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Abstract 

This paper reports the experimental analysis of mixture formation process with Laser Induced 

Exciplex Fluorescence (LIEF) for the unsteady evaporating gasoline spray. The exciplex 

fluorescence technique, developed by Melton, is a method to optically separate the 

fluorescence from the liquid and vapor phases, but the quantitative analysis of vapor 

concentration in the two-phase mixture region of liquid and vapor is difficult due to the 

fluorescence cross talk. In this study, an image processing method was developed to calculate 

the vapor concentration in the two-phase mixture region of liquid and vapor using the average 

temperature of the mixture. This method considering the fluorescence crosstalk between the 

liquid and vapor phases was applied to analyse the gasoline fuel spray at different fuel 

injection pressures. It was found that the liquid phase concentration in the mixture decreased 

with increasing the fuel injection pressure. 
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Introduction 

In direct injection gasoline engines, the fuel is injected into the cylinder and forms mixture with 

the ambient gas through atomization and evaporation. The characteristics of the mixture have 

a great influence on the engine performance and exhaust characteristics through ignition and 

combustion. Various methods have been proposed for the measurement of evaporating fuel 

sprays, such as Rayleigh scattering [1], laser-induced fluorescence (LIF) [2], laser-induced 

exciplex fluorescence (LIEF) [3], which obtain cross-sectional information, Infrared extinction 

scattering (IRES) [4], and laser lights absorbed and scattered (LAS) [5], which obtain line of 

sight information. However, it is very difficult to separate and measure simultaneously the 

liquid and vapor phases with spatial distribution of concentration and temperature due to the 

unsteady behaviour of fuel spray. Therefore, there are no studies that investigate in detail the 

effect of the spray on the evaporation process. The authors selected fuels and fluorescent 

tracers that are similar to the evaporation characteristics of gasoline and proposed a method 

to treat the pressure dependence and temperature dependence of the fluorescence intensity 

[6]. The vapor concentration in the two-phase mixture region of liquid and vapor was quantified 

by image processing that consider the fluorescence crosstalk of the liquid and vapor phases 

[7]. The effects of fuel injection pressure on the mixture formation were investigated. 

 

Laser-induced exciplex fluorescence technique (LIEF) 

The exciplex fluorescence technique was developed by Melton to separate and visualize the 

liquid and vapor phases [8][9]. When two fluorescent tracers are added to the fuel and 

irradiated with a laser beam in their absorption bands, an excited dimer is formed at high 

concentration, and new fluorescence appears at longer wavelengths than that of the 

component monomers. The new fluorescence is called exciplex fluorescence. In general, the 

fluorescence of the liquid phase is much larger than that of the vapor phase, which makes it 
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difficult to measure the vapor concentration. Therefore, it is necessary to select a combination 

and mixing ratio of fuel and fluorescent tracers in which the fluorescence intensity of the vapor 

phase can be measured and the fluorescence intensity of the liquid phase is relatively small. 

In addition, to simulate the evaporation characteristics of fuel, the evaporation characteristics 

of the fluorescent tracers must be sufficiently similar to those of the fuel. 

In this study, isooctane (92 vol%), which does not fluoresce under incident light, to simulate 

the evaporation characteristics of gasoline, benzene (4 vol%) and triethylamine (4 vol%) as 

fluorescent tracers that emit monomer fluorescence and exciplex fluorescence were selected 

[6][10]. The difference between the saturation temperature of the fuel and the tracer is 22 K 

under the experimental conditions of the ambient pressure is 0.28 MPa. The fluorescence 

spectra of the vapor and liquid phases of mixed fuel were measured by a spectrometer 

(Hamamatsu Photonics: C8808-01 PMA-11) at an incident wavelength of 266 nm, and the 

transmission characteristics of the bandpass filter used for fluorescence spectroscopy are 

shown in Figure1. The fluorescence spectrum of the vapor phase is monomer fluorescence 

with a peak around 280 nm, and the fluorescence spectrum of the liquid phase is exciplex 

fluorescence with a peak around 340 nm, but monomer fluorescence around 280 nm remains. 

