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Prediction of micro-explosion delay of emulsified fuel droplets
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Abstract

Burning a water-in-oil emulsion enables reduction in solid and gaseous pollutants in comparison with neat oil. In the emulsion, Heavy Fuel-Oil
and water lie in distinct phases, having a high difference in boiling point (up to 200 K). In an emulsion droplet injected and subsequently heated
inside a flame, the internal water droplets are enclosed inside the emulsion and do not systematically vaporise at boiling point. They are known to
reach a metastable state, breaking up at a temperature below the spinodal limit of water. From this moment, the surrounding Fuel-Oil is fragmented
into numerous faster and smaller droplets by the suddenly expanding steam. This physical phenomenon is called “micro-explosion”. This work
demonstrates a numerical modelisation of unsteady heat and mass transfer at the surface and inside of the emulsion droplet, and provides a
prediction of its micro-explosion delay, using homogeneous nucleation hypothesis. This assumption of homogeneous nucleation for internal
water droplets matches the use of a “drop tower” experimental facility. Finally, comparisons between predicted ranges for micro-explosion delays
and experimental delays from literature are discussed, along with combustion parameters (ambient temperature, relative velocity) and combustible
emulsion parameters. As a result, the experimental and numerical micro-explosion delays decrease with liquid or ambient temperature and relative
velocity, and increase with water content and radius of emulsion droplet. Their low average deviation reveals the accuracy of the assumption of
homogeneous nucleation in the considered situations.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Micro-explosion of emulsified fuel droplets has been exten-
sively studied as a mean to improve combustion characteris-
tics and emissions of burning sprays. With emulsion-burning
sprays, emission of pollutants such as carbonaceous residues
[1,2] and NOx [3] are lowered in comparison with pure Heavy
Fuel-Oil. Solid and gaseous pollutants are crucial matters con-
cerning viscous fuels, such as residual oil or valorized animal
fat, although these fuels are not directly addressed in this paper.
These fuels are usually burnt as a complement to natural gas in
heating devices.

Instead of a neat fuel droplet, an emulsified one is injected
into a flame, undergoing an intense heat transfer. Its internal
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water droplets, that are enclosed inside the emulsion, do not
systematically vaporise at boiling point [4]. They reach a liquid
metastable state which is known to break up at a temperature
between the boiling point and the well-known spinodal limit of
water. The sudden and dramatic expansion of vaporising water
leads to disintegration of the whole emulsion droplet. Indeed,
the emulsified fuel-oil (with boiling point up to 650 K) is still
liquid when fragmented into smaller droplets by expansion of
vaporising water. Micro-explosion is then supposed to be ex-
tremely fast, leading to disintegration of whole parts, or totality
of the emulsion droplet [5]. The underlying hypothesis is the
launching of nucleation on a water droplet when in contact
with steam of the vaporising nearest one [6]. A consequence
of that is a unique and total disintegration of the emulsion
droplet generally observed with water droplets dispersed finely
and uniformly enough inside the emulsion [7]. The characteris-
tic duration of such a disintegration is cited as less than 0.2 ms
[6,8].
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Nomenclature

cp specific heat . . . . . . . . . . . . . . . . . . . . . . . . J kg−1 K−1

C concentration . . . . . . . . . . . . . . . . . . . . . . . kmole m−3

dm mass of vaporized liquid . . . . . . . . . . . . . . . . . . . . kg
dr thickness of spherical layer . . . . . . . . . . . . . . . . . . . m
f weight fraction of water in emulsion
K mass transfer coefficient . . . . . . . . . . . . . . . . . . m s−1

kC mass diffusion coefficient . . . . . . . . . . . . . . . m2 s−1

L latent heat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J kg−1

l fuel spherical layer
M molar mass . . . . . . . . . . . . . . . . . . . . . . . . kg kmole−1

m mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg
N number of internal water droplets
Nu Nusselt number
P pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Pr Prandtl number
Q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W
R ideal gas constant . . . . . . . . . . . . . . . J kmole−1 K−1

Re Reynolds number
r radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
S surface area outside a sphere layer . . . . . . . . . . . m2

Sc Schmidt number
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s

V volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m3

W vaporisation flux . . . . . . . . . . . . . . . . . . . . . . . . kg s−1

Y mass fraction

Greek symbols

β layer depletion factor
α convective coefficient . . . . . . . . . . . . . . W m−2 K−1

λ thermal conductivity . . . . . . . . . . . . . . . W m−1 K−1

ρ density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg m−3

Subscripts

air air
bp boiling point
CH hydrocarbon fuel
d emulsion droplet
ext superficial layer
film film
G gaseous environment
l fuel spherical layer
p emulsion droplet
steam steam
vap fuel vapor
∞ away in the gaseous phase
w water
Among combusting sprays, this disintegration into smaller
– and faster – droplets of pure Heavy Fuel-Oil is called the
second atomization. In comparison with a combusting spray of
pure Heavy Fuel-Oil, an example of subsequent decrease in the
Sauter Mean Diameter is 50%, enabling a larger interface area
between air and fuel, and a better mixing in combustion cham-
bers [9]. Beside this, the presence of water enables a lower
flame temperature [10]. Subsequent reductions in emission of
pollutants (carbonaceous residues and NOx) have been exten-
sively studied [1–3,9].

