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Abstract

Purpose – The purpose of this paper is to develop a three-dimensional (3D) numerical model capable
of predicting the vaporization rate of a liquid fuel droplet exposed to a convective turbulent airflow at
ambient room temperature and atmospheric pressure conditions.

Design/methodology/approach – The 3D Reynolds-Averaged Navier-Stokes equations, together
with the mass, species, and energy conservation equations were solved in Cartesian coordinates.
Closure for the turbulence stress terms for turbulent flow was accomplished by testing two different
turbulence closure models; the low-Reynolds number (LRN) k-1 and shear-stress transport (SST).
Numerical solution of the resulted set of equations was achieved by using blocked-off technique with
finite volume method.

Findings – The present predictions showed good agreement with published turbulent experimental
data when using the SST turbulence closure model. However, the LRN k-1 model produced poor
predictions. In addition, the simple numerical approach employed in the present code demonstrated its
worth.

Research limitations/implications – The present study is limited to ambient room temperature
and atmospheric pressure conditions. However, in most practical spray flow applications droplets
evaporate under ambient high-pressure and a hot turbulent environment. Therefore, an extension of
this study to evaluate the effects of pressure and temperature will make it more practical.

Originality/value – It is believed that the numerical code developed is of great importance to
scientists and engineers working in the field of spray combustion. This paper also demonstrated for
the first time that the simple blocked-off technique can be successfully used for treating a droplet in the
flow calculation domain.
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Nomenclature
A ¼ cross section area (m2)
D ¼ diffusion conductance

hevap ¼ latent heat of vaporization

I ¼ turbulence intensity ð
ffiffiffiffiffiffi
u02

p
=U1Þ

K ¼ turbulence kinetic energy (m2/s2)
K ¼ evaporation rate (mm2/s)

L ¼ length of the computational
domain (m)

_m ¼ mass flow rate (kg/s)
_m00

evap ¼ evaporated mass flux (kg/m2)
Pe ¼ Peclet number
Pr ¼ Prandtl number
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p ¼ pressure (Pa)
Re ¼ Reynolds number
Sf ¼ source term ðSf ¼ SC þ SPfÞ

t ¼ time (s)
U1 ¼ freestream mean velocity (m/s)
Ud ¼ droplet velocity (m/s)
u ¼ velocity component in x-direction (m/s)
v ¼ velocity component in y-direction (m/s)
w ¼ velocity component in z-direction (m/s)
Yf ¼ fuel mass fraction

Greek letters

1 ¼ turbulence dissipation rate (m2/s3)
v ¼ specific rate of turbulence dissipation
F ¼ diffusion parameter (u, v,w, p, k, 1 orv)
m ¼ molecular viscosity (Pa s)
mt ¼ turbulence viscosity (Pa s)
r ¼ density (kg/m3)
a ¼ convection weighting factor
b ¼ diffusion weighting factor
G ¼ generalized diffusion coefficient
l ¼ thermal conductivity (W/m k)
t ¼ shear stress
Dx ¼ control volume length in x-direction
Dy ¼ control volume length in y-direction

Dz ¼ control volume length in z-direction
dij ¼ Kronecker delta

Subscripts

i ¼ Cartesian coordinates x (i ¼ 1), y

(i ¼ 2) or z (i ¼ 3)
ij ¼ xy (ij ¼ 12), xz (ij ¼ 13) or zx (ij ¼ 31)

plane of the control volume
B ¼ bottom (i, j, k 2 1) node
E ¼ east (i þ 1, j, k) node
N ¼ north (i, j þ 1, k) node
P ¼ center (i, j, k) node
S ¼ south (i, j 2 1, k) node
T ¼ top (i, j, k þ 1) node
W ¼ west (i 2 1, j, k) node
b ¼ control volume bottom (i, j, k 2 1/2)

face
e ¼ control volume east (i þ 1/2, j, k)

face
n ¼ control volume north ( j þ 1/2) face
s ¼ control volume south (i, j 2 1/2, k)

face
t ¼ control volume top (i, j, k þ 1/2) face
w ¼ control volume west (i 2 1/2, j, k)

face; wall

Introduction
The evaporation of fuel droplets is fundamentally and practically important for many
engineering systems. For example, the vaporization rate of liquid fuel is the controlling
parameter in liquid-fuelled combustion systems. Therefore, studying and understanding
the vaporization of a liquid fuel droplet is a prerequisite for understanding the complex
spray flows. A liquid droplet evaporating in a free or forced convective laminar flow
received great attention in the last century, which resulted in the establishment of
well-accepted correlations for the heat and mass transport rates from a liquid droplet. Much
of the credit of this progress goes to the pioneering research work undertaken by Frössling
(1938) in the late 1930s and, pursued by Ranz and Marchall (1952) in the late 1950s.

