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A B S T R A C T

An earlier reported model for the prediction of the onset of puffing/micro-explosion in composite multi-
component water/liquid fuel droplets is generalised to consider the shifting of the water subdroplet relative
to the centre of the fuel droplet. The droplet heating and evaporation are described within the Abramzon and
Sirignano model. The equations of heat conduction in the droplet and component diffusion inside the fuel shell
are solved numerically assuming that the composition and temperature are uniform over the droplet surface
but vary with time. The change in the droplet size due to thermal swelling is considered. The verification of
the new model is performed by comparing its predictions with those of the previously developed numerical
code, based on the analytical solutions to the heat transfer and component diffusion equations, and used at
each timestep of the calculations, for the case of a perfectly centred water subdroplet. The coincidence of the
results supports both approaches to the problem. The timing of puffing/micro-explosion is then evaluated for
droplets of two kerosene surrogates for various positions of the water subdroplet. It is pointed out that shifts of
the water subdroplet by less than 20% lead to a reduction in the time to puffing/micro-explosion of less than
5%. This justifies the applicability of the previously developed model that was based on the assumption that
a water subdroplet is located exactly in the centre of the fuel droplet. The times to puffing/micro-explosion
predicted by the model are validated using the in-house experimental data for kerosene surrogate droplets
(SU1: n-decane, iso-octane and methylbenzene; SU12: iso-octane and methylbenzene).
1. Introduction

The importance of puffing (swelling and break-up of droplets into
smaller droplets) and micro-explosion (break-up of droplets leading
to formation of a cloud of aerosols) in composite water/fuel droplets
has been widely described [1]. Puffing/micro-explosion is initiated
when the temperature at the fuel–water interface becomes equal to
the water nucleation temperature [2]. Models of various levels of
complexity have been developed over the years to describe specific
aspects of the phenomenon starting with the approaches based on DNS
simulations [3–5] and ending with relatively simple models [1,6–9],
which are expected to complement DNS models by highlighting the
physical background of individual processes.

A simple model was developed by the authors of [7] for the case
where a spherical water subdroplet is placed exactly in the centre of a
spherical monocomponent fuel droplet. An analytical solution to the
transient heat transfer equation was obtained for this problem and
implemented into a numerical code. The effects of evaporation, using
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the model developed by Abramzon and Sirignano [10], and swelling
were taken into account. The Robin boundary condition was adopted
at the droplet surface to account for the convective heat fluxes at this
boundary. Also, the retardation of the onset of puffing/micro-explosion
by the superheating of water was taken into account based on the
heating rate of the liquid at the interface between water and fuel.

In [6], this model was extended using a non-self-consistent approach
to account for the effects of the droplet movement on Sherwood and
Nusselt numbers but not on the liquid recirculation inside droplets.
This extended model was shown to be effective in many applications
including recent investigations of puffing/micro-explosion in two and
three droplets in a row, one behind the other [11,12]. Heat and mass
transfers within the gaseous phase were analysed separately assum-
ing spatially uniform temperatures and vapour concentrations at the
surface of the droplets in the row. Corrections to the Nusselt and
Sherwood numbers, accounting for the spacing between the droplets,
were formulated in [6].
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Nomenclature

𝐵𝑀(𝑇 ) Spalding mass (heat) transfer number [–]
𝑐 Specific heat capacity [W/(kg K)]
𝐷 Mass diffusion coefficient [m2/s]
ℎ Convection heat transfer coefficient [W/(m2 K)]
𝑘 Thermal conductivity [W/(m K)]
𝐿 Distance between the centres of water subdroplet and

fuel droplet [m]
 Specific heat of evaporation [J/kg]
𝑚 Mass [kg]
𝑚̇𝑑 Droplet evaporation rate [kg/s]
𝑛 Normal to a surface [–]
𝑁𝑢 Nusselt number [–]
𝑃𝑟 Prandtl number [–]
𝑞̇𝑑 Heating rate [W]
𝑟 Radial coordinate in the cylindrical reference system

[m]
𝑅 Distance from the droplet centre [m]
𝑅𝑑 Droplet radius [m]
𝑅𝑒 Reynolds number [–]
𝑆 𝐿∕𝐿max [–]
𝑆𝑐 Schmidt number [–]
𝑆ℎ Sherwood number [–]
𝑡 Time [s]
𝑇 Temperature [K]
𝑈 Velocity [m/s]
𝑌 Mass fraction [–]
𝑧 Axial coordinate in the cylindrical reference system

[m]

Greek symbols

𝛼𝑇 (𝑖) Increment factor for the temperature 𝑇 and the mass
fraction 𝑌𝑙𝑖 [–]

𝛽 Dilatation factor [–]
𝜗 Azimuthal coordinate in the cylindrical reference

system [m]
𝜖𝑖 𝑚̇𝑖∕𝑚̇𝑑 [–]
𝜅 Thermal diffusivity [m2/s]
𝜌 Density [kg/m3]
𝜏𝑝 Time to puffing/micro-explosion [s]

Subscripts

av Average
𝐵 Boiling
𝑑 Droplet
𝑒 Evaporation
eff Effective
𝑓 Fuel
𝑔 Ambient gas (air)
𝑖 The 𝑖th component in the fuel
𝑙 Liquid
max Maximal
𝑁 Nucleation
ref Reference
𝑠 Surface
𝑣 Vapour
𝑤 Water–fuel interface or water
0 Initial
2

1 At the end of the timestep, or specific component
∞ Ambient conditions

The model suggested in [7] was generalised by the authors of [9] to
consider the contributions of multiple liquid components and relative
diffusion between them. The same assumptions as in [7] were made
in the new model except for that related to component diffusion.
The analytical solutions to the equations for liquid fuel component
diffusion were incorporated into the numerical code alongside the
previously reported analytical solution to the temperature inside the
composite droplet. Both solutions were used at each timestep of the
calculation. Assuming an ideal mixture, Raoult’s law was used at the
surface of the droplet. It was shown that, for kerosene fuel, considering
the presence of multiple components leads to an increase in the time
to puffing/micro-explosion compared to the case when kerosene is
approximated by one component (cycloundecane).

The model described in [9], however, has several weaknesses. It is
based on the assumption that a spherical water subdroplet is located
exactly in the centre of the fuel droplet. This results in an overestimate
of the time required to attain the nucleation temperature at the wa-
ter/fuel interface compared to the case when the location of the water
subdroplet is shifted from the centre of the fuel droplet. To address
this issue, the authors of [8] considered the effects of displacement
of the water subdroplet. This generalisation (hereafter referred to as
the Shift Model (SM)) was based on a purely numerical solution to the
heat transfer equation in the fuel/water droplet using the finite element
method with COMSOL multiphysics®. In this analysis of puffing/micro-
explosion, the effects of mass loss due to fuel evaporation were ignored.
The distance between the water/fuel interface and the outer surface of
the fuel droplet was kept constant, which led to an overestimate of the
time to puffing/micro-explosion. Also, the model described in [8] used
the assumption that the fuel was a monocomponent fuel.

In the present study, the focus is on an extension of the SM model to
consider the multi-component nature of the fuel (diffusion between fuel
components). In contrast to [8], the implementation of the model in the
numerical code considers the changes in droplet sizes due to evapora-
tion and thermal swelling. This involves updates to the geometry of the
composite droplet at each timestep of the calculations. A description
of the new model and its implementation in the numerical code is
presented in Section 2. The predictions of the model are compared with
the predictions of the numerical code using the analytical solutions
to heat transfer and component diffusion equations, developed by the
authors of [9], in the case of a perfectly centred water subdroplet in
Section 3. Estimates of the time to puffing/micro-explosion are made
in the case of shifting of the water subdroplet for a wide range of
ambient temperatures and droplet radii in Section 4. In Section 5, the
predictions of the new model are compared with the results of experi-
mental observations. For this comparison, two kerosene surrogates will
be considered:

• a two-component fuel mixture named SU12 composed of iso-
heptane and heptylbenzene with initial mass fractions 𝑌𝑙10 = 0.691
for iso-heptane and 𝑌𝑙20 = 0.309 for heptylbenzene.

