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Abstract

Some of the most recent experimental and modelling results concerning the puffing/micro-
explosion of water-fuel composite droplets are presented and discussed. The experimental re-
sults refer to images of droplets during puffing/micro-explosion, times to puffing/micro-explosion
and measurements of the temperatures inside the droplets. The model for puffing and micro-
explosion assumes that a small spherical water sub-droplet is located in the centre of a fuel
droplet. The heat conduction equation is solved analytically inside this droplet at each time
step, using the Robin boundary condition at its surface and the continuity conditions at the
fuel-water interface. This analytical solution and an appropriate approximation of the nucle-
ation temperature are incorporated into a numerical code in which droplet evaporation and the
variable thermophysical properties are accounted for. It is assumed that the puffing/micro-
explosion process starts when the temperature between water and fuel reaches the nucleation
temperature of water. The model predictions are shown to be consistent with available experi-
mental data referring to the time to puffing/micro-explosion.
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Introduction

It is well known that micro-explosions in water/fuel composite droplets, leading to their rapid
disintegration, can substantially improve internal combustion engine performance, as discussed
in [1]. The main aim of this paper is to summarise the most important recent experimental and
modelling results obtained by the authors. In the models to be described the focus will be on
capturing the most important features of the phenomenon (e.g. time to puffing/micro-explosion)
leading to the development of relatively simple models of complex processes.

The most important previously obtained experimental results are summarised in the next sec-
tion. This will be followed by an analysis of the previously suggested models and correc-
tions/improvements made to them. Then the effects of replacing the boiling temperature of
water with the nucleation temperature, as the temperature at which puffing/micro-explosion is
expected to be initiated, is discussed. This will be followed by a summary of the main results of
the paper.

Experimental observations

In this section we focus on the experimental results described in [1, 2] which have been used
for validation of the models described later.

The experiments described in [1] focus on relatively small droplets with diameters less than
250 um. These experiments were conducted in a vessel with air at temperature 700 K and at
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atmospheric pressure. The time to puffing/micro-explosion was recorded with the help of a high-
speed camera fitted with a long-distance microscope. The images from the microscope were
processed to measure the initial droplet diameters and the time to puffing/micro-explosion. The
experiments were performed using a resolution of 256 x 800 pixels?, 12,000 frames per second,
and exposure time of 2 us. The uncertainty for the time to puffing/micro-explosion related to
the identification of the frames for droplet creation and start of puffing/micro-explosion. The
uncertainty for the measurement of the droplet diameter, related to the detection of the droplet
perimeter, is estimated to be +37 um. Droplets with diameters smaller than 50 um were ignored
due to the experimental uncertainty. The time to puffing/micro-explosion was shown to increase
with increasing initial droplet diameter.

In contrast to [1], the experiments described in [2] focus on much larger droplets with diameters
in the range 1-3 mm. Micro-explosions were shown to be the dominant mechanism of disinte-
gration of composite fuel/water droplets in air at temperatures 850-1050°C. It was shown that
for all droplet initial diameters the maximal number of child droplets was observed when their
diameters were close to 0.2 mm. The time to puffing/micro-explosion was shown to stay almost
the same when droplet initial diameters increased.

Modelling approaches

The most advanced models of puffing/micro-explosion processes are based on the Direct Nu-
merical Simulation of the processes inside composite droplets, involving tracking the interfaces
between water and fuel, water and water vapour, water vapour and fuel, and fuel and air. An
example of such a model is described in [3]. The main problem with the application of these
models to the analysis of the experimental data is that they require the identification of the exact
initial location of water inside the fuel droplets. It would be very difficult, sometimes impossible,
to do this in the experiments described above. Engineers working with this phenomenon are
interested mainly in such characteristics as the time to puffing/micro-explosion, but not in the
details of what happens inside the exploding droplet.