To ensure the occurrence of micro-explosion without con-
sidering yet the micro-explosion delay, Law [11] investigates
the theoretical influence of parameters such as environment
pressure or fuel molar volume on the spinodal limit of wa-
ter. Using nucleation theory, Wei Biao Fu [4] gives a criterion
for the occurrence of micro-explosion based on the size of the
emulsion droplet and its volume fraction of water, supposing
the formation of a membrane of pure fuel. He also formu-
lates a potential strength for micro-explosion, showing opti-
mums with water fraction and radius of internal water droplets.
Chen and Wang [12] investigate combustion characteristics of
water-in-oil emulsion droplets, such as ignition delay or burn-
ing rates.

The present work aims at introducing a model predicting
the micro-explosion delay. It focuses on an unsteady modeli-
sation of heat transfer at the surface and inside an emulsion
droplet. The individual emulsion droplet is divided into con-
centric spherical layers. Physical phenomena such as vapori-
sation of the emulsion, and influence of gaseous environment
temperature and velocity on heat and mass transfers are taken
into account and separately validated. As they are calculated
together in the sphere layers model, the increase in tempera-
ture of internal water droplets is tracked through the time. As
the hypothesis of homogeneous nucleation is considered, liq-
uid metastable water approaching its spinodal limit temperature
constitutes an upper boundary for the micro-explosion delay.
Hence, the micro-explosion delay can be predicted. And sup-
posing that there is no spray collision, or site for heterogeneous
nucleation (for instance, a thermocouple in suspended-droplet
experiments [13]) means that homogeneous nucleation of water
droplets has to be considered. The use of a “drop-tower” facil-
ity, where solid surfaces inducing heterogeneous nucleation in
the emulsion are absent, and the comparison with results from
this model enables to investigate whether the assumption of ho-
mogeneous nucleation is relevant or not. As explained by Law
[11], the spinodal limit temperature of water (between 550 and
600 K) is used as an upper approximation to predict the onset
of homogeneous nucleation.

In the present work, validations of micro-explosion delay
are realized under the assumption of homogeneous nucleation
using micro-explosion delay measurements by Gollahalli [13]
in a “drop-tower” combustion facility. Comparisons between
numerical predictions and experimental results are performed,
examining 27 different cases. Governing trends in the micro-
explosion delay along combustion parameters like water droplet
radius or environment temperature are discussed.
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Table 1
Thermo-physical properties of Heavy Fuel-Oil

Thermo-physical property Value used in simulations

Liquid Heavy Fuel-Oil (between 300 K and 600 K)
Latent heat Lf [J kg−1] [2.45 × 105; 2.54 × 105]
Heat capacity [J K−1 m−3] [1.9 × 106; 2.1 × 106]
Thermal conductivity [0.14; 0.15]
[W m−1 K−1]
Density [kg m−3] [792; 936]

Vapors of Heavy Fuel-Oil (between 500 K and 1500 K)

Binary diffusion coefficient [m2 s−1] [1 × 10−5; 9 × 10−5]
Thermal conductivity [W m−1 K−1] [0.04; 0.12]
Dynamic viscosity [kg m−1 s−1] [1 × 10−5; 2.8 × 10−5]

Fig. 1. Principle of the sphere layers model.

2. The sphere layers model

A discretization into concentric spherical layers is adopted
in order to model the heat and mass transfer phenomena at the
surface and inside the emulsion droplet. In this model, conduc-
tive heat transfer is modeled between spherical layers of Heavy
Fuel-Oil, and towards their internal water droplets. Table 1 pro-
vides the thermo-physical properties of the fuel and the gaseous
phase implemented as temperature-dependent. Only constant
atmospheric pressure is considered, as required in the further
validation cases.

Fig. 1 shows the dispersed phase inserted as numerous
spheres of water subtracting volume and showing surface for
heat transfer within each spherical layer of fuel. These volumes
and surfaces are re-calculated at every step of time, taking into
account the thermal expansions of fuel and water. The number
of water droplets is assumed to maintain the mass fraction of
water as a constant in each spherical layer of the whole emul-
sion droplet. Finally, water droplets are assumed to be all the
same initial radius rw, and their temperature is considered as
homogeneous.

2.1. Governing equations

Eq. (1) is the calculation of heat balance for a sphere layer
indiced as l, considering conductive heat transfer from its close
layers l+1 and l−1. Eq. (2) expresses the heat transfer to its in-
ternal water droplets Ql . The l indice increases from the centre
(l = 1) to the surface of the emulsion droplet (l = ext). Eq. (1)
is calculated for each spherical layer of Heavy Fuel-Oil, from
the centre to the one just under the superficial one (l = ext − 1).
Fig. 2. Specific heat of water – metastable domain by Cahn [15].