• a three-component fuel mixture named SU1 composed of n-
decane, iso-octane and methylbenzene with initial mass fractions
𝑌𝑙10 = 0.4267 for n-decane, 𝑌𝑙20 = 0.3302 for iso-octane and
𝑌𝑙30 = 0.2431 for methylbenzene.

The key findings of the paper are summarised in Section 6.

2. Description of the new model

The configuration considered for the geometry of the water/fuel
droplet is the same as the one used in the Shift Model described in [8].
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Fig. 1. Schematic presentation of the geometry and coordinates used in the Shift Model.
It is illustrated in Fig. 1. A spherical water subdroplet of radius 𝑅𝑤
is shifted by a distance 𝐿 from the centre of the spherical droplet
of liquid fuel of radius 𝑅𝑑 . In the case of a perfectly centred water
subdroplet (𝐿 = 0), the modelling can be reduced to the analysis of
the same set of equations as used in [9]. However, in the general
case when the water subdroplet is shifted relative to the centre of
the fuel droplet (𝐿 ≠ 0), the problem needs to be reformulated. The
cylindrical symmetry of the problem allows us to use the cylindrical
coordinate system with the 𝑧-axis, being the line joining the centre
of the fuel droplet to that of the water subdroplet, as presented in
Fig. 1. The model considers the effects of heat transfer and component
diffusion inside a composite water/fuel droplet. In what follows, the
main equations and assumptions are described.

The heat conduction problem
Time and space evolution of the temperature inside a composite

water/fuel droplet is described by the transient heat transfer equation:

𝜕𝑇
𝜕𝑡

= 𝜅 ⋅
(

1
𝑟
𝜕
𝜕𝑟

(

𝑟 𝜕𝑇
𝜕𝑟

)

+ 𝜕2𝑇
𝜕𝑧2

)

, (1)

where

𝜅 =

{

𝜅𝑤 = 𝑘𝑤∕
(

𝑐𝑤 𝜌𝑤
)

𝜅𝑓 = 𝑘𝑓∕
(

𝑐𝑓 𝜌𝑓
)

in the water subdroplet
in the fuel shell

(2)

𝜅𝑤(𝑓 ), 𝑘𝑤(𝑓 ), 𝑐𝑤(𝑓 ), and 𝜌𝑤(𝑓 ) are the water (fuel) thermal diffusivity,
thermal conductivity, specific heat capacity, and density, respectively.
Eq. (1) was solved numerically with the initial condition:

𝑇 |𝑡=0 =

{

𝑇𝑤0 (𝑟, 𝑧)

𝑇𝑓0 (𝑟, 𝑧)

in the water subdroplet
in the fuel region

(3)

At the water/fuel interface, the continuity of the temperature and
heat flux are presented as:

𝑇𝑤 = 𝑇𝑓 , 𝑘𝑤
𝜕𝑇𝑤
𝜕𝑛

= 𝑘𝑓
𝜕𝑇𝑓
𝜕𝑛

, (4)

where 𝑛 refers to the direction normal to the surface of the water
subdroplet. The axi-symmetric configuration of the problem requires:

𝜕𝑇 |

| = 0. (5)
3

𝜕𝑟 |
|𝑟=0
As in [8], it is assumed that the temperature at the surface of the fuel
droplet is uniform although it may change with time:

𝜕𝑇
𝜕𝑧

|

|

|

|𝑅=𝑅𝑑

= 0, (6)

where 𝑅 =
√

𝑟2 + 𝑧2 is the distance to the droplet centre. The change in
the temperature with time is controlled by the average heating rate 𝑞̇𝑑 :

∫

𝑅𝑑

−𝑅𝑑

𝜕𝑇
𝜕𝑅

|

|

|

|𝑅=𝑅−
𝑑

𝑑𝑧 =
𝑞̇𝑑

2𝜋𝑅𝑑𝑘𝑓
. (7)

This heating rate is estimated as:

𝑞̇𝑑 = 4𝜋𝑅2
𝑑 ℎ

(

𝑇eff − 𝑇𝑠
)

, (8)

where ℎ is the convection heat transfer coefficient and 𝑇eff is an
‘effective’ ambient gas temperature which considers the effects of
droplet evaporation:

𝑇eff = 𝑇𝑔 +
𝜌𝑓𝑅̇𝑑(𝑒)

ℎ
, (9)

𝑅̇𝑑(𝑒) = |

|

𝑚̇𝑑
|

|

∕4𝜋𝜌𝑓𝑅2
𝑑 considers the change in 𝑅𝑑 due to evaporation,

and  is the specific heat of fuel evaporation. In our study, the model
suggested by Abramzon and Sirignano [10] is used to evaluate the
evaporation rate 𝑚̇𝑑 and the heat transfer coefficient ℎ.

The component diffusion problem
In contrast to the original SM model proposed in [8], the model used

in the present analysis takes into account the multi-component nature
of fuel in the fuel shell surrounding the water subdroplet. The following
equations for mass fractions 𝑌𝑙𝑖 ≡ 𝑌𝑙𝑖(𝑡, 𝑟, 𝑧) inside the liquid fuel shell
were used:
𝜕𝑌𝑙𝑖
𝜕𝑡

= 𝐷𝑙 ⋅
(

1
𝑟
𝜕
𝜕𝑟

(

𝑟
𝜕𝑌𝑙𝑖
𝜕𝑟

)

+
𝜕2𝑌𝑙𝑖
𝜕𝑧2

)

, (10)

where 𝑖 ≥ 1, 𝐷𝑙 is the liquid fuel diffusivity which is assumed to be
constant for all components. Eq. (10) was solved numerically using the
following conditions at the inner and outer boundaries of the fuel shell.
At the water–fuel interface, no fuel component can penetrate from the
fuel shell into the water, which implies:
𝜕𝑌𝑙𝑖 = 0. (11)

𝜕𝑛
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Fig. 2. Time evolution of a droplet made of SU12 and containing a water subdroplet perfectly positioned in the centre of the fuel droplet (𝐿 = 0). Parameters of the calculations
are 𝑇𝑑0 = 300 K, 𝑅𝑑0 = 1 mm, 𝑇𝑔 = 573 K. (a) Plots of droplet surface temperature (𝑇𝑠) and the temperature at the fuel/water interface (𝑇𝑤) versus time, (b) plots of liquid
surface mass fractions of iso-heptane (𝑌𝑙𝑠1) and heptylbenzene (𝑌𝑙𝑠2) versus time.
The component diffusion equation was not solved inside the water sub-
droplet. The axi-symmetric configuration of the problem also requires:

𝜕𝑌𝑙𝑖
𝜕𝑟

|

|

|

|𝑟=0
= 0. (12)

In line with the heat conduction problem, the mass fraction of all
components is uniformly distributed over the outer boundary of the fuel
shell:
𝜕𝑌𝑙𝑖
𝜕𝑧

|

|

|

|𝑅=𝑅𝑑

= 0. (13)

On the liquid side at 𝑅 = 𝑅−
𝑑 , the flow rate of component 𝑖 can be

written in terms of the mass fraction:

