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a b s t r a c t

Development of improved energy conversion systems, having higher efficiencies and lower emissions, is
central to reducing the production of green-house gases and to meeting air quality standards for other
emissions. In non-premixed combustion systems, vaporization of the droplets and mixing of the vapour
with the surrounding oxidizer control the overall rate of energy release. Droplet vaporization is affected
by the nature of the liquid petroleum that contains species having extremely different volatilities. A fine
understanding of multi-component droplet vaporization is therefore an important issue to optimize the
combustion systems. This paper presents the application of a recently developed technique to measure
the temperature of bi-component droplets. Based on the three-color laser-induced fluorescence (LIF)
technique, droplet temperatures can be measured regardless of the composition. The method requires
adding a small amount of a fluorescent organic dye to the fuel which is composed of ethyl-alcohol and
acetone. The accuracy of the measurement is about ±1.3 �C. In this study, the emphasis is placed on
the evaporation of the binary mixture in a hot air plume, the temperature of which (around 650 �C) lar-
gely exceeds the boiling point of the liquid components. An extensive study of the influence of the initial
composition and droplet diameter is carried out. Finally, the experimental results are compared to an
evaporation model based on the discrete components approach.
1. Introduction

Numerical simulations to describe the spray evaporation after
injection into the combustion chamber are still today widely based
on the assumption of a single component fuel. However, for most
practical fuels, like diesel, gasoline or kerosene, this simplification
seems difficult to trust since the vaporization of multi-component
droplets exhibits additional complex features. First, each compo-
nent having its own volatility evaporates at different rates which
results in concentration gradients in the droplets. Second, the
vaporisation rate is inherently time varying, due to the continuous
change of the composition and temperature of the droplet during
its vaporization. Finally, the depletion of the components is gener-
ally controlled by the mass diffusion in the liquid which proceeds
at very slow rate to such an extent that it can have sometimes a
corresponding time scale larger than the droplet lifetime.

Models accounting for the multicomponent nature of the fuel
are usually based on the discrete component approach [1,2]. They
remain applicable when a small number of components are in-
volved. A quasi-steady evolution of the gas phase is generally as-
sumed to address the problem. Deviations from an ideal mixture
can be considered by introducing the gas fugacity and the chemical
x: +33 3 83 59 55 44.
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activity in the liquid phase [3,4]. The description is completed by
an appropriate modelling of the heat and mass transfers within
the droplets. Predictions can be achieved by the diffusion limit
model (DL). In this approach, transfers in the droplet are radial
[1,5]. This type of model was used by Landis and Mills [2] who
investigated the vaporization of bicomponent fuel droplets in a
stagnant atmosphere. A more refined model, which accounts for
the internal circulations within the droplets due to the gas friction
at the droplet surface, was developed by Prakash and Sirignano
[6,7]. The streamlines are approximated by the Hill vortex solution.
This model was adapted to simulate the evaporation of multi-com-
ponent droplets [8]. Abramzon and Sirignano [9] suggested includ-
ing the effects of internal circulation through an effective
diffusivity making the resolution as simple as with the DL model.

Nevertheless, both DL and Hill vortex models are unpractical
when dealing with fuels that contain hundreds of chemical species
due to an exponentially growing computing time. Possible alterna-
tives include the continuous thermodynamics [10] and the distilla-
tion curve models [11] which both assumed that the temperature
and the concentration of the chemical species are spatially uniform
but time varying in the droplet. This assumption may be reliable
when the droplet lifetime is much longer than the time required
to transport the temperature and the concentration from the drop-
let surface to its core. However, it is particularly questionable
when the droplet evaporation proceeds at temperatures well above
the boiling point of the fuel.
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Nomenclature

a thermal diffusivity
BM Spalding mass transfer number
BT Spalding heat transfer number
Cp specific heat capacity
C non-dimensional distance parameter, concentration of

the fluorescence dye
D droplet diameter or Di diffusivity of the ith specie
I fluorescence intensity
Lv latent heat of vaporization
m droplet mass
n mole number
Nu Nusselt number
P pressure
R droplet radius or ideal gas constant
Re droplet Reynolds number
Ra Rayleigh number
Sh Sherwood number
T temperature
Us maximum velocity at the droplet surface
V velocity
Y mass fraction
Z volume fraction of ethanol

Greek symbols
b volumetric thermal expansion coefficient
c chemical activity

g droplet to droplet interaction factor
l dynamic viscosity
v kinematic viscosity
k thermal conductivity
v molar fraction
q specific density
U heat flux
w stream function