The expansion of fuel and water is taken into account through
a linear dependence of fuel and water densities to temperature,
so diameters of every spherical layer and internal water droplet
are calculated.

mlcpl

dTl

dt
= λCH

dr

(
Sl−1(Tl−1 − Tl) + Sl(Tl+1 − Tl)

) − Ql

(1)

Ql = Nw,l

λCH

rw
Sw,l(Tl − Tw,l) (2)

The hypothesis of no convection inside the emulsion droplet
is adopted. This hypothesis is made by numerous authors such
as Sazhin [7] and Jacques [14] considering Heavy Fuel-Oil as
viscous enough to prevent internal circulation. This is espe-
cially relevant for heavy fuels because of their higher viscosity
in comparison with lighter ones such as diesel or kerosene [1].
Hence, only conductive heat transfer is modeled across the sur-
face areas Sl between the sphere layers. Eq. (2) also holds this
hypothesis, because it takes conduction into account at the sur-
face of the internal water droplets. A rapid calculation gives
a thermal conductivity of emulsified fuel (water vol. fraction
0.1 and internal droplets diameter 10 µm) 7% higher than pure
fuel, while uncertainty of thermal conductivity is about 10%
due to various provenances of Heavy Fuel-Oil. As a conse-
quence, thermal conductivity is given a higher value for pure
Heavy Fuel-Oil (Table 1).

This heat transfer to internal water droplets enables to de-
termine their temperature and thermal expansion. As explained
later, the onset and the expansion in volume of micro-explosion
are directly linked to the temperature of internal water droplets.
And a correct value of the heat capacity of water is crucial
to determine their instantaneous temperature. Fig. 2 shows the
specific heat of water cp,w as temperature-dependent. Its val-
ues in the liquid metastable domain are issued from the data of
Cahn [15].

Eq. (3) is the correlation of Ranz and Marshall [16] giv-
ing the convective coefficient α. It enables the account of the
relative velocity of the gaseous phase, through the Reynolds
number of the droplet Re. It expresses a convective heat trans-
fer depending on the thermo-physical properties of the gaseous
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phase through the calculation of the Reynolds and Prandtl num-
bers. Eq. (3) is applied to the surface of the emulsion droplet,
where only convective heat transfer from the gaseous phase
is considered. The hypothesis consisting of no radiative heat
transfer is one of the major assumptions of the D2-law the-
ory [17] and is also considered by Sirignano [18,19] in models
of burning droplets of fuel.

Nu = 2 + 0.6 Re1/2 Pr1/3 (3)

Eq. (4) shows the calculation of the film temperature and
the gaseous molar fraction of fuel, following the One-third
rule [20,21]. The One-third rule is recommended by Yuen and
Chen [22], and is used by Sirignano [19] and Lebouché [23] in
models of burning droplets of fuel.

Tfilm = 2Text + TG

3
, Yfilm = 2Yext + Y∞

3
(4)

Eq. (5) is the gradient applied between the two superficial
layers (indiced as ext and ext − 1) as a boundary condition. The
conductive heat transfer inside the droplet and the loss of la-
tent heat at its surface are both taken into account. According to
Sirignano [18], these two phenomena (e.g. transient liquid heat-
ing and droplet vaporisation) exert mutual influence on droplet
temperature.

Eq. (5) enables the balance between them to be calculated.
Although they require large amounts of energy, the heating
and vaporization of water are not accounted for at the droplet
surface. The reason for that is the diameter of internal water
droplets being equal to the layer thickness in further valida-
tions. Indeed, at the surface this thickness is decreasing due to
vaporisation, so water is exposed to the gaseous phase. Eq. (2)
is then irrelevant, and the internal water droplets of the super-
ficial layer receive a significant heat transfer directly from the
gaseous phase, or break up their metastable state and vaporise
directly in the gaseous phase. Eq. (5) includes the thickness of
the superficial layer drext: Contrary to thermally-expanding in-
side layers in Eq. (1), drext decreases because of the surface
layer depleting by vaporisation. Thus, drext decreases until tiny
values, putting computations at risk of divergence.

λCH

drext
Sext−1(Text − Text−1) = Sextα(TG − Text) − LCHWVAP

(5)

Eq. (6) holds two criteria of critical thicknesses that are used
in this model:

drl=ext � βdrl=ext,t=0 (6)

The first one is relative to heat transfer when verified with
β = 0.1. Then Eq. (5) has λCH/drext replaced by 2λCH/drext,t=0.
This means that the thermal resistance of the superficial layer is
neglected, so conduction until the half thickness of the under-
surface layer (ext − 1) is considered. The second criterion is
concerning vaporisation. Eq. (6) verified with β = 0.01 enables
the remaining liquid fuel to be considered as instantly depleted,
then the under-surface layer is becoming the superficial layer.

