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Predictive models of heating and evaporation of fuel droplets in the dense region of sprays are essential to
optimize the design of combustion chambers in internal combustion engines. This topic is addressed
here, based on an experimental study using lines of equally-spaced droplets evaporating in a high tem-
perature chamber (540 �C). The experimental set-up allows controlling several key parameters including
the droplet size, velocity and the inter-droplet distance. The volume-averaged temperature of the dro-
plets is measured using two-color laser-induced fluorescence, while the droplet size and velocity are
deduced from a double-pulse shadowgraphy method. The combination of these measurement techniques
allows evaluating the heating and evaporation rates of single-component droplets made of ethanol,
n-dodecane, n-decane and isohexane. Nusselt and Sherwood numbers are estimated from the experiments
and compared with the existing correlation concerning the isolated droplet, which allows quantifying the
effects of droplet interactions on the heat and mass transfers. The droplet spacing appears to have a
strong influence on the size and temperature evolutions. However, it also seems necessary to consider
the development of a boundary layer around the chain of droplets. As the thickness of the boundary layer
increases with the distance from the injector, forced convection has a more and more limited influence on
the heat and mass transport. Inside the boundary layer, the transfers are mainly governed by diffusion
and convection by the Stefan flow. In a first approach, these effects are partially incorporated in a reduced
parameter using the concept of volume of influence. Then, a more detailed study based on numerical
simulation is carried out. The Navier–Stokes equations and the vapor transport equation are solved for
various periodical arrangements of droplets. A parametric study of the influence of the main character-
istic numbers involved allows to infer a correlation for Nusselt and Sherwood numbers which is finally
validated against the measurements.
1. Introduction

Predictive models of heating and evaporation of fuel droplets in
the dense spray region, i.e. when droplet-to-droplet interactions
play a dominant role, are essential to optimize the design of the
combustion chambers in internal combustion engines. In a spray,
the complex trajectories of the droplet, their dispersion in size
and velocities, and the non-uniform spatial distribution of the dro-
plet number density make difficult to separate the influence of the
different parameters for the analysis of the phenomena. For this
reason, fundamental studies, either experimental, theoretical or
numerical, are generally based on simplified configurations, like
free falling individual droplets, monodisperse droplet lines, and
arrays of monodisperse droplet streams.
Labowsky [1], Sangiovanni and Labowsky [2], Marberry et al. [3]
studied extensively the interactions between the droplets in the
case of monodisperse droplet streams. To describe the influence
of the droplet interactions on the evaporation rate and the drag
coefficient, they introduced the spacing parameter, denoted C
hereafter, which is defined as the ratio between the inter-droplet
distance L and the droplet diameter d. Virepinte et al. [4] investi-
gated experimentally the evaporation of periodically-arranged
monosized ethanol droplets which are injected upward in a flame
supplied by the fuel vapor released by the vaporizing droplets.
They showed that the rate of evaporation of the isolated drop
should be corrected to match their experiments. Also, they estab-
lished a correction based on the spacing parameter C. The same
experimental configuration was also studied by Castanet et al. [5]
who measured at the same time the droplet size and temperature
and proposed a correction for both the Sherwood and Nusselt
numbers based on the spacing parameter. Using the same

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2015.09.064&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.09.064
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2015.09.064
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

a thermal diffusivity [m2/s]
BM; BT mass and heat transfer Spalding numbers
C spacing parameter
CF friction drag coefficient
Cp heat capacity [J/(kg K)]
D diffusion coefficient of heat or vapor specie [m2/s]
d droplet diameter [m]
Dv vapor/air binary diffusion coefficient [m2/s]
h distance to the entrance of the chamber [m]
K surface regression rate in [m2/s]
L inter-droplet distance [m]
Le Lewis number
Lv latent heat of vaporization [J/kg]
_m vaporization mass flowrate [kg/s]
~n unit normal vector
Nu Nusselt number
p pressure [Pa]
PeT Péclet number
Pr Prandtl number
Q 00

L density of the heat flux entering the droplet [W/m2]
R drop radius [m]
r radial coordinate [m]
Re Reynolds number
ri radius of the cylinder of influence [m]
Sc Schmidt number
Sh Sherwood number
T temperature [�C]
t time [s]
Tm droplet mean temperature [�C]
u velocity in the gas [m/s]
Us maximum velocity on the droplet surface [m/s]

U1 gas flow velocity [m/s]
V drop velocity [m/s]
Vs velocity of the Stefan flow [m/s]
Y mass fraction
z coordinate along the axis of the droplet stream [m]

Greek symbols
UC heat transfer from the gaseous phase [W]
g reduction coefficient for the Nusselt and Sherwood
v effective conductivity parameter
n ratio between gas and liquid volumes
k thermal conductivity [W/(m K)]
l dynamic viscosity [Pa s]
# volume [m3]
q density [kg/m3]

Subscripts
0 initial state (at the entrance of the chamber)
g gas
inj injection conditions
iso isolated droplet
l liquid
M mass transfer problem
s drop surface
T thermal problem
1 ambient conditions

Other symbols
h�i spatial average
approach, Castanet et al. [6] carried out a study of the vaporization
rate of a monodisperse chain in the thermal boundary layer of a
heated plate oriented vertically. The above-mentioned experimen-
tal studies [4–6] were limited to droplets made of ethanol and the
spacing parameter C was the only parameter considered to evalu-
ate the reduction of the Nusselt and Sherwood numbers compared
to an equivalent isolated droplet of the same size, moving at the
same velocity in the same free stream. Deprédurand et al. [7] stud-
ied the evaporation of droplets made of different fuels and demon-
strated that the distance parameter was not sufficient to describe
the reduction of heat and mass transfers compared to the isolated
droplet. They showed that the volatility of the fuels (related to the
velocity of the Stefan flow) plays also an important role. To account
for the effects of droplet interactions, they suggested using a
dimensionless time defined as the ratio of the characteristic time
of advection through the resistive film introduced by Abramzon
and Sirignano [8] and the time between two consecutive droplets
at a given location. Based on this dimensionless time, Deprédurand
et al. [7] proposed an empirical correlation for the reduction of the
Nusselt and Sherwood numbers of interacting monosized droplets
arranged in single row. However, their experiments were limited
to moderately high ambient temperatures and therefore it was dif-
ficult to observe significant evaporation for the low-volatile fuels
and significant temperature rise for the highly volatile fuels, which
hindered their estimations of Nusselt and Sherwood numbers.

Imaoka and Sirignano [9] developed advanced modeling of the
evaporation and combustion of complex 3D arrangements of dro-
plets. For unitary Lewis numbers, they investigated 3D arrays hav-
ing symmetrical or asymmetrical configurations. In the case of an
asymmetric array, they demonstrated that the reduction of the
evaporation rate compared to an isolated droplet scales with the
ratio between the volume of gas in the array and the liquid volume
of the droplets included in the array. They showed that the vapor-
ization rate is all the more reduced that this volume ratio is weak.
However, their study was limited to the case where forced and nat-
ural convection are not important. The gas motion relative to dro-
plets is caused by Stefan convection only. As a consequence, the
computations can be reduced to the resolution of a Laplace’s equa-
tion in the gas which is relatively simple to perform even for com-
plex geometrical arrangements of droplets. Chiang and Sirignano
[10] were one of the first to investigate numerically the evapora-
tion of interacting droplets moving relatively to the carrier gas
by solving the Navier–Stokes equations. However their investiga-
tions were limited to two or three droplets moving in tandem.
More recently, the transient convective burning and evaporation
of droplets arranged in single-layer arrays and subjected to an
hot air stream was investigated by Wu and Sirignano [11] solving
the Navier–Stokes, energy and species equations. Droplet regres-
sion, deceleration of the stream flow due to the drag of the dro-
plets, internal circulation, variable properties, non-uniform
surface temperature, and surface tension are considered in these
simulations. By setting boundary periodical conditions in the cal-
culations, Wu and Sirignano [11] were able to simulate semi-
infinite periodic arrays and infinite periodic arrays. Castanet et al.
[12] also simulated infinite droplet arrays using boundary period-
ical conditions for a limited number of cases and did the compar-
ison with measurements of the temperature field inside burning
droplets. Their results show the importance of droplets interac-
tions as well as the Marangoni effect to describe the droplet
heating.