A simple model of the process, specifically focused on a crude approximation of this time, is
described in [1]. The model described in this paper is based on the assumption that the fuel
shell is spherically symmetric. It focuses on the heating of water and the fuel shell and is based
on an application of the analytical solution to the heat transfer equation for the temperature
inside a fuel/water droplet as a function of the distance from its centre and time. The tempera-
ture at the surface of the fuel (n-dodecane) droplet was assumed to be equal to the fuel boiling
temperature or slightly below this temperature (Dirichlet boundary condition). Based on the
above-mentioned analytical solution, the time instant when the temperature at the water/fuel in-
terface reaches the water boiling temperature was found. This temperature indicates the start
of the puffing process quickly leading to micro-explosion. The effects of evaporation were ig-
nored. This model uses a single formula for the estimation of the temperature at the water/fuel
interface at any instant of time. Application of this formula to consecutive time instants allows
one to estimate the required time to puffing/micro-explosion. The model predicts an increase
in the latter time with increasing droplet diameter for droplets with diameters less than 250 um.
The model described in [4] is based on the same assumption regarding the geometry of the
composite water/fuel droplet as the model described in [1]. The evolution of temperature inside
the droplet in space and time is described by the following transient heat transfer equation:

oT - <82T 2 0T

I (9RQ+R8R>+P(7573% (1)
where

| kw =kw/(cwpw) when R <R, @)
| & =kys/(cspy) when R, <R < Ry,

Ku(y) 1S the water (liquid fuel) thermal diffusivity, &,,s) is the water (liquid fuel) thermal conduc-
tivity, c,,(r) is the water (liquid fuel) specific heat capacity, p,,(s) is the water (liquid fuel) density,
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R is the distance from the centre of the droplet, ¢ is time. The source term P(¢, R) takes into
account volumetric droplet heating (e.g. heating due to thermal radiation).

The model is based on the analytical solution to Equation (1) with the following initial and
boundary conditions, including the Robin boundary condition at the droplet surface:

T, = Two(R) when R <R, 3)
t=0 — TfO (R) when R, < R < Ry,
oT oT
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oT
h(Tog — T(Rg)) = kf —— : (5)
OR|p_p, o

where h is the convection heat transfer coefficient,
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The term R, = dR,/dt takes into account the effect of evaporation, h = k,Nu/(2R;,), where the
Nusselt number for stationary evaporating droplet is:

ln(l —+ BT)

Nu=2
u Br ,

Br is the Spalding heat transfer number”. It was assumed that T;,0(Ryw) = Tro(Ruw)-

As in the case of the model described in [1], the start of puffing/micro-explosion was identi-
fied as the time instant when the temperature at the water/fuel interface reached the boiling
temperature of water.

Unfortunately there was a mistake in the analytical solution obtained in [4]. This mistake did
not affect the key conclusions drawn in [4], but affected the numerical values in the plots. The
correct expression for the distribution of temperature inside the composite droplets, using the
same assumptions as in [4], should have been as follows [5]:
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*The effect of evaporation on Nu was ignored in [4] where it was assumed that Nu=2
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i=0,1,2,3,....., but we restrict the analysis to the case when i = 0 (the values of v would be

the same for other values of i), and a countable set of positive eigenvalues \,, is obtained from
the boundary condition at ¢ = 1:

B =cot™? { cot (aw)\fw)} + i1 — apAw,

Anay cos(Apag + B) + hosin(Ayay + 3) = 0.