The study of the evaporation of liquid droplets in turbulent flow environments,
however, received less attention, and consequently it is still less understood. A review of
the open literature revealed that almost all the few published work on the effects of
turbulence on the vaporization of droplets in forced convective turbulent flows or in
zero-mean velocity turbulent flows are experimental (Gökalp et al., 1992; Birouk et al.,
1996; Wu et al., 2001 and references cited therein). To the authors’ knowledge only a few
attempts were made to develop numerical studies (Park and Farrell, 1990; Masoudi and
Sirignano, 2000). Park and Farrell (1990) developed a two-dimensional (2D) numerical
model to investigate the effects of turbulent flows on mass transfer from n-hexane
droplet having an initial diameter in the range between 100 and 400mm. Their test
conditions included Reynolds number and freestream turbulence intensity, I1, in the
range from 50 to 200 and from 0 to 50 per cent, respectively. They verified the code by
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comparing their results with turbulent convective flows over a sphere. In addition to the
fact that their model was a 2D which obviously cannot represent the characteristics of a
3D turbulent flow, a realistic validation of the model was lacking. Recently, Masoudi
and Sirignano (2000) introduced a newer approach in an attempt to investigate the role
of the largest spatial flow structures on heat and mass transfer to and from an
evaporating droplet, respectively. Their approach consisted of placing a vortex in the
convective flow upstream of the droplet and solving the three dimensional (3D)
Navier-Stokes equations. They reported that the Sherwood (mass transfer) and Nusselt
(heat transfer) numbers are higher than their counterparts’ axisymmetrical values if the
vortex centre is positioned far away from the droplet horizontal axis. Furthermore, the
Sherwood and Nusselt numbers values were found to be identical for n-heptane,
n-octane and n-decane droplets. This may suggest that their proposed correlations for
these numbers could be generalized for a wide range of hydrocarbon fuels.

In the approach adopted by Masoudi and Sirignano (2000), the rate of heat and mass
transfer between the convective flow and the droplet were evaluated as a function of a
vortex and its position with respect to the droplet. The most recent experimental studies
which dealt with the effect of a turbulent convective flow were performed by Gökalp et al.
(1992) and Wu et al. (2001). In both studies, the largest turbulence scale, i.e. integral length
scale, was much higher than the droplet initial diameter. Therefore, the effect of turbulence
on the droplet vaporization rate was explained in terms of turbulence intensity. The same
approach was adopted in the present study to develop a 3D numerical model for predicting
the rate of mass transfer (i.e. mass evaporation rate) from a liquid droplet exposed to a
convective turbulent flow. The version of the numerical model presented in this paper is
limited to ambient room temperature and atmospheric pressure conditions to enable
comparing our data with the published experimental data mentioned above. However, an
extension of this model which includes high-pressure and hot ambient gas conditions is
currently underway and will be presented in subsequent contributions.

Problem description
Consider a liquid droplet with an initial radius r0 and an initial temperature T0

immersed into turbulent inert airflow of infinite expanse. The gas phase is described
by U1, p1, T1, Yf1 and I1. The physical geometry of the problem with the initial
and boundary conditions are shown in Figure 1. The liquid droplet is stationary and

Figure 1.
Schematic of an
evaporating droplet
exposed to a convective
turbulent flow along with
initial and boundary flow
conditions
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immersed at a uniform temperature. Energy in the form of heat is transferred from the
gas phase to the liquid phase. A fraction of this energy is used to heat-up the interior of
the droplet, and only the remaining fraction of heat is used for droplet’s evaporation.
Once the droplet surface temperature reaches its steady-state value, all the heat
received by the droplet is used for evaporation only. The evaporation of the liquid
droplet (i.e. mass transfer) yields a decrease in the droplet radius. The evaporated mass
is then diffused and convected away from the droplet surface and hence the gas phase
becomes a mixture of fuel vapor and air.

