra are shown in
Figs. 4(a) and 4(b), respectively. The absorption cross-section
of toluene is much higher than that of acetone in this wave-
length range. The laser wavelength has no obvious influence
on the acetone’s absorption cross-section. From 260 nm to
270 nm, acetone’s absorption cross-section is increased by ap-
proximately 1.3 times. The pulsed laser energy has a greater
influence on acetone’s fluorescence signal intensity than its
excitation wavelength, so the wavelength of the high-energy
pulsed laser that is easier to obtain is preferred.
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Fig. 4. Absorption spectra of toluene (a) and acetone (b) at room tem-
perature.

The high-energy pulse laser easily obtained in this wave-
length range is the 266 nm pulse laser output by the YAG laser
used in this experiment. Toluene also has a relatively low
absorption cross-section at this laser wavelength, which en-
sures that more laser energy is used to excite acetone. The ab-
sorption cross-sections of acetone and toluene measured with
a laser energy meter probe are 4.04× 10−20 cm−2 (σa) and
20.35× 10−20 cm−2 (σt), respectively. The absorption cross-
sections of acetone and toluene measured by Thurber[21] and
Koch[30] are 4.4×10−20 cm−2 and 18×10−20 cm−2, respec-
tively. The reason for some differences from the of results
Koban[25] and Thurber[22] is that different tracer gas configu-
ration schemes lead to differences in the actual concentration
of the tracer, and different laser energy measurement equip-
ment and lasers also affect the final results.

4.2. The filters selection

The experimental device demonstrated in Subsection 3.1
is used to obtain the toluene and acetone’s fluorescence spec-
tra in the nitrogen environment to select the appropriate fil-
ter according to the spectral characteristics. The fluorescence
spectra of acetone and toluene obtained in the static cell under
the excitation of a 266 nm pulsed laser are shown in Fig. 5,
where each data point has been normalized to its spectral peak

value. The fluorescence spectrum peak of toluene is approxi-
mately 280 nm, while that of acetone is approximately 450 nm.
A Semrock BP280 filter is used to capture the fluorescence
signals of toluene, and a Semrock LP430 filter and Andover
FL450 filter are used for that of acetone. These methods en-
sure that the ICCD simply extracts the fluorescence signals,
subtracting the noise of the other fluorescence signals and scat-
tered laser light.
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Fig. 5. Fluorescence spectra of acetone (red) and toluene (black) in
nitrogen excited at 266 nm and transmission spectrum of the Semrock
BP280 (blue), LP430 (green), and Andover FL450 filters (purple).

4.3. The effect of laser energy and tracer concentration

The experimental platform in Subsection 3.1 is used to
study the effect of laser energy and tracer concentration on
the tracer’s fluorescence intensity. Figures 6(a) and 6(b) show
the relationship between the intensity of the fluorescent sig-
nals of acetone and toluene and the laser energy. The incident
laser energy range is 0.1–0.5 mJ. In the experiment, the partial
pressures of acetone and toluene are 2 kPa and 1 kPa, the dilu-
ent gas is nitrogen, and the total pressure inside the static cell
is 101 kPa. Each data point in Fig. 6 is the average value of
40 data points. The experimental results show that in this en-
ergy range, the fluorescence signal of acetone and toluene has
a good linear relationship with the laser energy. In the follow-
ing experiment, the energy range of the pulsed laser is always
0.1–0.5 mJ.

Figures 7(a) and 7(b) show the relationship between the
fluorescence intensity of acetone and toluene and their respec-
tive concentrations. The experimental results show that under
a low tracer concentration environment, the concentrations of
acetone and toluene have an approximately linear relation-
ship with their respective fluorescence intensity. This is be-
cause when the tracer concentration is relatively low, the effect
of the molecular collision efficiency’s variation on the FQY
is not obvious. The approximately linear relationship with
corresponding acceptable accuracy can meet the requirement
of concentration measurement. In order to maintain this linear
relationship, in the following experiments, the concentration
range of acetone is 0–10 kPa, and the concentration range of
toluene is 0–1.6 kPa. In this tracer concentration range, equa-
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tion (5) can be used to achieve a single tracer concentration
measurement.
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Fig. 6. A linear relationship between acetone (a) and toluene’s (b) rela-
tive fluorescence intensity and pulsed laser energy.
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Fig. 7. The relationship between the relative fluorescence intensity of
the tracer of acetone (a) and toluene (b) and its concentration.