The following parameters were introduced:

o1 Ry : 5
H = % Ry p= *r (th +PszRd) , §=R/Ry, P(§) = P(§Ra),
hR R? .
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The above model with the correct analytical solution was applied in [5] to the analysis of heating/
evaporation/ puffing/ micro-explosion of the same composite n-dodecane/water droplet as in
[4]. The droplet initial temperature and ambient gas temperature were taken as 300 K and 700
K, respectively. The droplet initial radius was taken as 5 ym, the ambient pressure was set
to 101.325 kPa and the volume fraction of water V,, was taken as 15% (these are the same
parameters as used for Fig. 3 of [4]). It was shown that as the droplet heats-up and evaporates,
&, shifts and tends to merge with the droplet surface. The changes in this parameter are
attributed to shrinking of droplets due to evaporation. The effect of swelling was not taken into
account. The time to puffing/micro-explosion for this particular case was shown to be equal
to 0.135 ms. This can be compared with the time to puffing/micro-explosion predicted by the
previous algorithm but with the corrected analytical solution (0.138 ms) and time reported in [4]
(0.21 ms).
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Boiling versus nucleation temperature

As mentioned in the previous section, the models developed in [1, 4] are based on the as-
sumption that puffing starts when the temperature at the water/fuel interface reaches the water
equilibrium boiling temperature Tz. At the same time, it is well known that, in the transient case
when temperature increases with time quickly enough, boiling takes place not at the boiling
temperature, but at the nucleation temperature T which is higher than Tz. The link between
these temperatures has been investigated in many papers, including [7, 8].

The authors of [8] suggested the following correlation for high heating rates:

Ty = Tp + 0.37 - T10/Jaun 10° < T <107 K/s, (7)

where Jagy = 626 for water. Using the results presented in [7, 8], the following approximate
formula, valid for intermediate to high heating rates, was obtained [5]:

Ty = Tne + 160 x tanh(7/10%) 102 < T <10% K/s, (8)

where Ty, = 385 K corresponds to the nucleation temperature pertaining to the lower limit of
the correlation (10 K/s). All temperatures are in K, and T' = dT'/dt is in K/s. Formulae (7) and
(8) were both obtained at atmospheric pressure.
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Figure 1. Nucleation temperature vs. heating rate — a comparison between experimentally observed values (see
the insert) and those inferred from Equations (8) (solid curve) and (7) (dashed curve). The experimental points
referred to as lida (1994), Glod (2002), Rosenthal (1957), Ching (2014), Sakurai (1977), and Su (2016) were
obtained by various authors including [7, 8] (see [5] for the references). The points referred to as Current study are
taken from [5]. Reprinted from [5], Copyright Elsevier (2020).

Experimentally observed nucleation temperatures and those inferred from Equations (7) and
(8) are shown in Figure 1. As follows from this figure, the agreement between the above-
mentioned correlations and experimental data can be considered to be reasonably good. Note
that smaller droplets promote higher heating rates (7') and higher nucleation temperatures (Ty).
For droplets with R4y = 5 um we obtain 7' ~ 10° K/s and the values of Ty that were predicted
by Egs. (7) and (8) are more than 150 K above the boiling temperature of water.

In a series of experiments described in [5], the temperatures at which puffing/micro-explosion
starts (identified as the nucleation temperature) and the values of 7' just before the start of
puffing/micro-explosion were obtained. Kerosene (Jet A-1) was used as the fuel, and the com-
pound water/fuel droplets at the initial temperatures 7,0 = 300 £+ 3 K were placed in a hot air.
Three values of air temperature T;, were used: 573 K, 673 K and 773 K. Initial droplet radius
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Rgo = 1.33+0.03 mm, and water volume fraction V,, =20% were used in the experiments which
were performed at atmospheric pressure.

Two-colour LIP was used to determine the temperature at the water/fuel interface. This method
is applicable for very slow heating rates and up to about 250-300 K/s. A special correlation was
obtained for these low heating rates [5]:

Ty =T + 12 x tanh(T'/50); 0<T <300 K/s (9)

Good agreement between our experimental results, those reported in [7] and those predicted
by (9) was demonstrated in [5]. The observed values of ATsy (up to about 15 K) need to be
taken into account when modelling the puffing/micro-explosion phenomena.

