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INTRODUCTION

The phenomena of evaporation of fuel droplets have been the subject of considerable attention by many researchers (Chesneau
1994; Godsave 1953; Abramzon & Sirignano 1989; Dgheim et al. 2013; Sazhin 2018) since several years due to their direct
relevance in many engineering applications such as internal combustion engine, burners, turbo-machines, etc... The recent
development of the numerical techniques has contributed to the rise of numerical studies in the field of droplet evaporation such
as those of liquid hydrocarbon. However, this field is very complex in particular when the phenomenon of two-phase flow occurs.
It remains a largely important field for research. Despite the development of new numerical techniques which have made it
possible to improve and take into consideration several physical parameters in evaporation phenomena, numerous studies (Tonini
& Cossali 2012; Merouane 2013; Sazhin 2017; Dgheim ef al. 2018) have not elucidated deeply the problems and difficulties still
exist in the resolution of two-phase evaporation phenomena. However, studies undertaken by many researchers to solve these
difficulties have made it possible to develop several numerical models and techniques (Zubkov et al. 2017; Qubeissi et al. 2015;
Dgheim et al. 2017). Most of these models are oriented towards the temporal evolutions of the radius square and the surface
temperature. Thus, the isolated droplet remains one of the studies of many researchers in the case of hydrocarbon droplet
evaporation.
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From recent numerical and experimental studies on fuel droplet evaporation (Sazhin 2017; Pan et Chiu 2013; Ahmed et al. 2018;
Nath, Pati & Raju 2018), it has been shown that many researchers are interested in this field in order to reasonably describe the
essential phenomena which generate the processes involved in fuel evaporation & combustion. Indeed, in the case of isolated
droplets, evaporation is governed mainly by the processes of heat and mass transfer. The knowledge gained from these processes
is very important in the application of various spray patterns and combustion chamber geometries. Advances in the development
of powerful and comprehensive numerical codes have a contributing part, although data obtained from single droplet studies play
an important role in the success of the numerical models. In fact, the vaporization of fuels in engines has a strong influence on
pollutant emissions, ignition delays and overall combustion efficiency (Khiari 2016; Daho 2008). When a droplet enters a warmer
environment such as a combustion chamber, it is heated, evaporated and then burned to provide energy. Therefore, it is often
difficult to isolate and study individual physical processes, mainly in environments where there are complicating factors such as
the influence of thermophysical and physicochemical properties, ambient temperature, advection, etc... It is therefore useful to
study the simplest configurations of the evaporation phenomenon. Vaporization of a single droplet has been widely studied in
recent decades, both experimentally and numerically (Sardar et al. 2020; Pinheiro et al. 2019; Lupo & Duwig 2018; Frackowiak
2007; Dgheim et al. 2018). Most experimental studies on the evaporation of a droplet of liquid fuels, and more particularly
heptane, are often very expensive and very complex. Hence it is increasingly resorting to numerical simulations. However, given
the complexity of this topic, an isolated droplet evaporating in a gaseous medium which represents an ideal model of the physical
phenomena involved in the dilute regions of a spray, seems to be a first step towards a better understanding of the dynamics of
evaporation phenomenon. Studies focused on the evaporation of fuel droplets, in particular the heptane, in natural convection has
not been the subject of intensive scientific study. Ahmed et al. 2018, Sazhin 2018, and Dgheim et al. 2020, studied the influence
of the ambient temperature and the initial radius of the droplets on the burning rate. However, the influence of the thermophysical
properties, the mass production rate and the advection especially in the liquid phase of the evaporated droplet where the theta
angle is considered in the conservation equations, has not been fully investigated. In order to complete the previous studies, actual
work aims to improve the heat and mass transfers of an isolated liquid fuel droplet, in natural convection evaporation, subjected to
the influence of thermophysical properties by taking into account the effect of the mass production rate, the advection, and the
influence of the theta angle in the transfers’ equations, on fuel droplet physical parameters.