2𝜋𝑅𝑑 ∫

+𝑅𝑑

−𝑅𝑑

−𝜌𝑓𝐷𝑙
𝜕𝑌𝑙𝑖
𝜕𝑅

|

|

|

|𝑅=𝑅−
𝑑

𝑑𝑧 = 𝑚̇𝑑 ⋅
(

𝜖𝑖 − 𝑌𝑙𝑖𝑠
)

, (14)

where 𝑌𝑙𝑖𝑠 = 𝑌𝑙𝑖𝑠(𝑡) are mass fractions of components 𝑖 at the droplet
surface. The flux of component 𝑖 transferred to the droplet surface by
diffusion from the bulk liquid fuel must compensate for the mass of
the evaporated component. Assuming that all vapour components have
the same diffusivity 𝐷𝑣, the contribution of component 𝑖 to the global
mass flux is proportional to its vapour mass fraction 𝑌𝑣𝑖𝑠 at the droplet’s
surface:

𝜖𝑖 = 𝑌𝑣𝑖𝑠

/

∑

𝑖
𝑌𝑣𝑖𝑠 . (15)

The mass transfer problem was solved with the initial condition:

𝑌𝑙𝑖 (𝑟, 𝑧, 𝑡)||𝑡=0 = 𝑌𝑙𝑖0 (𝑟, 𝑧) . (16)

Implementation of the model
The modules ‘‘Transport of Diluted Species’’ and ‘‘Heat Transfer

in Fluids’’ in COMSOL multiphysics® were used to numerically solve
the heat transfer and component diffusion equations with appropriate
initial and boundary conditions. There were some difficulties with satis-
fying the integral boundary conditions specified in Eqs. (7) and (14) due
to the constraints of uniform temperature (𝑇𝑠) and mass fraction (𝑌𝑙𝑖𝑠)
at the droplet surface. These difficulties were overcome by using the
linearity of the heat and mass transfer problems. Both problems were
decomposed into two sub-problems that were more straightforward to
solve, with an imposed Dirichlet condition at the droplet surface. More
details are provided in Appendix.
4

In contrast to [8], the time variations of 𝑅𝑑 (𝑡) and 𝑅𝑤(𝑡) are taken
into account in the numerical resolution. These are evaluated from the
following equations:
4
3
𝜋 𝜌𝑤1𝑅𝑤1

3 = 4
3
𝜋 𝜌𝑤0 𝑅𝑤0

3, (17)

4
3
𝜋 𝜌𝑓1

(

𝑅𝑑1
3 − 𝑅𝑤1

3) = 4
3
𝜋 𝜌𝑓0

(

𝑅𝑑0
3 − 𝑅𝑤0

3) − 𝑚̇𝑑 𝑑𝑡, (18)

where indices 0 and 1 refer to times 𝑡 and 𝑡 + 𝑑𝑡. Average values of
the temperature and the mass fraction in the fuel and water regions
are used to evaluate the densities of water and fuel. At each timestep
of the calculations, the following steps are performed. Eqs. (1) and
(10) are solved in the old geometry corresponding to the state of the
droplet evaluated at time 𝑡. The deformation of the composite droplet
due to evaporation and thermal swelling is ignored during the timestep.
Then, using Eqs. (17) and (18), the geometry of the droplet is updated
considering the values obtained for 𝑅𝑑 (𝑡 + 𝑑𝑡) and 𝑅𝑤(𝑡 + 𝑑𝑡). It is
assumed that the centres of the water subdroplet and the fuel shell do
not move (there is no relative displacement of the centres of the water
subdroplet and fuel shell). A new mesh is generated considering the
updated geometry at time 𝑡+𝑑𝑡. The fields of 𝑇 and 𝑌𝑙𝑖 are interpolated
at each node of this new mesh. This is done with the help of a dilatation
factor 𝛽 = 𝑅𝑑 (𝑡+𝑑𝑡)∕𝑅𝑑 (𝑡) which is applied to maintain a perfect match
between the solution and the surface of the droplet at 𝑅 = 𝑅𝑑 (𝑡 + 𝑑𝑡).
Then, the calculations continue at the following timestep.

Finding the velocity field induced by the thermal swelling in the
fuel shell is non trivial except in the case where the water subdroplet is
positioned exactly at the centre of the fuel droplet. In our simulations,
thermal swelling is taken into account by updating the values of 𝑅𝑑
and 𝑅𝑤 at each timestep, but the transport of heat and mass which
results from the swelling is ignored. This simplification is supported
by simulations performed taking into account the velocity field of the
thermal swelling in the case of a centred water subdroplet. These
show little effect due to thermal swelling on the time evolution of the
temperature at the water/fuel interface in the conditions encountered
in the experiments (see Fig. 4 in Section 3).

3. Verification of the model for a centred water subdroplet

The Shift Model (SM) reduces to the Centre Model (CM) used by
the authors of [9] when the water subdroplet is perfectly centred (𝐿 =
0). Indeed, the spherical symmetry in that configuration results in a
simplification of the boundary integral conditions (Eqs. (7) and (14)).
Eq. (7) turns into the Robin condition as it was formulated in [9].
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Fig. 3. Time evolution of a droplet made of SU1 and containing a water subdroplet perfectly positioned in the centre of the fuel droplet (𝐿 = 0). Parameters of the calculations
are 𝑇𝑑0 = 300 K, 𝑅𝑑0 = 1 mm, 𝑇𝑔 = 573 K. (a) Plots of droplet surface temperature (𝑇𝑠) and the temperature at the fuel/water interface (𝑇𝑤) versus time, (b) plots of liquid
surface mass fractions of n-decane (𝑌𝑙𝑠1), iso-octane (𝑌𝑙𝑠2) and toluene (𝑌𝑙𝑠3) versus time.
Fig. 4. Effect of thermal swelling and fuel evaporation on the evolution of droplet surface temperature and the temperature at the water/fuel interface for a droplet made of
SU12. The parameters used in the simulation are the same as in Fig. 2. The n-CM approach was used.
The model based on the analytical solution to the heat transfer and
component diffusion equations developed in [9] is hereafter referred
to as ‘a-CM’. The predictions of ‘a-CM’ were used to verify the purely
numerical approach developed in the present study which is based on
the numerical solution to the heat transfer and component diffusion
equations, hereafter referred to as ‘n-CM’. The following parameter
values were set in this comparison:

• Initial droplet temperature 𝑇𝑑0 = 300 K.
• Initial water volume fraction 10%.
• Ambiant pressure fixed at 𝑃 = 101 325 Pa.

Figs. 2 and 3 show the time evolution of the temperatures at the
droplet’s surface (𝑇𝑠) and the water/fuel interface (𝑇𝑤) along with
the mass fraction of the fuel components (𝑌𝑙𝑖𝑠) at the droplet surface
for both SU12 and SU1. Calculations were performed for ambient gas
temperature of 573 K and initial radius of the composite droplet equal
to 1 mm. As follows from Figs. 2 and 3, the results for both ‘a-CM’
5

and ‘n-CM’ coincide within the accuracy of plotting. This suggests that
the code based on the numerical solutions to the heat transfer and
component diffusion equations described in Section 2 and the code
based on the analytical solutions to these equations are verified for this
case. On the plots shown in Figs. 2 and 3, it can be clearly observed
that the evolution of the surface temperature is not exactly the same
for SU12 and SU1. Times to puffing/micro-explosion with these two
kerosene surrogates are compared later for an extensive range of gas
temperatures in Section 4.

