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Temperature measurements of binary droplets using three-color
laser-induced fluorescence

Abstract Evaporation of multicomponent droplets is a
critical problem in many engineering applications, for
example spray combustion. Knowledge of droplet temperature is a key issue in understanding the highly
complex heat and mass-transfer phenomena related to
multicomponent droplet evaporation and combustion.
In this work, optical diagnosis based on three colorlaser-induced ﬂuorescence was developed: the objective
was to measure the temperature of binary droplets
(ethanol and acetone mixtures), even when the composition varies with time. Demonstration on an overheated
droplet stream of acetone–ethanol mixtures is described
and the experimental data are compared with results
from a numerical simulation based on the discretecomponents model.
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D
droplet diameter
f
temperature sensitivity function
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incident laser beam intensity
If
ﬂuorescence intensity
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spectroscopic constant
L
droplet spacing
Vc
collection volume
R
ﬂuorescence ratio
t0
initial time of the numerical simulation
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T
V

temperature
velocity

Greek symbols
b
temperature sensitivity coefﬁcient
c
function taking into account the inﬂuence of the
ethanol volume fraction on the ﬂuorescence
emission
k
wavelength
v
ethanol volume fraction

Subscript
i
spectral band index
inj
injection
amb
ambient conditions

1 Introduction
The problem of heat and mass transfer between a dispersed phase and a gas phase is encountered in numerous industrial processes, particularly in the ﬁeld of spray
combustion. In this ﬁeld, understanding of the mechanism of transient evaporation of multicomponent
droplets is fundamental, especially when the components
have diﬀerent volatilities. Droplet temperature is a critical property when trying to understand these highly
complex phenomena, because the physical properties of
the diﬀerent components, for example diﬀusivities in the
liquid phase, latent heat of vaporization, and saturated
vapor pressure, depend on temperature. The rate of
vaporization is also related to the mass fraction of each
component at the droplet surface, which is also a function of droplet temperature (Sirignano 1999).

Transient heating and evaporation phenomena in
multicomponent droplets is very complex, and, therefore, must be investigated on basic devices such as
monodisperse droplet streams (Virepinte et al. 2000;
Silverman and Dunn-Rankin 1994; Mulholland et al.
1988), optically trapped droplets (Wilms et al. 2004) or
acoustically levitated droplets (Kastner et al. 2000).
In monodisperse streams the droplets have the same
diameter, temperature, and velocity at the injection
point, and the eﬀects of the diﬀerent conditions can be
easily separated. Physical models can be derived from
such experimental investigations on simple geometrical
conﬁgurations and for subsequent implementation in
numerical simulation codes, which run in more complex
conﬁgurations.
Experimental investigations require diagnosis, which
are able to measure the droplet temperature. The most
usual technique for determining the temperature of
moving droplets is rainbow refractometry, based on the
refractive index measurement by location of the rainbow
pattern (Walker 1976; Van Beeck and Riethmuller 1995,
1997). Another method is based on exciplex ﬂuorescence
of pyrene added in the fuel (Lu and Melton 2000). The
major drawback of this technique, however, is that it
becomes ineﬃcient in sprays where oxygen is present,
because of the strong quenching of the ﬂuorescence by
this compound, and extension to multicomponent fuels
cannot be found in the literature.
Application of optical diagnosis to multicomponent
droplets is rare and only light scattering-based techniques are reported in the literature. Zhao and Qiu
(2004) used measurement of the droplet refractive index
by rainbow refractometry to determine the temperature
of binary mixtures of water and ethanol. Initial calibration of the refractive index as a function of temperature for each mixture is needed to infer droplet
temperature. The authors were, however, unable to
separate the eﬀects of composition and temperature,
which can be critical in the transient heating phase of the
droplet. Wilms et al. (2004) also investigated rainbow
refractometry to determine the composition of binary
droplets of n-hexadecane and n-dodecane. Because the
refractive index depends on both composition and
temperature, droplet temperature was evaluated using
pure n-hexadecane in the phase of constant-temperature
evaporation, assuming the droplet temperature is similar
for the other mixtures. Rainbow refractometry techniques are, furthermore, also highly sensitive to
non-sphericity of the droplets and to the presence of
refractive index gradients, especially in the transient
heating phase. Any deviation from refractive index
spatial homogeneity and from the sphericity can result in
important bias in the measurements.
The development of two-color laser-induced ﬂuorescence, initiated by Lavieille et al. (2001), enables measurement
of
single-component
droplet
mean
temperature. This method uses fuel doped with a low
concentration of a ﬂuorescent organic dye, for example
rhodamine B, which is temperature-sensitive. The ratio

