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Time evolution of droplet radius regression and surface temperature are studied experimentally and numerically
by evaporating a single droplet of pure fuel or fuel mixture in either hot air flow or natural convection. The
droplet was suspended on a capillary setup inside the test section of a thermal wind-tunnel. A video system and
an infrared camera recorded video and thermal images during droplet evaporation sequences. The model of the

7film theory” based on conservation equations is used and experiments are compared to calculations for several
heptane-decane or octane-hexane mixtures and for pure products. The experimental data are in good agreement

with the calculated results.
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1. Introduction

Radius regression and surface temperature of
an evaporating droplet has been the subject of
many numerical and experimental studies [1, 6]
because of their interest in many technical sys-
tems. A study where the technique used is a
droplet hung to a thermocouple is presented by
Downing [7], who carried out tests with various
thermocouple diameters to extrapolate data and
to obtain results corresponding to a zero value
of thermocouple diameter. Roth et al. [8] used
the optical technology of ”rainbow” refractom-
etry based on the relationship between the re-
fraction factor of the liquid and its temperature.
Nana et al. [9] and Naudin [10] realized and im-
plemented a system of measurement, based on
infrared thermography, which follows the evolu-
tion of surface temperature of an evaporating
methanol droplet.

Surface temperature measurement by using a
non-intrusive technique such as infrared thermal
imaging, necessarily implies the knowledge of its
emissivity. The determination of the emissivity of
the opaque and semi-transparent mediums such
as liquids and gases raises many unsolved prob-
lems.

The emissivity and the surface temperature of
small droplets (diameters equal to a few microns)
of ethanol and methanol liquids is determined by
Nana [9] and Naudin [10] by using an infrared de-
tector, the Mie theory and the Kirschoff law.

Water droplet diameters varying between 0.01
and 20 pm have an emissivity determined by
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(Mie theory) and the Kirchhoff law. He found
an emissivity higher than 1, which is in contra-
diction with the definition of the emissivity.
This work follows a numerical model and mea-
surements of droplet radius evolution in evapo-
ration, already studied in our laboratory by Daif
et al [12, 13]. The model is based on the film
concept and provides time evolution of the radius
and surface temperature of a pure or mixed liquid
droplet in evaporation in natural or forced con-
vection. The originality of the present paper is
the use of an infrared camera for the determina-
tion of droplet surface temperature from thermal
images. The method shows that temperature is a
more sensitive parameter than the droplet radius
regression.

Experimentally, the liquid droplet is suspended
at the center of the thermal test section at the
extremity of a glass capillary. Optical access is
provided on each side of the test section to ob-
serve and record the evolution of both the droplet
diameter followed by a camcorder and the sur-
face temperature by means of an infrared cam-
era. Finally, the numerical results are compared
to the experimental ones for pure and mixed lig-
uid droplets.



Experimental and Numerical Study in Evaporation of Hydrocarbon Droplet Surface Temperature

Hott. air flomr
e Po To Vee
bddd
Iiacs travsfer | He at trarsfer
YZ N
1)

Limaid - zas
hterface

Limid phase

oY, Dy 0 0
ot r2 or or
Mass and thermal balance are constantly verified
at the surface of the droplet. The external ra-
dius limiting the integration areas of the conser-
vation equation in the gaseous phase is defined
by Abramzson and Sirignano [14] and depends
on the modified Nusselt and Sherwood numbers:
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Figure 1. Physical model of the droplet vaporization
in a gaseous film.

2. Numerical model

Our model [12, 13] is a generalization of the
model proposed by Abramzon and Sirignano [14],
extended to the vaporization of a mixed droplet
in forced convection [11] and a pure or binary fuel
droplet in natural convection [12]. This model is
based on the film theory, where mass and heat
transfers between the droplet surface and the
external gas are considered to take place inside a
thin gaseous film surrounding the droplet (fig.1).
At any time the thickness of the film depends on
the average Nusselt and Sherwood numbers that
qualify these transfers. Film thickness limits the
integration areas of the mass and energy conser-
vation equations in the gaseous phase.

Transfer equations are discretized by using an
implicit finite difference method. For each equa-
tion, the discretization leads to algebraic equation
system, which is solved by Thomas algorithm.
The system solution determines the temperature
distribution inside the droplet. In the case of
the mixture and in addition to energy equation
in the liquid phase, mass distribution equations
are solved to determine the spatial evolution of
the mass fraction.
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where Nu  and Sh; represent modified average
Nusselt and Sherwood numbers [14].