In the case of a perfectly centred water subdroplet, the liquid flow
induced by the thermal swelling could be accounted for rigorously in
the numerical code. The result is presented for SU12 in Fig. 4 under
the same conditions as in Fig. 2. The predictions are compared to the
results of simulations performed ignoring mass change induced by fuel
evaporation and/or thermal swelling. It can be seen in Fig. 4 that the
results obtained with and without considering the effect of swelling are
almost superimposed. Hence, thermal swelling has no noticeable effect
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Fig. 5. Time evolution of the surface temperature (𝑇𝑠) and the temperature at the water/fuel interface (𝑇𝑤) for different shifts in the position of the water subdroplet for the case
of two-component kerosene surrogate SU12. The same input parameters as in Figs. 2 and 4 were used.
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on the temperature evolution at the fuel–water interface. Thus, its effect
can be safely ignored when predicting the occurrence of puffing/micro-
explosion. In contrast, ignoring the loss of mass due to evaporation
results in a significant slow down in predicted droplet heating.

4. The effect of the water subdroplet location on the timing of
puffing/micro-explosion

Simulations were carried out to clarify the effects of shifting in
the position of the water subdroplet relative to the centre of the fuel
droplet. Several parameters, such as the gas temperature (𝑇𝑔) and the
initial radius of the droplet (𝑅𝑑0), were also examined. The shifting of
he water subdroplet is described by parameter 𝐿, which is the distance
etween the centres of the water subdroplet and the fuel droplet, shown
n Fig. 1. The maximal value of 𝐿 is 𝐿max = 𝑅𝑑0 − (𝑅𝑤0∕2), where 𝑅𝑑0
nd 𝑅𝑤0 are the initial values of fuel droplet and water subdroplet radii,
espectively. For the present analysis, we introduced the normalised
hift (𝑆) defined as:

= 𝐿
𝐿max

, (19)

he size of the composite droplet changes with time and so does the
alue of 𝐿. It must be recalled that the normalised shift 𝑆 is defined
or the start of the droplet heating/evaporation when 𝑅𝑑 = 𝑅𝑑0.

Nucleation of water can be delayed due to superheating. The wa-
er nucleation temperature 𝑇𝑁 , at which puffing/micro-explosion is

expected to be initiated, was approximated using the same model as
in [7]:

𝑇𝑁 = 𝑇𝐵 + 12 × tanh(𝑇̇ ∕50); 0 ≤ 𝑇̇ ≤ 300 K∕s, (20)

𝑇𝑁 = 385 + 160 × tanh(𝑇̇ ∕105) 102 ≤ 𝑇̇ ≤ 106 K∕s, (21)

𝑇𝑁 = 𝑇𝐵 + 0.37 × 𝑇𝐵 ⋅ 𝑇̇ 10∕𝐽𝑎𝐻𝑁 105 ≤ 𝑇̇ ≤ 109 K∕s, (22)

where 𝐽𝑎𝐻𝑁 = 626 for water, 𝑇𝐵 is the water boiling temperature, 𝑇̇ is
the rate of change of the temperature at the fuel/water interface.
6

t

4.1. Puffing/micro-explosion in droplets made of water and SU12

Fig. 5 presents the time evolution of the temperatures for the two-
component kerosene surrogate SU12 droplet. The conditions are the
same as in the previous examples (𝑅𝑑0 = 1 mm and 𝑇𝑔 = 573 K), but
ifferent values of the normalised shift 𝑆 are now considered: 𝑆 = 0,
= 0.5 and 𝑆 = 0.8. The temperature 𝑇𝑤 is evaluated at the point of the
ater/fuel interface with the shortest distance to the external surface
f the fuel shell. Shifting the position of the water droplet has almost
o effect on the time evolution of the surface temperature. However,
t accelerates the rise in temperature 𝑇𝑤 at the water–fuel interface
nd thus leads to an earlier start to puffing/micro-explosion. This is
llustrated in Fig. 6 where the spatial distributions of the temperature
nd the mass fraction of iso-heptane inside the droplet are shown
t 𝑡 = 10 s. Heat penetration into the core of the droplet is more
fficient for the case when 𝑆 = 0.8. The outer circle plotted in black
hows the initial position of the droplet surface. As the fuel vapour is
rogressively released, the external surface of the droplet shrinks and
oves closer to the water/fuel interface. For 𝑆 = 0.8, the water/fuel

nterface reaches the external surface shortly after 𝑡 = 10 s. The
simulation is then stopped as this scenario is not expected to lead to
puffing/micro-explosion.

The effect of the gas temperature 𝑇𝑔 on predicted time to
puffing/micro-explosion is illustrated in Fig. 7. The initial droplet
radius 𝑅𝑑0 is assumed equal to 1 mm. The nucleation temperature 𝑇𝑁
evaluated by Expression (20) exceeds the saturation boiling tempera-
ture by only a few K. An increase in the gas temperature for 𝑆 = 0
perfectly centred water subdroplet) leads to a sharp decrease in the
ime to puffing/micro-explosion as illustrated in Fig. 7a. The effect of
hifting the water subdroplet position relative to the centre of the fuel
roplet is shown in Fig. 7b. As expected, the larger the normalised
hift 𝑆, the earlier puffing/micro-explosion is predicted. It is observed
hat increasing 𝑆 leads to a more pronounced reduction in the time to
uffing/micro-explosion (𝜏𝑝) when the gas temperature increases. As
lready pointed out by Castanet et al. [8], the shift 𝑆 has a moderate
ffect on 𝜏𝑝 (typically less than 10%) when 𝑆 is limited to 0.5. Due

o the shrinkage of the droplet, 𝜏𝑝 could not be evaluated when 𝑆
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Fig. 6. Maps of temperature distribution (a) and iso-heptane mass fraction (b) at 𝑡 = 10 s for three shifts in the position of the water subdroplet for the case of two-component
kerosene surrogate SU12. The same input parameters as in Fig. 5 were used.
Fig. 7. Times to puffing/micro-explosion at gas temperatures 𝑇𝑔 (500 K, 573 K, 600 K, 700 K, 800 K, 900 K) in the case of a perfectly centred water subdroplet (𝑆 = 0) (a).
Relative times to puffing/micro-explosion versus 𝑆 for the five gas temperatures (b). Calculations were performed for droplets composed of water and SU12 with initial radii 𝑅𝑑0
= 1 mm.
exceeds 0.8 for any of the gas temperatures tested. For high values of
𝑆, the external surface of the composite droplet reaches the water/fuel
interface before nucleation takes place.

The effect of shifting the position of the water droplet on the values
of 𝑇𝑠 and 𝑇𝑤 is shown in Fig. 8b for several initial droplet radii 𝑅𝑑0
ranging from 10 μm to 1 mm. The gas temperature 𝑇𝑔 was assumed
equal to 700 K. As expected, the smaller the initial droplet radius, the
7

faster is the predicted droplet heating and thus puffing/micro-explosion
is expected to occur earlier (Fig. 8a). Decreasing the initial droplet
radius 𝑅𝑑0 by a factor of 100, reduces the time to puffing/micro-
explosion by more than 1000. As follows from Fig. 8b, the effect of
𝑆 is almost the same for all droplet sizes when 𝑅𝑑0 is greater than
0.1 mm. However, some noticeable differences can be seen for the
smallest droplets (𝑅 = 10 μm). For very small droplets, the nucleation
𝑑0
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Fig. 8. Times to puffing/micro-explosion at initial radii 𝑅𝑑0 (0.01 mm, 0.1 mm, 0.5 mm, 1 mm) for 𝑇𝑔 = 700 K and 𝑆 = 0 (a). Variation of the time to puffing/micro-explosion
ith 𝑆 (b). Calculations were performed for droplets composed of water and SU12.
Fig. 9. Time evolution of the surface temperature (𝑇𝑠) and the temperature at the water/fuel interface (𝑇𝑤) for three shifts of the water subdroplet from the centre of the fuel

droplet for the case of three-component surrogate SU1. Input parameters are the same as in Figs. 2 and 4.

s
i

temperature 𝑇𝑁 can be as large as 500–550 K, according to Expression
(22), which results in a significant delay in the start of puffing/micro-
explosion. Fig. 8b also shows that 𝑆 has a limited influence on the
timing of puffing/micro-explosion for droplets in the micron size range.