Eq. (7) expresses the spinodal limit temperature which is the
upper boundary of homogeneous nucleation temperature, as ex-
pressed by Law [11]. To ensure the possibility of homogeneous
Fig. 3. Assumption of saturation pressure for Heavy Fuel.

nucleation for water, the fuel must have its boiling point above
or equal to the spinodal limit temperature of water which is
600 K.(

∂P

∂V

)
T

= 0 (7)

Fig. 3 shows a value of 620 K for the boiling point of mod-
eled Heavy Fuel-Oil. Hence, just diffusive vaporisation of fuel
at the droplet surface is considered, without boiling. Fig. 3 ex-
plains the assumption made for the saturation pressure of Heavy
Fuel-Oil that reaches atmospheric pressure at 620 K, and holds
a low level (<10.000 Pa) below 600 K to generate a slow dif-
fusive vaporisation, hence a substantial increasing in tempera-
ture (cf. Eq. (5)). This assumption of saturation pressure results
from a hydrocarbon mixture (from C5 to C25), similar to the
Fuel-Oil No. 6 used by Gollahalli [13] in his experiments. How-
ever, a difficulty here is that saturation pressure is not precisely
mentioned among Heavy Fuel-Oil properties, and a test for the
influence of its magnitude on final results is made in this paper.

Eq. (8) expresses the mass flux of fuel Wvap calculated at
the surface of the emulsion droplet, which is crucial to de-
termine the quantity of fuel provided to the diffusion flame.
Kryukov [24] considers the hypothesis of always saturated fuel
vapor in the vicinity of the droplet surface, in the case of pure
diesel fuel. This hypothesis is also one of the major assumptions
made by Law [17] in his summarized D2-law theory.

Wvap = MCHKSp

(
Psat,CH(Text)

RText
− C∞

)
(8)

Eqs. (9) and (10) are used to calculate the mass transfer co-
efficient K , taking into account the relative velocity, and the
thermo-physical properties at every step of time. The mass dif-
fusion coefficient kC enables to determine K through Nusselt
correlation (Eq. (9) [16]). Eq. (10) shows the multicomponent
gas-phase diffusion of Wilke [25] used to calculate kC . The
correlation of Wilke is used to take into account the presence
of steam in the vicinity of the emulsion droplet. Moreover,
mass diffusion coefficients kCH,air and kw,air are temperature-
dependent. Since kCH,air is not accurately characterized as an
experimental condition, a test for the influence of its magnitude
on final results is also carried out in this paper.

Krd = 1 + 0.3 Re1/2
d Sc1/3

d (9)

kC



D. Tarlet et al. / International Journal of Thermal Sciences 48 (2009) 449–460 453
Table 2
Reference case of micro-explosion experiment by Gollahalli [13]

Environment temperature (K) 1400
Initial emulsion droplet temperature (K) 300
Initial radius of emulsion droplet (µm) 500
Initial radius of internal water droplet (µm) 5
Water weight fraction 0.1
Relative velocity of gaseous phase vs.
emulsion droplet (m s−1)

5

Emulsified fuel Heavy Fuel-Oil
No. 6

Measured micro-explosion delay (ms) 250

kC = 1

YCH/kCH,air + Yw/kw,air
(10)

According to Law [26], the hypothesis enabling micro-
explosion consists of internal water droplets not moving inside
the emulsion, which is called the “Frozen limit”. In other words,
the hypothesis of “Frozen limit” means no circulation of fluids,
as previously explained about the hypothesis of no convection
inside the emulsion droplet. In the present study, water and fuel
are assumed to vaporise in the same proportion as their ini-
tial ratio in the liquid phase (“frozen limit-steady depletion”
hypothesis [26]). This assumption leads to take into account
the saturation pressure of the most abundant component, which
is, in our case of emulsion, the Heavy Fuel-Oil. Eqs. (8), (9)
and (10) constitute the diffusive vaporisation considered for the
Heavy Fuel-Oil. Eq. (11) expresses the mass of vaporized wa-
ter dmw, determined from the hypothesis of steady depletion,
where f is the mass fraction of water in the emulsion.

dmw = f × (dmCH + dmw) (11)

2.2. Validation tests

Results are obtained through an explicit finite-differences
method, forward in time and centered in space. Due to the rela-
tively low number of sphere layers (order of magnitude between
10 and 100), the influence of time and space steps on the results
of the sphere layers model is properly checked. The relaxation
time of particles responsible for conduction of heat are: 10−11 s
(phonons), 10−13 s (electrons). Consequently, 10−6 s is a lower
limit for the time step in this model. Negligible differences (less
than 1) in the vaporisation rate and in the time needed to reach
Tw,ext−1 = 600 K are observed in the reference case (cf. Ta-
ble 2) using a time step of 6.5 × 10−5 s or 4.3 × 10−5 s. The
larger value of 6.5 × 10−5 s is used in the further simulations.

All the phenomena influencing the micro-explosion delay
(vaporisation and boiling rates, heat transfer to dispersed phase,
etc.) are greatly influenced or directly governed by the tempera-
ture of Heavy Fuel-Oil. Thus, a special care is taken to validate
conductive heat transfer across the emulsion droplet, without
the presence of internal water droplets. Eq. (12) represents the
analytical conductive heat transfer within a sphere [14]. Its re-
sults are compared to results from the sphere layers model in
order to validate heat transfer within pure fuel.

ρCp
dT = λCH

(
∂2T

2
+ 2 ∂T

)
(12)
dt ∂t r ∂t
Fig. 4. Influence of sphere layers thickness faced with the analytical result.