Despite the aforementioned studies, predicting the effect of
interactions between closely-spaced droplets remains an opened
issue [13]. The present study focuses on the characterization of
the processes that affect the heat and mass transfers in a chain
of monodisperse droplets. To that end, an experimental study is
carried out using a system of droplet generation that allows a fine
control of the size, velocity and temperature of the droplets as well
as the distance between them. Droplets are injected in a chamber
where a very high ambient temperature (540 �C) and a steady lam-
inar flow are maintained. The volume-averaged temperature of the
droplets is measured by the two-color laser-induced fluorescence
thermometry and the droplet size and velocity by shadowgraphy
[14]. These two techniques allow quantifying the heating
and evaporation rates of single-component droplets made of
n-dodecane, n-decane, ethanol and isohexane. An inverse method
is developed to estimate the Nusselt and Sherwood numbers from
the size and temperature measurements. Results of these estima-
tions reveal that the reduction of Nusselt and Sherwood numbers
relative to the isolated droplet is not well correlated with the spac-
ing parameter. A better correlation can be obtained by introducing
a reduced variable derived from the concept of volume of influ-
ence. As this variable not only depends on the droplet spacing
but also on the droplet velocity, the vapor diffusivity and the veloc-
ity of the Stefan flow, this indicates that other parameters than the
geometry must be invoked to describe the droplet interactions.
Finally, a more detailed study based on numerical simulation is
carried out. The Navier–Stokes equations and the vapor transport
equation are solved for various periodical arrangements of dro-
plets. A parametric study of the main characteristic numbers
involved in the problem allows to infer a correlation for Nusselt
and Sherwood numbers which is finally validated against the
measurements.
2. Experimental set-up and measurement techniques

2.1. The evaporation chamber and experimental facilities

A piezoelectric droplet generator is used to produce a chain of
monodisperse droplets. The liquid jet coming out of the injector
is disintegrated into mono-sized droplets for specific vibration fre-
quencies of the piezoceramic attached to the injector body. Then,
the droplets are injected into an enclosure supplied with hot air
(up to 540 �C) produced by an electrical heater (Fig. 1). The gas
flow ensures an almost uniform temperature field inside the enclo-
sure and also prevents fuel vapor accumulation. In order to limit
the air cooling due to the heat conduction inside the wall of the
chamber, the outer envelope of the enclosure is covered with a
thick thermal insulation layer. Additionally, a resistive electrical
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Fig. 1. Schema of the experimental set-up showing the heated enclosure and the
generation of a droplet monodisperse stream.
wire is inserted within the wall to regulate the wall at the same
temperature as the incoming air. Nitrogen is added to the air to
reduce the fraction of oxygen in the gas mixture and thus avoid
unwanted ignition of the fuel vapor. The gas flow is quieted at
the entrance of the chamber by passing through a layer of metallic
foam and a drilled wall. The gas velocity remains small (about 0.1–
0.3 m/s) compared to that of the droplets (typically a few m/s).
Quartz windows managed in the wall of the enclosure provide
several optical accesses to operate optical diagnostics. Three
parameters are measured along the monodisperse droplet stream:
the temperature, the diameter and the velocity of the droplets
(Fig. 2).
2.2. Temperature measurements

The droplet temperature is measured by the two-color laser-
induced fluorescence (2cLIF) thermometry, initiated by Lavieille
et al. [15]. This technique consists in seeding the liquid fuel by a
fluorescent dye, here pyrromethene 597-C8, which is easily soluble
in alkanes and alcohols. The fluorescence of pyrromethene 597-C8
is induced by a frequency-doubled CW Nd-Yag laser at 532 nm.
The fluorescence quantum yield of the dye is fairly sensitive to
the temperature, which offers the possibility to determine the liq-
uid temperature from the measurement of the intensity of the flu-
orescence signal. One difficulty for the measurements relates to the
fact that the shape and amplitude of the fluorescence signal emit-
ted from a droplet depend on many factors which can be hardly
controlled such as the size of the droplet compared to the diameter
of the laser beam and the droplet trajectory [16]. For instance, the
fluorescence signal changes drastically if the droplet is off-centered
relatively to the laser beam and/or the focal point of the detection
optics. The problem of this multiple-dependency of the LIF signal
can be overcome for some dyes like pyrromethene 597-C8 by using
intensity ratios. Because the sensitivity in temperature varies
among the wavelengths that compose the fluorescence spectrum,
the signal ratio between two spectral bands is temperature-
dependent. The fluorescence ratio allows eliminating the depen-
dence on unknown factors among others: the local illumination
by the incident laser light, the dye concentration in the droplet,
and the dimensions of the measurement volume. In the case of
pyrromethene 597-C8, two spectral bands having very different
temperature sensitivity can be found allowing a good accuracy in
the measurements (about �1 �C). For each of the liquid fuels, a cal-
ibration of the fluorescence ratio as a function of temperature is
performed in a cell where the liquid is perfectly stirred and con-
trolled in temperature.
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Fig. 2. Optical accesses through the wall of the enclosure for the implementation of
the different optical techniques.
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Fig. 3. Schematic view of the 2cLIF system used for the measurement of the droplet
temperature.
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Fig. 4. Optical system for the measurement of the droplet diameter and velocity by
shadowgraphy.
The measurement system depicted in Fig. 3 is in all points sim-
ilar to that used by Perrin et al. [14]. As featured in Fig. 3, two inter-
secting laser beams are used to form the probe volume. Strictly
speaking, this arrangement is not necessary, but turns out to be
very useful in practice. The optics are arranged once and for all,
so that the intersection of the laser beams coincides with the
region observed by the LIF detector. Hence, even though the trajec-
tory of the droplets changes from one experiment to another, the
optical alignment is very easy to make. The only remaining adjust-
ment is to move the droplet stream as a whole (the injector being
placed on a 3D translation stage) until the droplets pass through
the intersection of the laser beams, which is easy to control visu-
ally. The intersection of the laser beams also serves as a reference
target for the positioning of the camera utilized to determine the
size and velocity of the droplets with the technique described in
Section 2.3.

A particular attention was paid to suppress the morphological
dependent resonances (MDRs), which lead to light amplification
at some preferential wavelengths in the low-absorbed regions of
the fluorescence spectrum. As discussed by Perrin et al. [14], even
though MDRs can be sometimes rather difficult to detect, they gen-
erally lead to significant measurement errors. A small volume of a
non-fluorescent dye, namely Oil Blue N, is added to the liquid fuel
(on the order of a few lg/L). The strong absorption of Oil Blue N at
wavelengths, which are not or very weakly absorbed by pyrro-
methene 597-C8, prevents light amplification within the droplets
from occurring.