4.4. The effect of tracers

The next step is to study the absorption effect of acetone
and toluene on each other’s fluorescence signal using the ex-
perimental device described in Fig. 3. Figure 8(a) shows that
the variations in toluene’s partial pressure in the absorption
cell have no obvious effect on acetone’s fluorescence intensity,
so toluene’s absorption effect on acetone’s fluorescence signal
is negligible. This is because toluene’s absorption spectrum
and acetone’s fluorescence spectrum do not overlap. Instead,
acetone has obvious absorption effects on toluene’s fluores-
cence signal as shown in Fig. 8(b). When acetone’s partial
pressure in the absorption cell reaches 20.9 kPa, toluene’s flu-
orescence signal intensity decreases by 97% compared with
that without acetone. This occurs because there is a large over-
lap between toluene’s fluorescence spectrum and acetone’s ab-
sorption spectrum. According to the length of the absorp-
tion path (13 cm) and the partial pressure of acetone, ace-
tone’s effective absorption cross-section on toluene’s fluores-
cence signal (σat) is 5.77× 10−20 cm−2 as calculated using
the Lambert–Beer’s law at room temperature (296 K). Since
the concentration in this experiment is represented by the par-
tial pressure (kPa), the absorption cross-section is equivalent
to 0.014 kPa−1.
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Equations (6) and (7) are further developed into the fol-
lowing ones according to the difference between toluene and
acetone:

St = ktE0 exp(−(σana +σtnt)x)ntσt
φt(na)

φt(na = 0 kPa)
×exp(−0.014naL), (10)

Sa = kaE0 exp(−(σana +σtnt)x)naσa
φa(nt)

φa(nt = 0 kPa)
, (11)

where L is the absorption path length of toluene’s fluorescence
signal in an acetone vapor environment. In the experiment, us-
ing the device in Subsection 3.1, the position of the laser in and
out of the static cell is the center of the window, so L in these
experiments is 6.5 cm.

The experimental platform in Subsection 3.1 is used to
study the quenching and enhancement effects of acetone and
toluene on each other’s fluorescence signals. Toluene and ace-
tone vapors are filled into the static cells, the partial pressure of
toluene vapor is kept at 0.4 kPa, and the variation of toluene’s
fluorescence signal intensity is observed under different par-
tial pressures of acetone vapor. Based on the known partial
pressure and absorption path conditions, the tracers’ laser en-
ergy is normalized and the influence of the mutual absorption
effect can be quantitatively eliminated according to the previ-
ously described results, to obtain acetone’s effect on toluene’s
fluorescence signal. Acetone has an obvious quenching effect
on toluene’s fluorescence signal, as shown in Fig. 9(a). As the
acetone’s partial pressure increases, the toluene’s relative fluo-
rescence intensity gradually decreases. In addition, the work-
ing conditions of toluene partial pressures of 0.8 kPa, 1.2 kPa,
and 1.6 kPa are studied, and the results are shown in Fig. 9(a).
We can find that under the four toluene partial pressures, the
acetone’s quenching effect on toluene’s fluorescence intensity
is not significantly different. Figure 9(b) shows that acetone’s
quenching effect on toluene’s fluorescence signals conforms
to the Stern–Volmer Eq. (8). The Stern–Volmer factor (kace,tol

SV )
has no obvious variation with toluene’s partial pressure, which
shows that the acetone’s quenching effect on toluene’s fluo-
rescence signal is only related to the acetone’s concentration.
The average of the four kace,tol

SV in the experiment is 0.50 kPa−1.
The following equation is obtained:

I
I0

=
1

0.5na +1
=

φt(na)