Physical model: The physical model consist of a fuel droplet of radius 7, immersed in an gaseous media. The pressure of this
media is equal to one atmosphere and the temperature maintained at a temperature slightly higher than that of the liquid phase.
This temperature difference generates a supply of heat by convection-conduction from the gas phase to the liquid one.
Consequently the liquid temperature increases until to reach, if the amount of heat is sufficient, its temperature evaporation. Let us
associate to this droplet a spherical reference frame such that the origin O coincides with the center of the droplet. The axis [0z) is
vertical and oriented in the opposite direction to the gravity field vector. The [Ox) axis is perpendicular to [Oz) and oriented from
left to right, and the [Oy) axis is perpendicular to the [O, y, [Oz)] plane as shown in Figure 1.

a Ligquid-vapor interface

Figure 1. Diagram of the physical model

The physical phenomenon of the droplet evaporation are represented in Figure 2.
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Figure 2. Physical phenomenon of a droplet evaporation in a stagnant medium
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The literature reports that the evaporation of a mono-component droplet, in a stagnant medium, is the simplest model (Chahine &
Dgheim 2017; Ahmed et al. 2018). In this case, the droplet is kept in the same environment as before, i.e. the temperature at the
liquid surface (Ts) must initially be lower than the temperature of the surrounding medium, and the pressure of the medium is
equal to the ambient pressure (1atm). Under these conditions, two phenomena occur (Mauduit 1992; Merouane 2013; Nje 2000):

e Heat transfer by conduction from the surrounding medium to the surface of the droplet increases the droplet temperature and
evaporates partially this latter,

o Diffusion of the mass produced by the gaseous concentration gradient between the surface of the droplet and its surrounding
environment allows the droplet to vaporize continually.

Simplifying Assumptions

e The gaseous media in which the hydrocarbon liquid droplet is placed is undisturbed.

o The transfers in the gaseous phase are laminar and are of the boundary layer type,

e The transfers admit symmetry azimutale

e The different gases and their mixtures behave like perfect gases,

o The Boussinesq approximation is retained in the equation of motion. The relative change in density obeys Boussinesq
approximation,

e The effects of Soret and Dufour are negligible,

e The liquid-gaseous interface is in thermodynamic equilibrium,

e The kinetic chemical is infinitely fast,

e The surface tension is negligible,

Mathematical model: Taking account of the above assumptions, the equations governing the transfer in the liquid and gaseous
phases can be written in the spherical reference (O,r,0) as following:

Gaseous phase

Continuity equation
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Momentum equation
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Initial and boundary conditions

Initial conditions: V't < t,t,is the instant fromwhich the droplet is subjected to an input heat by convection-conduction. The
temperature and the mass fraction are set equal to the surface temperature and surface mass fraction of the droplets.

T, =Ty Urgo = 0; Uggo = 0 ©)

Yg = fs05 Tg:Tso (10)
1V.3.2. Boundary conditions:¥' t > t,

-Center of the droplet: v = 0
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-Far from the droplet: " —> ®©
Ty=Te;  Upg=Ugy=0; Yy =0 (15)

Transformation of the coordinates: In order to avoid the non uniformity of the mesh in the vicinity of the liquid-vapor interface,
the following transformation are used :

T
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In the new coordinate system the equations (1-8) are :
-Gaseous phase
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The boundary conditions (11-15) are:

=0 (25)
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Dimensionless equations

The above equations and boundary conditions are dimensional zed using the following dimensionaless variables:

1
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The introduction of the above non-dimensional variables in the equations (18)-(24) leads to the following dimensionless

equations:

Vapor phase
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The dimensionless initial and boundary conditions can be written as follows :

initial conditions
Liquid phase:

* . * — * —_ . * —_
=1 Uy = Upgo = 0;Ugyp =0
-Gaseous phase:
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g

- Dimensionless boundary conditions.
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The surface mass fraction varies according to the saturated vapor pressure determined by Clausius Clapeyron equation, as
reported by Abramzon & Sirignano and Dgheim et al. Therefore:

P‘US
ﬂ=%=@j@;@@ )
vs Mf
Where P,, = 1latm, P,is the saturated vapor pressure for hydrocarbon droplet and T = (Ts —273.15) * S + 32

The latent heat is written as:

L=1, (M)“S (50)

(Terie=Tebn)

Where L, represents the fuel latent heat of vaporization.