Subscripts
g gas phase
i ith chemical specie in the mixture
iso isolated droplet
inj injection
l liquid phase
ref reference
S droplet surface
sat saturation condition
0 initial condition
1 far field condition
Presently, few experimental data are available on the thermal
evolution of multi-component droplets that evaporates in hot gas
environments. Computational models are commonly validated by
measured droplet sizes and velocities, while temperature is gener-
ally missing due to the lack of measurement techniques available
to handle the case of multicomponent droplets. However the char-
acterization of the droplet temperature would be all the more
interesting that the droplet heat up period can generally not be ne-
glected in many industrial applications. This paper presents the
application of a recently developed technique based on the
three-color laser-induced fluorescence. In a previous study [12],
the technique was demonstrated on binary droplets made of ace-
tone and ethanol and results were obtained for droplets evaporat-
ing in the vicinity of the ambient temperature.

In the present study, monodisperse droplet streams are injected
into a hot air plume to investigate the effects of hot gas conditions
and a parametric study of the influence of the initial composition
and droplet size is presented. Experimental data are then com-
pared to a model that uses the discrete component approach.

2. Experimental facilities

2.1. Droplets generation and experimental conditions

Many studies concerning droplet evaporation and combustion
were dealing with linear monodisperse droplet streams [15]. They
consist on a line of droplets injected repeatedly at a well-controlled
frequency, size and velocity. The effect of each of these parameters
on the vaporization rate can be characterized separately which
makes this configuration particularly attractive. For instance,
experiments can be useful to validate CFD codes on idealized cases
where all the flow parameters are well defined.

A monodisperse droplet stream is generated by Rayleigh-type
disintegration of a liquid jet using a piezoceramic [16]. The fuel
temperature is regulated in the injector body and is measured near
the outlet by a thermocouple. Downstream distance from the
injection point is converted into time with the help of the evolu-
tion of the droplet velocity that is determined by Laser Doppler
Anemometry (LDA). Droplets are injected either into a quiescent
atmosphere at ambient temperature or into a hot co-flowing air
stream, released from two electrical heaters, arranged symmetri-
cally relative to the droplet streaming axis (Fig. 1). The air is
ejected at about 2 m/s as measured by LDA and the profile of the
air velocity along the plume axis is plotted in Fig. 1. The tempera-
ture of the air flow, measured by a thermocouple, varies from
550 �C to about 100 �C at 6 cm from the injection point.

2.2. Measurement system

A comprehensive survey of the two-colours laser-induced fluo-
rescence applied to the temperature measurement of single com-
ponent droplets can be found in [13,14]. It has been extended by
a third detection band as described by Maqua et al. [12] to address
the case of binary droplets. The technique requires the seeding of
the fuel by a low concentration of a temperature sensitive fluores-
cent dye (rhodamine B in the present case). The fluorescence of
rhodamine B is induced by the green line of the argon ion laser
(k = 514.5 nm) and its intensity is then detected on three separate
spectral bands. An important feature for the measurement of the
droplet temperature is that the ratios of the fluorescence intensi-
ties of these bands are independent on the dimensions of the
detection volume, the local laser intensity and the tracer concen-
tration and only depends on the temperature and the composition
of the droplet. Additionally, a reference measurement is required
to infer the temperature of the droplets from the intensity ratios.
This reference is performed at ambient temperature (i.e. with the
hot air generator turned off), on the liquid cylindrical jet before
its disintegration into droplets. In these conditions, the tempera-
ture can be safely assumed to correspond to the temperature mea-
sured in the injector by means of the thermocouple and the
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Fig. 1. Schematic view of the droplet injection into the hot air plume and air velocity profile along the streaming axis.
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Fig. 2. Block diagram of the three colours LIF experimental set-up.
ethanol volume fraction of the liquid is the same as in the injector.
Two laser beams are focused into the LDA measuring volume,
which is also the probe volume of the fluorescence measurements.
The fluorescence signal is detected at right angle by an achromatic
doublet connected to an optical fiber. The laser light (k = 514.5 nm)
coming from the droplets is eliminated by a notch filter in order to
detect only the fluorescence emission. The fluorescence signal is
then divided in the three spectral bands by a set of beamsplitters
and interference filters (Fig. 2). The detection is performed by
means of three photomultipliers. Finally, the signal processing is
performed by a multi-channel acquisition board with a sampling
rate of 5 MHz. The accuracy of the temperature measurement is
about 1.3 �C. However the characterization of the ethanol volume
fraction is less accurate and estimated at about 4%.

At this stage, it should be added that the evolution of the drop-
let sizes is not measured, but the initial diameter is determined by
a measurement of the fuel flowrate Q at the injector exit. The drop-
let size D0 is then inferred from:
D0 ¼ ð6Q=pf Þ1=3 ð1Þ

where f denotes the piezoceramic frequency.