of the signals collected on two spectral bands of detection, which have diﬀerent temperature sensitivities, enables removal of the eﬀect of unknown conditions and
properties, for example laser intensity, ﬂuorescent tracer
concentration, and probe volume dimensions.
The goal is to extend the principles of the two-color
ﬂuorescence technique, i.e. one ﬂuorescent tracer and
two spectral bands of detection, to measurement of the
temperature of binary droplets composed of ethanol and
acetone. It is demonstrated that the ﬂuorescence signal,
like the rainbow signal, depends on both droplet composition and temperature. The objective of this paper is
to show it is possible to separate the dependence on
composition and temperature, by using a third spectral
band for detection. The main principles and calibration
phases of the technique are discussed in detail and a test
experiment is described for an evaporating monodisperse binary droplet jet of ethanol and acetone mixtures,
streaming linearly. Finally, the results are compared
with those from a numerical simulation based on the
discrete-components model.

2 Principles of three color laser-induced fluorescence
2.1 Application to single-component droplets:
two-color laser-induced ﬂuorescence
The liquid is seeded with a low concentration (a few
mg L1) of rhodamine B before being disintegrated into
droplets. Rhodamine B is an organic dye used as a
ﬂuorescent temperature sensor. Fluorescence of rhodamine B can, furthermore, easily be induced by use of the
green line of the argon ion laser (k=514.5 nm).
The rhodamine B ﬂuorescence spectrum is broadband.
The ﬂuorescence intensity, collected on a spectral band
[ki1; ki2], i denoting the spectral band, is given by
(Castanet et al. 2003):
Z ki2
Kopt ðkÞKspec ðkÞVc I0 CebðkÞ=T dk
Ifi ¼
ki1

 Kopt;i Kspec;i Vc I0 Cebi =T ;

ð1Þ

where Kopt,i is an optical constant taking into account
the properties of the detection system (e.g. solid angle of
detection and transmission of the optical components)
and Kspec,i is a constant depending solely on the spectroscopic properties of the ﬂuorescent tracer in its solvent, both for the spectral band i. I0 is the laser
excitation intensity, C is the molecular concentration of
the tracer, T is the absolute temperature, and Vc is the
volume from which the ﬂuorescence photons are collected. This volume is the intersection of the laser beams,
the droplet and the volume deﬁned by the collecting
optics. The product CVc is related to the number of
ﬂuorescence photons collected by the photodetector.
The b(k) factor characterizes the temperature dependence of the ﬂuorescence intensity at the wavelength k
(Lavieille et al. 2001) and bi characterizes the

temperature dependence of the ﬂuorescence emitted on
the spectral band i.
To properly measure the temperature of a moving
and potentially evaporating droplet, the eﬀect of CVc
and I0 must be removed. The collection volume Vc is
constantly changing as the droplet crosses the probe
volume. The distribution of the laser intensity within the
droplet depends, furthermore, on the relative position of
the droplet and also on the shape of the laser beam,
which is aﬀected by the refractive and focusing eﬀects of
the droplet surface. To eliminate these, the ﬂuorescence
intensity is detected on two spectral bands for which the
temperature sensitivity is very diﬀerent. The ratio of the
ﬂuorescence intensities collected on the two optimized
spectral bands is given by:
R12 ¼

If1 Kopt;1 Kspec;1 b1 b2
¼
e T ;
If2 Kopt;2 Kspec;2

ð2Þ

This ratio is independent of probe volume. The eﬀects of
local laser intensity and tracer concentration are also
eliminated. Use of a single reference measurement at a
known temperature eliminates the optical and spectroscopic constants.
2.2 Application to binary droplets: three-color laserinduced ﬂuorescence
In this study mixtures of acetone and ethanol will be
considered and the ethanol volume fraction will be denoted v.
Preliminary spectroscopic studies have shown that
the ﬂuorescence spectrum of rhodamine B in a solvent
depends on both temperature and solvent composition
(Lavieille et al. 2001, 2004). The bi factor describing the
eﬀect of temperature on ﬂuorescence intensity is also
likely to depend on the solvent composition.
For binary fuels, a function c(k, v), depending on the
ﬂuorescence emission wavelength k, must be added, to
take into account the eﬀect of mixture composition on
ﬂuorescence intensity.
The new expression for the ﬂuorescence intensity,
integrated on a given spectral band i, is:
Zki2