Mathematical formulation
Governing equations and assumptions
The following assumptions are employed in the present model:

. the droplet shape remains spherical since the Weber number is much less than
unity;

. the droplet evaporates in inert surroundings;

. the gas phase is steady and incompressible;

. the freestream turbulence is assumed a priori known; and

. radiation and second order effects such as Soret and Dafour effects are assumed
negligible.

The governing equations for the gas phase are the Reynolds-Averaged
Navier-Stokes, energy and mass species conservation equations, which are given,
respectively, as:

›r
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›
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›
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›
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Closure for the turbulence stress terms for the gas phase was obtained by testing two
different models: low-Reynolds number k-1 of Jones and Launder (1973) and the
shear-stress transport (SST) of Menter (1994). Since, the characteristic time
for changes in the gas phase, which is the residence time in the neighborhood of
the droplet, is much smaller than the droplet lifetime, the quasi-steady gas phase
assumption can be employed (Prakash and Sirginano, 1979). Therefore, unsteady
terms in the conservation equations are cancelled by making the time interval,
in the discretized equation, of the order 1030 s. For the liquid phase (i.e. droplet),
the governing equations are basically the unsteady continuity, momentum and
energy equations, which are given by the equations (1)-(3) shown above but with
zero-turbulent terms.
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Freestream and gas-liquid interface conditions
The freestream values for velocities, pressure and turbulence quantities were taken at
the boundary of the calculation domain, which is about 32r0 upstream of the droplet, as
u ¼ U1; v ¼ 0;w ¼ 0; p ¼ p1 k ¼ k1; 1 ¼ 11 andv ¼ v1. The free stream values
for k, 1 and v are estimated from the following relations (Karel, 1998):

k1 ¼ 1:5ðI1 £ U1Þ
2 ð5Þ

11 ¼ cm f mr
k2
1

mt1
Re ð6Þ

v1 ¼ 10
U1

L
ð7Þ

where, Re ¼ ðU1 2 UdÞd0=v1 with (U1 2 Ud ) is the relative velocity, L is the
characteristic length of the calculation domain, fm is the damping function, and mt1

is the freestream turbulent viscosity which is taken as mt1 ø ð0:1 2 10Þm1

(Karel, 1998).
Conditions at the distinctive gas-liquid interface are obtained by the coupling

between the conservation equations in gas and liquid phases as follow:
. shear stress continuity:

tij;g ¼ tij;l ð8Þ

. tangential velocity continuity:

U tan jg ¼ U tan jl ¼ U s ð9Þ

. normal velocity continuity:

Unorjl ¼
rg

rl

� �
Unorjg þ 1 2

rg

rl

� �
_r ð10Þ

. temperature continuity:

Tg ¼ T l ¼ Ts ð11Þ

. energy conservation:
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. species conservation:

_m00
evapi

ðY f;g 2 1Þ2 rgDAB;g
›Y f;g

›xi
¼ 0 ð13Þ

. conservation of droplet mass:

_r2 ¼
evaporated

surfaces

P
_m00

evapi
A

4prr 2
þ

r

3r

dr

dt
ð14Þ

HFF
18,2

150



where the subscripts g and l denote the variable in the gas side and liquid side at the
droplet interface (which is denoted by s), respectively; tan and nor denote tangential
and normal to the control volume surface, respectively; ij denotes the coordinates of
shear stress plane, which could be xy, yz or zx depending on the control volume faces
being subjected to air flow and, i denotes x, y or z coordinates. The symbol _r denotes the
regression rate of the spherical droplet surface, r is the instantaneous droplet radius, A
is the surface area of the node subjected to the flow, Yf,g is the fuel mass fraction in the
gas phase, _m00

evapis the fuel mass flux, hevap is the fuel enthalpy of vaporization, DAB,g is
the coefficient of the fuel vapor molecular diffusion into air, leff is the effective thermal
conductivity.