Filter A has a transmittance near the incident wavelength, and the scattering of the droplet is 

measured. Filter B has a transmittance around 285 nm, and the monomer fluorescence of the 

vapor phase and the monomer fluorescence of the liquid phase is measured. The monomer 

fluorescence around 285 nm is mixed information of vapor and liquid. Filter C has a 

transmittance around 343 nm, and the monomer fluorescence of the vapor phase and the 

exciplex fluorescence of the liquid phase is measured. The monomer fluorescence around 

343 nm is noise-level. Therefore, it is considered that the only exciplex fluorescence of the 

liquid phase is measured by filter C. The concentration information of the vapor phase can be 

obtained from the monomer fluorescence measured by filter B. However, the vapor 

concentration was overestimated if the crosstalk of monomer fluorescence of the liquid phase 

is not considered. In order to quantify the vapor concentration of only vapor phase, the 

dependence of the monomer fluorescence on vapor concentration, ambient pressure, and 

ambient temperature was tested [7]. From these results, the concentration distribution in the 

spray and the mean temperature distribution of the mixture were calculated from the 

fluorescence intensity by convergence calculation of the vapor concentration and the mean 

 

Figure 1.   Monomer and exciplex fluorescence spectra of benzene/triethylamine/iso-octane mixture under 
266 nm excitation and transmission curve for filter A, B and C. Since the monomer fluorescence 
of the vapor phase and the monomer fluorescence of the liquid phase are measured in filter B, 
the fluorescence of the gas and liquid phases are crossed. 
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temperature of the mixture using Equation (1) [3][5]. The average temperature of the mixture 

of fuel vapor and ambient gas is calculated from Equation (2). 

 

  
F

F5.0 mol/m3,0.25 MPa,473 K

       = 
Ii

I0

  
C5.0 mol/m3

C5.0 mol/m3

exp (−kP 
P-P0.25 MPa

P0.25 MPa

) exp (−kT 
T-T473 K

T473 K

)      (1)  

 

  Tr = 
-C Mf  {cfl (Tsat -Tl0 )+Lf }+ρ

a
  ca T+C Mf  cfv  Tsat

C Mf cfv+ρ
a
  ca  

                      (2)  

 

Where, F: fluorescence intensity [a.u.], C: vapor concentration [mol/m3], I0: reference incident 

laser light intensity [mJ], kp = 0.15, kT = 7.0: experimental constants [-], Mf: molecular weight of 

the fuel [kg/mol], cfl: specific heat of liquid fuel [J/(kg-K)], Tsat: saturation temperature of the 

fuel [K], Tl0: initial temperature of the fuel [K], Lf: latent heat of vaporization of the fuel [J/kg], 

ρa: density of the ambient gas [kg/m3], ca: specific heat of the ambient gas [J/(kg・K)], T: 

temperature of the ambient gas [K], cfv: specific heat of the gaseous fuel [J/(kg・K)]. 

 

Image Correction of Fluorescence Crosstalk 
In order to analyse the vapor concentration quantitatively in the two-phase mixture region of 

liquid and vapor, it is necessary to remove the fluorescence of the liquid phase. Therefore, the 

fluorescence of the liquid phase was removed from the monomer fluorescence of the two-

phase mixture region of liquid and vapor measured by filter B using the fluorescence of the 

liquid phase measured by filter C measured simultaneously [7][11]. Inside the spray, there are 

regions where only vapor exists (I), regions where vapor and liquid exist (II), and regions where 

only liquid exists (III). Equations (3) and (4) show the relationship between the measured 

fluorescence intensity F, transmittance τ, and the actual fluorescence intensity I.  
 

  𝐹𝐵 = 𝜏𝐵𝐼𝑣𝑎𝑝𝑜𝑟( ≅ 0 ) +  𝜏𝐵𝐼𝑙𝑖𝑞𝑢𝑖𝑑                           (3)  

 

  𝐹𝐶 = 𝜏𝐶𝐼𝑣𝑎𝑝𝑜𝑟( ≅ 0 ) + 𝜏𝐶𝐼𝑙𝑖𝑞𝑢𝑖𝑑                           (4)  

 

Here FB, FC, τB, and τC are the fluorescence intensity and transmittance measured by filters 

and Iliquid and Ivapor are the actual fluorescence intensity of the liquid and vapor phases. The 

first term on the right-hand side of equation (4) can be ignored because the monomer 

fluorescence of the vapor phase is noise-level measured by filter C. In the region where only 

vapor exists (I), there is no effect of crosstalk between vapor and liquid fluorescence. In order 

to find the first term on the right side of equation (3) in the region where vapor and liquid exist 

(II), the second term must be found. In the region where only droplets exist (III), the first term 

on the right-hand side of equations (3) and (4) can be ignored because the fluorescence of 

vapor is not measured, and by taking the ratio of the measured fluorescence intensity, the 

crosstalk constant of the fluorescence of the liquid phase to the filter B shown in equation (5) 

can be obtained. The crosstalk constant was calculated for the area near the nozzle (1.2 mm 

× 0.3 mm) during the injection period when vapor is expected to be ignorable. Using this 

crosstalk constant, the fluorescence intensity from vapor in the region where vapor and liquid 

exist (II) shown in Equation (5) can be obtained. 