An other point that is important to mention is that the mea-
sured temperature is not exactly the volume-averaged tempera-
ture of the droplet. Taken into account the configuration of their
measurement system (focal lengths of the lenses, sizes of the laser
beam and the droplets, . . .), Perrin et al. [14] estimated that the
measured temperature TLIF can be well approximated by
TLIF � Tc þ Tmð Þ=2, where Tc is the temperature at the center of
the droplet and Tm is the actual mean temperature of the droplet.
This approximation will be used hereafter to compare the mea-
sured temperatures with those obtained from the models. How-
ever, it is only valid for the present experiments.

2.3. Size and velocity measurements

The size and the velocity of the droplets weremeasured by shad-
owgraphy as described by Perrin et al. [14]. The backlighting of the
droplets is achieved by a double cavity PIV laser focused on a PMMA
sample doped with a fluorescent dye (Fig. 4). The fluorescence
emitted by the PMMA plate is collimated and used as a back-
lighting source, which avoid the problem of the speckles occurring
with laser light. The short duration of the laser pulses and the short
lifetime of the fluorescence allow to freeze the droplet motion in
the images. Shadow images are recorded by a PIV camera. The
velocity of the droplets is determined from their displacement
within a pair of images. The camera (2048 � 2048 pixels) is
equipped with a high magnification zoomwhich yields a resolution
on the order of 1 lm/pxl. The absolute accuracy of the drop sizing is
therefore about 1 lm, but the relative accuracy within a set of mea-
surements is much better (typically less than 0.1 lm). Images are
also corrected from the pincushion distortion induced by the zoom
lens. The periodicity of the droplet chain makes particularly easy
the determination of the time elapsed from the entrance inside
the evaporation chamber. Provided the velocity profile VðzÞ
measured along the droplet stream (z-axis), the time taken by the
droplets to cover a distance h is given by:

t ¼
Z h

0

dz
VðzÞ : ð1Þ
3. General phenomena

When a droplet penetrates into an overheated environment, a
part of the heat it receives is used to evaporate the liquid at the
droplet surface, while the rest is transferred inside the droplet con-
tributing to the raise of the droplet temperature. Among other
things, the heat fluxes associated with these two contributions
depends on the liquid properties and the spacing between the dro-
plets as illustrated in the following paragraphs.
3.1. Comparison between the fuels

In a first stage, the afore-described measurement techniques
were used to compare the evaporation and heating of droplets of
different fuels, namely ethanol, iso-hexane, n-decane and n-
dodecane. Fig. 5 shows the time evolution of the temperature
and the squared diameter in the case of droplets injected under
similar conditions. The spacing parameter and the velocity are
almost the same at the entrance of the chamber (here C0 ¼ 4:7
and V0 ¼ 11:8 m/s), but the temperature and the size of the dro-
plets can be slightly different from one experiment to another.
For this reason, it was preferred to display in Fig. 5b the increase
in temperature as a function of the characteristic time of heat dif-

fusion within the droplet, i.e. al � t=d2
0 where al is the liquid thermal
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Fig. 5. Evolution of the size and temperature of droplets made of different fuels
(Ethanol: d0 ¼ 111:6 lm; T0 ¼ 35:1 �C; Isohexane: d0 ¼ 109 lm; T0 ¼ 28:3 �C; n-
Dodecane: d0 ¼ 109 lm; T0 ¼ 25:1 �C; n-Decane: d0 ¼ 109:7 lm; T0 ¼ 34:5 �C, and
for all the cases C0 ¼ 4:7 and V0 ¼ 11:8 m/s).
diffusivity. In Fig. 5a, both the time and the squared diameter are

divided by d2
0.

For highly volatile fuels, namely isohexane and ethanol, the dro-
plet temperature reaches rapidly an equilibrium. It should be
emphasized that the equilibrium temperature is significantly
lower than the boiling temperature of these fuels. The equilibrium
temperature is about 40 �C for isohexane and 50 �C for ethanol,
while the boiling temperatures of these fuels are respectively
60 �C and 78 �C. The equilibrium temperature corresponds to the
wet-bulb temperature of the fuel at the ambient conditions in
the chamber (T1 = 540 �C and Y1 ¼ 0). After having reached a
thermal equilibrium, the heat transferred to the droplet from the
gas phase is entirely used for liquid vaporization. A linear decrease
of the droplet surface is then clearly observed in Fig. 5a. For the less
volatile fuels, namely n-decane and n-dodecane, the droplet evolu-
tion is far different. Contrary to the volatile fuels, no size reduction
can be pointed out. Instead, the droplet size increases due to the
fact that evaporation accounts for less than the thermal expansion
of the liquid. The heating proceeds at a fast rate but the time cov-
ered by the measurements is not sufficient to reach an equilibrium
temperature as for the volatile fuels. All the heat transferred from
the gas to the droplet is used for heating up the liquid, which
explains why the temperature of n-decane and n-dodecane dro-
plets (having about the same injection parameters) raises at nearly
the same rate in Fig. 5b.
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Fig. 6. Time evolution of the droplet size. For n-dodecane, the experimental
conditions are: T0 = 170 �C, d0 = 91.7 lm, V0 = 12.8 m/s, C0 = 4.7, and for isohexane:
T0 = 33 �C, d0 = 93.3 lm, V0 = 12.0 m/s, C0 = 4.5.
In Fig. 6, the reduction of the squared diameter is compared for
isohexane droplets at T0 = 33 �C and n-dodecane droplets at the
equilibrium temperature (Teq � 170 �C) while C0; d0 and V0 are
approximately the same. It is observed that the evaporation rates
are very close which illustrates that the injection temperature
drastically changes the volatility of a fuel.

3.2. Influence of the spacing between the droplets

The interactions between neighbor droplets are known to
reduce the heat and mass transfers in comparison to the isolated
droplets. This effect can be evidenced in the experiments by chang-
ing the spacing between the droplets while maintaining
unchanged as much as possible the other injection parameters
(size, velocity and temperature of the droplets). Fig. 7 shows a sig-

nificant decrease of the evaporation rate, defined as K ¼ �dðd2Þ=dt,
with the spacing parameter C in the case of ethanol droplets. The

d2-law is rather well verified for these droplets which quickly
reaches an equilibrium temperature after entering the chamber.
Even for a spacing parameter as large as C ¼ 9:2, the deviation from
the isolated droplet remains substantial. The evolution of the iso-
lated drop was simulated by using the model described in Sec-
tion 3.3 imposing gM;T ¼ 1. The effect of the droplet spacing was
also observed in terms of heating. Fig. 8 shows for n-dodecane dro-
plets that the heating rate increases with the spacing parameter.
Here also, differences with the model of the isolated droplet can
be pointed out.