3. Physical modeling and simulations

3.1. Modelling of the heat and mass transfers

The modelling of the droplet evaporation considers the case of a
droplet that maintains a perfectly spherical shape despite the aero-
dynamics stress and possible Marengoni effect. The heat transfer
inside the liquid droplets results from pure heat conduction and
advection by the internal motions due to the friction between
the liquid droplet surface and the external air flow. The evolution
of the liquid composition can be described by the discrete compo-
nents approach presented by Sirignano [17], which consists in fol-
lowing each chemical species individually. Taking into account the
axisymmetry of the problem, the mass fraction of the ith species Yl,i
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Fig. 3. Calculated evolution of the droplet temperature for different modelling as-
sumptions Conditions in the hot air plume, boundary temperature represented on
the secondary axis (D0 = 130 lm and Z0 = 0.5).
and the temperature T within the droplet are derived from the fol-
lowing equation:

on
ot
� r�

R
dR
dt

on
or�
þ 1

R
ðv:$r� Þn ¼

Dn

R2 Dr�n ð2Þ

n denotes either the temperature T or the mass fraction Yi. The equa-
tion is written in the spherical coordinates where r corresponds to
the radial distance to the centre of the droplet. r* is the normalised
radius coordinate r* = r/R. The evolution of the droplet radius R has
to be derived separately by integrating the droplet evaporation rate
_m ¼

P
i

_mi over the time. v is the velocity field within the droplet.
A rather accurate modelling approach lies in the assumption

that the internal streamlines of the liquid circulating within the
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Fig. 4. Calculated equatorial maps of temperature and ethanol volume fra
droplet follows a spherical Hill vortex pattern. The stream function
is deduced from the Hill vortex solution [18].

wðr�; h;/Þ ¼ �USR2

2
r�2ð1� r�2Þ sin2 h ð3Þ

where (r*,h,/) are the spherical coordinates of a point within the
droplet. This flow pattern is expected to be valid for a wide range
of Reynolds number as explained by Sirignano [17]. Only the max-
imum surface velocity US should change significantly depending on
the conditions (relative viscosities, Stefan flow, . . .). From the shear
stresses balance at the droplet surface, the maximum surface veloc-
ity US can be estimated as suggested in [9]:

Us ¼
1

6p
lg

ll
ðV � V1ÞReCF ð4Þ

In this expression, CF ¼ 12:69
Re2=3ð1þBMÞ

is the friction coefficient, Re is the

droplet Reynolds number based on the droplet diameter and BM is

the Spalding mass transfer number defined as BM ¼
P

i
Yi;S�
P

i
Yi;1

1�
P

i
Yi;S

.

The term (1 + BM) is introduced here to consider the reduction of
the friction coefficient induced by the Stefan flow. In the gas phase,
heat and mass transfers are considered as quasi-steady and the
thermophysical properties are assumed to be spatially uniform
but time varying. These simplifications can lead to correct results
provided that the physical properties are calculated at a reference
state. Hubbard et al. [19] recommended the use of the ‘‘1/3 rule”:

Tref ¼ Ts þ ðT1 � TsÞ=3 and Yi;ref ¼ Yi;S þ ðYi;1 � Yi;SÞ=3 ð5Þ

The fuel vapour fraction Yi,S is determined assuming a liquid–va-
pour equilibrium:

vi;g;SPa ¼ vi;l;SciPsatðTSÞ ð6Þ

where vi and ci are, respectively, the molar fraction and the activity
coefficient in the liquid phase related to the ith component of the
mixture. Since experiments will be carried out at atmospheric pres-
sure, the gas phase can be safely considered as an ideal mixture. In
the liquid, the activity coefficients ci can be calculated from the total
excess Gibbs energy GE:

RT lnðciÞ ¼
oðnlG

EÞ
onj;l

 !
T;P;nj6¼i

ð7Þ

where nl is the mole density (moles per unit volume) in the liquid
mixture and ni,l denotes the mole density of the component i. An
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empirical correlation was proposed by Campbell et al. [20] for the
estimation of GE in the case of binary mixtures:

nlG
E=RT

vi;lvj;l
¼ avi;l þ bvj;l � dvi;lvj;l; i 6¼ j ð8Þ

where a, b, d vary with the temperature of the mixture. They are
determined experimentally in the case of the acetone–ethanol mix-
ture [20].

