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A B S T R A C T

The main ideas of the model for droplet heating and evaporation, based on the analytical solution to the heat
conduction equation inside the droplet, and its implementation into ANSYS Fluent are described. The model
is implemented into ANSYS Fluent using User-Defined Functions (UDF). The predictions of ANSYS Fluent
with the new model are verified against the results predicted by in-house research code for an n-dodecane
droplet heated and evaporated in hot air. Also, the predictions of this version of ANSYS Fluent are compared
with in-house experimental data.
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1. Introduction

A new model for multi-component droplet heating and evapora-
tion, based on the analytical solutions to the heat transfer and species
diffusion equations, has been developed by our group (see Refs. [1,2]
for the details). This model has been validated based on the available
experimental data and the predictions of the numerical codes using
the analytical solution to these equations [3,4].

In the current study the analysis is restricted to mono-component
droplets. The main ideas of the new model and the results of its
implementation into the commercial CFD code ANSYS Fluent, via
User-Defined Functions (UDF), macros, supported by ANSYS Fluent,
are summarised. The results of the implementation of the model are
compared with the predictions of the in-house code and validated
against in-house experimental data.

The mathematical formulation and the implementation of the
model are described in Section 2. In Section 3.1, the predictions of
ANSYS Fluent with the new model are verified against the predic-
tions of the in-house code. In Section 3.2, the experimental set-up
is described, and the results of simulations are compared with the
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experimental data. The main results of the paper are summarised in
Section 4.

2. Formulation of the problem

In the conventional approach, used in most available CFD codes,
including ANSYS Fluent, droplet heating is modelled based on the
solution to the following energy balance equation:

cplmd
dT
dt

= 2pNukgRd (Tg − Ts) + Lṁd + qint, (1)

where cpl is droplet liquid specific heat capacity, md and Rd are
droplet mass and radius, respectively, Nu is the Nusselt number, kg

is gas thermal conductivity, Tg and Ts are gas and surface temper-
atures, respectively, L is the latent heat of evaporation, qint is heat
supplied or removed from internal sources (e.g. chemical reactions).
The derivation of this equation is based on the assumption that
the effects of temperature gradients inside droplets can be ignored.
This assumption is commonly supported by the fact that liquid
thermal conductivity is much higher than gas thermal conductivity
in most engineering applications. At the same time, when mod-
elling transient processes this assumption should be based on the
comparison of the liquid and gas thermal diffusivities and the values
of the Fourier number. In most engineering applications, includ-
ing Diesel engines, liquid thermal diffusivities are much lower than

http://dx.doi.org/10.1016/j.icheatmasstransfer.2016.05.032
0735-1933/© 2016 Elsevier Ltd. All rights reserved.
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Section 4, some results of the numerical solution of the basic equa-
tions for the values of parameters relevant to the experimental set-
up described in Section 3 are presented. The main results of the pa-
per are summarised in Section 5.

2. Basic equations and approximations

The model developed in the paper is based on the equations
describing, liquid phase heating, species diffusion in the liquid
phase, droplet evaporation, and species mass fractions at the sur-
face of the droplets. These equations and their approximations
and analytical solutions, where appropriate, are presented and dis-
cussed below.

2.1. Droplet heating

As in the case of monocomponent droplets [1–3], the process of
heating (or cooling) for stationary spherically-symmetric multi-
component droplets is described by the following transient heat
conduction equation for the temperature T ! T(t,R) in the liquid
phase [21,22]:

@T
@t
¼ j @2T

@R2 þ
2
R
@T
@R

 !
; ð1Þ

where j = kl/(clql) is the liquid thermal diffusivity, kl, cl, and ql are
the liquid thermal conductivity, specific heat capacity, and density,
respectively, R is the distance from the centre of the spherical drop-
let, t is time.