3.3. Experimental estimation of the heat and mass transfers

Nusselt and Sherwood numbers, denoted respectively Nu and
Sh, are classically used to evaluate the rate of heat and mass trans-
fers between the droplet and its gaseous environment. The objec-
tive of the current section is to show that these numbers can be
evaluated from the measurements of the size and the temperature.
The resolution of this inverse problem is described in the following.
For the direct problem, a model is used to determine the size and
temperature evolutions of a droplet subjected to any arbitrary Nu
and Sh. Only a brief summary of this model is presented hereafter
as the modeling heavily relies on well-known classical assump-
tions. In particular, the quasi-steady approximation is made to
describe the droplet evaporation [17,18]. When a droplet moves
into a hot gas environment, it receives a heat flux Uc from the
gas which can be expressed using the Nusselt number:

Uc ¼ pdNukg ðT1 � TsÞ: ð2Þ
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Fig. 7. Influence of the spacing parameter on the evaporation rate of ethanol
droplets injected at V0 � 13 m/s near the equilibrium temperature at 540 �C and
Y1 ¼ 0. The size evolution of the isolated droplet was evaluated based on the model
presented in Section 3.3 fixing gM ¼ gT ¼ 1.
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Fig. 8. Influence of the spacing parameter on the heating rate of n-dodecane
droplets (T0 � 50 �C, V0 � 13 m/s). The temperature evolution of the isolated
droplet was evaluated based on the model presented in Section 3.3 fixing
gM ¼ gT ¼ 1.
The resulting instantaneous mass vapor flowrate _m is given by:

_m ¼ pdqg Dv ShBM : ð3Þ
In these expressions, qg and kg are the density and the thermal

conductivity of the gas, Dv is the diffusion coefficient of vapor in
air. BM ¼ ðYs � Y1Þ=ð1� YsÞ is the mass transfer Spalding number
related to the mass fraction of vapor at the drop surface ðYsÞ and
in the ambient gas ðY1Þ. T1 is the temperature of the ambient
gas and Ts is the surface temperature of the droplet. In the case
of an isolated droplet, Nusselt and Sherwood numbers can be
determined from the film theory. Expressions of Nuiso and Shiso
(a)

(c)

Fig. 9. Sensitivity of the adjustment of the parameters gM and gT in the inversion met
d0 = 94.6 lm, V0 = 9.5 m/s, T0 = 23 �C). The influence of gT is tested in (a) and (b) while th
and gT ¼ 0:57. For comparison, the isolated droplet and the couple gM ¼ gT ¼ 0:5 are al
were derived by Abramzon and Sirignano [8] using Eq. (31). In
the presence of droplet interactions, these expressions are not
valid and two reduction factors gT and gM are introduced:

gT ¼ Nu=Nuiso and gM ¼ Sh=Shiso: ð4Þ
The factors gT and gM are the targets of the inversion to be

determined from the experimental results. For given value of
gM;T , the droplet evolution can be simulated using the procedure
described by Abramzon and Sirignano [8]. The approach of effec-
tive thermal conductivity is implemented to take into account
the liquid circulation within the droplet induced by the gas fric-
tions at the droplet surface. The effective thermal conductivity
keff is obtained using the following equation:

keff ¼ v PeTð Þ � kl;
and v PeTð Þ ¼ 1:86þ 0:86 tanh 2:245log10 PeT=30ð Þ½ �; ð5Þ

where PeT ¼ ql Cpl Us d=kl is the thermal Peclet number based on the
sliding velocity of the liquid interface Us. In the absence of Maran-
goni effect, gas frictions are the main source of the internal liquid
motions. Assuming a velocity field close to that of a Hill vortex,
the stress continuity at the droplet surface yields [8]:

Us ¼ 1
32

lg

ll

� �
ReDU1CF ; ð6Þ

where Re ¼ q1DU1 d=lg is the Reynolds number, lg the viscosity of
the vapor-air mixture and DU1 ¼ V � U1j j the relative gas/droplet
velocity. For interacting droplets, the friction drag coefficient CF is
affected by the wake effects in the row of droplets. Therefore, the
expression proposed by Abramzon and Sirignano [8] in the case of
(b)

(d)

hod described in the section. Illustration in the case of ethanol droplets (C0 = 4.3,
e influence of gM is observed in (c) and (d). The best fitting is obtained for gM ¼ 0:6
so added.
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Fig. 10. The reduction coefficients gM and gT displayed as a function of the spacing
parameter C for all the tested experimental cases. gM and gT are determined from
the experiments by solving the inverse problem described in Section 3.3.
an isolated droplet does not applied. Instead, the following approx-
imation can be proposed:

CF ¼ 12:69KF

Re2=3 1þ BMð Þ ;

with KF ¼ 0:67 1� exp �a� b C � 1f gð Þ½ � � 0:1;
a ¼ 0:0988þ 0:00339Re;

and b ¼ 0:0956� 0:00236Re: ð7Þ
Eq. (7) is based on the experimental data of Castanet et al. [19]

which were obtained for similar configurations of droplet streams
and similar injection parameters than in the present study.

The resolution of the inverse problem begins with the simula-
tion of the temporal evolution of the droplet diameter and temper-
ature for several guess values of gT and gM . To simplify the
inversion, the values of gT and gM are maintained constant over
the time period covered by the simulations. Then, the difference
between the experimental data and the simulation is evaluated.
Finally, the retained values of gT and gM are those that minimize
the difference between the simulations and the experimental data.
The accuracy of the adjustment is generally on the order of 0.1 for
both gT and gM as illustrated in Fig. 9 in the case of ethanol dro-
plets. It should be noted that an error on the estimate of gM is likely
to affect gT and vice versa. As an example, it can be observed in
Fig. 9 that taking gM ¼ 0:5 (instead of 0.6 as normally given by
the inverse method) leads to underestimate gT by also 0.1. Further-
more, the reliability of the inverse method depends on the ampli-
tudes of the size and temperature variations in the measurements.
The sensitivity of the size and temperature evolutions to the
parameter gM is poor for droplets of low-volatile liquids which
do not evaporate significantly. Similarly, the sensitivity to gT is
poor when the temperature is close to the equilibrium temperature
for high-volatile fuels. In these two limit cases, only one parameter
among gT and gM could be estimated by the inverse method. When
both gT and gM could be determined, their estimates were gener-
ally found to be very close as illustrated in Fig. 9. This closeness
is certainly due to the similitude between the heat and mass trans-
fers, which can be rigorously established for unitary Lewis number.

3.4. Summary of the estimations of Nusselt and Sherwood numbers
from the experiments

The present study is based on 57 test cases summarized in
Table 1. It was possible to change the spacing parameter from
about 2.5 to 10 in the experiments. Nevertheless, a regular breakup
of the liquid jet into periodical droplets can be obtained for a more
or less wide range of injection parameters depending on the prop-
erties of the injected liquid (viscosity, surface tension. . .). Also, it
should be emphasized that the diameter of the droplets is not
totally independent of the distance parameter. For a given injection

pressure, the product d2 � C�1 is proportional to the diameter of the
injector orifice. Different fuels were tested including isohexane,
ethanol, n-decane and n-dodecane. In the case of n-dodecane,
Table 1
Summary of the injection conditions tested in the experiments.

Fuel Boiling temperature Injection temperature
[�C] [�C]

Isohexane 60 30
Ethanol 78 30–50
n-Dodecane 214 20

40
70
170

n-Decane 174 30
several injection temperatures, corresponding to T0 = 20 �C, 40 �C,
70 �C and 170 �C, were tested. Except n-dodecane, no other fuel
was preheated before entering the evaporation chamber.