4.2. Puffing/micro-explosion in droplets of water and SU1

For three-component mixture SU1, simulations were also carried
out for various shifts in the position of the water subdroplet, initial
droplet radii and gas temperatures. In Fig. 9, the time evolution of the
temperature at the droplet surface (𝑇𝑠) and at the fuel/water interface
(𝑇𝑤) is presented for three values of 𝑆 at 𝑇𝑔 = 573 K and 𝑅𝑑0 = 1 mm.
hifting the position of the water subdroplet has a clear effect on the
emperature at the fuel/water interface 𝑇𝑤, but very little effect on the
emperature 𝑇𝑠.

When the gas temperature 𝑇𝑔 and the initial radius 𝑅𝑑0 are changed,
imilar trends to those already observed with the two-component fuel
U12 can be clearly seen in Figs. 10 and 11. As follows from the results
8

hown in Fig. 10, the higher the ambient gas temperature, the more
mportant is the effect of 𝑆 on the timing of puffing/micro-explosion.

Droplets composed of SU1 heat up at a slightly faster rate than those
composed of SU12, which results in slightly earlier puffing/micro-
explosion. For this reason, 𝜏𝑝 could be evaluated for values of 𝑆 as large
as 0.9.

In Fig. 11, the effect of 𝑆 on time to puffing/micro-explosion is
illustrated for initial droplet radii ranging from 10 μm to 1 mm at a
fixed gas temperature 𝑇𝑔 = 700 K. The results shown in this figure
are very similar to those presented for SU12 in Fig. 8. As follows
from Fig. 11, for 𝑅𝑑0 larger than 0.1 mm the effect of 𝑆 on time to
puffing/micro-explosion is the same, regardless of the droplet radius,
as long as the superheating of water remains moderate. For very small
droplets (𝑅𝑑0 ≤ 10 μm), changing the position of the water droplet has
a very small effect on the time to puffing/micro-explosion. In the latter
case, however, the external surface of the droplet reaches the fuel–
water interface before puffing/micro-explosion occurs for 𝑆 as small
as 0.5.
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Fig. 10. Times to puffing/micro-explosion at six gas temperatures 𝑇𝑔 (500 K, 573 K, 600 K, 700 K, 800 K, 900 K) for a perfectly centred water subdroplet, 𝑆 = 0 (a). Relative
times to puffing/micro-explosion versus 𝑆 at five gas temperatures (b). Calculations were performed for droplets composed of water and SU1 with initial radii 𝑅𝑑0 = 1 mm.
Fig. 11. Times to puffing/micro-explosion at initial radii 𝑅𝑑0 (0.01 mm, 0.1 mm, 0.5 mm, 1 mm) for 𝑇𝑔 = 700 K (a). Normalised times to puffing/micro-explosion versus 𝑆 (b).
alculations were performed for droplets of water and SU1.
Fig. 12. Time to puffing/micro-explosion versus the gas temperature for a water subdroplet located at 𝑆 = 0.3 (a), effect of the initial droplet size on time to puffing/micro-explosion
b). Calculations were performed for three kerosene surrogates (n-decane, SU1 and SU12).
9
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Fig. 13. Time evolution of the surface temperature (𝑇𝑠) and the temperature at the
water/fuel interface (𝑇𝑤) for kerosene surrogates SU1 and SU12 (a), time evolution of
the surface mass fractions of heptylbenzene (𝑌𝑙𝑠1) and iso-heptane (𝑌𝑙𝑠2) for SU12 (b),
time evolution of the surface mass fractions of n-decane (𝑌𝑙𝑠1), iso-octane (𝑌𝑙𝑠2) and
toluene (𝑌𝑙𝑠3) for SU1 (c). Calculations were performed for 𝑆 = 0.3, 𝑇𝑔 = 700 K and
𝑅𝑑0 = 10 μm.

4.3. Comparison of the effects of different kerosene surrogates

A comparison between the predicted times to puffing/micro-
explosion at various gas temperatures and initial droplet radii for
kerosene surrogates SU1 and SU12 (considered earlier) and n-decane
(the simplest kerosene surrogate), is shown in Fig. 12. The curves are
10
Fig. 14. Typical dynamics of puffing/micro-explosion in the experiments performed at
National Research Tomsk Polytechnic University. A surrogate SU1/water droplet with
an initial radius 𝑅𝑑0 = 0.95 mm and volume fraction of water of 10 ± 2% was placed
in an air flow of constant velocity 𝑈𝑔 = 3.1 ± 0.1 m∕s at atmospheric pressure and gas
temperature 𝑇𝑔 = 530 ± 3 K. 𝑡 = 0 s refers to the time instant when the droplet was
placed in the air flow.

presented for 𝑆 equal to 0.3. In Fig. 12a, the time to puffing/micro-
explosion (𝜏𝑝) is presented as a function of the gas temperature (𝑇𝑔)
for an initial radius 𝑅𝑑0 = 1 mm. As expected, 𝜏𝑝 decreases with 𝑇𝑔 for
all the surrogates considered, but there are differences in the values
of 𝜏𝑝 obtained. Puffing/micro-explosion is predicted to occur with the
shortest delay for pure n-decane and with the longest delay for SU12.
These differences decrease when gas temperature increases but they are
still clearly seen at 𝑇𝑔 = 900 K (𝜏𝑝 ≈ 4.1 s for n-decane against 5.8 s for
SU12 and 5 s for SU1). The differences in 𝜏𝑝 shown in Fig. 12a seem to
be closely correlated to the volatility of the surrogate compounds. In the
two-component mixture SU12, iso-heptane has a lower boiling point
compared to the compounds of SU1 (n-decane, iso-octane and toluene).
Its faster evaporation, given the latent heat it consumes, is expected to
slow down the heating rate of the droplet more than this is expected to
happen for the other surrogates. Therefore, a longer time is required for
SU12 to reach the nucleation temperature of water compared to other
surrogates. In the case of SU1, the evaporation of iso-octane prevails
over the two other compounds of the mixture (n-decane and toluene)
at the start of heating, which leads to a slower heating rate compared
to the case of pure n-decane.

The differences in times to puffing/micro-explosion predicted for
three surrogates can be clearly seen in Fig. 12a for all initial droplet
sizes. Note that for very small droplets (𝑅𝑑0 = 10 μm), 𝜏𝑝 becomes
smaller for SU12 than for SU1. These cases are shown in more detail for
both mixtures in Fig. 13, where the time evolution of temperature and
mass fractions of the surrogate compounds are presented. For droplets
in the μm size range, the heating rate is very high and the nucleation
temperature of water 𝑇𝑁 rises dramatically. The temporal evolution
of the temperature at the droplet surface and the temperature at the
fuel/water interface are shown in Fig. 13a for an initial droplet radius
𝑅𝑑0 equal to 10 μm and 𝑇𝑔 = 700 K for both SU1 and SU12. In this
case, 𝑇̇𝑤 is of the order of 105 K/s, and the nucleation temperature of
water is close to 530 K. Until about 𝑡 = 1.2 ms, 𝑇𝑠 and 𝑇𝑤 are highest
for the two-component surrogate SU12, then the situation changes.
Fig. 13b shows that the mass fraction of the most volatile compounds
of SU12 (iso-heptane) tends towards 0 at the droplet’s surface when the
surface temperature exceeds about 420 K for SU12 which takes place
at about 𝑡 = 1.2 ms. In Fig. 13c, the most volatile compound of SU1,
iso-octane, disappears from the droplet surface a little later, at about
1.7 ms, when 𝑇𝑠 reaches about 440 K. Because of the lower volatility
of the remaining compounds, an accelerated heating is observed when
the low volatility compounds become extinct at the droplet surface for
both SU1 and SU12. The depletion of the most volatile compound at
the droplet surface occurs earlier in the case of SU12. This is why 𝜏𝑝
becomes significantly smaller for SU12 when 𝑅𝑑0 = 10 μm.