Table 1. Physical properties of heptane at lowand high temperatures

273 <T <380 273< T <1200
C I(L) =916.2+4.039+T Cp =T = (6.74—5 + T *(0.76%107° x T — 3.642 10_3)) —51.33 (L)
P kg. K 2 kg.K
wi(kg/m.s) = 10(43?73—4.878) u(kg/m.s) =08+10"°+18x10°«T
kg T kg
i) = 1.212 % (350" pi(=3) = 0.1205 P/T

L,,(k]—g) =45 020

mZ
D,u-,(T) =76.2 1076 T16/P

Numerical methodology
Numerical procedures

The Equations (35)-(41) associated to the boundary conditions ( 44)-(48)are solved using an implicit finite difference method and
Thomas algorithm. A mesh sensitivity analysisleads to a time step of 0.015s for A" =0.25 and An = 0.025, that corresponding
to a mesh of 40x72.

Procedure for transfers in the liquid and gaseous phases
The program was written in Fortran 90. The steps of this program are shown in the following flowchart:

initial data (velocity, temperature, pressure, radius, concentration, ....),
geometrical quantities, values of the physical properties of the domain,
initialization of the quantities in the liquid and gaseous phases,
intermediate calculations,

solving transfer equations in the vapor phase using Thomas' algorithm,
solving transfer equations in the liquid phase using Thomas' algorithm,
calculation of the temperature at the liquid-gaseous interface,
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o check the continuity of the flux densities at the liquid-gaseous interface by testing the surface temperature: if the flux
density test is less than 0.1, the calculation proceeds to the next step. Otherwise the calculation is repeated in step 4.

o test on the angle: if this angle is less than 90° the local Nusselt and Sherwood numbers are calculated, otherwise the
calculation is stopped,

. test on the radius of the droplet: if the ratio between the calculated radius and the initial radius is less than 0.005 then

the calculation is resumed in 4, otherwise the calculation is stopped.

Model validation: In the case of evaporationin a quiescent gaseous media of an heptane droplet, it have been shown numerically
and experimentally that squared radiusof the droplet gradually decreases until it evaporates completely(Dgheim et al. 2018).
Ournumerical sofware has been validated by applying it to the problem of Bouaziz et al. 2002 and Dgheim e? a/. 2018that consists
to the evaporation by natural convection of an heptane droplet. The initial radius of this heptane droplet equal to 7 mm and the
duration of the evaporation of this droplet is equal to 2 mm. Figures 3, 4 and 5 represent respectively the temporal evolution ofthe
radius squareand the one of the droplet surface temperature during the evaporation. As it can be seen in these figures,our results
are in good agreement with those of Bouaziz ef al. 2002 and Dgheim et al. 2018. The maximum deviation onradius and surface
temperatureis about 2%.
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Figure 3: Comparison between our numerical results and the numerical and experimental results of (Bouaziz et al. 2002) for the
regression of the radius square of the heptane droplet in evaporation in natural convection
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Figure 4. Comparison between our numerical results and the numerical and experimental results of Dgheim et al. 2018 for the
regression of the radius square of the heptane droplet in evaporation in natural convection
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Figure 5. Comparison between our numerical results and the numerical and experimental results of Dgheim et al. 2018 for the surface
temperature of the heptane droplet in evaporation in natural convection
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Figure 6. Square radius regressionand surface temperature evolution of heptane droplets in natural convection
for different ambient temperatures

