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The initial steps in the process of vaporisation of ethyl alcohol around a heated micrometric platinum
wire are presented. A constant heat flux is imposed during a few milliseconds in the wire, elevating in
turn the liquid temperature well above its saturation temperature until the first bubble is observed
and expands before possibly collapsing. The bubble dynamics is tracked by high speed imaging as well
as by acoustic emission during the bubble growth. We show that this nucleation process occurs for a fixed
temperature T* = 465 K (i.e. 114 K above saturation). The maximum volume and lifetime of this primary
bubble are predicted by considering the energy budget between the amount of specific energy stored in
the liquid and the latent heat consumed during the vaporisation process.

© 2012 Published by Elsevier Ltd.

1. Introduction

When the thermodynamical conditions of a liquid bulk are
modified such that the new equilibrium and stable state is the va-
pour phase, a local phase change is likely to be triggered. Whatever
the thermodynamical pathway followed, this transition usually oc-
curs locally in space and time via a nucleation process, in which
one (possibly more) bubble grows with a rapid dynamic.

Basically, three different thermodynamic pathways can be ex-
plored to vary the chemical potential and enter the metastable re-
gion [1] at which nucleation must occur, leading to essentially
three families of experiments:

Firstly, cavitation experiments, in which the pressure is lowered
(at constant temperature) to put the liquid under tension, in most
cases by acoustics or hydrodynamic means [1]. Recent work on
cavitation has led to important breakthrough in the comprehen-
sion of homogeneous nucleation statistics. However strong dis-
crepancies are still reported concerning the negative pressure
threshold in pure liquids, namely water, between different meth-
ods (ultrasonic or hydrodynamic cavitation, artificial tree...) on
the one hand, and the so called Classical Nucleation Theory (CNT)
on the other [2-4].

Secondly, supersaturation experiments, consisting in increasing
a dissolved gas concentration to modify the mixture’s chemical po-
tential and explore its metastability [5]. The unfortunately too rare
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experimental works reveal an important disagreement with theo-
retical predictions and for example, nucleation might be observed
at concentration about 100 times smaller than expected by the
CNT [6]. As shown by molecular dynamics simulations, neglecting
the specific chemical interaction of the dissolved and solute mole-
cules could be at the origin of this disagreement [7].

Finally, boiling experiments, in which the temperature of a pure
liquid is increased above saturation (usually at constant pressure)
is the third main way of experimenting nucleation, ubiquitous in
everyday life.

Whatever the pathway, addressing the bubble dynamic at the
onset of nucleation can teach us about the initial conditions with
which this event proceeds, as well as a better comprehension of
this very fast phenomenon. Here, we have chosen to address this
problem in the framework of boiling. Indeed, the ‘onset of boiling’
represents the first multiphase event of the boiling process and the
maximum temperature at which a liquid can be heated might be at
play in other rapid phenomena such as the boiling crisis [8].

In this work, the onset of boiling is studied thanks to a long thin
wire heated in a bulk of liquid. This configuration is not new and
has been extensively used both in the boiling literature since the
pioneering work of Nukiyama [9], and later in the stability limit
context initiated by Skripov [10] and followed by numerous work
[11-14]. In particular, Glod et al. [15] have successfully investi-
gated the onset of boiling in water in this simple configuration.
They were able to capture frames synchronized with the onset of
boiling assuming a reproducible event of nucleation for multiple
runs. In most of these works however, the heating rate is very large
(about 107 K/s) so that only the immediate vicinity of the wire is



6882 J.-C. Nardin et al./International Journal of Heat and Mass Transfer 55 (2012) 6881-6889

overheated. For these reasons, a quantitative analysis of the ac-
quired images remains quite difficult.

In this paper, high speed imaging as well as acoustics are em-
ployed to render the instantaneous vapour volume and to track
the bubble dynamics at the nucleation instant on a single run in li-
quid ethanol. The heating rates used are relatively slow (about
10* K/s) so that most part of the energy is stored in the liquid, mak-
ing the track of the nucleation process easier. This highly reproduc-
ible nucleation event will be examined as well as the following
dynamic when the bubble gives birth to two vapour sheaths prop-
agating towards overheated regions aside the bubble. As we will
show, those sheaths propagate by vaporization of the overheated
(metastable) liquid region surrounding the wire.