5. The predictions of the model versus experimental data

In this section, the predictions of the new model are compared with
experimental data obtained at National Research Tomsk Polytechnic
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Table 1
Times to puffing/micro-explosion (𝜏𝑝) observed experimentally (Exp) and predicted by the new model for monocomponent
(n-decane) and multi-component (SU1) surrogates, for ten cases, with the values of 𝑅𝑑0, 𝑇𝑔 , 𝑈𝑔 and 𝑆 shown in the table.
In all cases, the initial droplet temperature was 300 K, volume fraction of water was 0.1, and ambient gas pressure was
atmospheric. The predicted values of 𝜏𝑝 closest to experimental data are highlighted in bold.

Case 𝑅𝑑0 (mm) 𝑇𝑔 (K) 𝑈𝑔 (m/s) 𝑆 𝜏𝑝 (s) (Exp) 𝜏𝑝 (s) (n-decane) 𝜏𝑝 (s) (SU1)

1 0.92 433 2.8 0.42 8.928 ∞ 8.445
2 0.95 433 2.8 0.54 9.016 ∞ 8.584
3 0.95 530 3.1 0.48 4.606 4.395 4.154
4 0.90 530 3.1 0.72 4.050 3.329 3.220
5 0.89 595 3.1 0.75 3.240 2.367 2.323
6 0.95 595 3.1 0.44 3.840 3.475 3.336
7 0.95 541 3.8 0.50 4.185 3.956 3.717
8 0.83 541 3.8 0.22 3.564 3.508 3.309
9 0.87 532 5.3 0.10 3.682 3.824 3.514
10 0.99 532 5.3 0.35 4.508 4.449 4.054
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University for kerosene surrogate SU1. The experiments took place
in a heated air flow where the droplets were supported by a nickel–
chromium alloy wire of 0.2 mm diameter as in the experimental setup
described in [13]. The initial droplet temperature was 300 ± 3 K;
he initial droplet radii were in the range 0.83 mm to 0.99 mm; the
ystematic errors of droplet radii measurements were ±0.05 mm. The
ater volume fraction was 10 ± 2% in all experiments. The ambient
ressure was atmospheric, taken equal to 101 325 Pa; the gas tem-
eratures were in the range 433 K to 595 K; the systematic errors
f gas temperature measurements were ±3 K; the gas velocities 𝑈𝑔
ere in the range 2.8 m/s to 5.3 m/s; the systematic errors of their
easurements were ±0.1 m/s. The normalised shifts 𝑆 were in the

ange 0 to 0.75; the systematic errors of their measurements were equal
o ±5%. The details of the measurement procedure of the values for
𝑑0, 𝑇𝑔 , 𝑈𝑔 and 𝑆 can be found in [8]. The times to puffing/micro-
xplosion in the experiments were estimated as times from the start
f droplet heating to times when child droplets were first observed in
ideoframes. The systematic errors of times to puffing/micro-explosion
easurement were ±0.002 s. Typical images are shown in Fig. 14.

The location of the water subdroplet inside the fuel droplet was
dentified before the start of heating. Special care was taken to evaluate
he shifting of the water subdroplet in the experiments, which was
chieved using a combination of planar laser-induced fluorescence
PLIF) and shadowgraphy techniques [8]. The PLIF techniques allowed
s to illuminate the water subdroplet. Shadowgraphy allowed us to
lluminate both water subdroplet and fuel shell. The centres of the
ater subdroplet and fuel shell were determined using an in-house

mage analysis programme based on Matlab software and its image
rocessing toolbox (see [8] for the details). During experiments, the
ocation of the water subdroplet was not controlled.

When applying the new model to the analysis of experimental
ata, effects of forced convection had to be taken into account due
o gas velocities in the range 2.8 m/s to 5.3 m/s. Convection effects
ere considered using the same assumptions as made in [6]. Nusselt
𝑁𝑢) and Sherwood (𝑆ℎ) numbers were evaluated using the following
ormulae:

𝑢 =

⎡

⎢

⎢

⎢

⎣

2 +

(

𝑁𝑢0 − 2
)

(

1 + 𝐵𝑇
)0.7

⋅
ln(1+𝐵𝑇 )

𝐵𝑇

⎤

⎥

⎥

⎥

⎦

.
ln
(

1 + 𝐵𝑇
)

𝐵𝑇
, (23)

ℎ =

⎡

⎢

⎢

⎢

⎣

2 +

(

𝑆ℎ0 − 2
)

(

1 + 𝐵𝑀
)0.7

⋅
ln(1+𝐵𝑀 )

𝐵𝑀

⎤

⎥

⎥

⎥

⎦

.
ln
(

1 + 𝐵𝑀
)

𝐵𝑀
, (24)

here 𝑁𝑢0 = 1 + (1 + 𝑅𝑒 ⋅ Pr)1∕3 ⋅ max
(

1, 𝑅𝑒0.077
)

and 𝑆ℎ0 = 1 +
1 + 𝑅𝑒 ⋅ 𝑆𝑐)1∕3 ⋅ max

(

1, 𝑅𝑒0.077
)

. The observed times to puffing/micro-
xplosion are presented in Table 1 for ten cases. Each of ten experi-
ents, the results of which are presented in this table, were performed

nce. It was not possible to reproduce the same degree of shift of
he water subdroplets in different experiments. Each experiment was
11

ccurately analysed to provide all input parameters for the model. The p
alculations were performed for two cases. Firstly, actual composition
f SU1 was taken into account. Secondly, SU1 was approximated by
-decane.

As follows from this table, the values of 𝜏𝑝 predicted taking into
ccount actual SU1 composition are always lower than those predicted
or n-decane. At moderate gas temperatures, it is particularly important
o take into account the multi-component nature of fuel. For 𝑇𝑔 = 433
, droplets composed of n-decane reach an equilibrium temperature
f 370 K after about 13 s, and therefore puffing/micro-explosion is
ot expected to take place for these droplets while puffing is observed
xperimentally. On the other hand, considering SU1 as a fuel allows
s to predict the occurrence of puffing/micro-explosion with accurate
alues of 𝜏𝑝. In several cases, predictions for n-decane were closer
o the measurement results than those for SU1, but the difference
etween them was within experimental uncertainties. Discrepancies
etween simulations and measurements may be due to complex effects
hat are not considered in the current model. In particular, a more
ccurate description of forced convection, especially a non-uniform
emperature along the droplet surface, would have been beneficial for
odelling [14,15].