RESULTS AND DISCUSSION

As is can be seen in figures 6and 7 the duration of the complete evaporation of the heptane droplet is shorter as the gaseous
medium temperature or the initial droplet radiusare high. The temperature of the droplet surface increases quickly over time until
to reach at the end of the droplet evaporation the temperature of the gaseous medium. These results are corroborated by those on
the time regression of the droplet square radius. Indeed, the amount of heat supplied by conduction-convection by the gaseous
medium to the liquid droplet is higher as the difference between the initial temperature of the liquid droplet and the one of the
gaseous medium is important. One part of this heat increases the temperature of the liquid phase and the remaining part allows
evaporation of an amount of liquid that is more important as the amount of heat which is supplied to it by the gaseous medium is
great. The figure 8 illustrates the effects of the heat and mass buoyancy forces on the duration of the complete evaporation of the
liquid droplet. These buoyancy forces increases as the theta angle increases. Consequently, the heat and mass flux between the
gaseous media and the liquid droplet are higher as the polar angle is great. It means that the evaporation is not homogeneous. So
the shape of the liquid droplet supposed initially to be a sphere, is distorted over time ; At the bottom of the liquid droplet, the
radius square represents two slops where at theta equal 90° it decreases linearly. As it can be seen in figures 9-12 whatever the
values of the temperature of the gaseous media, of the initial droplet radius and of the polar angle, the effects of theses parameters
on the liquid phase temperature of the heptane droplet are similar to those presented above on surface temperature of the droplet.
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The liquid temperature increases as the distance from its center to its surface increases until its surface temperature at the liquid-
vapor interface. The temperature continues its augmentation with the increase of the distance from the droplet center to reach high
values in the vapor phase and finally returns back to the ambient temperature. In the whole cases, one can observe the evaporation
of the liquid droplet explained by the regression of the liquid-vapor interface, and the evolution of the vapor phase (figure 9).
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Figure 7. Square radius regressionand surface temperature evolution of heptane droplets in natural convection for different initial radii
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Figure 8. Square radius regression of heptane droplet in natural convection for different polar angles
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Figure 9. Radial evolution of liquid and vapor temperatures of the heptane droplet, in evaporation, in
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The progressive decrease of the initial radius of the liquid droplet due to its evaporation and the increase of the temperature of the
surrounding environment (figures10, 12) have an important effect on the increase of the temperature gradient between the droplet
surface and the ambient medium. This vapor gradient increases as the ambient temperature increases because the radial distance
becomes smaller.
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Figure 10: Radial evolution of liquid and vapor temperatures of heptane droplet, in evaporation, in natural convection, for various
ambient temperatures

421
40011
3
1
g s Y
Y e
o S ea——
$ M 1 T
h L
L. il | &5
;ﬂ'_:|_ \‘ = <] -
TR | e I
A "}U.".?J 1 R
- R Tmm "
p L T8
=18 5
a0 =
ﬁ:IllllllFlllrll |||I1]IIIIFI ‘-|‘-||ﬁ| J\l|l\|‘-||J\|-||-||I||‘-|-
00 01 02 03 04 05 06 07 03 09 40 11 12 13 S L'L 05 08 07 0

fmm)

Figure 11: Radial evolution of liquid and vapor temperatures of heptanes droplet. in evaporation, in natural convection,
for different polarangles

There is a gradual decrease of the vapor temperature to the ambient one away from the droplet surface. However, the increase of
the ambient medium temperature causes rapid evaporation of the droplet due to the variation in air properties that is highly
affected by the temperature (figure 10). On the other hand, when the droplet enters the hot environment and under the influence of
the ambient temperature and the properties of the air, the droplet is exposed to the effects of shearing. Hot gases tend to penetrate
the droplet by force. In fact, there is a transfer of heat from the environment to the interior of the liquid droplet through the surface
of this last. The heat transfer promotes the evaporation of the liquid phase of the droplet. Therefore, the temperature increases
from the surface of the droplet to the internal phase (the liquid phase). In addition, one noticed that at the bottom of the liquid
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droplet (6=5°, ©=25°),the evaporation process was much slower than that at the middle of the liquid droplet (6=70°,
0=90°)(figure 11) because the buoyancy forces pushed the hot vapor from the bottom to the top of the liquid droplet. The effects
of the values of the initial radius and the temperature of the gaseous media on the radial evolution of the heptane vapor mass
fraction are similar to those on the vapor temperature (figures 13-16). The effects of the polar angle value considered on the vapor
temperature and the heptane vapor mass fraction are also similar.
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Figure 12: Radial evolution of liquid and vapor temperatures of heptane droplet, in evaporation, in natural convection, for different
initial radii
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Figure 13: Radial evolution of the vapor mass fraction of heptane droplet in natural convection for different times
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Figure 14: Radial evolution of the vapor mass fraction of heptane droplet in natural convection for various ambient temperatures
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The heptane vapor mass fraction decreases from its value at the liquid-vapor interface corresponding to the vapor saturation mass
fraction to the ambient one equal to zero far from the liquid droplet. The vapor saturation mass fraction is depending on the liquid
phase temperature. Figure 15 shows the radial evolution of the heptane vapor mass fraction for different polar angles. These
evolutions are similar to those on the vapor temperature presented above. Figure 16 shows for the evaporation duration considered
that the heptane vapor mass fraction at the liquid -vapor interface is higher as the initial radius value of the heptane droplet is
small. The greater the surface temperature is, the greater the mass fraction at the surface of the droplet. On the other hand, at the
beginning of the evaporation process, the environment is dry and gradually becomes laden with vapor. For a specific mass
fraction of vapor on the surface of the droplet, the vapor flow rate is highest when the mass fraction close to the droplet is low.
This explains why the vapor flow rate is high at the beginning and then decreases afterwards. This decrease is, however,
compensated at the leading edge by the increasing of the surface temperature and by the flow that discharges the vapor and
maintains a high mass gradient.
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Figure 15: Radial evolution of the vapor mass fraction of heptanes Droplet in natural convection for different polarangles
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Figure 16: Radial evolution of the vapor mass fraction of heptane droplet in natural convectionfor different initial radii