In Fig. 10, the adjusted values of gM;T are plotted against the
spacing parameter C for the different fuels. Despite a significant
scattering of data, some conclusions can be drawn from this figure.
For a given fuel, gM;T increases with the spacing parameter, which
is in line with the observations made in Section 3.2. For a given
value of the spacing parameter, gM;T is generally lower for the less
volatile droplets, namely the n-decane and n-dodecane droplets
entering the chamber with 20 	C 6 T0 6 70 	C. Hence, the spacing
parameter seems to be not totally sufficient to describe the effects
of the interactions on heat and mass transfers, which has been
already noticed by Deprédurand et al. [7].
4. Empirical data reduction

The evaporation of a single droplet immersed in a hot air envi-
ronment is dominated by coupled heat and mass transfers. If the
droplet is motionless in a stagnant atmosphere, mass transport is
mainly governed by diffusion, convection by the Stefan flow, and
natural convection. Forced convection adds to the other transport
phenomena in the presence of a relative velocity between the dro-
plet and the gas. In the case of monodisperse droplet streams, ther-
mal and concentration boundary layers for heat and mass transfer
develop along the axis of the droplet streams and become thicker
with the distance from the injector. Within these boundary layers,
heat and mass transfers are mainly driven by the Stefan flow and
diffusion. Convection by the Stefan flow and diffusion are eventu-
ally dominant compared to forced convection as the boundary
layer thickness becomes much larger than the droplet radii. How-
ever, as it will be shown later in Section 5.5, the situation encoun-
tered at only a few centimeters from the injector is mixed, i.e. none
of the transfer modes (forced convection, transport by the Stefan
flow and diffusion) can be neglected.
C0 range V0 range d0 range Number of test cases
[m/s] [lm]

3.6–9 8.1–16.2 83–128 10
3.7–9.6 9.3–14 88–140 17
2.4–5.8 8–13.5 97–180 9
4.3–6.9 8.5–13 102–123 4
4.7–8.5 9.2–13 94–117 5
5–10.3 13–15.3 92–135 9
4.2–5.7 12–13.7 100–110 3



 

 

Fig. 11. The region of influence considered in the modeling in Section 4.
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Fig. 12. Evolution of the reduction coefficients gM and gT as a function of the
dimensionless parameter n defined in Eq. (10).
As suggested by Imaoka and Sirignano [9], the influence of dro-

plet interactions on heat and mass transfers in arrays of motionless
droplets can be well described by the ratio n ¼ #g=#l between the
gas volume #g and the liquid volume #l in the considered array.
According to Sazhin et al. [20], the gas volume #g could be repre-
sented in the case of a single moving droplet by a region of influ-
ence surrounding the droplet inside of which heat and mass
transfers between the gas and the droplet take place. This region
is naturally set as a sphere in the case of an isolated droplet and
as a cylinder when a chain of closely-spaced droplets is considered.
In the following approach, the boundary layer that develops
around the droplet chain is thus replaced by the region of influ-
ence. The diameter of this cylindrical region is related to the rate
of the radial transport of vapor by the Stefan flow and diffusion,
as well as the relative velocity between the droplet and the free
stream (Fig. 11).

The radius of the cylinder of influence ri can be expressed by:

ri ¼ Rþ VS � sþ
ffiffiffiffiffiffiffi
Ds

p
; ð8Þ

where Vs is the Stefan flow velocity, s is a characteristic time, D is
the diffusivity of heat or vapor. The characteristic height of the
cylinder of influence is taken as the distance L between two consec-
utive droplets, this choice being supported by the periodicity of the
droplet row. Also because of the periodicity, the characteristic time
s is chosen as the time for a droplet to travel the distance L, i.e.
s ¼ L=V where V is the local droplet velocity. The radius of the cylin-
der of influence increases with the droplet spacing L and decreases
with the droplet velocity, which is obviously in favor of vapor and
heat accumulation in the cylinder for the low distances L between
the droplets. For the high droplet velocities, the radius of the cylin-
der of influence is smaller. This also makes sense since the bound-
ary layer associated with forced convection is of lesser thickness
when the Reynolds number and thus the droplet velocity increase.
According to Eq. (8), the volume of the cylinder of influence is given
by:

#g ¼ pr2i L�
4
3
pR3: ð9Þ

The ratio n ¼ #g=#l can be thus calculated as:

n ¼ #g

#l
¼ pr2i L�

4
3
pR3

� ��
4
3
pR3

¼ 3
2
C þ 6C3=2

ffiffiffiffiffiffiffiffi
m=2

p
þ 3C2mþ 6C2 1þ

ffiffiffiffiffiffiffiffiffi
2Cm

p� 	
jþ Cj2

� 	� �
� 1;

ð10Þ
where C is the spacing parameter, m ¼ D=ðV � RÞ and j ¼ Vs=V
denotes the ratio between the velocity of the Stefan flow and the
droplet velocity. The reduction coefficients gM;T are displayed as a
function of the non-dimensional parameter n in Fig. 12. Monodis-
perse droplet streams having low spacing parameters and low Ste-
fan flow velocities (in practice low injection temperature and low
volatility) correspond to the lowest values of n, while high Stefan
flow velocities and high spacing parameter correspond to the high-
est values of n. Compared with Fig. 10, estimated values of gM;T

seem to be better correlated with the parameter n than the spacing
parameter C. This can be certainly explained by the fact that n
includes at the same time the effects of the droplet spacing and
the Stefan flow. Data scattering in Fig. 12 is compatible with the
accuracy of the adjustment of gM;T (on the order of �0:1). Some
effects (like the effect of the Reynolds number, and the distance
from the injector) are probably missing or not well accounted for,
as they are more difficult to extract from the other parameters with
the current set of experimental results. A correlation for gM;T based
on the parameter n can be proposed:

gM;T � 1� exp �4:5nþ 50
200

� �
; with 0 6 n 6 120: ð11Þ

The main trend observed in Fig. 12 is well captured by this
expression. The differences between Eq. (11) and the values of
gM;T determined experimentally are generally less than 0.1 which
roughly corresponds to the uncertainties on the estimate of gM;T

using the inverse method described in Section 3.3.

5. Numerical study of the droplet interactions

Numerical simulation is also relevant in order to study the
interaction between neighbor drops. However, the limitation of
available computing resources is a major constraint which implies
making some simplifications. In the early studies on droplet arrays,
forced and natural convection were usually not accounted for
[21,22]. Convection was limited to the Stefan flow. The simplified
problem can be resolved very efficiently using mass-flux potential
functions which are solutions to a Laplace’s equation in the gas
field. The method is very efficient to handle a large number of dro-
plets in the arrangement. In a recent study, up to 216 drops
arranged three-dimensionally were considered by Imoka and Sirig-
nano [9,23]. In comparison, arrangements remain limited to much
fewer droplets in the numerical studies where the transient resolu-
tion of Navier–Stokes, energy and species equations are solved to
account for the convective evaporation of interacting droplets.
The early work of Chiang and Sirignano [10] considers only two
or three droplets moving in tandem. However, many physical fea-
tures are included in the computations such as droplet regression,
deceleration of the stream flow, liquid motion, temperature-
dependent properties, . . . Recent formulation of the problem with
periodical boundary conditions allowed extending the simulations



1 2 

2 

2 

2 

3 

3 

3 

4 

4 

4 

3 

r 

z

Fig. 13. Illustration of the computational domain and specification of the boundary
conditions considered in the simulations.
to infinite periodic arrays with one or more rows of droplets
[11,12,24]. The case of an infinite array with a single row is rather
comparable to our experiments, even though real droplet streams
are semi-infinite.

5.1. Formulation of the problem

Given the large number of droplets to consider for a comparison
with the experiments, a simplified approach has been developed. It
does not incorporate all the phenomena, but still considers key
physical features like the forced convection in the array, the forma-
tion of boundary layers around the axis of the droplet row. The
assumptions on which this approach is based are summarized in
the following:

1. The problem is assumed to be stationary. Hence, the droplet
size does not change despite the evaporation and the thermal
expansion of the liquid. Also the deceleration of the droplet
due to the drag is not considered. This implies that the distance
between the droplets is not changing with time.

2. The temperature is constant inside the droplet to satisfy 1), but
it is also uniform over the droplet surface. Consequently, due to
a liquid/vapor equilibrium, the vapor concentration is also con-
stant and uniform at the droplet surface.