Eq. (1) inside the droplet is to be solved for t > 0 and 0 6 R < Rd,
where Rd is the droplet radius, with the following boundary
condition:

hðTg & TsÞ ¼ kl
@T
@R

!!!!
R¼Rd&0

; ð2Þ

and the initial condition T(t = 0) = Td0(R), where Ts = Ts(t) is the drop-
let’s surface temperature, Tg = Tg(t) is the ambient gas temperature,
h is the convection heat transfer coefficient, linked with the Nusselt
number Nu via the following equation:

Nu ¼ 2Rdh=kg ;

where kg is the gas thermal conductivity.
Remembering the physical background to the problem, we are

interested only in a solution which is continuously differentiable
twice in the whole domain. This implies that T should be bounded
for 0 6 R < Rd.

Assuming that h = const., the solution of Eq. (1), subject to the
above boundary and initial conditions, can be presented as [2]:

Nomenclature

BM Spalding mass transfer number
BT Spalding heat transfer number
c specific heat capacity
C distance parameter
D diffusion coefficient
F function introduced in Eq. (8) or (22)
GE Gibbs free energy per unit mole
h convection heat transfer coefficient
h0

h
kl

Rd & 1 or & a
Dl

Rd & 1
k thermal conductivity
kB Boltzmann constant
L latent heat of evaporation
m mass
M molar mass
n molar concentration
Nu Nusselt number
p pressure
Pe Peclet number
Pr Prandtl number
qn parameter introduced in Eq. (3)
QL power spent on droplet heating
Qn parameter introduced by Eq. (14)
R distance from the droplet centre
Ru universal gas constant
Rd droplet radius
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
t time
T temperature
eT 0ðRÞ RTd0(R)
vA molar volume
X molar fraction
Y mass fraction

Greek symbols
a parameter defined by Eq. (11) or introduced in Eq. (44)

b parameter introduced in Eq. (44)
d parameter introduced in Eq. (44)
c activity coefficient
! evaporation rate
ev,a Lennard–Jones energy
g function defined by Eq. (28)
j thermal diffusivity
jR parameter introduced in Eq. (3)
k, kn eigenvalues
l dynamic viscosity
l0(t) variable introduced in Eq. (3)
m kinematic viscosity
q density
r Lennard–Jones length
u parameter defined by Eq. (24) or associated factor of sol-

vent
v parameter defined by Eq. (7)
vY parameter defined by Eq. (18)

Subscripts
ac acetone
amb ambient
b boiling
d droplet
eff effective
eth ethanol
g gas
i species
iso isolated
l liquid
p constant pressure
s surface
v vapour
0 initial
1 ambient conditions
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h Teff −Ts( ) = kl
∂T
∂R R=Rd−0
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Nomenclature

BM, BT Spalding mass and heat transfer numbers
cp specific heat capacity at constant pressure
D binary diffusivity coefficient of vapour in air
h convection heat transfer coefficient
In integrals, used in series (2) and (6)
j parameter, defined in Eq. (4b)
k thermal conductivity
L latent heat of evaporation
m mass
ṁ evaporation rate
M molar mass
NL number of layers inside a droplet
Nu Nusselt number
Pe Peclet number
p pressure
Pr Prandtl number
q heat flux
r radial coordinate from the centre of the droplet
Rd radius of a droplet
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
t time
T temperature
v velocity
Y mass fraction
x molar fraction

Greek symbols
j parameter defined by Eq. (4a)
kn eigenvalues defined by Eq. (3)
l dynamic viscosity
q density
0 parameter defined by Eq. (5e)
w correction function defined by Eq. (4b)
f parameter defined by Eq. (4a)

Subscripts
d droplet
eff effective
g gas
int internal
l liquid
ref reference value
s surface of droplet
sat saturation
t total
v vapour
0 value at the beginning of a time step
∞ value in the far field

those of gas. This obviously brings into question the applicability of
Eq. (1). This equation cannot be used at all when the Fourier numbers
are small.