The radial evolutions of the radial velocities in liquid and vapor phases of heptane dropletare presentedin figures 17-20. The radial
velocity of the vapor phase increases from its value at the liquid-vapor interface to reach its maximum value before decreasing to
the ambient medium value. One notesa similarity of the curves and a uniform overview of the evolution of the velocity
distribution. In addition, it can be noted that the velocity of the gas phase of the droplet takes very low values over time as the
droplet evaporates (figure 17). Indeed, theheat and mass transfers aredeveloped and propagated from the gaseous phase to the
liquid one. In addition, evaporation phenomena linked to shear continuities of the velocities and to advection, and also to the
quantity of movement, play an important part in the evolution of the velocities.
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Figure 17: Radial evolution of the radial velocity of liquid and vapor phases of the heptane droplet, in evaporation, in natural
convection for different times

A much finer analysis of the velocity results in the vapor phase shows that the flow distributed over the entire droplet distribution
acts on the velocities, temperatures and mass fraction in both liquid and vapor phases.

The movement of the vapor is accompanied by the energy transport associated with the mass flows. As it can seen in figures 18
and 19, the effects of the gaseous medium temperature, and the initial radius of the heptane droplet on the radial evolution of the
radial velocity in the liquid phase,are significantly only in the vicinity of the liquid-vapor interface.
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Figure 18: Radial evolution of the radial velocity of the liquid and vapor phases of the heptane droplet,
in evaporation, in natural convection for different ambient temperatures
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This is due fromone hand, to the amount of the heat supplied to the liquid phase, which is for a given droplet size the more
important as the temperature of the gaseous medium is high and from another hand, to an intensification of the transfer by natural
convection in the liquid phase, all the more important as the quantity of liquid is high and therefore as the radius of the heptane
droplet is large. Therefore, when the pure component evaporates in an ambient environment at high temperature (figure 18), a part
of the heat perceived by the droplet from the ambient environment is used to heat the droplet and another one is used to evaporate
it (this corresponds to the latent heat of the evaporation). The higher the temperature of the droplet increases, the more the heat
perceived by the droplet decreases and the more energy the droplet consumes to evaporate, since it evaporates more. Figure 16
also shows that when theta angle increases the radial velocity value also increases. This is due to the heat and mass buoyancy
forces along the liquid-vapor interface of the liquid droplet. The evolutions observed by the profiles of the droplet thickness for
different temperatures of the ambient medium in which the droplet is placed, the theta angles and the initial radii of the droplet are
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Figure 19: Radial evolution of the radial velocity of the liquid and vapor phases of the heptane droplet,
in evaporation, in natural convection for different theta angles
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Figure 20. Radial evolution of the radial velocity of the liquid and vapor phases of the heptane droplet,
in evaporation, in natural convection for different initial radii

shown in figures 21-23
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Figure 21: Evolution of the vapor thickness of the heptane droplet, in evaporation, in natural convection for different ambient

Figure 22: Evolution of the vapor thickness of the heptane droplet, in evaporation, in natural convection at different polar angles

Figure 23: Evolution of the vapor thickness of the heptane droplet, in evaporation, in natural convection for different initial radii