Table 3
Test for space step (sphere layers thickness)

Sphere layers model
(ref. case Table 2)
with Rw = 2.5 µm

t (Tw,ext−1 =
600 K) (ms) (Fig. 7)

Vaporization rate (mm2 s−1)

between 0 and 200 ms

�r 9.1 µm 249.9 0.11
7.1 µm 248.2 0.11
5 µm 253.2 0.11

Fig. 4 shows the temperature at the center of a 1 mm di-
ameter pure oil droplet, both calculated analytically and by the
sphere layers model, using exactly the same thermo-physical
properties and known heat flux imposed at the external surface.
The influence of decreasing the sphere layer thickness can be
noticed as a convergence reached for 10 µm. Table 3 exposes a
test for the space step, with a time step of 6.5 × 10−5 s, where
small variation (5 ms) is noticed. Space step (i.e. sphere layer
thickness) is ensured to be large enough to enable modelisation
of conduction using Fourier’s law. Therefore, the space step is
fixed at 10 µm in the further simulations.

Fig. 5 shows the first expected result from the sphere layers
model, which is the radial distribution of temperature of inter-
nal water droplets through the time. Vertical arrows show the
surface regressing due to evaporation, i.e. the discretized radial
distribution of temperature ending closer and closer to the cen-
ter. As soon as 113 ms, one can notice that a large part (>60%)
of the emulsion liquid water is in metastable state, hotter than
373.15 K.

Thermal expansion of fuel and water, and vaporisation result
in variation of the radius of the emulsion droplet through the
time. Fig. 6 shows the decreasing of the squared radius of the
emulsion droplet through the time. In the present simulations
the expansion is not enough to cause an initial increase of the
radius against vaporisation. Thus the internal velocity created
by expanding liquids result as negligible in the further valida-
tion cases. The calculations are stopped at 251 ms. Over the first
250 ms, the squared radius r2

d decreases as a linear function of
time, as it is thoroughly seen in the literature [6,14,15,27,28].

Numerous authors, as Law [7,14,17] consider a constant va-
porisation rate, expressing the linear decreasing of the squared
diameter of the droplet through the time. This is included in
the already mentioned D2-law [17]. Tables 3 and 4 report va-
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Fig. 5. Radial distribution of temperature increasing though the time.
Fig. 6. Decreasing of squared radius through the time in Reference case (cf.
Table 2).

Table 4
Evaporation rate with various ambient temperature

Sphere layers model
(ref. case Table 2 with various T∞)

Vaporisation rate (mm2 s−1)
between 0 and 200 ms

T∞ 1000 K 0.06
1125 K 0.08
1375 K 0.1
1500 K 0.12

porisation rates issued from the model. In the vaporisation rates
reported, the decreasing of diameter over the first 200 ms is
taken into account. The sphere layers model indicates a va-
porisation rate as high as 0.14 mm2 s−1 for the reference case
until the predicted micro-explosion delay. This magnitude is
in accordance with usual vaporisation rates measured or cal-
culated in the literature for neat heavy fuels (between 0.1 and
1.5 mm2 s−1). Table 4 shows the influence of ambient tempera-
ture on the vaporisation rate: as expected, a faster vaporisation
is clearly linked to a higher gaseous flow temperature.

The modelisation of heat transfer results in the increasing
temperatures of the surface-layer of fuel (Text), and of the inter-
nal water droplets in the under-surface layer (Tw,ext−1). Fig. 7
represents these temperatures within successive spherical lay-
ers, becoming the surface layer each at their turn. Indeed, every
time a surface layer is totally depleted, Text jumps as the new
surface layer is suddenly exposed to convective heat transfer
from gaseous phase, and Tw,ext−1 drops to the colder tempera-
ture (∼10 K in difference) of the new under-surface layer. Over
the whole droplet lifetime the surface temperature is a concave
function of time, as can be seen from other models of burn-
ing droplets of fuel [27,28]. A thinner space step (i.e. smaller
thickness of sphere layer) could partly smooth these numerical
jumps. Nevertheless, Eq. (2) does not strictly authorize sphere
layers thinner than the diameter of its internal water droplets.

3. Validations of the micro-explosion delay

In this part, using assumption of homogeneous nucleation,
the criterion for micro-explosion is analyzed, and the resulting
prediction of micro-explosion delay is discussed against exper-
imental validation.

In metastable liquid water, homogeneous nucleation is ac-
tually launched at the kinetic limit. Law [11] considers the
spinodal limit as an upper approximation of the kinetic limit,
following Eberhart [29] that demonstrates the spinodal limit
temperature as an excellent correlation with the observed ki-
netic limit of superheat. When reaching the spinodal limit, a
metastable water droplet is surely vaporised. In the case of wa-
ter, the spinodal limit is between 550 and 600 K [11], because
Eq. (13) can use two different equations of state (namely, Van
der Waals or Berthelot) for the metastable liquid water, result-
ing in these two different values [11]. Apfel [30] observed small
droplets of liquid metastable water reaching a temperature of
553 K, and greater superheatings under dynamic conditions. To
sum up, even if the spinodal limit temperature is not actually
reached by the real emulsion, the sphere layers model uses it as
a criterion for the launching of homogeneous nucleation. As al-
ready mentioned, it is extremely important to realize that this
assumption of homogeneous nucleation suits the situation of
an alone, unsuspended emulsion droplet in a flow of gas in a
so-called “drop tower” facility like the one used in Gollahalli
experiments [13] (Fig. 8).