Eq. (2) is completed by a set of initial conditions: T(r,t = 0) = Tinj

and Yi(r,t = 0) = Yi,inj and boundary conditions. To take into account
the effect of the convective transport caused by the droplet motion
relative to the gas, heat and mass transfers are evaluated in the
frame of the so-called ‘film theory’, which implies uniform but
time-varying surface conditions in term of temperature and com-
position (TS and Yi,l,S). This theory assumes that the resistance to
the transfers can be modelled by introducing a fictitious gas film
around the droplet. In the case of evaporating moving droplets,
Abramzon and Sirignano [9] have described extensively how the
presence of the Stefan flow modifies the thickness of this film. They
derived widely accepted expressions of Nusselt and Sherwood
numbers. At the droplet surface, the heat flux entering into the
droplet is denoted QLand _mi is the vapour mass flux of the specie i.

2pR2kl

Z p

h¼0

oT
or

� �
r¼R

sinðhÞdh ¼ Q LðtÞ ð9Þ

_mi ¼ _mYi;l;S � 2pR2qlDi;l

Z p

h¼0

oYi;l

or

� �
r¼R

sinðhÞdh ð10Þ

As an alternative to the Hill vortex model, a simpler approach is the
effective diffusivity model introduced by Abramzon and Sirignano
[9] in the case of the sole heat transfer. Eq. (2) is solved in the ab-
sence of the convective term but the diffusion coefficient Dn is in-
creased by a factor v that depends either on the thermal or the
mass Peclet number Pe:

v ¼ 1:86þ 0:86 tanh 2:245log10
Pe
30

� �� �
and Pe ¼ 2RUs

Dn
ð11Þ
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Fig. 5. Evolution of the droplet temperature as a function of the ethanol volume
fraction at t = 6.5 ms (evaporation near the ambient temperature). Comparison to
the numerical simulation results for ideal and non ideal mixture hypothesis
(D0 = 140 lm, T0 = 45 �C, T1 = 20 �C, origin of time at the injector exit).
The instantaneous heat flux QL is derived from the overall energy
balance of the evaporation after neglecting the radiation exchanges,
which is justified here by the moderate ambient temperature:

QL ¼ Uc �Uvap ð12Þ

where UC is the convective heat flux transferred from the gas and
Uvap is the heat flux due to vaporization. The convective heat flux
and the vapour mass flowrate derived from Nusselt and Sherwood
numbers are defined by:

Uc ¼ pkref DNuðT1 � TSÞ ð13Þ
_m ¼ pqref DDiBM;iShi ð14Þ

Eq. (14) is valid for any component i contained in the droplet. In the
film theory [9], Nusselt and Sherwood numbers of an isolated drop-
let are given by:

Nuiso ¼
lnð1þ BTÞ

BT
2þ 0:6Re1=2Pr1=3

FðBTÞ

 !
ð15Þ

Shi;iso ¼
lnð1þ BM;iÞ

BM;i
2þ 0:6Re1=2Sc1=3

i

FðBM;iÞ

 !
ð16Þ

In the latter equations, FðBÞ ¼ ð1þ BÞ0:7 lnð1þBÞ
B : BT is the thermal

Spalding number and BM,i the mass Spalding number

BT ¼

P
i

_miCpi;g

� �
ðT1 � TSÞ

P
i

_miLvi

� �
þ Q L

ð17Þ

BM;i ¼
Yi;S � Yi;1
_mi= _m� Yi;S

ð18Þ

Dealing with linearly interacting droplets, Castanet et al. [21]
proposed to decrease the Nusselt and Sherwood numbers by a
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factor g. They demonstrated that applying an identical value of g to
Nusselt and Sherwood numbers was sufficient to predict the evolu-
tion of the droplet size and temperature of combusting monodis-
perse streams made of ethanol droplets.

gðCÞ ¼ Nu
Nuiso

¼ Sh
Shiso

ð19Þ

where C is the distance parameter, i.e. the distance between the
droplets divided by their diameter.

Atthassit et al. [22] studied the effects of the droplet-to-droplet
interaction on the evaporation rate in the case of ethanol droplets
evolving into the thermal boundary of vertical heated plate. They
proposed a slightly different expression for g compared to [21]:

gðCÞ ¼ 1� 0:57 1� 1� 0:57e�0:13ðC�6Þ

1þ 0:57e�0:13ðC�6Þ

� �
ð20Þ

According to the authors, this expression should be valid in the do-
main 2.5 6 C 6 16 and therefore will be used in the present study.

3.2. Numerical resolution

The step-by-step resolution procedure has been extensively de-
scribed by Abramzon and Sirignano [9] in the case of mono-com-
ponent droplets and the same approach is presently applied. This
section gives only a brief overview of the algorithm.