In an alternative approach to the problem of droplet heating, tak-
ing into account the effects of temperature gradient inside droplets,
the transient heat conduction inside the droplet is solved subject
to the boundary conditions at the surface of the droplet. Assuming
that all the processes inside the droplet are spherically symmetric,

an analytical solution to this equation during any time step Dt (t ∈
[0,Dt]) has been found in the form [2,4]:

T (r, t) =
1
r

∞∑

n=1

{(
In − Rd sinkn

k2
n

f (0)

) exp
(
−jk2

nt
)

bn
−

− Rd sinkn

bnk2
n

t∫

0

df (t)
dt

exp
(
−jk2

n (t − t)
)

dt

⎫
⎬

⎭

sin
(
kn

r
Rd

)
+ Teff (t) , (2)

where kn are positive roots to the eigenvalue equation

k cosk + j sink = 0; (3)

in ascending order,

bn =
1
2

(
1 +

j
j2 + k2

n

)
, In =

Rd∫

0

r
Rd

T0 (r) sin
(
kn

r
Rd

)
dr,

T0(r) is the initial temperature distribution inside the droplet or
the distribution predicted at the previous time step;

j =
keff

cplqlR2
d

, f (t) =
hTeff (t) Rd

keff
, Teff = Tg +

ṁdL
2pRdNukg

; (4a)

j =
hRd

keff
− 1, h =

kgNu
2Rd

, keff = wkl,

w =
(

1.86 + 0.86 tanh
(

2.225 lg
Pe
30

))
, (4b)

Pe = 0.79
∣∣vg − vd

∣∣ lg

ll

Re1/3
d

1 + BM

qlRdcpl

kl
, Red =

2Rdqg
∣∣vg − vd

∣∣

lg
, (4c)

where BM = (Yvs − Yv∞)/(1 − Yvs), Yv∞ and Yvs are mass fractions of
vapour in the ambient gas and at the droplet surface. Note that

Yvs =
xvsMv

xvsMv + (1 − xvs) Ma
, xvs =

psat

p
.

The Nusselt number is approximated as [2]:

Nu =
ln (1 + BT)

BT
Nu∗, (5a)

Nu∗ = 2 +
(1 + Red Pr)1/3 max

(
1, Re0.077

d

)
− 1

F (BT)
, (5b)

Sh∗ = 2 +
(1 + RedSc)1/3 max

(
1, Re0.077

d

)
− 1

F (BM)
, (5c)

F(BT,M) = (1 + BT,M)0.7 ln (1 + BT,M)
BT,M

, BT = (1 + BM)0 − 1, (5d)

0 =
cpvqgD

kg

Sh∗

Nu∗ , Pr =
cpglg

kg
, Sc =

lg

qgD
. (5e)
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Nomenclature

BM, BT Spalding mass and heat transfer numbers
cp specific heat capacity at constant pressure
D binary diffusivity coefficient of vapour in air
h convection heat transfer coefficient
In integrals, used in series (2) and (6)
j parameter, defined in Eq. (4b)
k thermal conductivity
L latent heat of evaporation
m mass
ṁ evaporation rate
M molar mass
NL number of layers inside a droplet
Nu Nusselt number
Pe Peclet number
p pressure
Pr Prandtl number
q heat flux
r radial coordinate from the centre of the droplet
Rd radius of a droplet
Re Reynolds number
Sc Schmidt number
Sh Sherwood number
t time
T temperature
v velocity
Y mass fraction
x molar fraction

Greek symbols
j parameter defined by Eq. (4a)
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l dynamic viscosity
q density
0 parameter defined by Eq. (5e)
w correction function defined by Eq. (4b)
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Subscripts
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ref reference value
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v vapour
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solution.
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where L is the latent heat of evaporation, the value of _Rd can be ta-
ken from the previous time step and estimated based on Eq. (27). Rd

is assumed constant in the analytical solutions, but is updated at the
end of the time step Dt:

RdðnewÞ ¼ RdðoldÞ þ _RdDt;

where the value of _Rd is controlled by the droplet evaporation mod-
el (see Eq. (27) in Section 2.3). Note that updating of liquid density
can lead to Rd(new) > Rd(old) (thermal swelling, see Eq. (27)).