Fig. 4 shows that at any time, the hottest internal water
droplets are located under the surface of the emulsion droplet.
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Fig. 7. Increase in temperatures of fuel and water at the surface of the emulsion droplet (cf. ref. case Table 2).

Fig. 8. “Drop tower” facility used by Gollahalli [13].
In this paper, the criterion for micro-explosion consists of these
under-surface water droplets reaching the spinodal limit tem-
perature (cf. Eq. (7)). Chen and Wang [12] explain that if
micro-explosion effects are localized at the surface, then they
may result in the ejection of tiny masses of liquid fuel towards
the gaseous environment, without any disintegration inside the
emulsion droplet. The criterion for micro-explosion consists of
the under-surface metastable water droplets reaching a temper-
ature between 550 and 600 K, and the sphere layers model is
used to provide the corresponding range of time throughout its
unsteady modelisation. Thus, vaporisation of water droplets not
located at the superficial layer (indiced as ext) but within the
layers under the superficial one (ext − 1, ext− 2, ext− 3, . . . ) is
considered for the criterion of micro-explosion. In the reference



456 D. Tarlet et al. / International Journal of Thermal Sciences 48 (2009) 449–460
case (Table 2), this criterion for micro-explosion is reached at
251 ms in the ext−1 layer, at 281 ms in the ext−2 layer, and at
323 ms in the ext−3 layer. The criteria hold at the layers ext−2
and ext−3 are rejected because of temperatures over the boiling
point reached by the fuel located in the upper layers. Its boiling
would put the internal water droplets in contact with fuel vapor,
launch nucleation and initiate micro-explosion through another
criterion depending exclusively on the boiling point of the fuel.
As a consequence, vaporisation of water droplets located not at
the superficial layer, but within the layer under the superficial
one (ext − 1) is considered to initiate the micro-explosion, at
251 ms in the reference case.

Micro-explosion, which means disintegration of the whole
emulsion droplet, is possible if numerous enough water droplets
do vaporise altogether in a short laps of time across the emul-
sion droplet. Concerning that, the underlying hypothesis is the
launch of nucleation on a water droplet when in contact with
the steam issued from a neighbor water droplet in the emul-
sion. Hence, the onset of nucleation is propagated deeper and
deeper inside the emulsion droplet. This is especially relevant
in finely-dispersed emulsion [6] like the one used in Gollahalli
experiments (∼105 water droplets enclosed in a 1 mm diameter
emulsion droplet). This propagation through the whole emul-
sion droplet is expected to be shorter than the micro-explosion
delay, because the characteristic duration of such a unique and
total disintegration of an emulsion droplet is cited as less than
0.2 ms [5,13]. Due to this short characteristic duration of micro-
explosion, it is considered as negligible in comparison with the
micro-explosion delay.

Fig. 5 indicates that, in the reference case (cf. Table 2), wa-
ter droplets are in metastable state from a radius of 200 µm to
the surface, at the predicted micro-explosion delay. This creates
a potential mechanical work of expansion when vaporising at
micro-explosion: as considered by Wolfe [27] at breaking up of
metastable state, the enthalpy above boiling point compensates
for the latent heat of vaporisation, and the mass of liquid wa-
ter mw is partly, but fastly vaporized. Eq. (13) expresses msteam,
which is this vaporised part of mw.Vsteam is the volume of steam
created by the sudden vaporisation of metastable water through-
out the whole emulsion droplet. It works as an indicator of
the potential mechanical work issued from the micro-explosion
phenomenon: Eq. (13) is applied to the emulsion droplet in the
reference case (cf. Table 2) at the predicted micro-explosion
delay (251 ms), supposing simultaneous vaporisation of all the
liquid metastable water contained in the emulsion droplet. It
results in a created volume of steam of 1.13 × 10−8 m3 at at-
mospheric pressure in this case. This volume is 40 times the
volume of the emulsion droplet at predicted micro-explosion
time, or 22 times the initial volume of the emulsion droplet.
This ratio of the created volume of steam to the volume of
the emulsion droplet at micro-explosion delay represents an in-
dicator for its potential work of expansion. According to this
volume ratio of 40, unique disintegration of the whole emul-
sion droplet at the same time is supposed, as actually observed
in Gollahalli experiments [13].

msteam = mwCpw(Tw,l − Tbp,w)
(13)
Lw
Table 5
Test for the influence of thermo-physical properties in the reference case (Ta-
ble 1)

Thermo-physical property of Heavy
Fuel-Oil

Deviation of
property (%)

t (Tw,ext−1 = 600 K)
(ms)

Latent heat Lf +10 254
−10 234

Heat capacity cp +10 275
−10 227

Thermal conductivity λ +10 252
−10 236

Saturation pressure Psat +20 277
−20 211

Binary diffusion coefficient of fuel
vapors kCH,air

+30 290
−30 210

Fig. 9. 27 different sets of parameters differing from the “reference case” tested
by Gollahalli [13].