(1) Knowing TS and Yi,l,S from the initial conditions or the previ-
ous time step, the composition of the vapour phase at the
droplet surface is determined from Eq. (6) and the ‘1/3 rule’
(Eq. (5)) is then used to calculate the properties of the gas-
eous phase. Dimensionless numbers such as Re, Pr, Sci are
also estimated. In the case of the Reynolds number, the
droplet velocity is required. Although the droplet decelera-
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tion due to the drag force could have been modelled, the
droplet velocity is fixed at its experimental value in the sim-
ulation. Doing this, any risk of error in the estimation of the
drag coefficient is avoided and the attention is focused
exclusively on the heating and evaporation processes.

(2) Since the vapour mass flowrate _mi is included in the mass
transfer Spalding number BMi (Eq. (18)), an iterative proce-
dure should be used to find out the value of _mi from the
Eqs. (14) and (16). As a starting point, Shi is fixed to its value
in the previous time step of the resolution. This simplifica-
tion enables to obtain a first estimate of _mi after solving
Eq. (14). From _mi, an updated value of Shi can be calculated
according to Eq. (16). The iterative process is carried on until
the convergence error on the value of _mi= _m is less than 10�6.

(3) Using the definition of BT, Eq. (12) can be written in the fol-
lowing form:
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(origin
pkref DNuBT ¼
X

i

_miCpi;g ð21Þ

The latter equation is solved iteratively in order to find out
the value of BT with a convergence error of 10�6 and QL is
then derived from BT using Eq. (17).
(4) The temperature and concentration fields within the droplet
are calculated with respect to the boundaries conditions
(Eqs. (10) and (11)) while maintaining both TS and Yi,l,S uni-
form. To solve Eq. (2), the droplet is divided into 100 regular
segments along the r-coordinate. A time step dt significantly
smaller than the general time step Dt is selected so that
dt ¼ 1

100 minðdr2

Dn
; dr

US
Þ which ensures a good accuracy for the

resolution. In the case of the Hill vortex model, n is split on
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the Legendre polynomials base, which enables to remove the
dependence on the coordinate h [23]. Twenty modes are
considered but 10 modes appears sufficient to get reliable
results. An explicit second order Adams–Bashfort scheme
is adopted for the time integration of Eq. (2). The spatial
derivatives are approximated by finites differences with cen-
tral differences for the second derivatives in the diffusion
term of Eq. (2). In the case of the effective diffusion model,
a Crank–Nicholson scheme is used exactly as described in
[9].

Finally, the values of TS and Yi,l,S are determined at t + Dt, and
the calculation return to stage 1. The thermo physical properties,
the entering heat flux QL, the vapour mass flowrate _m are updated
with a time step Dt of 0.01 ms.

4. Results

4.1. Preliminary tests of the model

Preliminary tests have been carried out in order to assess the
reliability of the heat and mass transfer models, i.e. Hill vortex or
effective diffusion. The following initial conditions were used:
D0 = 130 lm, T0 = 25.8 �C, Z0 = 0.5 and C0 = 7.3. The droplets were
injected into the hot air flow described in Section 2.1. The time
evolution of the droplet velocity is known from the LDA measure-
ments. Droplets that are injected upwards undergo a deceleration.
In Fig. 3, numerical simulations clearly show that the effective dif-
fusion and Hill vortex models give similar results. This was ex-
pected since the effective diffusion model was developed in the
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Fig. 9. Temporal evolution of the droplet temperature for two droplet diameters
and Z0 = 0.25 in the hot air plume. Comparison to the numerical simulation results
(origin of time at the droplet entrance in the hot air plume).
purpose to mimic the Hill vortex model. Maps of the temperature
and ethanol volume fraction calculated at t = 6.5 ms are presented
in Fig. 4. These maps emphasize that the heat diffusion is much
more efficient than the species diffusion. While acetone, the more
volatile component, is quickly depleted at the droplet surface, it
still remains at its initial fraction in large parts of the droplet core.
The distribution of the volume fraction of ethanol follows the
streamlines of the Hill vortices, which indicates that its transport
is dominated by convection rather than by diffusion. The same
behaviour is clearly not observed for the temperature field, since
the mass Peclet number is about 50 times higher than the thermal
Peclet number (2 � 104 against 4 � 102).

The assumption of a non-ideal liquid mixture was also consid-
ered in the tests. A noticeable effect can be observed in Fig. 3:
the droplet temperature is reduced by almost 3.5 �C when the
non-ideal mixture model is considered. The non-ideality of the
mixture promotes the vaporization of the liquid since the activity
coefficients are greater than 1 whatever the ethanol fraction
(c = 1.2 for ethanol when Z = 0.5). Consequently, a more important
amount of energy is removed to vaporize the liquid which could
have been used to heat the droplet otherwise.

