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Abstract

In this paper, the assessment of puffing and micro-explosion occurrence in emulsion drops with different
water percentage is studied. The emulsified fuels are formulated using micro channel emulsifier, rapeseed
oil and diesel fuel as continuous phase, as well as water and Sorbitan Sesquioleate as surfactant. The
formulated dispersed systems are covered under different experimental factors such as water ratio and
surfactant percentage. The puffing occurrence is reported in all emulsified fuels tested (i.e. with and
without surfactant). A sudden puffing and highest number of occurrence is noted when the water amount
increases in all emulsified fuels. The micro-explosion phenomenon is only noted in emulsified fuel
formulated without surfactant.
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Introduction

The direct use of vegetable oils in diesel engines causes several problems such as a less efficient
combustion process due to the poor atomization process and changes in the ignition delay. For these
reasons and seeking for a more engine-friendly fuel, it is necessary to change the feedstock properties
applying different methods such as: preheating, blending with diesel fuel, transesterification, cracking /
pyrolysis or emulsification. The advantage and drawbacks of each method have been pointed out in
different researches [1, 2].

Among these methods, the emulsification has an additional advantage linked to its capacity to decrease
diesel engine exhaust emissions such as nitric oxides, solid and carbonaceous residues [3]. It is a cheaper
method because modifications of the original engine design, special and sophisticated equipments are not
necessary. The preparation of an emulsion involves no complex chemical reactions [4]. It also produces no
by-products unlike transesterification [4].

According to Tran et al. [5] the combustion of emulsified fuel droplets is largely characterized by this
difference between water and fuel volatility. The droplet is heated by convective and radiative heat transfer
and its temperature reaches the superheat limit. Inside the droplet, this is followed by a rapid bubble
nucleation, and then, internal formation of vapor bubbles [5]. The vaporization of water then blows up the
oil layer and thereby forms smaller oil droplets, which increases the oil droplet’s surface to volume ratio [6].
This phenomenon is called “micro-explosion” [6, 7].

The micro-explosion causes the secondary atomization which forms the bulk of much finer droplets [5].
Such secondary drops evaporate very quickly and are dispersed over a large volume, improving fuel/air
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mixing and the overall combustion efficiency [8]. This mechanism is fundamental in reducing particulate
emission in the combustion of medium and heavy oils [8]. In addition, the presence of water influences the
physics and chemical kinetics of combustion and has a beneficial effect on the rate-of-heat release and the
reduction of pollutant emissions [9].

On the other hand, during combustion, the vaporized water reduces the flame temperature, changes the
chemical composition of the reactants, resulting in higher OH radical concentration controlling the NO
formation rate and soot oxidation, and dilutes the rich zones in the combustion chamber [9]. In addition,
due to the micro-explosion phenomenon as a consequence of the dispersed water into emulsified fuel, it is
also possible to improve the atomization process and recover the combustion efficiency when it is used as
diesel engine fuel. However, it is important to point out that the physicochemical properties of emulsified
fuel play a decisive role.

Nevertheless, a large scientific effort has been devoted to the experimental evaluation of the micro-
explosion phenomenon [10-26]. However, the micro-explosion phenomenon has been also questioned
[27]. Califano et al. [8] pointed out that the micro-explosion does not always occur, and that its occurrence
depends on a number of parameters. An important factor affecting the micro-explosion could be the
coalescence or phase separation of the dispersed water droplets into the continuous phase [8, 10].

On the other hand, several studies [11,14-16, 28-31] reported the occurrence of a particular phenomenon
(i.e. puffing or bubbling) prior to micro-explosion phenomenon. The occurrence of puffing is also linked to
the thermal effect of dispersed phase into continuous phase under intense heat flux. This phenomenon is
not always observable, consists in the formation of irregular bubble of steam that perturbs the free surface
of the droplet [16, 32].

In spite of the fact that puffing and micro-explosion phenomenon are well-known, discovered in 1965 by
Ivanov and Nefedov [29] and defined separately by Watanabe et al. [32], their assessment involving
emulsified fuels have not been studied thoroughly. For this reason, the scope of this investigation is to
analyze the puffing and micro-explosion occurrence in emulsified fuels obtained through a micro-channel
emulsifier.

Experimental set-up and procedures

The experimental investigation of puffing and micro-explosion occurrence is conducted in emulsified fuel
drops on a hot surface. The emulsion fuel drops are placed on a heated plate leading to the Leidenfrost
effect. Recently, several researches have been conducted in this topic using Leidenfrost burning [11, 14-
16, 22].