Numerical solution
Discretization and numerical approach
The set of equations described above for the gas and liquid phases can be conveniently
summarized in a general transport equation having the following form:

›

›t
ðrFÞ þ

›

›xj
ðruiFÞ ¼

›

›xj
Gf

›F

›xj

� �
þ SF ð15Þ

the general variable, F represents the flow velocity components u, v or w, pressure p,
temperature T, mass fraction Yf or turbulence quantities such as k, 1 or v. In order to
solve the complex nonlinear strongly coupled set of governing transport equations,
finite volume method was employed (Patankar, 1980). The governing differential
equations were integrated over discrete volumes resulting in a set of algebraic
equations of the following general form:

aPFP ¼ aEFE þ aWFW þ aNFN þ aSFS þ aTFT þ aBfB þ bf ð16Þ

where the coefficients aP, aE, aW, aN, aS, aT, aB, and bf are defined as:

aP ¼ aE þ aW þ aN þ aS þ aT þ aB 2 SPDxDyDz

bf ¼ SCDxDyDz

aE ¼ beDe þ _meae 2 _me=2

aW ¼ bwDw þ _mwaw þ _mw=2

aN ¼ bnDn þ _mnan 2 _mn=2

aS ¼ bsDs þ _msas þ _ms=2

aT ¼ btDt þ _mtae 2 _mt=2

aB ¼ bbDb þ _mbab þ _mb=2

9>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>;

ð16:1Þ

and the subscripts P, E, W, N, S, T and B refer to the center point of the central, east,
west, north, south, top and bottom control volumes. Whereas e, w, n, s, t and b refer to
east, west, north, south, top and bottom face of the central control volume P. SP and SC

are the coefficients of the linearized source term, which is given as SF ¼ SC þ SPF.
Some of the parameters appeared in the above equation (16.1) are given as:
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Di ¼ 2GiAi=ðDxI þ DxPÞ

Gi ¼ GPGI=½GIGP þ ð1 2 f iÞGI�

f i ¼
ðD xjÞI

ðD xjÞIþðD xjÞP

ai ¼
1
2 £

ðPeÞ2i
5þðPeÞ2i

bi ¼
1þ0:005ðPeÞ2i
1þ0:05ðPeÞ2i

ðPeÞi ¼
_mi

Di

9>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>;

ð16:2Þ

where Dxj ¼ Dx for j ¼ 1, Dxj ¼ Dy for j ¼ 2 and Dxj ¼ Dz for j ¼ 3, respectively, fi
is the ratio of the neighborhood node length to the total length of neighborhoods and
central nodes in x, y or z direction, with f ¼ 0.5 if the grid is uniform. The subscript I in
equation (16.2) denotes E, W, N, S, T or B and, and subscript i denotes e, w, n, s, t or b
which are defined above.

In working numerically with the so-called primitive variables u, v, w and p, the
absence of an explicit equation for pressure presents a difficulty. This difficulty was
overcome by using SIMPLEC approach (van Doormall and Raithby, 1984) in which an
expression in the form of equation (16) was derived for the pressure through a
combination of the continuity and momentum equations. The ultimate goal was to
develop a pressure field such that the resulting velocity field must satisfy the
continuity equation for every control volume in the calculation domain. The solution of
the set of linearized algebraic equations in the form of equation (16) was accomplished
by using 3D strongly implicit procedure developed by Leister and Perić (1994).
Iterative sweeps of the solution domain (gas phase or liquid phase) were continued
until one of the two imposed conditions was achieved; either the assigned
maximum number of iterations was exceeded or the range-normalized relative
errors of the diffusion parameters (u, v, w, p, k, 1 or v) were satisfied for each control
volume as:

Fnþ1 2Fn

Fmax 2Fmin

�����
����� # zF ð17Þ

where Fmax and Fmin are the maximum and minimum Fnþ1 values. zF is taken to be
1024 for all quantities.