The average surface temperature in a moving droplet can still
be correctly predicted by Eq. (1), with appropriate boundary condi-
tions, and its solution (3) if the liquid thermal conductivity kl is re-
placed by the so-called effective thermal conductivity keff [23]:

keff ¼ vkl; ð6Þ

where the coefficient v varies from 1 (at droplet Peclet number Ped(-
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Liquid fuel transport properties were used for calculating Ped(l). The
model based on Eqs. (6) and (7) is known as the effective thermal
conductivity model. This model was developed mainly for the esti-
mation of the average surface temperature of droplets, which con-
trols droplet evaporation (cf. [24,25]). It cannot predict adequately
the details of the distribution of temperature inside droplets, which
include vortex structures for non-zero droplet velocities, but these
are not required in most practical engineering applications. Hence,
the applicability of this model can be justified. It allows the applica-

tion of Solution (3) to the case of moving droplets by replacing kl

with keff, assuming that h = const.
The value of Nu for an isolated moving droplet is estimated

based on the following equation [23]:
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evaporation rates of species i; _mi ¼ !i _mdð _md ¼

P
i _miÞ.

This model is equally applicable to one-component and multi-
component droplets. The liquid thermal conductivity of multi-
component droplets is calculated as described in Appendix A.

2.2. Species diffusion in the liquid phase

Assuming that the processes inside droplets are spherically
symmetric (no convection), equations for mass fractions of liquid
species Yli ( Yli(t,R) there can be presented in the following form:
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_md is the droplet evaporation rate, the calculation of which is dis-
cussed in the next section (see Eq. (20)).

Assuming that species concentrations in the ambient gas are
equal to zero, the values of !i can be found from the following rela-
tion [9–11]:

!i ¼
Yv isP

iYv is
; ð12Þ

where the subscript v indicates the vapour phase. We assume that !i

is constant and is determined by the values of Yvjs (j refers to all spe-
cies) at the beginning of the time step. The conditions !i = const. and
a = const. can always be guaranteed for sufficiently small time
steps.

As in the case of Eq. (1), we are interested only in a solution
which is continuously differentiable twice in the whole domain.
This implies that Yli should be bounded for 0 6 R < Rd. Moreover,
the physical meaning of Yli, as the mass fraction, implies that
0 6 Yli 6 1.

Eq. (9) with boundary conditions (10) have essentially the same
structure as Eq. (1) with boundary condition (2). The former equa-
tions can be obtained from the latter if we replace T with Yli, j with
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|ṁd|

4⇡⇢lR2
d

, (7)

"i =
Yvs,iP
i Yvs,i

. (8)

When deriving (1) it was assumed that ↵m = const.
Note that there are typos in Eqs. (5.18) and (5.20) in [1] (Eqs. (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 Dl replaced by
the e↵ective di↵usivity De↵ defined as [1]:

De↵ = �Y Dl, (9)

5

where �0 and �n (n � 1) are solutions to the equations

tanh � = � �

hY 0
and tan � = � �

hY 0
,

respectively,

hY 0 = �
✓

1 +
↵mRd

Dl

◆
, (2)

QY n =

8
<

:
� 1

||vY 0||2

⇣
Rd
�0

⌘2

(1 + hY 0) sinh �0 when n = 0

1
||vY n||2

⇣
Rd
�n

⌘2

(1 + hY 0) sin �n when n � 1
(3)

qY in =
1

||vY n||2

Z Rd

0

RYli0(R)vY n(R)dR, (4)

n � 0,

vY 0(R) = sinh

✓
�0

R

Rd

◆
, vY n(R) = sin

✓
�n

R

Rd

◆
, n � 1,

||vY 0||2 =

Z Rd

0

v2
Y 0(R)dR = �Rd

2


1 +

hY 0

h2
Y 0 � �2

n

�
, (5)

||vY n||2 =

Z Rd

0

v2
Y n(R)dR =

Rd

2


1 +

hY 0

h2
Y 0 + �2

n

�
, n � 1, (6)

↵m =
|ṁd|
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where the coe�cient �Y can be approximated as:

�Y = 1.86 + 0.86 tanh
⇥
2.225 log10

�
Red(l)Scl/30

�⇤
, (10)

Scl = ⌫l/Dl is the liquid Schmidt number, ⌫l is the liquid kinematic viscosity.65

Liquid fuel transport properties and the liquid velocity just below the droplet
surface were used to calculate Red(l). The model based on Equations (9) and
(10) is known as the E↵ective Di↵usivity (ED) model.