Once a range of time for micro-explosion delay is predicted
using this criterion, its dependence to thermo-physical proper-
ties of Heavy Fuel-Oil has to be investigated, because the prop-
erties of Heavy Fuel-Oil are not strictly defined. Table 5 exposes
tests for the criterion of micro-explosion in the reference case,
and its sensitivity to realistic ranges of the thermo-physical
properties for Heavy Fuel-Oil. Over these ranges, changes in
the micro-explosion delay are less than 16%. This reveals a
low sensitivity of micro-explosion delay to properties of Heavy
Fuel-Oil, despite a large number of equations modeling inter-
connected phenomena.

Eq. (14) shows an assumption of film temperature differ-
ent from the one used in the sphere layers model. With this
different assumption of film temperature, the criterion of micro-
explosion in the reference case is reduced to 234 ms.

Tfilm = Text + TG

2
(14)

Once a range of time for micro-explosion delay is predicted
using this criterion, a validation remains to be done, using ex-
perimental measurements of micro-explosion delays. First, in
the reference case, micro-explosion was observed at 250 ms,
and the simulation by the sphere layers model reaches the cri-
terion of homogeneous nucleation at 251 ms. Thanks to this
accordance, variations from the reference case can also be prop-
erly compared between numerical and experimental data.

Fig. 9 exposes the way the different cases were organized.
Gollahalli [13] carried out 27 different experiments in order to
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Fig. 10. Comparison between experimental and numerical results with varying relative velocity.

Fig. 11. Comparison between experimental and numerical results with varying water weight fraction.
quantify the influence of individual varying parameters. This
means that all of the tested configurations have only one vary-
ing parameter from the reference case (cf. Table 2). Such an
experimental plan enables to validate separately the influence
of each of these combustion parameters on the micro-explosion
delay.

The influences of 6 parameters are tested: Initial radius of
the emulsion droplet, initial radius of internal water droplets,
initial temperature of the emulsion droplet, temperature in the
environment gaseous phase, relative velocity of environment
gaseous phase vs. emulsion droplet, water weight fraction in the
emulsion [13]. Gollahalli [13] uses a gas, burning at the leanest
gas/air ratio possible, to create a given temperature in the envi-
ronment gaseous phase. Micro-explosion delays are measured
by counting the movie frames from a camera. As already men-
tioned, in the experiments of Gollahalli [13], disintegration of
emulsion droplet by means of micro-explosion are always seen
as sudden and total, without any secondary or tertiary disinte-
gration, as can be seen in other experiments [6]. The emulsion
droplets are seen to ignite on photographies in [13]. Due to
the relative velocity of the ambient gaseous phase, the diffu-
sion flame is observed as a wake behind the emulsion droplet,
its flame front being more than one droplet diameter distant.
Hence, a modelisation of a spherical diffusion flame would
be irrelevant around the droplet, and the sphere layers model
only considers a hot gaseous environment without a surround-
ing flame.

The experimental micro-explosion delays measured by Gol-
lahalli [13] are faced with the range of homogeneous nucle-
ation issued from the sphere layers model (under-surface water
droplets reaching a temperature of 550 and 600 K).

Figs. 10–15 expose these validations. Fig. 10 shows a de-
crease of micro-explosion delay along with an increasing rela-
tive velocity, that is known to increase both the heat transfer and
the vaporisation for the emulsion droplet, respectively to heat it
and to cool it (Eqs. (3), (5) and (9)). The slope of the predicted
micro-explosion delay is in close accordance with the measured
one, which is interpreted as a satisfactory balance between the
two contradictory thermal influences. Furthermore, the predic-
tion of the upper spinodal limit temperature (600 K) is much
more relevant than the lower one (550 K). One can notice the
range of tested velocity from 3 to 12 m/s, which is in the lower
range of injection velocities in usual atmospheric boilers, where
injection velocity can be as high as 50 m/s.

Fig. 11 indicates an increase in the micro-explosion delay
along with an increasing water content in the emulsion, with a
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Fig. 12. Comparison between experimental and numerical results with varying radius of internal water droplets.