4.2. Droplet evaporating at ambient temperature

In this experiment, overheated droplets (D0 = 140 lm,
T0 = 45 �C) are injected into a quiescent atmosphere at ambient
temperature. Initial compositions ranging from pure acetone to
pure ethanol were tested. The initial conditions are summarized
in Appendix in Table 1 and the evolutions of the droplet velocity
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Fig. 10. Temporal evolution of the droplet temperature for two droplet diameters
and Z0 = 0.5 in the hot air plume. Comparison to the numerical simulation results
(origin of time at the droplet entrance in the hot air plume).



are given in the same table. The initial conditions are not exactly
the same due to difficulties in obtaining a stable droplet stream
for any investigated compositions. Computations are not started
at the injector exit since the spherical droplets have not been
formed yet. Moreover, the modelling of the heat and mass transfer
is not relevant in the liquid disintegration phase.

For this reason, the initial condition in the simulation is gener-
ally taken 1 ms after the droplet injection.

In Fig. 5, temperature measurements at t = 6.5 ms are displayed
for the investigated initial compositions, i.e. Z0 = 0, 0.25, 0.5, 0.75
and 1. The cooling of the droplet is the highest for the smallest vol-
ume fraction of ethanol. The droplet temperature evolves from
16 �C for pure acetone to about 26 �C for pure ethanol. An increase
of the concentration of the less volatile component, i.e. ethanol,
leads actually to a reduction of the vaporization rate and consecu-
tively to an increase of the droplet temperature since less energy is
consumed by vaporisation. Numerical simulations also reproduce
this trend. However, it seems difficult to assert that considering
the non-ideality of the acetone–ethanol mixture makes it possible
to achieve lower discrepancies between the measurements and the
simulations. Referring to the results of the non-ideal model, tem-
perature is found to be lower at Z0 = 0.25 than at Z0 = 0, which is
not the case of the experimental data, but in the same time it
should be added that the differences could be explained by exper-
imental errors as well.

To give a more complete comparison between the simulations
and the measurements, temporal evolutions of the droplet temper-
ature are displayed in Fig. 6 (Z0 = 0, 0.5, 1) and in Fig. 7 (Z0 = 0.25
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Fig. 11. Temporal evolution of the droplet temperature for two droplet diameters
and Z0 = 0.75 in the hot air plume. Comparison to the numerical simulation results
(origin of time at the droplet entrance in the hot air plume).
and 0.75). A generally good agreement between the calculated val-
ues and the experimental data can be noticed if one considered
that the uncertainties of the measurements is about 1.3 �C. Once
again, it is rather difficult to make a clear statement about the
interest in accounting for the non-ideality. Effects resulting from
a non-ideal mixing fall within the 1.3 �C margin of the experimen-
tal uncertainties and therefore only balanced conclusions can be
drawn. Consequently, only the ideal mixing will be considered in
the further developments.

4.3. Droplets evaporating in a hot air plume

Droplets are injected in the hot air plume described in Section
2.1. For the sake of consistency, the same initial compositions were
tested on droplets having very different initial sizes (D0 = 130 and
230 lm). The initial conditions and the evolutions of the droplet
velocity corresponding to these configurations are summarized in
Tables 2 and 3 in Appendix. Droplets are decelerated downstream
due to the drag force and the gravity. For a given droplet size
(D0 = 130 lm or Di = 230 lm), the fuel was injected so that its tem-
perature remains the same for any tested composition at the first
measurement point chosen as the origin of time in the simulations.
This point corresponds also to the droplet entrance into the hot air
plume (Fig. 1).

Temporal evolutions of the droplet temperature are presented
in Figs. 8–12 for the five initial compositions Z0 = 0, 0.25, 0.5,
0.75 and 1. For all the investigated initial compositions, except
pure acetone, the droplets are heated up in the first stage of the
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evaporation, then the trend is inverting and the droplets tempera-
ture starts decreasing. Actually, when the air temperature de-
creases down to a certain limit, evaporation phenomena become
dominant, i.e. evaporation uses more energy than the convective
exchanges from the gaseous environment can provide leading to
the cooling the droplet. This phenomenon takes place earlier for
pure acetone droplets, since acetone is much more volatile than
ethanol (the acetone saturated pressure is indeed about 3.7 times
higher than the one of ethanol in the investigated range of temper-
ature). As a consequence, the composition has a noticeable influ-
ence on the temperature maximum of the droplet heating as
depicted in Fig. 13.