Solution (1) with De↵ defined by (9) was used alongside the solutions for
temperature and evaporation rate, summarised in [7], and Raoult’s law to70

perform calculations for heating and evaporation of moving droplets [1].

3. Implementation of the model into ANSYS Fluent

Solution (1) for each species was implemented into the customised ver-
sion of ANSYS Fluent alongside with the previously implemented equation
for temperature distribution inside droplets [7]. The UDF supplied ANSYS75

Fluent with the right-hand-side terms in the heat and mass exchange equa-
tions. Thermodynamic and transport parameters were calculated based on
the average temperature inside the droplets. The droplet volume was discre-
tised into NL = 500 concentric layers to calculate the series in Solution (1)
and in the corresponding solution for temperature distribution. The integrals80

and average temperatures inside droplets were also calculated using Simp-
son’s method [9]. At each time step species distributions and temperatures
were calculated from Solution (1) and the corresponding equation for temper-
ature distribution. Time steps for calculations were taken equal to dt = 10�5

seconds. The roots of the eigenvalues were found using the bisection method85

with accuracy of 10�12.

4. Results and discussions

The newly developed customised version of ANSYS Fluent was applied to
the analysis of cooling and evaporation of droplets of mixture of ethanol and
acetone, as described in the experiments the results of which are presented90

in [4]. The transport and thermodynamic properties of acetone and ethanol
were taken from [4]. Three compositions of droplets were considered: 25%
ethanol/75% acetone, 50% ethanol/50% acetone, 75% ethanol/25% acetone.
Droplet initial temperatures and diameters, ambient gas temperatures and
droplet velocities for each of these three cases are shown in Table 1.95
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Valida$on  of  the  implementa$on  into  ANSYS  Fluent:  
Bi-‐component  droplet:  acetone+ethanol

Composition Td0 (K) d0 (µm) Tg (K) vd (m/s)

25% 305.65 133.8 294.25 12.75
ethanol

50% 310.65 142.7 293.95 12.71
ethanol

75% 311.75 137.1 294.75 12.28
ethanol

Table 1: Droplet composition (percentage of ethanol), initial droplet temperature (Td0),
initial droplet diameter (d0), gas temperature (Tg), and droplet velocity (vd).

Note that in contrast to [4], we ignored the e↵ects of interaction between
droplets and the changes of droplet velocities with time. Taking into ac-
count both these e↵ects would a↵ect the values of predicted droplet temper-
atures and mass fractions, but would not a↵ect the results of the comparison
between the predictions of ANSYS Fluent and previously developed one-100

dimensional in-house code. The predictions of the latter code were verified
against the predictions of the code based on the numerical solutions to the
heat transfer and species di↵usion equations [4]. This allows us to use the
aforementioned code as the reference code to verify the results for heating
and evaporation of droplets of various compositions predicted by the new105

customised version of ANSYS Fluent.
In all cases ambient gas pressure was taken equal to 100 kPa. Gas param-

eters in the vicinity of the droplet surface were calculated based on reference
temperature Tref = (2 Ts + Tg)/3. 200 eigenvalues were used to calculate the
temperature distribution and up to 100 eigenvalues were used to calculate110

the species mass fraction distributions (Solution (1)).
The results of the comparison between ANSYS Fluent and in-house code

for the surface, centre and average temperatures of the droplet for a 25%
ethanol and 75% acetone mixture are shown in Fig. 1. As follows from this
figure, all three temperatures decrease with time, with surface temperature115

being always lower than that at the centre of the droplet, as expected. The
di↵erence between the temperatures at the centre and surface of the droplets
reached up to 9K, which cannot be ignored in most engineering applications.
This di↵erence was ignored in the conventional version of ANSYS Fluent,
which cannot be justified in the general case.120

The agreement between the predictions of ANSYS Fluent and in-house
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Composition Error (Td) Error (Yls,e) Error (Yls,a)

25% 0.1636% 0.3647% 0.1726%
ethanol

50% 0.1423% 0.1730% 0.3110%
ethanol

75% 0.1294% 0.2759% 0.7933%
ethanol

Table 2: Droplet composition (percentage of ethanol), and maximal relative errors of
estimation of droplet temperatures Td (centre, surface and average droplet temperatures)
and surface mass fractions of ethanol Yls,e and acetone Yls,a. These errors were estimated
as the ratios of the absolute values of the di↵erences between the parameters predicted by
ANSYS Fluent and the in-house code, divided by the values of parameters predicted by
the in-house code.

codes is reasonably good with the maximal deviation between predicted tem-
peratures not exceeding 0.1636% (see Table 2). This di↵erence between the
results can be ignored in almost all practical applications.