Numerical treatment of droplet in the calculation domain and solution procedure
To numerically solve for the liquid phase (droplet) and the gas phase a simple
technique, called blocked-off treatment, is employed. Analysis of the literature revealed
that this technique has been successfully applied to various simple and complex
different flow and geometry configurations (see, for example, Byun et al., 2003; Borjini
et al., 2003; Consalvi and Lraud, 2003; Zhou and Liu, 2004, and references cited therein).
To the authors’ best knowledge, apart from a very recent study by Birouk and
Abou Al-Sood (2006), no attempt has been made to employ blocked-off technique for
a flow over spherical object.
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The blocked-off treatment of a droplet immersed in the computational domain in the
Cartesian coordinates is schematically shown in Figure 2. Using the block-off
technique to solve for the gas or liquid phases requires switching the active and
inactive (i.e. blocked) control volumes between the two regions. When solving for the
gas phase, the control volumes forming the liquid phase (droplet) are kept inactive.
Similarly, when solving for the liquid phase, the control volumes forming the liquid
phase are active and those forming the gas phase are kept inactive. For the inactive
control volumes, the transport parameters represented in the general form by FP;desired

maintain their previous values before they become inactive. Note that this technique
makes the surface of a droplet looks like stair steps as shown in Figure 2. Although the
computation was executed for the entire calculation domain, only the solution within
the active control volumes was meaningful. The desired value for a given parameter
in the inactive control volumes can be obtained by assigning large values to the source
term in the discretization equation (16). For example, setting SC and SP in equation
(16.1) for the internal grid points in the inactive zone as:

SC ¼ 1030FP;desired

SP ¼ 21030

)
ð18Þ

where 1030 denotes a number large enough to make the other terms in discretization
equation negligible. Thus, equation (16.1) becomes SC þ SPFP ¼ 0, so that
FP ¼ 2SC=SP ¼ FP;desired.

The calculation domain was chosen to be a cube of 32r0 £ 32r0 £ 32r0, where r0 is
the droplet initial radius. The choice of the length of the cube is based on the
suggestions made by Sundararajan and Ayyaswamy (1984) who indicated that
the freestream conditions must be at least ten times the droplet radius. This is because
the location of the freestream conditions may affect the numerical solution as the
pressure correction equation is elliptical in nature. The computation domain was
divided into control volumes and the droplet was generated at the centre. Figure 1
shows the computational domain and the boundary conditions as the left and right

Figure 2.
Cartesian-based

blocked-off treatment of
an evaporating droplet

immersed in the
computational domain
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faces are inflow and outflow boundary conditions, respectively. The other faces; north,
south, top and bottom were taken as the wall boundary conditions. In the present
analysis, the Cartesian grid in the calculation domain consisted of 60 £ 60 £ 60.
Since, the gradients around the droplets were large, a very fine grid of 40 £ 40 £ 40
was used in the domain 2r (where r is the instantaneous droplet radius) from the sphere
centre in all directions, as shown schematically in Figure 1. Preliminary tests were
carried out to render to results independent on the grid.

Results and discussions
The results presented herein are mainly for validating the 3D numerical model we
developed in this paper. The test conditions are limited to those reported in Table I.
These conditions are deliberately chosen to match those of published results so that a
comparison can be made.

The accuracy of the present numerical model is first checked by verifying the level of
error involved in the calculation of the volume and surface area of the droplet by using
the blocked-off technique. This is because the blocked-off technique cannot configure the
exact spherical shape of the droplet, as can be seen in Figure 2. Thus, we decided to test
the accuracy of this technique by comparing the instantaneous volume and surface area
of the evaporating droplet obtained by the calculation technique (i.e. blocked-off
treatment) versus those computed by using the theoretical expression as Vd ¼ pd 3=6
and Ad ¼ 0:5pd 2, respectively, where the droplet diameter (d ¼ 2r) is obtained from
equation (14). The blocked-off technique approximates the droplet as the sum of 1,436
control volumes. These control volumes have a total of 8,616 surfaces/faces (each control
volume has six surfaces) but only 4,190 surfaces are subjected to flow and eventually
represent the outer surface of droplet. Note that the number of control volumes and
surfaces are kept constant throughout whereas their dimensions change (Abou Al-Sood,
2006). The results are shown in Figure 3. This figure shows that the difference between
the two methods is almost unnoticeable, less than 1 per cent, indicating the accuracy of
the blocked-off technique. We found that the error induced by the blocked-off technique
can be minimized by making an adequately fine grid in the 2r calculation domain.