A pipettor VWR with tip ejector (volume: 2-20 pL, precision: £1.5-0.3% and accuracy of +1.0-0.6%) is
used as a fuel droplet generator. Additional equipment such as a high-speed camera model 675K-M1
(HighSpeedStar series) provided by LaVision, a hot plate controlled by a power station Weller and a Type-
K thermocouple coupled to a K-Thermocouple thermometer Hanna are used for the visualization and
control of the studied phenomena. The schematic diagram of the experimental setup used is shown in
Figure 1.
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Figure 1. Schematic diagram of the micro-explosion setup
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The assessment of the puffing and micro-explosion occurrence is conducted under selected test
conditions keeping fixed the hot plate temperature at 365°C and atmospheric pressure. This temperature
was found as a proper value to ensure the Leidenfrost effect occurrence (emulsified droplet lifted) avoiding
the quick warm-ups and vaporization, in agreement with previous experiments developed by Mura et al.
[33] and Tarlet et al. [13, 15]. The test conditions are shown in Table 1.

Table 1. Puffing and micro-explosion test conditions

Hot plate Droplet Droplet Acquisition
temperature | volume (pL) diameter frequency
(°C) (mm) (Hz)
365 12 2.84 750

In this study several emulsified fuels are prepared based on previous results reported in [35]. The
materials used are rapeseed oil and diesel fuel as continuous phase, water as dispersed phase and
Sorbitan Sesquioleate as surfactant. The emulsified fuels studied here are ERO7, ERO8, ERO9, ERO10,
ERO11 and ERO12, which are prepared through a micro-channel emulsifier. The continuous phase and
surfactant were previously blended and stirred during 15 minutes (at 1000 rpm) as a first step before the
use of micro-channel emulsifier. The experimental facilities used for the emulsification process were three
piston displacement pumps (ARMEN-AP-TRIX-500-200) feeding a micro-channel with an optimized
geometry, which has been recently presented in details by Belkadi et al. [35].

The emulsions” composition and properties are shown in Table 2. Moreover, additional emulsified fuels are
formulated avoiding the use of any surfactant and keeping fixed the water ratio (10%, 20% and 30%). The
aim of this proposal is to analyze the effect of surfactant and dispersed phase concentration on puffing and
micro-explosion occurrence. That is why the most stable and the less stable emulsions are going to be
compared.

Table 2. Composition and properties of the emulsified fuels - ERO: Emulsified rapeseed oil, *RO-Diesel: Blend of 20%of
rapeseed oil-in 80% of diesel fuel

Emulsified Composition Properties
fuel
RO-Diesel  Surfactant (% Water Dynamic Average
(% Vol.) Vol.) (%Vol.) viscosity droplet

(mPa.s) size (um)
ERO7 88 2 10 4.6 497
ERO8 78 2 20 16.1 8.12
ERO9 68 2 30 20.4 9.2
ERO10 86 4 10 5 4.88
ERO11 76 4 20 16.5 7.96
ERO12 66 4 30 21 8.89

Experimental results

The emulsified droplets undergo a Leidenfrost effect as a result of the heat flux on the dispersed water
within emulsions. Under this effect, a continuous process of vapor bubbles formation within emulsified fuel
matrix is expected. For this reason, this section focuses on effect of dispersed water quantity into
emulsified droplets exploring vapor bubble growth itself. The vapor bubble growth in the emulsified
droplets was studied in a data set of captured images prior the first puffing or micro-explosion occurs. The
time lapse in the vapor bubble formation and growth are shown in Fig 2. In general, an increase of
surfactant percentage in the emulsions leads to a disruptive effect on vapor bubble formation and its
further development.

The time lapse between generating droplet on the hot surface and vapor bubble formation varies
significantly from an emulsion to another depending of their composition. For each set, bigger vapor
bubbles are observed in a shorter period of time for emulsions without surfactant.

In this regard, comparable results have been attained for other emulsified fuels [10-12], in spite of the
effect of additional factors such as the surfactant percentage, the analyzed size of the emulsion droplet
and characteristics of continuous phase (e.g. volatility, viscosity, carbon-chain length, etc.) have not been
studied thoroughly. The vapor bubbles formations are linked to several phenomena such as nucleation,
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agglomeration, coalescence and bubbling which might lead to a further occurrence of puffing and micro-
explosion. Nevertheless, an analysis about the effect of surfactant on puffing and micro-explosion
occurrence will be discussed in the next section.
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Figure 2. Time lapse between generating droplet, vapor bubble formation and growth

The experimental results of puffing and micro-explosion occurrence in the formulated emulsions
with/without surfactant are shown in Fig 3 and Fig. 4. For all cases, the light luminous areas around the
droplet surface represent the surrounding vaporized fuel.