In the same figure, it can be seen that the simulations predict
rather well the value of the temperature maximum for the lowest
ethanol fractions. Nevertheless, the discrepancy is more noticeable
in the case of the smallest droplets and for an ethanol volume frac-
tion Z0 = 0.75 or 1. Figs. 11 and 12 illustrate how the temperature is
overestimated by the simulation in these conditions.

As a summary, the agreement between the experiments and
simulations is the better for the largest droplet size
(D0 = 230 lm). In Figs. 8–12, simulated curves and experimental
data related to D0 = 230 lm are indeed almost superimposed ex-
cept at the end of the investigated time range when the measure-
ments are not so reliable due to the loss of coherence of the droplet
stream which tends to be destabilized after a certain time.

4.4. Discussion of the results

Attempt has been made to find out the origin of the differences
between the experiments and the simulations. Since the turbu-
lence is likely to accelerate heat and mass transfers at the droplet
surface, it was interesting to determine whether the turbulence
could have an effect on the results of the previously described
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Fig. 13. Maximum droplet temperature as a function of the ethanol volume fraction
for two droplet diameters. Comparison to the numerical simulation results (origin
of time at the droplet entrance in the hot air plume).
experiments.The distance ytr where transition to turbulence occurs
in the plume, can be evaluated by considering a critical Raleigh
number of 1010 [24].

ytr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kRac

ðgb=avÞq

s
ð22Þ

In this expression, k, b, a, m and Rac are, respectively, the air thermal
conductivity, volumetric thermal expansion coefficient, heat diffu-
sivity, kinematic viscosity and Rayleigh critical number. Taking into
account that the power convected by the hot air plume is about
q = 15 W, numerical application of Eq. (22) locates approximately
the transition to turbulence at 8 cm from the hot air inlet. This dis-
tance corresponds to the end of the exploration zone even for the
biggest droplets. Consequently, the air flow surrounding the drop-
lets is laminar and turbulence is not expected to play a significant
role.

Results presented in Sections 4.2 and 4.3 reveal that the differ-
ences between the experiments and the simulations are the more
important when both the fraction of the less volatile component
and the air temperature are high. The attention was therefore fo-
cused mainly on the convective flux and more precisely on the
Nusselt number. Considerations around the evaporation flux ap-
pears less relevant, since a rapid comparison between the vapori-
zation and the convective heat fluxes shows that the
vaporization heat flux is about 3–4 times smaller than the convec-
tive heat flux in the hot air plume (see Fig. 14). To study the con-
sequence of an erroneous Nusselt number, a perturbation of 10%
was applied to this number in the numerical simulation while
keeping the Sherwood number unchanged. As observed in
Fig. 15, the effect of the perturbation on the droplet temperature
is the most important for the smallest droplets (D0 = 130 lm)
placed in the hot air flow. For the largest droplets (D0 = 230 lm),
the variation of the temperature is softened due the higher thermal
inertia of these droplets. Effects of the perturbation can be also cal-
culated for different ethanol volume fractions. The results of these
computations are presented in Fig. 16 for t = 6 ms. They confirm
Ambient conditions (T0=45˚C and D0=140 µm)

Hot air plume (D0=130 µm)

Hot air plume (D0=230 µm)

c / vap

2.5

3

3.5

4

4.5

5

Ambient conditions (T0=45˚C and D0=140 µm)

Hot air plume (D0=130 µm)

Hot air plume (D0=230 µm)

c / vap

t (ms)

0

0.5

1

1.5

2

0 2 6 8 10 12 14 16
t (ms)

4

Fig. 14. Calculated temporal evolution of the ratio between the convective and
evaporation heat fluxes for three configurations (Z0 = 0.5).



T=TNu -TNu+10%

0.8

1

1.2

1.4
T=TNu -TNu+10%

Ambient conditions  (T0=45˚C and D0=140 µm)

Hot air plume (D0=130 µm)

Hot air plume (D0=230 µm)

t (ms)

0

0.2

0.4

0.6

0 1 4 5 8

Ambient conditions  (T0=45˚C and D0=140 µm)

Hot air plume (D0=130 µm)

Hot air plume (D0=230 µm)

t (ms)
32 76

Fig. 15. Effect on the droplet temperature of a perturbation of +10% of the Nusselt
number as a function of time for three configurations (Z0 = 0.5).

T=TNu -TNu+10%

0.8

1

1.2

1.4
T=TNu -TNu+10%

Hot Air plume D0 230 m

Hot Air plume D0 130 m

Z0

Ambient conditions (T0=45˚C and D0 140 µm)

0

0.2

0.4

0.6

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Hot Air plume D0 230 m

Hot Air plume D0 130 m

Z0

Ambient conditions (T0=45˚C and D0 140 µm)

Fig. 16. Effect on the droplet temperature of a perturbation of +10% of the Nusselt
number as a function of the ethanol volume fraction for three configurations.