 

  
𝜏𝐵
𝜏𝐶

= (
𝐹𝐵
𝐹𝐶

)
Ⅲ

                                              (5)  
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In the case of the application to the two-phase mixture region of liquid and vapor, the decay 

of the incident laser beam must take into account the scattering and absorption by droplets. 

However, the analysis requires the spatio-temporal droplet size distribution, which is not taken 

into account in this paper. 

 

Spray Imaging Experiment  
Figure 2 shows the optical system for the spray experiment, Figure 3 shows the positions of 

the spray and laser sheet, and Table 1 shows the experimental conditions. Figure 4 shows 

the Injection rate at different fuel injection pressures, which was measured by the Bosch 

injection rate measurement method. Mie scattering of the liquid phase was measured by filter 

A, the monomer fluorescence of the liquid and vapor phases was measured filter B, and the 

exciplex fluorescence of the liquid phase was measured by filter C. The temperature inside 

the vessel was measured by thermocouples installed at the top and bottom. The observation 

window is 100 mm in diameter. The fuel temperature was controlled by the water-cooling 

flange that holds the injector. Nd:YAG laser (Quantel Q-smart   , λ=266 nm) was used as 

the light source.  The beam passes through a pinhole, is reflected by a dichroic mirror, and is 

irradiated in the form of a sheet by two cylindrical lenses. A band-pass filter, two image 

intensifiers (Hamamatsu Photonics: C4078-01), and two CCD cameras (Hamamatsu 

Photonics: ORCA-R2) were placed orthogonal to the laser sheet. Camera A measured 

fluorescence at a wavelength of 285 nm, and camera B measured fluorescence at a 

wavelength of 343 nm and scattered light at a wavelength of 266 nm by spectroscopy with a 

stereoscope lens. The energy transmitted through the dichroic mirror was measured to correct 

for the variation in pulse energy. Since the fluorescence intensity is proportional to the intensity 

of the incident laser light according to Equation (1), image correction was required, and the 

images were corrected based on the assumption that the laser sheet light had a Gaussian 

intensity distribution [6]. 

 
Figure 2.  Optical system for simultaneous measurement of fluorescence from the spray at three different 

wavelengths using bandpass filters and stereoscope lens. 

 d  A laser

 ump System

 w/ Common  ail)

CC  camera A

 mage  ntensifier

   lens Band-pass filters

   filter

Stereoscope lens

Mechanical shutter  ower meter

 C  C2

Cylindrical lens

 igital pulse 

generator  

 igital pulse 

generator 2

 2 supply system

 acuum system

 xhaust system

 eating system

Constant  essel

 elay circuit

CC  camera B



 
ICLASS 2021, 15th Triennial International Conference on Liquid Atomization and Spray Systems, Edinburgh, UK, 29 Aug. - 2 Sept. 2021 

 

Spatial distribution of liquid and vapor phases  
Figure 5 shows the fluorescence intensity of the liquid phase and vapor concentration 

distributions. Near the nozzle, no vapor is formed, and the fluorescence intensity of the liquid 

phase is very high. The fluorescence intensity of the liquid phase and the vapor concentration 

decrease with distance from the spray centre axis. In addition, most of the region is covered 

with a mixed of liquid and vapor. Figure 6 shows the tip penetrations of the liquid and vapor 

phases with different fuel injection pressures. In this experiment, the same nozzle was used, 

the fuel injection pressure was changed, and the injection amount was constant, so the 

injection period was different. Since the increase in fuel injection pressure increases the fuel 

injection velocity, the tip penetrations of the liquid and vapor phases increases with the 

increase in fuel injection pressure. The liquid phase region of the spray could not evaporate 

completely and remained in low concentration in the mixture.  

