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The main ideas of the model for multi-component droplet heating and evaporation, based on the analytical
solutions to the heat conduction and species diffusion equations in the liquid phase, and its implementation into
ANSYS Fluent CFD software are described. The model is implemented into this software via User-Defined
Functions (UDF). The predictions of ANSYS Fluent with the newly implemented model are verified against the
results predicted by the previously developed in-house research code for droplets comprising of a mixture of
ethanol and acetone evaporating and cooled down in ambient air.

1. Introduction

A model for mono- and multi-component droplet heating and eva-
poration, based on the analytical solutions to the heat transfer and
species diffusion equations, is described in [1,2]. This model has been
validated based on available experimental data and verified based on
the predictions of the numerical code using the numerical solutions to
these equations [3,4]. Although the importance and efficiency of this
approach to the modelling of these processes have been clearly de-
monstrated [1,2], the applicability of this model to the analysis of
realistic engineering processes, including those which take place in
internal combustion engines [5], turned out to be limited. The main
reason for this limitation is that in most realistic engineering applica-
tions, heating and evaporation of droplets take place not in isolation but
in close interaction with a number of other processes, including hy-
drodynamic and heat/mass transfer processes in the carrier phase and
chemical reactions. The interactions between these processes are taken
into account in numerous research and commercial CFD codes.

The authors of [6] were perhaps the first to describe the preliminary
results of implementation of a model for droplet heating and evapora-
tion, taking into account the effects of temperature gradient and re-
circulation inside an individual droplet, into the commercial CFD
software ANSYS Fluent. This problem was investigated later in more
detail in [7]. In the latter paper, the results of the implementation of the
model of mono-component droplet heating and evaporation into ANSYS
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Fluent, using User-Defined Functions (UDF), was described. The pre-
dictions of the customised version of ANSYS Fluent were compared
with the results of experimental measurements performed at the Com-
bustion Research Facility, Sandia National Laboratories, and verified
using the results predicted by in-house research code for an n-dodecane
droplet heated and evaporated in hot air [7]. The main limitation of the
model described in [7] is that it is applicable only to mono-component
droplets, while most droplets used in engineering, including auto-
motive, applications are multi-component. For the case of multi-com-
ponent droplets, the process of species diffusion inside them needs to be
taken into account alongside the heat transfer process [1,2]. The
characteristic times of species diffusion are generally much longer than
temperature relaxation times. Thus, taking into account species diffu-
sion inside droplets is expected to be even more important than taking
into account temperature gradients.

The main focus of this paper is on the generalisation of the results
reported in [7], to the case of multi-component droplets, using the re-
sults of preliminary analysis presented in [6]. The model to be used in
our analysis is based on the analytical solutions to the heat transfer and
species diffusion equations in the liquid phase and is described in detail
in [1,2]. The effect of recirculation in the liquid phase is taken into
account based on the Effective Thermal Conductivity (ETC)/Effective
Diffusivity (ED) model [1,2]. The Abramzon and Sirignano ap-
proach [8] is used for modelling of the gas phase.

The main ideas of the model for temperature distribution in the
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Nomenclature

d Diameter of a droplet

D Diffusion coefficient

hy o Parameter defined by Eq. (2)

m Evaporation rate

Ny, Number of layers inside a droplet
Pe Peclet number

Pr Prandtl number

qy in Parameter defined by Eq. (4)

Qv n Parameter defined by Eq. (3)

R Radial coordinate from the centre of the droplet
R4 Radius of a droplet

Re Reynolds number

Sc Schmidt number

t Time

T Temperature

% Velocity

V¥ n Eigenfunction

Y Mass fraction

Greek symbols

[o Parameter defined by Eq. (7)

& Parameter defined by Eq. (8)

An Eigenvalues

v Kinematic viscosity

p Density

Xy Correction function defined by Eq. (10)
Subscripts

a Acetone

d Droplet

eff Effective

e Ethanol

g Gas

i Species

1 Liquid phase

ref Reference value

s Surface of droplet

\ Vapour phase

0 Value at the beginning of a time step

droplets, used in our analysis, are summarised in [7] and will not be
repeated in this paper. The model for species diffusion in the droplets,
based on the analytical solution to the species diffusion equation, is
briefly summarised in Section 2. Then the details of the implementation
of the model into ANSYS Fluent are described (Section 3). The pre-
dictions of the version of ANSYS Fluent, with the new model im-
plemented into it, are then compared with the predictions of the pre-
viously developed one-dimensional in-house code for the case of
heating/cooling and evaporation of acetone/ethanol droplets
(Section 4). The choice of these droplets was based on the fact that the
predictions of the one-dimensional in-house code for them were vali-
dated against experimental data and verified against the predictions of
the numerical code using the numerical solutions to these equa-
tions [3,4]. Then the main results of the paper are summarised.

2. Basic equations

As in the case of the heat transfer equation inside droplets, we as-
sume that species diffusion inside them is described by the one-di-
mensional species diffusion equation and all processes are spherically
symmetric. Assuming that droplet radius Ry is constant (an approx-
imation valid for short time steps), the analytical solution to this
equation for the mass fractions Y ;, subject to the initial condition Y
1,it=0,R) =Y ;0(R), is presented as [1]
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When deriving Eq. (1) it was assumed that a,, = const.

Note that there are typos in Egs. (5.18) and (5.20) in [1] (Egs. (1)
and (4) in this article) which were corrected in [2].

In the case of a moving droplet the distribution for mass fractions of
species can be described by the same Solution (1), but with D, replaced
by the effective diffusivity D.g defined as [1]

Dess = x4 D1, 9
where the coefficient yy can be approximated as
Xy = 1.86 + 0.86 tanh [2.2251og, ,(ReqqySci/30)], (10)

Sc; = /D is the liquid Schmidt number, v is the liquid kinematic
viscosity. Liquid fuel transport properties and the liquid velocity just
below the droplet surface were used to calculate Reqq). The model
based on Egs. (9) and (10) is known as the Effective Diffusivity (ED)
model.

Solution (1) with D.g defined by Eq. (9) was used alongside the
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