Table 1
Conditions of the droplet injection at ambient temperature

Z (%) Droplet diameter (lm) Distance parameter (C) Droplet velocity (m/s)

0 143 7.7 �0.316 t + 12.81
25 134 8.7 �0.37 t + 12.75
50 143 7.4 �0.448 t + 12.71
75 137 7.5 �0.306 t + 12.28
100 141 7.1 �0.344 t + 12.30

Evolution of the droplet velocity as a function of the time elapsed in milliseconds
from the injector exit.
that the prediction of the simulations are more sensitive to an erro-
neous value of Nusselt number when dealing with the smallest
droplets (D0 = 130 lm) in the hot air plume. Having said this, the
assumption of such an error appears rather likely. At this stage,
Eqs. (16) and (17) can be questioned because of their central posi-
tion in the estimation of the Nusselt and Sherwood numbers. These
equations are used to describe how the interactions between the
droplets are reducing the heat and mass transfers in comparison
to the case of the isolated droplet. The modelling of the interaction
effects is based on the idea that the Sherwood and Nusselt num-
bers are modified in the same extent by the droplet interactions
whatever the conditions. This assumption seems rather strong
and the proposed expression of g (Eq. (17)) may be appropriate
for a limited range of external conditions as well. Thermal varia-
tions of the physical properties of the gas surrounding the droplet
may also have an effect on the interaction process. For example,
diffusivities in the gas phase are central; they control the thickness
of the boundary layers (thermal and mass) around the droplet.
Depending on its efficiency, the diffusion is likely to affect the ini-
tial conditions of the scalar transport by the air flow and ultimately
the distribution of this scalar (temperature or vapour concentra-
tion) around the droplets downstream. For example, diffusion coef-
ficients are changing significantly with the ambient temperature.
Presently the thermal and mass diffusivities are divided by 3 when
the temperature evolves from 20 to 500�C in the hot air plume(for
ethanol Deth = 7.10�5 m2/s at 20 �C and 2.5.10�5 m2/s at 500 �C,
while aeth varies from 9.5 � 10�5 to 3.1 � 10�5 m2/s over the same
temperature range).
5. Conclusions

The temperature of bi-component droplets have been measured
under different aerothermal conditions. The case of overheated
droplets evaporating at ambient temperature was first considered.
The measurements were performed on droplets injected into an air
plume at mid-range temperature (from 600 to 100 �C). The accu-
racy of the measurement is estimated at about 1.3 �C. The experi-
mental data were compared to a model based on the discrete
components approach. Empirical correlations were used to account
for the droplet to droplet interactions. Nusselt and Sherwood num-
bers are then reduced by an identical correction factor that de-
pends on the reduced spacing parameter. Good agreements
between the experimental data and the simulations are observed
when droplets are evaporating near the ambient temperature or
in the case of large droplets (D � 230 lm) in the hot air plume.
However, an improper evaluation of the heat fluxes is suspected
in the other cases. In particular, the use of a correction factor, hav-
ing the same value for the Sherwood and Nusselt numbers, appears
questionable, since the droplet interactions are likely to be modi-
fied by the respective thickness of the mass and thermal bound-
aries layers as well as many physical properties of the gas phase.
Future work will therefore focus on studying the heating and the
evaporation of droplets in prescribed conditions that cover a wide
range of physical properties.
Acknowledgement

This program has been conducted in the framework of the AS-
TRA program, supported by CNRS and ONERA.
Appendix

See Appendix Tables 1–3



Table 2
Conditions of the droplet injection in the hot air plume

Z (%) Droplet diameter (lm) Distance parameter (C) Droplet velocity (m/s)

0 126 7.6 �0.261 t + 9.85
25 133 8.2 �0.285 t + 9.59
50 130 7.3 �0.327 t + 9.912
75 132 8 �0.353 t + 10.2
100 130 6.7 �0.248 t + 8.57

Evolution of the droplet velocity as a function of the time elapsed in milliseconds
(origin of time is the injection point in the hot air plume).

Table 3
Conditions of the droplet injection in the hot air plume

Z (%) Droplet diameter (lm) Distance parameter (C) Droplet velocity (m/s)

0 232 3.5 �0.056 t + 8.58
25 227 3.5 �0.042 t + 8.8
50 227 3.8 �0.043 t + 8.9
75 236 3.7 �0.075 t + 8.84
100 237 4 �0.096 t + 9.07

Evolution of the droplet velocity as a function of the time elapsed in milliseconds
(origin of time is the injection point in the hot air plume).
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