The approach to determining time to puffing/micro-explosion suggested in [5] is based on deter-
mining the temperature T}, and the rate of rise of this temperature (T') at the water-fuel interface.
Using the above-mentioned correlations, the latter parameter allowed the authors of [5] to find
the time evolution of Ty at the water-fuel interface. The intersection between the curves T, (t)
and Ty (t) gave the required time to puffing/micro-explosion (7).

It was shown that the model tends to predict longer 7, than observed in experiments. This might
be related to the key assumption of our model that the water sub-droplet is located exactly in
the centre of the fuel droplet. This assumption is questionable in the case of relatively large
droplets, as considered in the experiments described in [5]. The difference in the time to puffing
inferred from the assumptions that puffing starts at water boiling and nucleation temperatures
needs to be taken into account, regardless of which model for puffing/micro-explosion is used
in the analysis.

The model described in [5] was generalised in a non-self-consistent way by the authors of
[9] to take into account the effect of gas velocity around droplets. In this generalisation the
convection heat and mass transfer coefficients were inferred from the Abramzon and Sirignano
model taking into account the non-zero velocity between droplets and gas [6]. At the same time
the recirculation of the liquid inside the droplet was ignored.

In the model described in [10], the contribution of time required for bubble formation at the
water-fuel interface to time to puffing/micro-explosion was taken into account alongside the
contribution of the heating time of the composite droplet.

The results of the experimental and theoretical investigations of the mutual effect on their
puffing/micro-explosion of droplets in a flow, using an example of two closely spaced droplets
in tandem, are presented in [11].

Conclusions

Some of the most recent experimental and modelling results concerning the puffing/micro-
explosion of water-fuel droplets are discussed. The experimental results refer to images of
droplets during puffing/micro-explosion, times to puffing/micro-explosion and measurements of
the temperatures inside the droplets. Recently developed models for puffing/micro-explosion
are based on the assumption that a small spherical water sub-droplet is located in the centre of
a fuel droplet. In the latest model of the phenomenon, the heat conduction equation was solved
inside this droplet at each time step, using the Robin boundary condition at its surface and the
continuity conditions at the fuel-water interface.

The Abramzon and Sirignano model was used for the approximation of the droplet evaporation
process and the effect of evaporation on the heating process was taken into account. It is
pointed out that the above-mentioned model is based on the assumption that puffing/micro-
explosion starts at the time instant when the temperature at the water/fuel interface reaches
the boiling temperature of water, while the start of this process should be associated with the
time instant when the interface temperature reaches the water nucleation temperature T.
The approximations for the nucleation temperature are reviewed. These approximations are
shown to be consistent with experimental observations of T (i.e. temperature at the water/fuel
interface at the time instant when puffing/micro-explosion started) and d7'/dt (i.e. the rate of
temperature increase just before the start of puffing/micro-explosion).
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The time to puffing/micro-explosion is predicted to be noticeably longer if puffing/micro-explosion
takes place when the interface temperature is equal to the water nucleation temperature com-
pared to the case when this temperature is equal to the boiling temperature of water. In
both cases, for relatively large droplets (R4 ~ 1.33 mm) the predicted times to puffing/micro-
explosion were larger that those observed experimentally. This is linked with the main limiting
assumption of the model that the water sub-droplet is located exactly in the centre of the fuel
droplet.
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Nomenclature
Br Spalding heat transfer number [-]

c specific heat capacity [J/(kg K)]

h convective heat transfer coefficient [W/(m? K)]
k thermal conductivity [W/(m K)]

L latent heat of evaporation [J/(kg)]
Nu Nusselt number [-]

P radiation source term [K/s]

R distance from the droplet centre [m]
t time [s]

T temperature [K]

Un eigenfunctions [-]

Vi volume fraction of water [-]

Greek symbols
thermal diffusivity [m?%/s]

K

An eigenvalues [-]

3 R/Rq[]

p density [kg/ m?]
Subscripts

B boiling

d droplet

eff effective

f fuel (n-dodecane)
g ambient gas

l liquid

N nucleation

s surface

w water or water/fuel interface
0 initial conditions
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