0,7 1
e 2 o
0,6 o : o : - ©
e o - LI
o o ° e ° 3
0,5 .22 . JEPEE
[ : ® o ¢ e 7 ‘.l
4] Z=see T eeenT, 300K
E . ° = =2 T, =300K %
T 03+ = =3 T =300K| %
- - e4 T =300k %
0.2- T,,=293,15K {
Ry,=0,7mm {
0.1 0=70° {
0,0 T T T T T T T T T T T T !
0,0 0,5 1,0 1,5 2,0 2,5 3,0
t(s)

temperatures
0,7
0,6 - . ° . - S .
® o ° ) ® :
1 .2 .o ° e * - ® e :.
_ o e ®© o ® & ® - ()
0,5 - v " : ° : L o - a : .“
°% o 6 ° - e g1,0=5° - 3
044 8o . « £20=259 +
[ 4
= 1 - = ©3,6-50° 3
T 037 - = e4,0=70 H
1 = = e5,0=901 ‘
0,2+ T,,=400K ‘
1 T5,=293,15K ‘
0,1 —
| RSD—0,7mm |
0,0 T T T T T T T T T T !
0,0 0,5 1,0 1,5 2,0 2,5 3,0
t(s)

0,7
| e © o
- ° o e ©
0,6 - - < T .
4 o : o o - L4 L ® o
o o Y P
0 54 L d [ ™) L J - - - - - L ) L Y
, e o o _ o 3
] o o ° . AN )
04 : e o - o \‘a
—_ -1 [ J =
c ) . o 14 ® ®e1, R,=0,55mm {
E T ° e ee2 R,=0,6mm '{
© 034 e @3, R,=0,65mm 1
1 * ¢4, Rso=0,7mm
0,2+ ® ®e5, R,,=0,75mm
1 T, =400K
0,14 —
] T,,=293,15K
0=70°
0,0 T T T T T T T T
0,0 0,5 1,0 1,5 2,0 2,5 3,0
t(s)




16100 International Journal of Current Research, Vol. 13 Issue, 02, pp. 16084-16101, February, 2021

These results suggest several observations:

The calculated thicknesses are of the order of 32 to 65 mm

Whatever the considered values of the temperature of the gaseous medium and the angle theta, the thickness of the vapor
phase evolves, for a fixed droplet radius, over time as a parabola curve by reaching a zero value at the end of the evaporation
process. It is higher as the initial radius of the droplet, the gaseous medium and the polar angle are large (figures 21-23). In
addition, this thickness increases as the droplet initial radius is large. These results are corroborated by those presented
previously on the heptane vapor temperature and mass fraction profiles.

Conclusion

This work focused on the evaporation of heptane droplet in natural convection. Naviers-Stockes equations coupled to heat and
mass transfers equations in spherical coordinates are solved numerically using implicit finite difference method and Thomas'
algorithm. Our numerical results are compared with those of Dgheim et a/ and Bouaziz ef al and satisfactory qualitative and
quantitative agreement is observed. The maximum relative error was of the order of 2%. Then, our computation is performed in
order to study the effects of the variation of the different parameters such as the time, the ambient temperature, the theta angle and
the initial radius of the heptane droplet on the evolution of the temperature and the velocity in the liquid and vapour phases, and
the evolution of the mass fraction in the vapour phase. The evolution of the liquid-vapor interface (droplet radius) and the
evolution of the vapor phase thickness are clearely observed for different physical parameters. At high ambient temperature, there
is a decrease in temperature and velocity values in the liquid and vapour phases. The same phenomenon is observed for the mass
fraction evolution in the vapor phase. Also, for large droplets (larger initial radius) and high theta angles, the temperature and
velocity profiles have parabolic shape in the vapour phase. Thus, the vapor phase thickness is calculated and presented versus
time for different physical parameters especially the theta angle. The none-sphericity of the evaporated heptane droplet is clearly
observed.

Nomenclature
B Spalding number U dynamic viscosity, kgm's™
Cp  specific heat, Jkg'K! V kinematic viscosity, m’s™
L latent heat, Jkg' p density, kgm™
P pressure, atm 0 polar angle, °
Pr  Prandtl number Subscripts
Sc Schmidt number a air
T temperature, K f fuel
t time, s / liquid
u velocity component in x direction, m.s™ m mass
v velocity component in y direction, m.s™ s surface
Y mass fraction oo, amb ambient medium
Greek letters 0,1 initial
A difference Superscripts
1] r/rs * dimensionless
A thermal conductivity, Wm 'K - mean
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