The correlations defining the average Nusselt and
Sherwood numbers in natural convection are es-
sentially a function of Grashof numbers. They are
proposed by authors [12, 15] for a hydrocarbon or
hydrocarbon mixture:

1
1

Nu =2+ 0.591(1 + Br) *38pPriGr, (5)

Sh; = 2+ 0.574(1 + Byy) % Sc3 G, o

With :

1073 < Gryy, < 8.104
0< Br<26
0< By <244

In forced convection, the correlations which are
a function of Reynolds number, are proposed by
Renksizbulut et al. [16] :

Nu = (2 + 0.57Rez, Pr¥)(1 + By)~°7 (7)

Sh; = (2+ O.87Re,%n5c§)(1 + Bp)™07 (8)

with : 10 < Re,, < 300

Correlations (5, 6) and (7, 8) describing phenom-
ena respectively in natural and forced convection,
are equivalent and equal to 2 when Gr,, and Re,,
tend to zero. Thermal numbers By and mass
transfer number Bj, also tend to zero.

Relations between Nu", Sh; and Nu, Sh; are
given by Abramzson and Sirignano [14] :

—In(1+ By)

Nu = Nu By (9)
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syringe constantly shaken to maintain the mix-
ture homogeneity. When the droplet leaves the
injection needle, one considers that the droplet is
made up of a homogeneous product correspond-
ing to the prepared mixture. The phenomenon
can be observed optically on each side of the test
section. The recording begins just before the
droplet is suspended. This apparatus is provided
with a mechanical device situated at the entrance
of the measurement test section:

e when it is closed, hot air flow is ejected
from the device without passing through
the test section, which keeps velocity and
temperature at permanent regime inside the
other parts of the experimental setup. The

Figure 2. Wind tunnel and measuring instruments.
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The model allows to determine surface tempera-
ture, radius regression and mass fraction.

3. Experimental setup and computer im-
age processing

The experimental setup (fig. 2) is used to evap-
orate pure or mixed liquid droplet at atmospheric
pressure by recording video and thermal images.
The synchronization of thermal recordings and
video images is time based simultaneously.

3.1. The thermal wind-tunnel

The setup includes a rectangular test section
situated at the horizontal end of a thermal wind-
tunnel. Air flow in the experimental channel is
homogenized by grids. A thermal protection in-
sulates the hot part of the wind-tunnel and limits
heat losses. In the test section, hot air flow, the
average velocity of which varies between 0 and
10 m.s~!, is generated by a centrifugal fan. The
flow is heated by means of two heating elements
placed inside the experimental setup. Tempera-
ture is controled by a regulator, which maintains
a maximum constant temperature of 423 K in the
test section.
The pure or mixed liquid droplet is hung at the
center of the test section at the extremity of a
glass capillary (diameter 0.2 to 0.3 mm) fixed on
a permanent holder. In the case of mixed liquid,
those are prepared and sampled by a hypodermic
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droplet is introduced on the holder with a
syringe in the test section at the room tem-
perature.

e when it is opened, the heated flow enters the
test section, and the sequence of measure-
ment in forced convection can begin. The
air temperature is measured by a thermo-
couple and the velocity is controlled by a
Pitot tube connected to a manometer.

For tests in natural convection, the damper and
the exit of the test section are closed.

3.2. Infrared system and thermal image
processing

The infrared thermography system is composed
of an infrared camera (Inframetrics Models 760,
3-12 pum) equipped with two lenses: a telescope
(3X) and a close-up lens, and with an order and
control unit for thermal sequence recording. A
video camcorder completes the system. Recorded
thermal sequences are processed after acquisition
by a specialized software (Thermagram), which
determines the surface temperature evolution
during evaporation.

3.3. Video system and image processing
Sequences of evaporation are also recorded by
a video system (camcorder 8 mm - charge coupled
device, 470000 pixels) equipped for macrophotog-
raphy. A processing computer (image acquisition
board and software) digitalizes and compresses
video sequences with a maximum speed equal to
25 images/s. The spatial definition of an im-
age after decompression is 320x240 pixels. The
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Figure 3. Time evolution of the surface temperature
and square radius of a water droplet evaporated in a
hot air flow.

droplet in evaporation is illuminated from the
rear of a luminous base, which increases the con-
trast and facilitates the extraction of the droplet
outlines. The droplet appears opaque on the con-
trol screen and the base rather white. Digital im-
ages present a high contrast in grays between the
droplet and the base. This facilitates the extrac-
tion of the droplet contour, which is obtained by
scanning and detecting the gray level of the pix-
els of each image line. The droplet is assumed to
have symmetry of revolution from which the real
volume of the droplet is deduced. The equivalent
radius of a sphere of the same volume is then de-
termined to initialize the numerical model and to
obtain the radius regression related to the time.