 

 

 

Figure 3.   Relation between 

laser sheet and 

spray pattern. 
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Table 1. Experimental conditions. 
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Figure 4.   Injection rate at different fuel injection pressures measured by the Bosch injection rate 

measurement method.  
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Figure 5. Liquid fluorescence intensity and vapor concentration distributions at ASOI：1.00 ms,  

Pinj：15 MPa，Pa：0.28 MPa，ρa：1.87 kg/m3，T：505 K，tinj：1.25 ms，qinj/hol：1.2 mg，Tsat：413 K. 

 

 

Figure 6. The tip penetrations of the liquid and vapor phases at different fuel injection pressures. 

Pa：0.28 MPa，ρa：1.87 kg/m3，T：505 K，tinj：1.25 ms，qinj/hol：1.2 mg，Tsat：413 K. 

 
a
p
o
r c

o
n
c
e
n
tra

tio
n
 C

 m
o
l/m

  

 
iq
u
id
 flu

o
re
s
c
e
n
c
e
in
te
n
s
ity  

liq
u
id  a

.u
. 

A
xia

l d
is
ta
n
c
e
 fro

m
 n
o
z
z
le
 tip

 

 m
m
 

 apor iquid
 

  

2 

  

  

  

 

  

2 

  

  

  

6 

  

  .   . 2 2.  

  in =  M a  apor phase penetration

  in =  M a  iquid phase penetration

  in =  M a  apor phase penetration

  in =  M a  iquid phase penetration

  in =2 M a  apor phase penetration

  in =2 M a  iquid phase penetration

 
a
p
o
r 
p
h
a
s
e
  
  
iq
u
id
 p
h
a
s
e
 p
e
n
e
tr
a
tio
n
 
 
 m

m
 

After start of in ection   ms 

 n ection period



 
ICLASS 2021, 15th Triennial International Conference on Liquid Atomization and Spray Systems, Edinburgh, UK, 29 Aug. - 2 Sept. 2021 

Figure 7 shows the concentration distribution of the liquid and vapor phases 0.5 ms after the 

end of injection. The relative frequency distribution obtained from the concentration distribution 

of the vapor phase is shown in the figure 8. The cross-sectional area of the vapor phase 

obtained from the images is similar, and there is no significant difference in the relative 

frequency distribution of concentration with different fuel injection pressures. This indicates 

that the effect of fuel injection pressure on the state of the mixture distribution is small.  On the 

other hand, the cross-sectional area of the liquid phase decreases significantly with increasing 

fuel injection pressure. This is because the total surface area increases due to the atomization 

effect of the increased fuel injection pressure, which enhances evaporation. 

 

Figure 7. Liquid fluorescence intensity and vapor concentration distributions at EOI：0.50 ms 

 Pa：0.28 MPa，ρa：1.87 kg/m3，T：505 K，tinj：1.25 ms，qinj/hol：1.2 mg，Tsat：413 K. 

 

Figure 8.   Relative frequency distribution of vapor concentration. There is no significant difference at 

different fuel injection pressures. 
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Summary and Conclusions 
In this paper, the quantitative analysis of vapor concentration using the exciplex fluorescence 

technique was used to evaluate the gasoline spray mixture at different fuel injection pressures. 
This quantitative method takes into account the crosstalk of fluorescence between the liquid 

and vapor phases by measuring different wavelength information captured simultaneously. 
These analyses show that the mixture in the spray still contains low concentration of liquid 

phase, and the liquid phase penetration increases as the fuel injection pressure increases. In 

addition, the fuel injection pressure has a small effect on the state of the mixture, but the liquid 

phase area is greatly reduced with increasing injection pressure. 

 

Nomenclature 
C Vapor concentration [mol/m3] 

ca Specific heat of the ambient gas [J/(kg・K)] 

cfv Specific heat of the gaseous fuel [J/(kg・K)] 

cfl Specific heat of liquid fuel [J/(kg・K)] 

F Fluorescence intensity [a.u.] 

I Actual fluorescence intensity [a.u.] 

I0 Reference incident laser light intensity [mJ] 

Lf Latent heat of vaporization of the fuel [J/kg] 

Mf Molecular weight of the fuel [kg/mol] 

T Temperature of the ambient gas [K] 

Tsat Saturation temperature of the fuel [K] 

Tl0 Initial temperature of the fuel [K] 

ρa Density of the ambient gas [kg/m3] 

τ Transmittance [-] 
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