Kopt ðkÞKspec ðkÞVc I0 Ccðk; vÞebðk;vÞ dk
ð3Þ

ki1

 Kopt;i Kspec;i Vc I0 Cci ðvÞebi ðvÞ
ði ¼ 1; 2Þ;
where ci (v) is a function taking into account the eﬀect of
composition on the ﬂuorescence emission of spectral
band i.
To properly determine the temperature of such
binary droplets, an additional equation is necessary,
because dependence on the ethanol volume fraction v

has been added. The signal should be detected on a
third spectral band for which the sensitivity to temperature T and ethanol volume fraction v is diﬀerent
from that for the two others. The ﬂuorescence intensity on the third spectral band can be expressed using
Eq. 3, with i=3.
Using the two forms of Eq. 3, two ﬂuorescence ratios
can be calculated:
Rij ¼

Ifi Kopt;i Kspec;i ci ðvÞ bij ðvÞ
e T
¼
Ifj Kopt;j Kspec;j cj ðvÞ

ði,jÞ ¼ fð1; 2Þ; ð2; 3Þg;
ð4Þ

where bij denotes bibj. To optimize choice of the three
spectral bands, a preliminary spectroscopic study was
performed: ﬂuorescence spectra were recorded for several ethanol volume fractions and for a range of liquid
temperatures.
The function b(k, v) was determined by recording
ﬂuorescence spectra at two diﬀerent liquid temperatures and for diﬀerent constant ethanol volume fractions v (Fig. 1). Temperature T was then held constant
and the ratio of two spectra recorded at two diﬀerent
v, using the same optical layout; this enabled determination of the function c(k, v), because the function
b(k, v) had previously been calculated. The function
c(k, v)/c(k, v 0), where v0 was ﬁxed at 60 %, is plotted
in Fig. 1, for three diﬀerent compositions (v=20, 40,
and 80%, respectively). The spectral zone between 530
and 550 nm is poorly sensitive to temperature and
highly sensitive to ethanol volume fraction. Beyond
570 nm, the temperature sensitivity is quite high with
a moderate peak value at approximately 580 nm. As
expected, signiﬁcant dependence of this sensitivity on
ethanol volume fraction is clearly observed. The three
spectral bands are selected according to the rule that
there are two unknown properties (v and T) and two
equations, which must be as independent as possible
to achieve maximum accuracy. The ratio R23 must,
then, be very sensitive to temperature, but also sensitive to acetone volume fraction. The sensitivity of the
ratio R12 to temperature must be much lower, but it
can also be sensitive to mixture composition. By
means of a trade-oﬀ of between these criteria and the
commercial availability of the optical ﬁlters, the following spectral bands were selected:
• Band 1: (525, 535 nm)
• Band 2: (535, 545 nm)
• Band 3: (570, 700 nm)
Selection of band 1 is delicate, because signal intensity is
very low in this spectral region. Consequently, no reliable values of b below 540 nm for v=60% and v=90%
can be provided (Fig. 1). The temperature sensitivity on
this band is very low, however, which is of interest for
maximizing the temperature sensitivity of the ratio R12.

Fig. 1 Sensitivity of
ﬂuorescence emission to
temperature and to ethanol
volume fraction as a function of
wavelength (v0 is 60% in this
example)

Furthermore, the total signal collected on band 1 is large
enough to be exploited.

The calibration process is performed once only and is
valid for a given set of spectral bands and acetone–ethanol mixtures.

3 Calibration process and optical set-up
3.2 Optical set-up
3.1 Introduction
All phases of the calibration process are performed in a
quartz vessel. The laser excitation and reception optics
are at a right angle to each other. Temperature is
controlled by the use of a Peltier module (Fig. 2). The
liquid temperature in the cell is monitored by means of a
K type thermocouple, equipped with a transducer connected to a computerized data-acquisition board. All
measurements are made with the probe volume placed as
close to the detection windows as possible, to maintain
optically thin conditions, i.e. to avoid re-absorption of
the ﬂuorescence, which could be diﬀerent for the three
spectral bands (Lavieille et al. 2001). The dye concentration during calibration is 106 mol L1.