3. The droplets are rigid spheres. There is zero tangential velocity
at the liquid surface. Only the normal velocity, corresponding to
the Stefan flow, is considered.

4. The physical properties are uniform. They do not depend on the
composition and temperature in the gas flow. In particular, the
diffusion coefficient for vapor is a constant.

These assumptions are classically invoked to derive the d2-law
in the case of the isolated droplet [17,18]. As the temperature
and the vapor mass fraction are imposed at the droplet surface,
the problem is reduced to the transport of heat, mass and momen-
tum in the gas phase. The steady continuity equation, Navier–
Stokes equations, energy and species conservation equations
apply:

r �~u ¼ 0; ð12Þ

q ~u � rð Þ~u ¼ r � �pIþ l r~uþ r~uð ÞT
� 	h i

; ð13Þ

r � �DvrYð Þ þ~u � rY ¼ 0; ð14Þ

r � �kgrT

 �þ qg Cpg~u � rT ¼ 0: ð15Þ
At the surface of the droplet, the coupling between the trans-

ports of heat and mass can be expressed as:

~Vs ¼ _m00=qg ~n; ð16Þ

_m00 1� Ysð Þ ¼ �qgDv
@Y
@n

����
s

; ð17Þ

kg
@T
@n

����
s

¼ Lve _m00 with Lve ¼ Lv þ Q 00
L= _m00: ð18Þ

The terms Q 00
L and _m00 correspond to the heat flux entering the

droplet, and the vapor mass flow rate per unit area. The unit nor-

mal vector to the drop surface is denoted by ~n and ~Vs denotes
the velocity of the Stefan flow. Without loss of generality, the res-
olution can be restricted to the mass transfer. The problem formu-
lated by Eqs. (12)–(14), (16) and (17) is applied to the case of a line
of periodically-arranged droplets. The computational domain is
illustrated in Fig. 13. The problem can be solved in the cylindrical
coordinates ðr; zÞ given the axisymmetry of the flow configuration.
Using the indexing numbers in Fig. 13, the boundary conditions
can be specified as follows:


 Boundary 1: Inlet
~u ¼ ud~n; ð19Þ

Y ¼ Y1: ð20Þ
Given that the droplets are fixed in the reference frame of the
numerical study, the gas velocity ud is the opposite of the droplet
velocity V in the laboratory frame of reference.


 Boundary 2: Axial symmetry
@Y
@r

¼ 0;
@ur

@r
¼ 0;

@uz

@r
¼ 0: ð21Þ


 Boundary 3: Open boundary
�~n � Dv
~rY ¼ 0 if ~n �~u P 0

Y ¼ Y1 if ~n �~u < 0

(
; ð22Þ

�pIþ l r~uþ r~uð ÞT
� 	h i

~n ¼~0: ð23Þ


 Boundary 4: Droplet surface
Y ¼ Ys; ð24Þ

~u ¼ Vs~n with Vs ¼ � Dv

1� Ysð Þ
@Y
@n

����
s

: ð25Þ

5.2. Solution procedure

Eqs. (12)–(14) supplemented with the boundary conditions
(19)–(25) are solved using the finite element method relying on
an unstructured triangular mesh of increased density near the dro-
plet surface (typically the half-perimeter of the droplets is divided
into 100 elements of equal size). One difficulty for the resolution is
to satisfy conditions (24) and (25) at the same time. The coupling
between the flow velocity and the mass flux in Eq. (25) requires
implementing an iterative procedure:

– 1st iteration: The velocity field, denoted u1 at the 1st itera-
tion, is solved based on Eq. (12) and Eq. (13) assuming a zero
velocity of the Stefan flow (V1

s ¼ 0). The obtained velocity
field u1 is then injected in Eq. (14) to determine the distribu-
tion of the vapor mass fraction Y1.



- 2nd iteration: Using Y1, the Stefan flow can be approximated
with V2

s ¼ �Dv=ð1� Y1
s Þ@Y1=@n. The velocity u2

s is then con-
sidered in Eq. (25) for the resolution of the gas flow. The
updated velocity field u2 is injected in the vapor transport
equation to determine the field of vapor mass fraction Y2.

– ith iteration: After the 2nd iteration, the velocity of the Stefan
flow is calculated using the following expression:

Vi
s ¼

1
2

Vi�1
s � Dv

1� Yi�1
s

@Yi�1

@n

 !
:

This numerical scheme allows the convergence of the calculations
when the velocity of the Stefan flow is non-negligible compared
with that in the free stream ud. In particular, this occurs for the high
BM (typically BM > 2). For each droplet, the spatially-averaged Sher-
wood number is evaluated using:
Fig. 14.
Eq. (30)
Z

Shh ij ¼

2
pR2

zjþR

zj�R
Shðr; zÞr dz with r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � z2

p
: ð26Þ

In this expression, zj denotes the axial position of the jth droplet in
the row. R is the droplet’s radius and Shðr; zÞ corresponds to the local
Sherwood number defined by:
�

Shðr; zÞ ¼ � d

Ys � Y1ð Þ
@Y
@n

���
s

: ð27Þ

The iterative calculation is stopped when the variations of the Sher-
wood number Shh i between two consecutive iterations become very
small:
 �1

sup

j

Shh iij � Shh ii�1
j

��� ��
Shh iij þ Shh ii�1

j

0
@ A 6 e

2
: ð28Þ
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Relative differences in percent between the Sherwood numbers calculated with t
.

In the results presented thereafter, the value of e was fixed at 10�4.
About 8 iterations are usually sufficient to satisfy Eq. (28). The case
BM ¼ 0 is a special one, since the velocity of the Stefan flow is null.
When BM = 0, calculations are stopped after only one iteration and
Ys is set to an arbitrary value different from Y1 in order to deter-
mine the Sherwood number using Eq. (27).

5.3. Numerical validation against the isolated droplet

The previously described numerical approach was validated
against existing models relative to the isolated droplet. The well-
known correlation of Ranz and Marshall [25] which applies to
non-evaporating droplet, can be used for the evaluation of Nu0

and Sh0 in the absence of Stefan flow (BM ¼ 0):

Nu0 ¼ 2þ 0:6Re1=2Pr1=3;
Sh0 ¼ 2þ 0:6Re1=2Sc1=3:

ð29Þ

An alternative, more recommended than Eq. (29) at low Rey-
nolds numbers (typically Re 6 10), is the correlation of Clift et al.
[26]:

Nu0 ¼ 1þ 1þ RePrð Þ1=3 � f Reð Þ;
Sh0 ¼ 1þ 1þ ReScð Þ1=3 � f Reð Þ;

ð30Þ

where f ðReÞ ¼ 1 at Re 6 1 and f ðReÞ ¼ Re0:077 at Re 6 400. The devi-
ation between the simulations and Eq. (30) is displayed in Fig. 14a.
In the worst case, differences do not exceed 3.5% in the range
0:2 6 Sc 6 4 and 2 6 Re 6 100. For the evaporative case ðBM > 0Þ,
numerical results can be compared with the film theory [8]:

Nuiso ¼ ln 1þ BTð Þ
BT

2þ Nu0 � 2ð Þ
FT

� �
;

Shiso ¼ ln 1þ BMð Þ
BM

2þ Sh0 � 2ð Þ
FM

� �
;

ð31Þ
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he current numerical approach applied to an isolated droplet and Eq. (31) associated



Fig. 17. Distribution of the vapor mass fraction around the 40th droplets for
different values of the spacing parameter and Re = 40, BM = 2 and Sc = 1.
where FM ¼ FðBMÞ; FT ¼ FðBTÞ and F ¼ ð1þ BÞ0:7 lnð1þBÞ
B . As shown in

Fig. 14(b–d), differences between the simulations and Eq. (31), with
the use of Eq. (30) for the evaluation of Sh0, do not exceed 8% in the
range 0:2 6 Sc 6 4; 2 6 Re 6 100 and 0 6 BM 6 4. However, a gen-
eral trend is an increase of the discrepancies with increasing Spald-
ing number BM .