Fig. 13. Comparison between experimental and numerical results with varying ambient temperature.
Fig. 14. Comparison between experimental and numerical results with varying initial temperature of emulsion.
remarkable accordance in the slope of the micro-explosion de-
lay, remaining close to the upper spinodal limit temperature.
Such an agreement with experimental data reveals the accuracy
of Eqs. (9) and (10) applied in the gaseous phase to take the
presence of water into account through the diffusion coefficient
of steam. The assumption of steady depletion (Eq. (11)), be-
ing an essential part of the demonstrated modelisation, is also
reinforced by this accordance.
Fig. 12 exposes the validation with varying radius of inter-
nal water droplets. In three cases, the internal water droplets
are larger than layer thickness: they are considered as entirely
enclosed inside the layer containing their center. A decay of
<50 ms is observed in all the cases tested. 3 cases close to
the reference case (radius of water droplets: 5 µm) are mea-
sured between 200 and 250 ms, which rises the question of
an experimental offset. Variations in micro-explosion delay due
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Fig. 15. Comparison between experimental and numerical results with varying initial radius of emulsion droplet.
to changes in diameter of internal water droplets are not large
in amplitude (less than 30 ms). Nevertheless, the experimental
results show a slight minimum of micro-explosion delay at a ra-
dius of 6 µm. Such an optimum could be of a high importance
to owners of emulsion-burning facilities, that are searching for
the optimal way to disperse the water in the emulsion. One sat-
isfactory point is that the non-sensitivity of the micro explosion
delay to such a dramatic increase of the heat-exchanging sur-
face towards inside water droplets is displayed by both the ex-
perimental and the numerical results. This is interpreted as the
temperatures of heavy fuel and inside water closely following
each other, whatever the diameter of inside water droplets (in
the considered range of diameter). In fact, in the sphere layers
model their temperatures are remaining less than 1 K different
all across thermal history of the emulsion droplet.

Fig. 13 shows a longer micro-explosion delay with increas-
ing ambient temperature, as also observed in drop-tower exper-
iments by Chen and Wang [12]. At an ambient temperature of
1000 K, the predicted micro-explosion delay is reached slightly
before the lower spinodal limit temperature, and slightly after
the upper one at 1375 K and 1500 K, indicating a different slope
between numerical prediction and measurement. Due to an am-
bient temperature controlled by means of natural gas combus-
tion in the experiments of Gollahalli [13], the range of adiabatic
flame temperature for liquid fuels could not be explored over
1500 K.

Fig. 14 shows the validation with varying initial tempera-
ture of the emulsion droplet. The results show good agreement.
At lower initial temperature, micro-explosion happens when Ts

reaches the higher limit of spinodal temperature range (600 K),
and vice versa. Fig. 13 also exhibits this difference between
upper and lower spinodal limit, along with ambient tempera-
ture. To sum up, with a varying initial or ambient temperature
the slope of the micro-explosion delay along with these tem-
peratures differs between its experimental measurement and its
numerical prediction. These differences between numerical and
experimental slopes can be interpreted as follows according to
Figs. 13 and 14: The higher the heat transfer, the higher the
boundary of spinodal limit; and vice versa.
Fig. 15 exposes the validation with varying initial radius of
the emulsion droplet. Once more, 3 cases close to the refer-
ence case (500 µm) are measured 3 times between 200 and
250 ms. This puts the experimental result for 530 µm (390 ms)
at question. Also, for an initial radius of 230 µm, complete evap-
oration is reached before 150 ms according to the sphere layers
model. Nevertheless, the overall trends agree for a decrease of
micro-explosion delay along with a decreasing initial radius of
emulsion droplet. However, the slopes of the micro-explosion
delay show a different behavior in the domain of initial radius
tested, with a minimum at a radius of app. 350 µm for experi-
mental data and a constant increase for numerical results.

For each of the 27 tested cases, the deviation between ex-
perimental micro-explosion delays and numerical boundaries
issued from the criterion of micro explosion is calculated.
This deviation is considered as null if the experimental micro-
explosion delay is between the boundaries of our criterion. If
not, the deviation is the gap between the experimental micro-
explosion delay, and its closer boundary of our criterion. Thus,
the average gap over the 27 tested cases is less than 25 ms, with
experimental micro-explosion delays between 200 and 450 ms.
Although there are only 27 validation cases, a statistical test
show that 70% of the cases show a gap inferior to its standard
deviation, which indicates a Gaussian distribution centered over
null deviation.

4. Conclusion

In this paper, a validated model of heat and mass transfers
acting at the surface and inside an emulsion droplet is presented,
including a criterion for the onset of micro-explosion. This
sphere layers model results in longer micro-explosion delays
with increasing water content and radius of emulsion droplet,
and in shorter delays with increasing liquid or ambient tem-
perature, and relative velocity. A validation of micro-explosion
delays in 27 different situations has been performed to deter-
mine the accuracy of the homogeneous nucleation assumption
for the onset of micro-explosion. A discussion about the rele-
vance of the higher (600 K) or the lower (550 K) boundary of
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spinodal limit can also start from comparisons in the numeri-
cal and experimental slopes of the micro explosion delay along
with ambient temperature, and initial temperature of the emul-
sion droplet.

The low average deviation (25 ms) shows the agreement
between numerical range for micro-explosion delay under as-
sumption of homogeneous nucleation, and experimental delay
in “drop tower” combustion facility, even with 10 or 30% in
properties varying of Heavy Fuel-Oil. Thus, in the situation of
an alone and unsuspended emulsion droplet in a flow of gas, the
onset of micro-explosion is confirmed to happen at a tempera-
ture close to the upper limit for homogeneous nucleation.

Future works will build an extension of this criterion, tak-
ing into account heterogeneous nucleation in situations closer
to actual furnace situations, and coalescence of internal water
droplets in the emulsion.
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