A laser Doppler anemometry (LDA) system was used to
generate the probe volume, which enables measurement
of droplet velocity concomitantly, with the use of additional detection optics and a Doppler signal processor.
The probe volume is formed by the intersection of the
laser beams and is 1,200 lm long and 150 lm in diameter (transverse direction). The ﬂuorescence signal was
detected by use of an achromatic doublet, located at
right angle to the incident beams, connected to an
optical ﬁber acting as a pinhole. The laser light
(k=514.5 nm) scattered by the droplets was high-pass
ﬁltered (cut-oﬀ at k=520 nm and full transmission beyond 525 nm) to enable collection of the ﬂuorescence
emission only. The remaining ﬂuorescence signal was
separated into the three spectral bands by means of a set
of neutral beamsplitters and interference ﬁlters (Fig. 3).
Detection of the optical signal for the three selected
spectral bands was performed by means of three cooled
photomultipliers (Hamamatsu photosensors modules
H9307-04) equipped with three pre-ampliﬁers (bandwidth 200 kHz). Acquisition, digitization, and sampling
of the ﬂuorescence signals were performed by means of a
rapid computerized multi-channel acquisition board, at
a sampling rate of 5 MHz.
3.3 Determination of the function b(v )

Fig. 2 Calibration cell

The functions b12(v) and b23(v) were determined by
use of Eqs. 4. A reference temperature T0 was deﬁned
and the two ﬂuorescence ratios R12(T,v) and R23(T,v)
were normalized by R12(T0, v) and R23(T0, v),
respectively, which eliminated the system constants
Kopt and Kspec. Finally, for a given ethanol volume

Fig. 3 Block diagram of the
three-color LIF experimental
set-up

fraction v, the quantities ln (Rij(T,v)/Rij(T0, v)) ((i,
j)={(1,2),(2,3)}) were plotted as a function of (1/T1/
T0) to determine the functions bij(v) (Fig. 4). From
Fig. 4 it is diﬃcult to draw conclusions about the
dependence of b12 and b23 on ethanol volume fraction
v. The dependancies of b12 and b23 on v have been
speciﬁcally extracted from Fig. 4 and are represented
in Fig. 5, where the dependence is clearly highlighted.
The accuracy of this determination is limited by the
slope calculation, which is unstable, but except for
v=60%, the trend can be obtained with acceptable
conﬁdence. Polynomial ﬁts are used to describe the
behavior of b12(v) and b23(v)

Fig. 4 Calibration of the
ﬂuorescence ratios ln(R12) and
ln(R23) as functions of
temperature

3.4 Determination of the function c(v )
A reference ethanol volume fraction v 0 is given to
normalize the ﬂuorescence ratios R12(T,v) and R23(T, v)
of Eq. 4 by use of R12(T,v 0) and R23(T,v 0), respectively.
The temperature T is measured directly by the thermocouple. Knowing the functions b12(v) and b23(v) from
the previous experiments, the functions f12(v) and f23(v)
can be established:
Rij ðT ; vÞ bij ðvÞbij ðv0 Þ
ci ðvÞ cj ðv0 Þ
T
¼
e
Rij ðT ; v0 Þ
ci ðv0 Þ cj ðvÞ
ði; j ¼ fð1; 2Þ; ð2; 3ÞgÞ;

fij ðvÞ ¼

ð5Þ

Fig. 5 Evolution of the
temperature sensitivity of the
two ﬂuorescence ratios as a
function of ethanol volume
fraction in the mixture

Fig. 6 Dependence of the
functions f1 and f2 on the
ethanol volume fraction in the
mixture

The functions f12(v) and f23(v) are plotted in Fig. 6; clear
regular evolution of these functions is observable and
the trend can also be ﬁtted by polynomials.

4 Measurement process and determination
7of the temperature
The injection conditions are ﬁxed, i.e. the injection temperature Tinj and injection ethanol volume fraction vinj.
To remove the system constants, i.e. Kopt and Kspec, the
measured ﬂuorescence ratios R12 and R23 must be normalized by taking a reference measurement where the

temperature and the mixture composition are known.
This reference measurement must be taken at the closest
possible position to the injection point. The best way is to
take the reference measurement on the cylindrical liquid
jet generated by the injector, before it disintegrates into
droplets, where the ethanol volume fraction and temperature correspond to the injection conditions.
The normalized ﬂuorescence ratios can be written as
follows, by use of Eq. 4:
!