φt(na = 0 kPa)
, (12)

which is φt(na)/φt(na = 0 kPa) of Eq. (10).
The same method is used to study the toluene’s effect on

acetone’s fluorescence signal. The molecular collisions be-
tween acetone and toluene not only quench the toluene’s flu-
orescence signal, but also enhance the acetone’s fluorescence
signal. As shown in Fig. 10(a), acetone’s fluorescence sig-
nal increases as toluene’s partial pressure increases and the

growth rate (ktol,ace
G ) is also related to acetone’s partial pres-

sure. According to Eq. (9), we can find that ktol,ace
rmG decreases

as acetone’s partial pressure increase as shown in Fig. 10(b).
This shows that with the increase of the acetone concentra-
tion, toluene’s ability to enhance the acetone’s relative fluo-
rescence intensity (ktol,ace

G ) is gradually weakened. ktol,ace
G and

acetone’s concentration have an exponential function relation-
ship, as shown in Fig. 11. The following equation is obtained
for φa(nt)/φa(nt = 0 kPa) in Eq. (11):

I
I0

= exp(0.009n2
a −0.205na +1.011)nt +1

=
φa(nt)

φa(nt = 0 kPa)
. (13)
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Fig. 9. The quenching effect (a) and Stern–Volmer plots (b) of acetone
on toluene’s fluorescence intensity at different toluene partial pressures.

In the study of toluene/3-pentanone PLIF technology,
Koban[31] found that 3-pentanone significantly quenches the
toluene’s fluorescence signal. Molecular collisions also lead
to the singlet energy transfer from aromatic hydrocarbons
to the ketone, enhancing 3-pentanone’s fluorescence inten-
sity. Bayrakceken[32] studied the intermolecular collisional
energy transfer (IMCET) process, verified that this process is
a radiation-less energy transfer from donor’s singlet to accep-
tor’s singlet, and labeled this behavior as sensitized fluores-
cence. He summarized some characteristics of acceptors and
donors: 1) for the energy of the first singlet excited state ES1,
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ES1(donor) is larger than ES1(acceptor), where the overlap of
donor emission and acceptor absorption occurs; 2) the donor
fluorescence is quenched and the acceptor fluorescence is sen-
sitized. Acetone and toluene satisfy these acceptor and donor
characteristics, respectively. The enhancement of the acetone
fluorescence signal is a sensitized fluorescence phenomenon.
The collision between the excited toluene molecules and the
acetone molecules causes the singlet energy to be transferred
from toluene to acetone, and the acetone is excited and emits
a fluorescent signal.
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1 2 3 4 5 6 7

1.0

1.5

2.0

2.5

k
G
/
k
P
a

-
1

Partial pressure of acetone/kPa

Fig. 11. The ktol,ace
G at different acetone partial pressure.

4.5. Photophysical model for acetone/toluene LIF

According to the experimental phenomenon of the above
experiment and the single tracer photophysical model previ-
ously studied by Koban[26] and Thurber,[21] a photophysical
model of acetone/toluene is established to explain the physical
process. The simplified model is illustrated in Fig. 12 through
the use of a Jablonski diagram.

The electrons in the ground state (S) of the two tracer
molecules are excited by the incident laser energy and leap
to the excited state (S1). Some of these electrons transit to
the lower excited state due to vibrational relaxation, then emit
fluorescence signals and return to the ground state. This tran-
sition mode is a radiative transition. Electrons with different
energy levels in the excited states also jump to triplet states
(T1) via intersystem transition (ISC) or to the ground state by
internal conversion (IC). The electrons will eventually return
to the ground state via the IC and the ISC. These two tran-
sition modes are non-radiative transitions. The collisions of
acetone and toluene molecules have a quenching effect on the
toluene’s fluorescence signal, and the excited toluene electrons
transit to the triplet state via the ISC or directly return to the
ground state. The collision of molecules results in the sin-
glet energy transfer (SET) from toluene molecules to acetone
molecules, sensitized fluorescence occurs in acetone, which
enhances acetone’s fluorescence signal. Due to the overlap be-
tween toluene’s fluorescence spectrum and acetone’s absorp-
tion spectrum, part of the toluene’s fluorescence signal is ab-
sorbed by acetone.

In Subsections 4.3 and 4.4, we conducted a quantitative
study on the changes in fluorescence intensity caused by each
physical process in the photophysical model. By summariz-
ing these studies, we can establish a quantitative relationship
between acetone and toluene’s fluorescence intensity and their
respective concentrations, as shown by

St = ktE0 exp(−(σana +σtnt)x)ntσt
exp(−0.014naL)

0.5na +1
, (14)

Sa = kaE0 exp(−(σana +σtnt)x)naσa(exp(0.009n2
a

−0.205na +1.011)nt +1). (15)

Therefore, by simultaneously capturing the fluorescence in-
tensities of acetone and toluene, simultaneous measurement
of the two gas components’ concentrations can be achieved.