. Conclusions

An earlier reported model for the puffing and micro-explosion of
omposite multi-component water/liquid fuel droplets was generalised
o consider the shifting of the water subdroplet relative to the centre of
he fuel droplet. The droplet heating and evaporation were described
sing the Abramzon and Sirignano model. Droplet swelling and the
omponent diffusion in the fuel shell were considered. The equations
or heat conduction and component diffusion inside the droplet were
olved numerically assuming that the composition and the tempera-
ure are uniform over the droplet surface but vary with time. This
odel can be considered at a generalisation of the similar model for
onocomponent water/fuel composite droplets previously developed

n [8].
The model was applied to the investigation of the onset of

uffing/micro-explosion in composite droplets of two kerosene surro-
ates developed at Samara National Research University: three com-
onent mixture SU1 (n-decane, iso-octane and methylbenzene) and
wo-component mixture SU12 (iso-heptane and heptylbenzene).

The newly developed model was verified based on the comparison
f its predictions with those of the previously developed numerical
ode based on the analytical solutions to the heat transfer and com-
onent diffusion equations, used at each timestep of the calculations,
or the case of a perfectly centred water droplet. The start of the
uffing/micro-explosion process was associated with the time instant
hen the temperature at the point of the water/fuel interface closest

o the surface of the droplet reached the nucleation temperature of
ater. The coincidence of the results supported both approaches to the

roblem.
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The timing of puffing/micro-explosion was then evaluated for var-
ious positions of the water subdroplet. Shifting the water subdroplet
location resulted in a reduction in the time to puffing/micro-explosion,
which was particularly noticeable for high gas temperatures and large
normalised shifts. It was demonstrated that for normalised shifts of
not more than 20% the reduction in the time to puffing due to the
shifting of the water subdroplet did not exceed 5% for all ambient
gas temperatures under consideration (up to 900 K). This supports the
applicability of the earlier developed model that was based on the
assumption that the water subdroplet is located exactly in the centre
of the fuel droplet.

The model was validated based on in-house experimental results ob-
tained at Tomsk Polytechnic University. The validation was performed
for surrogate SU1 and n-decane. The initial droplet temperature used
in the experiments was 300 K, volume fraction of water was 0.1, and
ambient gas pressure was atmospheric. Good agreement between the
predicted and observed times to puffing was demonstrated in most
cases. In several cases, predictions for n-decane were closer to the
measurement results than those for SU1, but the difference between
n-decane and SU1 results was within experimental uncertainties. For
moderate gas temperatures (433 K), calculations with n-decane were
not able to predict the occurrence of puffing/micro-explosion, while
this limitation is not observed for the multi-component fuel
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Appendix

In the frame of the quasi-steady theory [10], conditions at the
droplet surface (𝑇𝑠 and 𝑌𝑙𝑠𝑖) are required to predict droplet heat-
ing and evaporation. The evaporation rate is given by the following
formula [16]:

̇ 𝑑 = −4𝜋𝑅𝑑 𝜌𝑡𝑜𝑡 𝐷𝑣 ln
(

1 + 𝐵𝑀
)

, (25)

where the Spalding mass transfer number 𝐵𝑀 is defined as

𝐵𝑀 =
𝑌𝑣𝑠 − 𝑌𝑣∞
1 − 𝑌𝑣𝑠

, (26)

𝑌𝑣𝑠 =
∑

𝑖 𝑌𝑣𝑖𝑠. Using Eq. (14), the mass balance applied to the 𝑖th
component in the fuel yields:

𝑚𝑖 (𝑡 + 𝑑𝑡) = 𝑚𝑖 (𝑡) + 𝑚̇𝑑 ⋅
(

𝜖𝑖 − 𝑌𝑙𝑖𝑠
)

⋅ 𝑑𝑡. (27)

The heat balance provides an expression for the evolution of the
averaged temperature 𝑇𝑑 of the composite droplet,

𝑇𝑑 (𝑡 + 𝑑𝑡) = 𝑇𝑑 (𝑡) +
𝑞̇𝑑 ⋅ 𝑑𝑡, (28)
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𝑚𝑓 ⋅ 𝑐𝑓 + 𝑚𝑤 ⋅ 𝑐𝑤
here the rate at which heat enters the droplet 𝑞̇𝑑 can be evaluated
by Eq. (8). 𝑚𝑓 and 𝑚𝑤 are the mass of fuel and water in the droplet,
respectively.

Eqs. (27) and (28) allow us to determine the temperature and the
average mass fraction of the components at the next timestep of the
calculation. To obtain the spatial distribution of these quantities, it is
necessary to solve the equations of heat conduction (Eq. (1)) and com-
ponent diffusion (Eq. (10)) with the associated boundary conditions.
Assuming that the distribution of the temperature 𝑇 (𝑟, 𝑧, 𝑡) and the mass
fraction of components 𝑌𝑙𝑖(𝑟, 𝑧, 𝑡) are known at a certain time 𝑡0, they
an be presented at the next timestep (𝑡0 + 𝑑𝑡) as a linear combination
f two functions:

(𝑟, 𝑧, 𝑡) = 𝑇 𝑎 (𝑟, 𝑧, 𝑡) + 𝛼𝑇 ⋅ 𝑇 𝑏 (𝑟, 𝑧, 𝑡) . (29)

𝑙𝑖 (𝑟, 𝑧, 𝑡) = 𝑌 𝑎
𝑙𝑖 (𝑟, 𝑧, 𝑡) + 𝛼𝑖 ⋅ 𝑌

𝑏
𝑙𝑖 (𝑟, 𝑧, 𝑡) . (30)

he advantage of this decomposition is that the functions (𝑇 𝑎, 𝑇 𝑏) for
he heat transfer and (𝑌 𝑎

𝑙𝑖 , 𝑌
𝑏
𝑙𝑖 ) for the component diffusion are more

traightforward to solve with an appropriate Dirichlet condition at the
roplet surface.

olution of the heat transfer problem

Both functions 𝑇 𝑎 and 𝑇 𝑏 are obtained by solving the heat transfer
quation. They satisfy the axi-symmetry conditions (5). 𝑇 𝑎 is the so-
ution to a modified problem where the surface temperature does not
ary during the timestep between 𝑡0 and 𝑡0 + 𝑑𝑡:
𝑎 (𝑅 = 𝑅𝑑 , 𝑡

)

= 𝑇
(

𝑅 = 𝑅𝑑 , 𝑡0
)

, for 𝑡0 ≤ 𝑡 ≤ 𝑡0 + 𝑑𝑡. (31)

t time 𝑡0, the initial value of the function 𝑇 𝑎 is obtained as:
𝑎 (𝑟, 𝑧, 𝑡0

)

= 𝑇
(

𝑟, 𝑧, 𝑡0
)

, (32)

here 𝑇
(

𝑟, 𝑧, 𝑡0
)

is the temperature distribution in the droplet at the
ast timestep of the solution.

The function 𝑇 𝑏 represents the effect of a temperature increment
f 1 K at the droplet surface. This function follows from the boundary
surface) and initial conditions:
𝑏 (𝑅 = 𝑅𝑑 , 𝑡

)

= 1, for 𝑡0 ≤ 𝑡 ≤ 𝑡0 + 𝑑𝑡 (33)

𝑏 (𝑟, 𝑧, 𝑡0
)

= 0 (34)

Finally, the temperature (solution to the heat conduction problem)
s evaluated from Expression (29) using the above-mentioned values
f 𝑇 𝑎 and 𝑇 𝑏. The boundary condition (6), corresponding to a uni-
orm surface temperature, is automatically satisfied. The parameter 𝛼𝑇
n Eq. (29) can be determined whilst satisfying the integral boundary
ondition (7). Also, it can be inferred from the average temperature 𝑇𝑑
iven in Eq. (28) as a reference target:

𝑇 =
𝑇𝑑

(

𝑡0 + 𝑑𝑡
)

− 𝑇 𝑎
𝑑 (𝑡0 + 𝑑𝑡)

𝑇 𝑏
𝑑 (𝑡0 + 𝑑𝑡)

, (35)

where 𝑇 𝑎
𝑑 and 𝑇 𝑏

𝑑 are the average values of 𝑇 𝑎 and 𝑇 𝑏 over the entire
volume of the droplet.