Rij
fij ðvÞ
1
1
  þ bij ðvÞ
ln
¼ ln

ð6Þ
Rij;inj
T Tinj
fij vinj
ði; jÞ ¼ fð1; 2Þ; ð2; 3Þg;

where Rij,inj are the two ﬂuorescence ratios measured at
the injection point used for reference. Because the
functions f12(v), f23(v), b12(v) and b23(v) have been
intrinsically characterized by the initial calibration process, the two-equation system Eq. (6) can be solved by
an iterative method and the two unknowns, i.e. the
ethanol volume fraction v and the property of interest,
the droplet temperature T, can be inferred.
Droplet signal processing and averaging were performed as described elsewhere (Lavieille et al. 2001,
2002; Castanet et al. 2002).

5 Discussion of error and uncertainties
5.1 Global uncertainties
The global uncertainty of the method was tested in a
temperature-controlled static cell, by measuring the ﬂuorescence intensity distribution on the three spectral
bands used for detection, for seven acetone–ethanol
mixtures, each at seven diﬀerent temperatures. The
ethanol volume fraction v ranged from 0 to 90% and the
temperature T ranged from 15 to 45C. From these 49
measurements at diﬀerent temperatures and compositions, 492 pairs of measurements can be formed randomly, one value being used for the reference and the
other as a current measurement. Using the model described in the section Application to binary droplets ...
and the calibrations reported in the section Calibration
process and optical set-up, the temperature in the cell
was calculated for the 492 (2,401) combinations of reference and current measurements. The temperatures
inferred from the measurements were compared with
those given by the thermocouple and the standard
deviation was calculated for the 2,400 readings. A similar scheme was applied to ethanol volume fraction. The
standard deviation was rT=1.3C for the temperature
and rv=3.9% for the ethanol volume fraction. It is
absolutely clear the proposed method is more sensitive
to temperature variations than to the composition of the
mixture; the value of the ethanol volume fraction must,
therefore, be regarded as indicative only. The statistical
dispersion of the temperature may be have diﬀerent
causes:
• Error in the measurement of reference temperature
(thermocouple).
• Error in the composition of the solutions (moderate).
• Errors in the ﬂuorescence intensity measurements by
the PMTs, caused by non linearity and random noise.
• Errors in the determination of the functions b and f.
The eﬀect on the reference data (i.e. the quantities Tinj
and vinj should also be carefully studied. An error in Tinj,
i.e. a possible shift in the temperature given by the
thermocouple placed in the injector, will result in
translation of all the temperature measurements by an
amount approximately equal to the shift, if it does not

exceed 4C. Therefore, the relative temperature
variations remain valid if the error in the reference
temperature remains below 4C.
5.2 Laser energy distribution
The eﬀect of inhomogeneous distribution of laser energy
within the droplet on the measured temperature must be
also clearly examined. The laser energy internal ﬁeld is
aﬀected by droplet diameter, laser beam diameter at the
focus point, and liquid refractive index (Gouesbet et al.
1988; Lavieille et al. 2000; Castanet et al. 2005). If the
droplet is not at equilibrium, i.e. if composition and
temperature gradients are present within the droplet,
inhomogeneous distribution of laser energy could aﬀect
the measured temperature, because the measured ﬂuorescence is the result of a local product of laser energy
and temperature and composition-dependent terms,
according to:
Z
bi ðvðx;y;zÞÞ
Ifi ¼
Kopt;iKspec;i I ðx; y; zÞCci ðvðx; y; zÞÞe T ðx;y;zÞ dxdydz;
Vc

ð7Þ
where (x, y, z) are the spatial coordinates within the
droplet.
The local distribution of the laser energy within the
droplet can be calculated using the model based on
geometrical optics developed by Lavieille et al. (2000)
and validated by Generalized Lorentz Mie Theory
(Gouesbet et al. 1988; Castanet et al. 2005). The eﬀect of
inhomogeneous temperature and concentration distribution combined with inhomogeneous laser energy distribution will be studied by numerical simulation of the
internal temperature ﬁeld, developed at the end of the
section Experimental results.