The plots for time evolution of ethanol and acetone mass fractions at the125

droplet surface, for the same conditions as those used for Fig. 1, are shown
in Fig. 2. As follows from this figure, mass fraction of ethanol increases
and mass fraction of acetone decreases during the evaporation process, as
expected. Acetone is more volatile than ethanol and evaporates faster than
ethanol. As in the case of temperatures, shown in Fig. 1, the agreement130

between the predictions of ANSYS Fluent and in-house code is good with the
maximal deviation between predicted surface mass fractions not exceeding
0.3647% for ethanol and 0.1726% for acetone (see Table 2). This di↵erence
between the results can be ignored in almost all practical applications.

The deviations between the results predicted by ANSYS Fluent and135

the one-dimensional in-house code for 50% ethanol/50% acetone and 75%
ethanol/25% acetone droplets turned out to be close to those shown in Figs.
1 and 2 (see Table 2). In all cases the changes in droplet radii were small
and the corresponding curves are not shown.

The plots for temperature versus normalised distance from the droplet140

centre at three time instants for the same conditions as those used for Figs.
1 and 2 are shown in Fig. 3. As one can see from this figure, there is visible
temperature gradient inside the droplet at all time instants under consider-
ation. This is consistent with the results shown in Fig. 1. The agreement

8
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Figure Captions235

Fig. 1 Time evolution of a 25% ethanol/75% acetone droplet surface
(bottom curve), average (middle curve) and centre (top curve) temperatures
(Ts, Tav and Tc) as predicted by the new customised version of ANSYS Flu-240

ent (solid curves) and previously developed one-dimensional in-house code
(dashed curves).

Fig. 2 Time evolution of surface mass fractions of ethanol (Yls,e) and
acetone (Yls,a) for a 25% ethanol/75% acetone droplet as predicted by the245

new customised version of ANSYS Fluent (solid) and previously developed
one-dimensional in-house code (dashed).

Fig. 3 The plots of temperature versus normalised distance from the
droplet centre for a 25% ethanol/75% acetone droplet at t = 4 ms (top250

curves), t = 5 ms (middle curves), and t = 6 ms (bottom curves), as pre-
dicted by the new customised version of ANSYS Fluent (solid) and previously
developed one-dimensional in-house code (dashed).

Fig. 4 The plots of mass fractions of ethanol (Yl,e) versus normalised255

distance from the droplet centre for a 25% ethanol/75% acetone droplet after
the first time step 10�5 seconds. Solid curve refers to the case when 100 of
terms in Solution (1) were taken into account, dashed and dotted curves refer
to the cases when 40 and 10 terms, respectively, in this solution were taken
into account.260
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Conclusion
• A	  model	  for	  heaDng	  and	  evaporaDon	  of	  mulD-‐component	  droplets,	  
based	  on	  analyDcal	  soluDons	  to	  the	  heat	  transfer	  and	  species	  
diffusion	  equaDons	  in	  the	  liquid	  phase,	  has	  been	  summarised.	  
•  The	  model	  was	  implemented	  into	  ANSYS	  Fluent	  via	  User-‐Defined	  
FuncDon	  (UDF).	  
•  The	  model	  was	  applied	  to	  the	  analysis	  of	  the	  mixtures	  of	  acetone/
ethanol	  droplet	  heat-‐	  ing/cooling	  and	  evaporaDon.	  
•  The	  predicDons	  of	  the	  customised	  version	  of	  ANSYS	  Fluent,	  with	  the	  
new	  model	  implemented	  into	  it,	  are	  verified	  against	  the	  results	  
predicted	  by	  the	  previously	  developed	  one-‐dimensional	  in-‐house	  
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