Solution of the component diffusion problem

Functions 𝑌 𝑎
𝑙𝑖 and 𝑌 𝑏

𝑙𝑖 are obtained by solving the component diffu-
sion equation. They satisfy the axi-symmetry conditions (12) and the
condition of zero component mass flux at the fuel/vapour interface
(Eq. (11)). 𝑌 𝑎

𝑙𝑖 is the solution to a modified problem where the mass
fraction at the droplet surface 𝑌𝑙𝑖𝑠 does not vary during the timestep
between 𝑡0 and 𝑡0 + 𝑑𝑡:
𝑎 ( ) ( )
𝑌𝑙𝑖 𝑅 = 𝑅𝑑 , 𝑡 = 𝑌𝑙𝑖 𝑅 = 𝑅𝑑 , 𝑡0 , for 𝑡0 ≤ 𝑡 ≤ 𝑡0 + 𝑑𝑡. (36)

https://rscf.ru/en/project/21-19-00876/
https://rscf.ru/en/project/21-19-00876/
https://rscf.ru/en/project/21-19-00876/
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At time 𝑡0, the initial value of the function 𝑌 𝑎
𝑙𝑖 is obtained as:

𝑌 𝑎
𝑙𝑖
(

𝑟, 𝑧, 𝑡0
)

= 𝑌𝑙𝑖
(

𝑟, 𝑧, 𝑡0
)

, (37)

where 𝑌𝑙𝑖
(

𝑟, 𝑧, 𝑡0
)

are the distributions of the mass fractions of the 𝑖th
compounds at the last timestep of the solution.

The function 𝑌 𝑏
𝑙𝑖 represents the solution to the component diffu-

sion problem in a droplet that does not initially contain the compo-
nents 𝑖. This function follows from the boundary (surface) and initial
conditions:

𝑌 𝑏
𝑙𝑖
(

𝑅 = 𝑅𝑑 , 𝑡
)

= 1, for 𝑡0 ≤ 𝑡 ≤ 𝑡0 + 𝑑𝑡 (38)

𝑌 𝑏
𝑙𝑖
(

𝑟, 𝑧, 𝑡0
)

= 0. (39)

Finally, the component mass fraction 𝑌𝑙𝑖 (solution to the component
diffusion problem) is evaluated from the values of 𝑌 𝑎

𝑙𝑖 and 𝑌 𝑏
𝑙𝑖 using

Eq. (30). The parameter 𝛼𝑖 in Eq. (30) can be determined whilst
satisfying the boundary condition (14). Also, Eq. (27) can be used to
evaluate the mass 𝑚𝑖(𝑡0+𝑑𝑡) of the 𝑖th component. Then, 𝛼𝑖 is estimated
as:

𝛼𝑖 =
𝑚𝑖

(

𝑡0 + 𝑑𝑡
)

− 𝑚𝑎
𝑖 (𝑡0 + 𝑑𝑡)

𝑚𝑏
𝑖 (𝑡0 + 𝑑𝑡)

, (40)

where 𝑚𝑎
𝑖 and 𝑚𝑏

𝑖 are the mass fractions of the components 𝑖 correspond-
ing to the fields 𝑌 𝑎

𝑙𝑖 and 𝑌 𝑏
𝑙𝑖 .

Implementation in the numerical code

The mesh in the numerical solution was composed of about 250,000
structured quadrangle elements in the fuel region of the computational
domain, and 10,000 unstructured triangular elements in the water
domain. The numbers of elements varied slightly when updating the
geometry and the mesh to account for thermal swelling and mass loss
of components due to evaporation. The mesh was refined near the outer
surface of the droplet in order to capture the gradients of component
mass fractions which are expected to be large at the short times in this
region. The solution was performed using MATLAB code which calls
COMSOL to solve the partial differential equation (PDE) in the problem
described above. An iterative procedure was implemented to ensure
the required precision of the results at each timestep. The aim of the
procedure is to consider the variation in the physical properties during
the timestep.

• Step 0: Physical properties of the liquid fuel, water and the gas
phase are evaluated considering the state of the droplet at the end
of the previous timestep.

• Step 1: The mass of each component 𝑚𝑖 and the average tem-
perature 𝑇𝑑 are estimated at time 𝑡0 + 𝑑𝑡 using Eqs. (27) and
(28).

• Step 2: The PDE problems for the heat transfer and component
diffusion are solved using COMSOL considering the droplet ge-
ometry at time 𝑡0. Functions 𝑇 𝑎, 𝑇 𝑏, 𝑌 𝑎

𝑙𝑖 and 𝑌 𝑏
𝑙𝑖 are calculated by

resolving the problems described above.
• Step 3: Parameters 𝛼𝑇 and 𝛼𝑖 are evaluated from the values of
𝑚𝑖 and 𝑇𝑑 obtained in Step 1. The fields of temperature and
component mass fractions are calculated using Eqs. (29) and (30).

• Step 4: The state of the droplet is determined at time 𝑡0 + 𝑑𝑡
using the fields of temperature and component mass fractions
obtained in Step 3. The surface temperature (𝑇𝑠), the average
fuel temperature (𝑇𝑓 ), the average water temperature (𝑇𝑤), the
surface component mass fractions (𝑌𝑙𝑖𝑠), and average component
mass fractions (𝑌𝑙𝑖𝑚) are calculated. Then, the average state of the
droplet between 𝑡0 and 𝑡0 + 𝑑𝑡 is estimated as :

𝑍̄ =
𝑍(𝑡0) +𝑍(𝑡0 + 𝑑𝑡)

2
, (41)

where 𝑍 = 𝑇𝑠, 𝑇𝑓 , 𝑇𝑤, 𝑌𝑙𝑖𝑠 or 𝑌𝑙𝑖𝑚. Raoult’s law is used to deter-
mine the mass fraction of the vapour components 𝑌𝑣𝑖𝑠 between
the times 𝑡 and 𝑡 + 𝑑𝑡.
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• Step 5: The physical properties of the liquid fuel, water and the
gas phase are evaluated for the average state defined in Step
4. Also, averaged values of 𝑅𝑤 and 𝑅𝑑 for each timestep are
calculated using Eqs. (17) and (18).

Calculations return to Step 1 after Step 5 for a new iteration. To limit
the computation time in the next iterations, PDE problems are not
solved in COMSOL in Step 2. This has no effect on the results since
it is assumed that thermal and mass diffusivities are constant and the
geometry is fixed between times 𝑡0 and 𝑡0 + 𝑑𝑡. Iterations are stopped
when convergence is reached for the surface temperature 𝑇𝑠(𝑡0+𝑑𝑡) and
he mass fraction at the droplet surface (𝑌𝑙𝑖𝑠(𝑡0+𝑑𝑡)). It is stipulated that
𝑠(𝑡0 + 𝑑𝑡) must not change by more than 0.1 K and 𝑌𝑙𝑖𝑠 by more than
.001 between the iterations. Finally, the geometry is updated to take
nto account the values of 𝑅𝑑 and 𝑅𝑤 obtained at time 𝑡0 + 𝑑𝑡. A new
esh is generated by calling COMSOL’s meshing tools and the solutions

btained for the temperature and component mass fractions fields are
rojected onto this new mesh.
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