Equations (14) and (15) apply only to measuring the flow
field concentration at room temperature with only nitrogen as
the dilute gas. Therefore, they can be used to simultaneously
measure the concentration of two components in the flow field
of the DLP. However, they are not suitable for flow fields with
drastic temperature variations, nor can they apply to flow field
measurements when non-nitrogen dilute gases (such as oxy-
gen) are introduced. Under these conditions, the effect of the
added non-concentration factors on the fluorescence intensity
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must be assessed, and equations (14) and (15) should be op-
timized to make them suitable for specific flow field concen-
tration measurement. The experimental environment in this
study is inside a static cell, and the concentrations of various

components are consistent everywhere. Using this technique
to measure open flow fields, it is necessary to consider the vari-
ation of the excitation laser energy caused by the non-uniform
concentration of the flow field.

IC

ISC

a
b
s
o
rp

ti
o
n

vibrational relaxation 

fl
u
o
re

sc
e
n
c
e

p
h
o
s
p
h
o
re

s
c
e
n
c
e

S
1

S
0

S
0

266 nm pulse laser

T
1 

IC

a
b
s
o
rp

ti
o
n

vibrational relaxation

fl
u
o
re

s
c
e
n
c
e

p
h
o
s
p
h
o
re

s
c
e
n
c
e

S
1

T
1

ISC

toluene acetone

S
E
T

toluene 

fluorescence

Fig. 12. A simplified model of acetone and toluene’s photophysical behavior.

4.6. Uncertainty analysis

Several parameters of Eqs. (14) and (15) are crucial
to realize the simultaneous quantitative measurement of two
gas components’ concentration by acetone/toluene PLIF tech-
nology, including the acetone’s effective absorption cross-
section on toluene’s fluorescence signal (σat), acetone’s Stern–
Volmer coefficient on toluene’s fluorescence signal (kace,tol

SV ),
and toluene’s enhancement coefficient on acetone fluorescence
signal (ktol,ace

G ). There will be errors in the three coefficients
obtained by measurement and fitting calculation, and the er-
rors mainly come from the measurement errors of the laser
energy meter, vacuum gauge, and the ICCD. The measure-
ment experiment of σat is 5.77×10−20 cm−2, and the relative
error is 7.1%. kace,tol

SV is 0.50 kPa−1, and the relative error is
6.0%. The specific value of ktol,ace

G is exponentially related to
the acetone concentration, and the maximum relative error is
4.7% within the range of the experimentally measured concen-
tration.

5. Conclusion
We propose the simultaneous measurement of the con-

centration of two components using toluene and acetone dual-
tracer PLIF technology. To quantitatively study the effects of
acetone and toluene on each other’s fluorescence intensity, we
choose nitrogen as the only diluent gas, to obtain the quanti-
tative relationship between the tracer’s fluorescence intensity
and concentration. The experimental results show that acetone
has a significant absorption effect on the fluorescence signal
emitted by toluene, the effective absorption cross-section is
5.77×10−20 cm−2. Acetone has an obvious de-excitation ef-
fect on the excited toluene molecules, and the Stern–Volmer

coefficient is 0.50 kPa−1. In the same molecular collision
process, the toluene’s energy of the singlet excited state will
be transferred to the acetone molecule, acetone’s fluorescence
signal intensity is enhanced, and the enhancement coefficient
is exponential with the acetone’s concentration. The quanti-
tative relationship between the fluorescence intensity of ace-
tone and toluene and the two tracers’ concentrations is the the-
oretical basis for the simultaneous quantitative measurement
of two gases’ concentrations by using acetone/toluene PLIF
technology. A photophysical empirical model is established
to explain the fluorescence signals’ intensity variations. The
next main work is to apply the acetone/toluene PLIF technol-
ogy to achieve synchronous quantitative measurement of two
gas components’ concentration in the DLP flow field. Rele-
vant experimental results will be published in the subsequent
papers.
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