The current 3D model is validated first by comparing the present numerical predictions
against the existing published experimental and numerical laminar data. The laminar
predictions of the present code were obtained by assigning a value of zero to the freestream
turbulence intensity in the numerical code. Figure 4 shows a typical variation of the
time-history of the squared normalized 1.18 mm diameter of n-heptane droplet in a forced
convective laminar flow having a streamwise mean velocity of U1¼6 m/s. This figure
shows that the present predictions agree reasonably well with the published numerical
data (Zhang, 2003) and almost perfectly with experimental data (Gökalp et al., 1988).

Figures 5(a) shows the variation of the surface temperature of n-heptane droplet
versus the evaporation time for different turbulence intensities. As expected, this figure
exhibits two distinct regions; transient and steady state. At any given freestream flow
conditions, the transient region shows a rapid increase in the droplet surface

Flow d0 (mm) U1 (m/s) I1 (per cent) p1 (atm) T1 (K) Re1

Laminar 1.18, 1.50 6.0, 1.0 0.0 1.0 297 472
Turbulent 1.50 1.0 1.0-60 1.0 300 ,100

Table I.
Test conditions
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temperature until it reaches a constant temperature, i.e. wet-bulb temperature. During
the transient lifetime of the droplet, most of the heat transferred to the liquid phase is
used to heat up the liquid droplet. The steady-state region is characterized by a
constant temperature, i.e. the wet-bulb temperature, which indicates that all the heat
transferred to the liquid droplet is used only for evaporating the droplet. More
importantly, the Figure 5(a) and (b) reveals that the droplet heat-up period decreases as
the freestream turbulence intensity increases, indicating an increase of the rate of heat
transfer to the droplet as a result of an increase in the turbulence intensity. The only

Figure 3.
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noticeable difference between the two droplets is that the surface temperature of
n-heptane is less than that of n-decane. This is due to the difference in the amount of
heat stored inside the droplet, which is directly proportional to the droplet boiling
temperature that is higher for n-decane.

Figure 5.
(a) Time-history of
n-heptane droplet surface
temperature for various
freestream turbulence
intensities; (b) time-history
of n-decane droplet surface
temperature for various
freestream turbulence
intensities
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Figure 6 shows the time-history of the squared normalized diameter of n-decane
droplet versus the normalized evaporation time for quiescent and laminar flow, as well
as for various flow turbulence intensities. The droplet life time was terminated when
97.3 per cent of the droplet has evaporated, however, only the initial portion of the
laminar and quiescent curves was shown in Figure 6 to enable observing the effect of
turbulence. After the elapse of the heating-up period the squared droplet diameter
appears to follow a linear variation with the evaporation time obeying the famous
d 2-law. Moreover, this figure clearly shows that turbulence decreases the life time of the
liquid droplet yielding an increase in the mass transfer (the evaporation rate) from the
droplet. The same scenario is seen with n-heptane droplet but not shown here to avoid
duplication. The predicted vaporization rate of n-heptane and n-decane droplets under
turbulent flow conditions were compared with published experimental data (Wu et al.,
2001), as shown in Figure 7. Clearly, the present numerical predictions obtained by using
the SST closure model agree reasonably well with their counterparts’ experimental data
within the experimental error. However, the low-Reynolds k-1 model produced
unsatisfactory results, as it overpredicts the vaporization rate of the droplets. This is due
to the fact that the value of the calculated turbulent viscosity based on the low-Reynolds
k-1 model is slightly higher than that based on the SST model, which in turn yields a
higher mass evaporation according to equation (12). Recall that the effective thermal
conductivity term appearing in equation (12) increases with turbulent viscosity.

Summary
Blocked-off technique with the finite volume method is used to develop a three
dimensional numerical model designed to predict the evaporation rate of a liquid
(hydrocarbons) fuel droplet exposed to a forced convective turbulent flow at atmospheric
pressure and room temperature conditions. Although, the blocked-off technique in the
Cartesian coordinates as applied to a flow over a spherical object (sphere or droplet) cannot

Figure 6.
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configure the exact shape of the droplet, the induced error can be reduced substantially by
increasing the number of grids in the droplet’s region. The developed numerical code
based on the SST model predicted reasonably well the vaporization rate of hydrocarbons
fuel droplets. Whereas, the same numerical code but based on the low-Reynolds k-1
turbulence closure model produced unsatisfactory predictions.
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