4. Results and discussion

Experimental and numerical results of the
evaporation of pure liquid droplets (water, de-
cane, octane, heptane and hexane) and mixed lig-
uid droplets (octane-hexane and heptane-decane)
of different initial compositions are presented.
The droplet diameter varied between 1.1 and 1.55
mm. Temperature profiles obtained by an in-
frared camera are compared to the ones of the
numerical results.
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Figure 4. Time evolution of the surface temperature
for various emissivities of a decane droplet evaporated
in forced convection.

4.1. Evaporation of a pure hydrocarbon
droplet

Water droplet evaporation of known emissivity
[17] ( € = 0.96) is studied to observe the valid-
ity of the theoretical model and the experimental
results. Figure 3 indicates the evaporation of a
water droplet in forced convection. It seems that
the numerical model is in good agreement with
the experimental results for the surface tempera-
ture as well as for the radius regression.
In general, liquid hydrocarbons average emissiv-
ity lies between 0.9 and 1 [17, 19]. Figure 4 shows
the evolution of decane liquid droplet surface tem-
perature measured by an infrared camera of ther-
mal imaging, for various average emissivity values
(e = 0.9 to 1). So, if the measured temperature
for a mean emissivity is equal to 1 as a reference
temperature, the relative error is equal to 5 % for
a measured temperature with a mean emissivity
equal to 0.9. Thus, we conclude a good agreement
between both experimental and numerical results.
In fact, our theoretical results lead to a temper-
ature distribution very close to that obtained ex-
perimentally by an emissivity of 0.95 (fig.5). It
is very clear that the numerical model is in good
agreement with the experimental results for the
surface temperature as well as for the radius re-
gression (error inferior to 5 %). In the following,
our experimental results are obtained for an av-
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Figure 5. Time evolution of the surface temperature
and square radius of a decane droplet evaporated in
a hot air flow.

erage emissivity equal to 0.95.

Results of the evaporation of an octane droplet
in forced convection (fig.6), heptane (fig.7) and
hexane (fig.8) in natural convection, show glob-
ally a good agreement between experimental and
numerical results. The little disagreement at the
beginning of the evaporation (fig. 4 through 8)
originates in simplifying hypothesis assumed to
set the model that does not correctly take into
account the internal circulations in the droplet
and the heat transfer between the droplet and the
capillary. The experimental conditions in forced
and natural convections are differents. In fact,
the experimental set up is not appropriate to reg-
ulate the air temperature and velocity around the
liquid droplet. So, the comparison between natu-
ral convection evaporation and forced convection
evaporation for the same liquid droplet is impos-
sible.

4.2. Evaporation of mixture hydrocarbon
droplet
Figures 9, 10 and 11 show time evolution of the
square radius regression and the surface tempera-
ture of mixture droplet (octane-hexane) in evapo-
ration in natural convection, three initial compo-
sitions are studied. The evaporation decomposes
in two stages :

e A cooling stage, all the more pronounced
(minimum temperature) that the mixture
contains more hexane (the more volatile
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Figure 6. Time evolution of the surface temperature
and square radius of a octane droplet evaporated in
a hot air flow.
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Figure 7. Time evolution of the surface temperature
and square radius of a heptane droplet evaporated in
natural convection.
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Figure 8. Time evolution of the surface temperature
and square radius of a hexane droplet evaporated in
natural convection.
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Figure 9. Time evolution of the surface tempera-
ture and square radius of a mixture droplet (initial
composition) : (756% of octane and 25% of hexane)
evaporated in natural convection.
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Figure 10. Time evolution of the surface tempera-
ture and square radius of a mixture droplet (initial
composition): (50% of octane and 50% of hexane)

evaporated in natural convection.
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Figure 11. Time evolution of the surface tempera-
ture and square radius of a mixture droplet (initial
composition): (25% of octane and 75% of hexane)

evaporated in natural convection.
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component)

e A warming stage until the humid vapor
temperature of the octane (the less volatile
component) whatever the initial composi-
tion of the mixture is considered.

This phenomenon shows the existence of a se-
quential evaporation. The error between the ex-
perimental and the theoretical curves is less than
10 %. So, we can conclude that our numerical re-
sults are in good agreement with the experimental
ones for the droplet with single component as well
as the droplet with multi components in natural
convection.