As can be noted, an increase of water percentage promotes a sudden occurrence of the puffing
phenomenon. The number of puffing occurrence per set of emulsions also increases with the water ratio,
but contrary when the surfactant percentage is increased. A delay of puffing process with the increase of
surfactant percentage was also attained. This behavior is a consequence of the surfactant activity within
the interphase boundary inside the emulsified fuels.

On the other hand, the micro-explosion phenomenon only occurs in emulsified fuels formulated without
surfactant (see Fig 3, Fig 4). This fact might be correlated with the sudden agglomeration and coalescence
of the dispersed water in the bottom of the emulsified droplet [12], which is associated to differences
between dispersed and continuous phase density. Moreover, a strong puffing process like weak micro-
explosion is noted in the emulsified fuel prepared with 2% of surfactant and higher water amount (i.e.
ERO12, not shown here du to lake of place).

An average water droplet size of 5 ym is seen as an adequate size for a good micro-explosion as shown
by Mura et al. [33] and Tarlet et al. [13, 15]. However, micro-explosion phenomenon might occur also for
smaller or bigger droplets size, although it may be more or less strong according to Tarlet et al. [15]. In our
study, only two emulsified fuel reach this value (i.e. ERO7 and ERO10) but they do not micro-explode.
This behavior might be associated with different factors such as the composition of both sets of dispersed
systems (e.g. water and surfactant percentage) and physicochemical properties of continuous phase (e.g.
volatility and boiling temperature).
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Figure 3. Sequence of puffing and micro-explosion occurrence: a) ERO10, b) ERO7, c)Emulsified fuel prepared with90% of
diesel-rapeseed oil blend and 10% of water (without surfactant)

A summary of emulsified fuels burning droplets plotted in a ternary diagram is shown in Fig 5. The black zone
represents a zone where the puffing and micro-explosion phenomena are often reported in the literature [10-16,
18-20, 22-26,32-34] using different continuous phases with increasing water emulsification up to 30%. In our
study, both phenomena took place in all emulsified fuels prepared without surfactant (see section 3.2 and Fig 5a).
In addition, a set of emulsions formulated without surfactant but involving pure diesel fuel and different water ratio
also reported the occurrence of puffing and micro-explosion phenomenon (i.e. see red-blue points in Fig 5a).

As it was previously mentioned, emulsified fuels prepared with surfactant reported puffing and vaporized fuel
process (see yellow-blue points in Fig 5b). An additional set of emulsified fuels using surfactant were analyzed in
order to broaden the investigate zone. In concordance with previous results, a puffing and vaporization process
was also attained.

For each case of emulsions formulated with a blend of rapeseed oil-in diesel, an increase of the rapeseed oil ratio
in the blend conducted to highest surrounding vaporized fuel. This assessment is characterized by differences
between rapeseed oil and diesel fuel volatility, mainly.
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Figure 4. Sequence of puffing and micro-explosion occurrence: a) ERO11, b) ERO8, c) Emulsified fuel prepared with80% of

diesel-rapeseed oil blend and 20% of water (without surfactant)

Conclusions

The results of several experiments varying the amount of water, surfactant and continuous phase depicted the
occurrence of puffing and/or micro-explosion phenomena, even for lower water amounts. A summary of
emulsified fuels burning droplets was plotted in a ternary diagram denoting an interesting zone where puffing and
micro-explosion occur. A sudden puffing and highest number of occurrence is noted when the water amount was
increased, but contrary when the surfactant percentage is increased. This fact is also correlated with a disruptive
effect achieved on vapor bubble growth. On the other hand, the micro-explosion phenomenon only took part in
emulsified fuel formulated without surfactant. All this denote that the occurrence of puffing and micro-explosion
involves a multifactorial analyze based on several factors such as the dispersed water size, water amount,
surfactant usage and physicochemical properties of continuous phase (e.g. volatility, boiling temperature,
viscosity, carbon-chain length).
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Figure 5. Summary of emulsified fuel burning droplet plotted in a ternary diagram: a) Emulsified fuel prepared without
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