6 Numerical simulations
The experimental data were compared with a numerical
simulation of the evolution of droplet mean temperature. The numerical simulation is based on the usual
simpliﬁcation assumptions: spherically symmetric system, quasi-steady gas phase, and one-third rule for calculation of gas-phase properties. The composition of the
liquid is represented by the discrete components model
developed by Sirignano (1999), which considers each
individual species. Transport of the species and heat
within the liquid phase is described by the eﬀective diffusion model (Abramzon and Sirignano 1989). In this
model, the temperature and composition proﬁles are
spherically-symmetric and correction factors for the
diﬀusion coeﬃcients are used to take into account
internal advection motion.
In the examples studied, the droplet spacing L is quite
low and the vaporization rate should be noticeably

aﬀected by droplet-to-droplet interaction phenomena.
The correction factor g, determined by Atthasit et al.
(2005), was therefore applied to the Sherwood and
Nusselt numbers to evaluate the actual vapor ﬂow rate
and convective heating:
Nu
Sh
¼
¼ gð EÞ;
Nuiso Shiso

ð8Þ

where the correction factor g(E) is given by:


1  e0:13ðE6Þ
g ¼ 1  0:57 1 
; for 2:5  E  16;
1 þ e0:13ðE6Þ
ð9Þ
where E=L/D is the non-dimensional distance. In this
study, E ranges from about 3 to 8, which corresponds to
g ranging from 0.32 to 0.5.
In Eq. 8, Nuiso and Shiso are the Nusselt and Sherwood numbers introduced by Abramzon and Sirignano
(1989), for an isolated, moving, evaporating droplet. To
focus only on heat and mass-transfer phenomena, the
measured droplet velocity at each measurement location
was used in the computation. The calculation is started
with temperature and composition uniformly distributed
over the entire droplet volume.

7 Experimental results
The experimental results were mainly obtained on an
overheated monodisperse droplet stream injected at
room temperature and atmospheric pressure. Downstream distance from the injection point was easily
converted into time by using the local droplet velocity
measured by LDA. The eﬀect of mixture composition,
droplet diameter, and droplet spacing were mainly
studied.
First, the raw experimental results are presented in
Fig. 7 for pure acetone, an v=25% mixture, and pure
ethanol (Tinj=45C, Vinj12.2 m s1, Dinj139 lm,
E7.8). The cooling of the droplet can be clearly
observed for the three examples tested, the largest tem-

Fig. 7 Droplet temperature
evolution for diﬀerent volume
fractions (the ethanol volume
fractions indicated are those at
the injection point)

perature decrease occurring in the ﬁrst step, during the
liquid jet break-up phase. The temperature of pure
acetone decreases faster than that of pure ethanol, the
behavior of the composition with v=25% was intermediate. These observations are compatible with
expectations, because the droplet temperature is mainly
governed by vaporization phenomena and the value of
the saturated vapor pressure of acetone is three times
that of ethanol at 45C.
Because it is diﬃcult to evaluate and model heat and
mass transfer during the break-up phase, all the experimental results will be normalized as follows:
T ¼

T ðt ¼ t0 Þ  T ðtÞ
;
T ðt ¼ t0 Þ  Tamb

where t is the current time corresponding to a downstream position z and t0 is an initial instant selected after
the break-up phase, where numerical simulation is
started.
A ﬁrst extensive set of normalized data is presented
in Fig. 8 for diﬀerent ethanol volume fractions in parallel with pure ethanol and acetone, for quite similar
aerothermal injection conditions. These conditions are
slightly scattered, because it seemed diﬃcult to control
them accurately while obtaining monodisperse droplets
with fuels having diﬀerent atomization properties
(surface tension, viscosity...). The injection conditions
are Vinj12.2 m s1, Tinj=45C, Dinj139 lm, E7.8,
and Tamb=22C. However, these moderate diﬀerences
should not aﬀect further analysis. The decrease in
temperature seems to be correlated with ethanol volume fraction, the temperatures of the mixtures containing less ethanol decrease more rapidly. The
experimental data are, however, noticeably diﬀerence
for v=0% (pure acetone) and v=25% mixtures. The
data for v=50%, v=75%, and v=100%, although
well separated from those for v=0% and v=25%,
seem to behave quite similarly. A more gradual temperature decrease is obtained with pure ethanol. The
numerical simulation results follow the same trend, although they seem to overestimate the experimental
data. It is also conﬁrmed that the temperature behavior