The vaporization in forced convection of mixed
liquid droplet (heptane-decane) is also studied
for three initial compositions (fig. 12, 13 and
14). These experiments took place during two
periods :

e the first one in natural convection (N.C),
during the suspension of the droplet. At the
outset, the droplet presents a homogeneous
mixture, then as soon as the vaporization
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Figure 12. Time evolution of the surface tempera-
ture and square radius of a mixture droplet (initial
composition): (75% of heptane and 25% of decane)
evaporated in natural convection.

also appeared on the curves of the radius
regression versus time, for which a slope

begins, the difference in the volatility of the
constituent (the heptane more volatile than
the decane) produces an evolution of the
droplet composition. The mass fraction of
each component varies from the center to
the surface of the droplet. This evolution is
correctly anticipated by our model in nat-
ural convection by means of equation (2)
resolution,

e the second one in forced convection (F.C),
when the hot air flow penetrated the test
section. The model in natural convection
is used to determine these conditions (ra-
dius, temperature and particularly mixture
composition) and to initialize the model in
forced convection. The comparison between
models and experimental results seems sat-
isfactory. As on previous curves, the se-
quential evaporation phenomenon is visi-
ble, particularly on figure 14, which shows,
at the beginning of the forced convection,
the influence of the more volatile compo-
nent (heptane) that makes the temperature
tends to an asymptotic value corresponding
to its saturating vapor temperature. At the
end of the evaporation, the curve tends to
the saturation temperature of the remain-
ing component (decane). Such phenomenon
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change characterized the sequential vapor-
ization.

5. Conclusion

This work presents a numerical and experimen-
tal study of radius regression and surface temper-
ature evolution of a pure or mixed liquid droplet
in evaporation. Vaporization took place in natu-
ral or forced convection. Experiments used an
infrared camera to determine the surface tem-
perature of the droplet and a camcorder to fol-
low simultaneously the droplet diameter evolu-
tion. The numerical model based on the film con-
cept, assumes that the droplet is surrounded by
gaseous films, in which mass and thermal transfer
take place.

A preliminary study on the evaporation of a sin-
gle droplet in forced and natural convection shows
a good agreement between the model and the
experiment for the surface temperature and the
square radius regression.

- In natural convection, droplet surface temper-
ature decreases until it reaches vapor phase sat-
uration temperature because the evaporation is
accompained by a reduction in droplet heating,
- In forced convection, droplet surface tempera-
ture increases from liquid droplet temperature to

X
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Figure 13. Time evolution of the surface tempera-
ture and square radius of a mixture droplet (initial
composition): (50% of heptane and 50% of decane)
evaporated in natural convection.
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its saturation value because the ambient medium
temperature is superior to that of the liquid
droplet.

Droplet square radius decreases with time evolu-
tion and verifies the d? law.

A later study is realized for the bicomponents
evaporating in natural and forced convection.
This study shows that the evaporation of bicom-
ponent liquid droplets has the same qualitative
evolution as that of the monocomponent but it
is influenced by the initial compositions of the
fuel droplets. Droplet evaporation curves show
the difference stages of the evaporation phenom-
ena and indicate that the experimental data are
in good agreement with the numerical results for
radius regression and for the surface temperature
evolution.

6. Nomenclature

By : mass transfer number

Br : heat transfer number

Cp specific heat at constant pressure
Jkg L.K™!

D : diffusion coefficient m?.s~
g : gravitational constant m.s™
Grr : thermal Grashof number
Grarj - mass Grashof number of the j component
Gy, : average Grashof number

M : molecular weight kg

Nu : Nusselt number

Pr : Prandtl number

gq: heat transferred into the droplet J.kg~
r : droplet radius m

rear @ limit of the integration area for mass
transfer
T
transfer
Re,, : average Reynolds number
Sc : Schmidt number

Sh : Sherwood number

t : time s

T : temperature K
U : air velocity m.s™
Y : mass fraction
Greek letters

Br: thermal expansion coefficient of the fluid

1
2

1

limit of the integration area for heat

1

Bmj:  mass expansion coefficient of the j
component
p: dynamic viscosity kg.m~!.s7!

2 1

A: kinematic viscosity m?.s™
p: density kg.m 3
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Subscripts Chesneau, ”"Numerical Determination of the
f: film Correlations Qualifying the Mass and Heat
g : gas Transfert Around a Sphere Saturated with a
j : component index j=1, 2 Pure Liquid in Natural Convection”, Book
[ : liquid of abstracts of Inter. Symp. on Advances
T : thermal in Comput. Heat Transfer, Int. Centre Heat
M : mass Mass Transfer, Cesme, Turkey, 222 (1997).
0 : initial [16] M. Renksizbulut, R. Nafziger, and X. Li,
s @ surface Chemical Engineering Science 46, 2351
oo : ambient gas (1991).

Superscripts [17] J. R. Singham, International Journal of Heat
*

: modified number
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