5.4. Heat and mass transfer distributions in a row of interacting
droplets

In the following, single rows of 80 equally-spaced droplets are
considered in the simulations. About 800 simulations were carried
out to cover the range: 10 6 Re 6 100; 0:5 6 Sc 6 4; 1:1 6 C 6 18
and 0 6 BM 6 4. Fig. 15 shows the distributions of velocity and
vapor mass fraction around the droplets in the case
C ¼ 4; Re ¼ 40; BM ¼ 2 and Sc ¼ 1. The gas velocity and the vapor
mass fraction are affected by the presence of the droplets in a layer
of gas, whose thickness increases progressively with the distance to
the leading droplet. The evolutions of this layer thickness are com-
parable to the development of a boundary layer at the surface of a
cylinder in a coaxial flow. Gradients of vapor concentration and
velocity are not distributed uniformly at the surface of the droplets.
The transfers aremore intense near the leading edge of the droplets.
As displayed in Fig. 16, the Sherwood number takes significantly
higher values for angles of attack under 90�. Due to the closeness
of the droplets, the maximum of the Sherwood number is not situ-
ated at an angle of attack equal to 0� (except for the head droplet)
but rather close to 50�. Near the trailing edge, the Sherwood num-
ber becomes significantly smaller than 2 lnð1þ BMÞ=BM � 1:1,
which can be certainly explained by the accumulation of vapor
transported from the upstream. For sufficiently large Re, the pres-
ence of vortices in the wake of the droplets also promotes the vapor
enrichment in the region of the trailing edge. In Fig. 16, the Sher-
wood number decreases with the distance to the leading droplet
Fig. 15. Distribution of the vapor mass fraction and gas velocity in a single row of
80 drops. N denotes the number of the droplet within the row of droplets. The
simulation corresponds to Re = 40, C = 4, BM = 2 and Sc = 1.
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Fig. 16. Angular distribution of the Sherwood number at the droplet surface in the
same conditions as Fig. 15.
and thus the droplet number N in the row ordered from the leading
droplet. BeyondN ¼ 20, the decrease of Shwith the droplet number
N becomes hardly visible, but strictly speaking no asymptotic limit
can be invoked for Sh, as the laminar boundary layer surrounding
the droplet line keeps on developing with the axial distance z.

Still for Re = 40, BM = 2 and Sc = 1, the distribution of the vapor
mass fraction around the droplets was determined for different
values of the spacing parameter. The images presented in Fig. 17
relate to the 40th droplets within the row and show the vapor dis-
tribution over a length L equal to the inter-droplet distance C � d. As
expected, the wake effects are much more important for the small
spacing parameters. For C = 2, differences between the leading
edge and the trailing edge can be hardly pointed out in Fig. 17. A
more refined analysis in Fig. 18 shows that the mass gradient at
the droplet surface and thus the Sherwood number are maximum
at an angle of attack of about 70�. In fact, as C tends to 1, the max-
imum of the Sherwood number shifts toward an angle of 90� and
the difference between the leading and the trailing edge vanishes.
In Fig. 18, a marked increase of Sh with C can be observed. How-
ever, even for C = 12, the distribution of the vapor mass fraction
remains significantly influenced by the neighbor drops (Fig. 17)
and the Sherwood number is far from having reached the values
of the isolated droplet. A good approximation for Shiso is given by
the Sherwood number of the leading droplet displayed in Fig. 16.

5.5. Correlation for heat and mass transfers

Based on the numerical simulations, a correlation can be deter-
mined for the Nusselt and Sherwood numbers of the interacting
droplets. For the averaged Sherwood number, the following
expression is proposed:
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Fig. 18. Angular distribution of the Sherwood number at the surface of the 40th
droplet. Parameters of the calculations are the same as in Fig. 17.



Sh ¼ ln 1þ BMð Þ
BM

jþ a � z
d

� 	b Re0:58þcScd

FM

" #
; ð32Þ
where FM ¼ ð1þ BMÞ0:655 lnð1þ BMÞ=BM and z denotes the distance
from the leading droplet in the row. The same expression can be
used to evaluate the Nusselt number replacing BM by BT and Sc by
Pr. The formulation adopted in Eq. (32) has some similarities with
the Ranz–Marshall’s correlation (29) corrected from the effect of
the Stefan flow by the film theory using Eq. (31). The isolated dro-
plet can be obtained by setting a = 0.6, b = 0, c = �0.08, d = 1/3 and
j = 2. The only difference concerns the exponent 0.655 in the
expression FM instead of 0.7 in Eq. (31). Using this exponent was
found to improve substantially the quality of the estimations of
the unknown parameters in Eq. (32). Parameters a; b; c; d and j
in Eq. (32) were estimated from about 90 simulations for each of
the tested spacing parameters. The results summarized in Table 2
are valid for 10 6 Re 6 100; 0:5 6 Sc 6 4; 0 6 BM 6 4 and
3 6 z=ðC � dÞ 6 76. The errors indicated in the last column of Table 2
correspond to the differences between the average Sh calculated in
the simulations and by Eq. (32). Globally, the errors are of the order
of 1% for all the studied spacing parameters. For large spacing
parameters, it can be verified in Fig. 19 that a; b; c and j tend
asymptotically to their prescribed value in the case of the isolated
droplet. One noticeable exception is for d which remains close to
0.5. Far from the leading droplet, convective effects become
insignificant due to the negative sign of b. This is a consequence
of the development of the boundary layer around the row of dro-
plets. The thickness of the boundary layer increases with z and
eventually becomes very large compared with the droplet size.
For z � d, the problem comes down to motionless droplets and
Table 2
Estimated values of the parameters a; b; c; d and j in Eq. (32) based on numerical
simulation.

C a b ¼ c j d Err (%)

1.1 0.78063 �0.28212 0.37587 0.29201 1.415
2 1.0868 �0.2733 0.67671 0.29955 1.322
4 1.1403 �0.23348 1.0596 0.34237 1.155
6 1.1059 �0.2034 1.2553 0.37656 1.032
8 1.0337 �0.17815 1.3788 0.40169 1.095
10 0.96535 �0.15754 1.4588 0.42261 1.165
12 0.92053 �0.14103 1.5038 0.43539 1.150
15 0.8561 �0.12179 1.5753 0.44429 1.085
18 0.7846 �0.10691 1.6491 0.47262 1.057
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Fig. 19. Evolution of the adjusted parameters in Eq. (32).
the Sherwood number can be simplified as jðCÞ � lnð1þ BMÞ=BM .
Choosing for z the distance covered by the droplets inside the cham-

ber (typically a few centimeters), the term ðz=dÞb is found to be on
the order of 0.4–0.7 in the conditions of the experiments. Hence, the
convective term in Eq. (32) decreases slowly with z due to the thick-
ening of the boundary layer. Given the values of Re (typically a few
tenths), convection still plays an important role in the experimental
results, although being significantly reduced compared to the iso-
lated droplet.
6. Applications of the model and overall validations