Fig. 8 Evolution of normalized
droplet temperature for
diﬀerent ethanol volume
fractions. Comparison with
results from numerical
simulation. (The ethanol
volume fractions indicated are
those at the injection point)

Fig. 9 Evolution of ethanol
volume fraction for diﬀerent
compositions at injection.
Comparison with numerical
simulation results

for v=50% and v=75% are very similar, which was
already apparent from the experimental data. For the
mixtures v=25%, v=50%, and v=75%, the ethanol
fraction v determined by solving the set of equations
given by Eq. (6) is plotted in Fig. 9. During droplet
evaporation, which is moderate, the ethanol volume
fraction v remains compatible with the ethanol volume
fraction at injection, if the uncertainties in its determination are considered.
The eﬀect of droplet diameter was examined for two
diﬀerent droplet sizes, one approximately Dinj90 lm
and the other approximately Dinj220 lm, both with a
non-dimensional distance of approximately 3 (Fig. 10).

The v=50% and v=75% mixtures were considered.
Conclusions similar to those of the previous study apply,
for a given droplet diameter: an increase in ethanol
fraction moderates the droplet temperature decrease.
For the two mixtures investigated, the temperature decrease is steeper for the smallest droplets, which can
easily be explained by the smaller volume-to-surface
ratio, corresponding to the ratio between the droplet
heat capacity and the droplet surface exchanges by
evaporation and forced convection. The numerical results follow the same trend, even if agreement seems
better for the bigger droplets. The diﬀerence between
v=50% and v=75% lies in the range of uncertainty

Fig. 10 Evolution of the
normalized droplet temperature
for diﬀerent ethanol volume
fraction and droplet diameter.
Comparison with numerical
simulation results. (The ethanol
volume fractions indicated are
those at the injection point)

(±1.3C). For the smaller droplets, the experimental
data agree well with the calculated data for v =50%,
but simulations agree well with experimental data but
underestimate for v =75%.
The eﬀect of droplet spacing was then investigated.
It is known that increasing the non-dimensional distance tends to reduce the vaporization rate (Virepinte
et al. 2000; Castanet et al. 2005). In the current
experiment it was impossible to vary droplet diameter
and droplet spacing independently. To overcome this
diﬃculty, the time was normalized by the thermal

Fig. 11 Evolution of the
normalized temperature, as a
function dimensionless time, for
diﬀerent ethanol volume
fractions and diﬀerent distance
non-dimensional distances.
Comparison with the numerical
simulation results. (The ethanol
volume fractions indicated are
those at the injection point)

2

diﬀusion time aDeff ; where aeﬀ is the thermal eﬀective
diﬀusivity, depending on the droplet Peclet number,
deﬁned by Abramzon and Sirignano (1989). Two nondimensional distances, E4.5 and E8, corresponding
to two droplet diameters were investigated for two
ethanol volume fractions, v=25% and v=75%
(Fig. 11). For the two compositions, vaporization rate
increases with droplet spacing. The numerical simulations are also in reasonable agreement with the
experimental data, meaning that the correlation Eq. 9
correctly takes into account the increase of the

Fig. 12 Laser intensity
distribution within the 89 and
223-lm diameter droplets. The
intersection of the laser beams
is located in the droplet center
(in the absence of the droplet)

vaporization rate, which validates the correlation for
binary droplets.

8 Effect of inhomogeneous laser energy distribution
The eﬀect of inhomogeneous distribution of laser energy
within the droplet was studied for two diﬀerent droplet
sizes (D=89 lm and D=223 lm) for v=50%. An
illustration of the spatial energy distribution for the two
diameters is given in Fig. 12. As expected, illumination
by the laser is more homogeneous for the smaller droplets. Transmission of ﬂuorescence intensity at the liquid–
gas interface is not taken into account in this simulation,
because most of the laser-illuminated points are in the
collection angle. The local ethanol volume fraction v
(x,y,z) and temperature T (x,y,z) resulting from the