In this section, the empirical correlation (11) and the correlation
(32) derived from the numerical simulations are compared with
the experimental results for validation. In a first stage, Nusselt
and Sherwood numbers are determined using Eq. (32) for all the
experimental cases tested in the study. For the calculations, aver-
aged values of Re; BM; BT ; Pr and Sc given by the resolution of
the inverse problem in Section 3.4 are taken in Eq. (32), while
the distance z to the chamber entrance is fixed to 1.5 cm. Nusselt
and Sherwood numbers are then divided by Nuiso and Shiso using
Eqs. (30) and (31), which allows evaluating the reduction coeffi-
cients gM;T . In Fig. 20, these values of gM;T derived from Eq. (32)
are plotted against the coefficients gM;T estimated from the mea-
surements solving the inverse problem described in Section 3. It
is observed that the numerical correlation (32) is able to reproduce
quite well the experimental results for a large number of cases. The
differences between the experimental results and the numerical
model are relatively small for most cases, i.e. they fall with the
uncertainty margin of �0:1 corresponding to the estimate of gM;T

by the inverse method presented in Section 3.3. Nevertheless, for
a dozen of cases, the values of gM;T given by the numerical correla-
tion (32) are noticeably higher than their experimental counter-
parts. For these cases, there is an additional gap of about 0.1
between the experiments and the numerical correlation, which
seems difficult to explain.

Finally the experimental correlation (11) and the numerical cor-
relation (32) are used to simulate the size and temperature evolu-
tions of the droplets. These correlations are incorporated into the
direct model upon which the resolution of the inverse problem
described in Section 3.3 is based. The results of these simulations
are compared with the experimental data in Figs. 21–24 for a lim-
ited number of cases among the 55 investigated experimentally.
Some trends emerge from the comparisons:
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Fig. 20. Estimations of the reductions coefficient gM;T . The values of gM;T derived
from Eq. (32) are plotted against their counterparts obtained from the experiments
using the inverse method in Section 3.3.
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Fig. 21. Time evolution of the size for n-dodecane droplets evaporating at their
equilibrium temperature (C0 = 4.8, d0 = 92 lm, V0 = 13.2 m/s, T0 = 170 �C). Compar-
isons between measurements and simulations based on Eqs. (11) and (32).

 The largest deviations between the numerical correlation (32)
and the experiments were observed for the n-dodecane droplets
evaporating at the equilibrium temperature. As shown in
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Fig. 22. Time evolution of the size (a) and the temperature (b) for ethanol droplets (C0

and simulations based on Eqs. (11) and (32). The legend is the same as in Fig. 21.
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Fig. 23. Time evolution of the size (a) and the temperature (b) for ethanol droplets (C0 = 4
simulations based on Eqs. (11) and (32). The legend is the same as in Fig. 21.
Fig. 21, the experimental correlation (11) agrees well with the
size measurements while the numerical correlation (32) sys-
tematically underestimates the evaporation rate of the droplets.


 In the case of ethanol, the two correlations allow obtaining sat-
isfying agreements with the measurements. However, the qual-
ity of the predictions varies from one case to another. In other
words, one of the two correlations can match the experimental
data while the other not, and vice versa. For example, the
numerical simulation based on Eq. (32) gives better results in
Fig. 22, but the contrary is observed in Fig. 23. Given that the
experimental conditions are rather similar for the cases pre-
sented in these figures, a certain variance is probably to be con-
sidered among the experimental results. The same variance has
been already pointed out in Figs. 10 and 12. Fig. 23 relates to the
same experimental case as presented in Fig. 9. Based on this fig-
ure, it can be verified that the values of gM and gT predicted by
the numerical correlation (32) are close to 0.5, that is about 0.1
below the estimates from the inverse method.


 For the less volatile fuels, namely n-decane and n-dodecane (at
T0 6 70 �C), both correlations were found to generally give
acceptable results as illustrated in Fig. 24.


 It can be observed in Figs. 21–24 that the numerical correlation
(32) always underestimates the heating and evaporation rates
compared to the experimental correlation (11) based on the n
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Fig. 24. Time evolution of the temperature for n-dodecane droplets (C0 = 8.5, d0 = 133.5 lm, V0 = 12.9 m/s, T0 = 68 �C). Comparisons between measurements and simulations
based on Eqs. (11) and (32). The legend is the same as in Fig. 21.
parameter. It should be emphasized that any perturbation of the
boundary layer in the experiments is likely to increase the
intensity of the heat and mass transfers in comparison with
the ideal laminar case considered in the simulations carried
out in Section 5. These perturbations may originate from the
air co-flow injected into the chamber to prevent vapor accumu-
lation. Furthermore, the droplet streams eventually loses its
periodicity after a few centimeters, some droplets being slowed
down more rapidly than their neighbors. Therefore, it is proba-
bly acceptable to obtain with the numerical simulations some
values of gM and gT that are generally slightly lower than in
the experiments.

7. Conclusions

The heating and evaporation of interacting droplets are studied
experimentally using lines of periodically-arranged mono-sized
droplets injected in a chamber where a high ambient gas temper-
ature is imposed. Advanced optical techniques are applied to char-
acterize the evolution of the droplet size and temperature for
several fuels and different injection conditions. Characteristic heat
and mass transfer numbers, namely the Sherwood and Nusselt
numbers, are estimated from the experimental results and com-
pared to the classical model of the isolated droplet in order to esti-
mate the effects of droplet interactions on the rate of heat and
mass transfers. The droplet spacing appears to have a strong influ-
ence on the reduction of the Nusselt and Sherwood numbers, but
this parameter alone fails to explain the variations of the Nusselt
and Sherwood numbers observed in the set of experimental
results.

In a first approach, an empirical correlation is derived from the
experimental results. Based on the concept of volume of influence,
a single dimensionless parameter is introduced to account for the
transport of heat and vapor by the Stefan flow and the diffusion
in a region of influence that mimics the boundary layer that devel-
ops around the chain of droplets. As the thickness of the boundary
layer surrounding the chain of droplets increases with the distance
from the injector, forced convection has a more and more limited
influence on the heat and mass transport. Inside the boundary
layer, the transfers are mainly governed by diffusion and convec-
tion by the Stefan flow. The radius of the volume of influence
depends on the rate of the radial transport of vapor by the Stefan
flow and diffusion, as well as the relative velocity between the dro-
plet and the free stream.

In a second approach, numerical simulations based on the res-
olution of the Navier–Stokes equations and the vapor transport
equation are carried out to evaluate the Nusselt and Sherwood
numbers of droplets arranged in single rows of 80 periodically-
spaced droplets. To simplify the numerical resolution, it is assumed
that the problem is stationary and the droplets are assimilated to
rigid spheres. Beside these approximations, key physical features
for the understanding of the interaction effects are taken into
account like the forced convection in the droplet array, the devel-
opment of a boundary layer along the axis of the droplet row. A
parametric study of the influence of the main characteristic num-
bers involved in the transfers allows to infer a correlation for Nus-
selt and Sherwood numbers that is valid for 10 6 Re 6 100; 0:5 6
Sc 6 4; 0 6 BM 6 4 and 3 6 z=ðC � dÞ 6 76.

Finally, both the empirical and the numerical correlations
established previously are shown to give acceptable results when
their predictions are compared to the experiments. These new cor-
relations are a step forward to the modeling of the evaporation of
interacting droplets, since they include the effect of the droplet
spacing, the influence of the fuel volatility, the configuration of
the flow which gives rise to a boundary layer developing along
the droplet chain in the case of one-dimensional rows of droplets.
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