Fig. 13 Systematic error
introduced by the measurement
system to mean droplet
temperature measurement

numerical simulation have been used in Eq. 7 to evaluate
the ﬂuorescence intensity for both spectral emission
bands and, subsequently, to determine the temperature
that would be measured if spatial distributions of laser
energy, composition, and temperature were taken into
account. As apparent from Fig. 13 the numerical results
taking into account the measurement system seem to
overestimate the raw numerical results, the diﬀerence
being more signiﬁcant for the bigger droplet D=223 lm.
The experimental data corresponding to the two examples tested have also been plotted in Fig. 13, and it is
clearly apparent that the deviations in the numerical results caused by the measurement system are within the
accuracy of the technique. This could easily be explained
by the moderate composition and temperature gradients
in such an aerothermal situation; this point of view could
be revised for a burning regime.

9 Conclusions
The transient temperature of moving evaporating binary
droplets has been measured by a new laser-induced ﬂuorescence technique, based on the detection of ﬂuorescence emission of a tracer in three spectral bands. The
eﬀect of composition and temperature variations can be
clearly separated and the temperature can be inferred
with an accuracy of approximately ±1.5C. Data
inversion also gives an estimate of composition, which is
currently only indicative. The investigated fuel was a
mixture of two components of diﬀerent volatility,
acetone and ethanol. The technique has been tested on
over-heated monodisperse droplets of an ethanol–acetone mixture, streaming linearly. Evaporative cooling is
more intense when the concentration of the more volatile component is increased. For ethanol volume fractions above 50%, few diﬀerences are observed in the
temperature decrease. The eﬀect of droplet diameter was
consistent with our expectations, i.e. smaller droplets
cool more quicker than the larger droplets for all the
compositions tested. Comparison with the numerical
simulations, based on the discrete components model,
shows that the experiments and the numerical results
follow a similar trend, although some discrepancies are
apparent. These discrepancies may have diﬀerent
origins, some coming from the numerical model itself:
• heat and mass transfer within the droplets are
assumed to be spherically symmetrical in the model,
even though it is known that the internal velocity ﬁeld
is well described by Hill vortices (Chiang et al. 1992;
Castanet et al. 2003);
• the calculation is initiated with uniform temperature
and composition distribution, although in reality
temperature and composition gradients are established during the break-up phase; and
• the physical properties of the mixture and their
dependence on temperature may sometimes not be
accurate, especially for binary diﬀusion coeﬃcients.
Further research work will focus on extending this
experiment to injection of the binary droplet stream in a
hot air plume (T750 K) and on combining the
temperature with measurements of size variation.
Extension of the technique to other binary fuels will be
also considered.
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(2004) Non-intrusive temperature measurements using threecolor laser-induced ﬂuorescence. Exp Fluids 36:706–716
Lu QZ, Melton LA (2000) Measurement of transient temperature
ﬁeld within a falling droplet. AIAA J 38(1):95–101
Mulholland JA, Srivastava RK, Wendt JOL (1988) Inﬂuence of
droplet spacing on drag coeﬃcient in nonevaporating, monodisperse stream. AIAA J 26(10):1231–1237
Silverman MA, Dunn-Rankin D (1994) Experimental investigation
of a rectilinear droplet stream ﬂame. Comb Sci Tech 100:57–73
Sirignano WA (1999) Fluid dynamics and transport of droplets and
sprays. Cambridge University Press, Cambridge
Van Beeck J, Riethmuller M (1995) Non-intrusive measurements of
temperature and size of single falling raindrops. Appl Optics
34:1633–1639
Van Beeck J, Riethmuller M (1997) Rainbow interferometry with
wire diﬀraction for simultaneous measurement of droplet temperature, size and velocity. Part Part Syst Charact 14:186–192
Virepinte JF, Biscos Y, Lavergne G, Magre P, Collin G (2000) A
rectilinear droplet stream in combustion: droplet and gas phase
properties. Comb Sci Tech 150:143–159
Walker JD (1976) Rainbow from single drops of water and other
liquids. Am J Phys 44:421–433
Wilms J, Roth N, Arndt S, Weigand B (2004) Determination of the
composition of multicomponent droplets by rainbow refractometry. In: 12th Symposium on application of laser techniques
to ﬂuid mechanics, Lisbon
Zhao Y, Qiu HH (2004) Measurements of multicomponent microdroplet evaporation by using novel optical techniques. In:
12th Symposium on application of laser techniques to ﬂuid
mechanics, Lisbon