The paper is organized in the following way: The experimental
setup as well as the technical acoustics and imaging means imple-
mented to track the bubble dynamics are presented in the first sec-
tion. This section also describes the technical procedure employed
to analyze the data and get, for instance, the bubble volume or pres-
sure. Section 3 is devoted to the comparison between the experi-
mental temperature evolution measured before the onset of
nucleation and the theoretical predictions obtained via a simple
model. Boundary layer thickness as well as the associated energy
storage are also discussed in this section. Section 4 details the
vapour dynamics (after onset) analysed by video imaging. Mecha-
nisms at play in this dynamics are emphasized and some predic-
tions upon the pattern geometry are outlined. The main results
are discussed in the last section.

2. Experimental procedure
2.1. Experimental Setup

The experimental setup (see Fig. 1) consists in a thin platinum
wire immersed in liquid ethanol. A current I flows across the wire,
leading to heat production by Joule effect and consequently to the
surrounding liquid heating.

Before a set of experiments, the bulk of ethanol (96% purity) is
boiled for several minutes, following the classical procedure for
boiling experiments presumably to remove condensed gases.
Experiments were carried out for several bulk temperature varying
from 0 to 55 degrees below saturation temperature. For experi-
ments run above room temperature, the bulk temperature is regu-
lated by means of a dedicated electrical resistance, which is turned
off just before the experimental run. One set of experiments was
performed at temperature below the room temperature. In this
case cold ethanol was prepared in a refrigerator, and was used
without any other precautions (no regulation). The large dimen-

Power supply

Temperature
sensor
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Binocular

\/W\/] Camera

Tank ™| High-speed
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Secondary
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Fig. 1. Experimental setup.

sions of the ethanol vessel (280 x 200 x 150 mm), allow a satisfac-
tory thermal stability (+1 K) during the experimental run set. The
results presented in this paper are highly reproducible, which sup-
ports the choice of ethanol as well as this above described prepa-
ration procedure. Physical properties are given in Table 1.

Platinum wires (Goodfellow, 99.9% purity) of diameter 10 pm or
25 um and lengths ranging from 4.5 to 32 mm were used as heat-
ing elements. Both ends of the wire were tin-welded to much lar-
ger section copper wires (2.5 mm?). This electric cell is connected
via a 4-wire wiring to a potentiostat-galvanostat (Biologic SP300,
48 V, 1.2 A max.). This system allows for fast and accurate regula-
tion (up to 3 ms) as well as measurement (up to 5 kHz) of both the
potential drop and the current in the platinum wire. Actually, the
potensiostat probes the overall potential drop at both ends of the
electric cell (Pt wire, Tin soldering and Copper wires) but the total
voltage does not differ more than 0.1% from that of the platinum
wire only.

In the present work, we use the potentiostat in a power con-
trolled manner so that the power 2 = I imposed to the heating
wire is constant whatever the voltage or current (or resistance)
of the cell. The linear power density P, = P/¢ (with ¢ the wire
length) is varied from 35 W/m to 75 W/m and from 85 W/m to
150 W/m for 10 pm and 25 pm wire respectively. This corresponds
to surface power density up to 2.4 MW/m?. The current I and volt-
age V are sampled at a rate of 5 kHz.

The nucleation process is visualised by means of a fast camera
(Photron, FASTCAM SA1.1) mounted on a binocular (Olympus,
SZX16). Fields of view are typically of 4 x 1 mm? were obtained
with resolution 384 x 96 pixels, and recorded at frame rate as
large as 120,000 frames per second (fps). The whole scene is back-
lighted with a 240 W cold light (Dedocool). A calibrated hydropho-
ne (Bruel & Kjaer Type 8103), located in the vessel 4 cm away from
the wire enables acoustic measurements during the nucleation
process. The hydrophone is linked to a charge amplifier (Bruel &
Kjaer, Nexus), whose voltage is proportionnal to the acoustic pres-
sure P (typically 10 mV/Pa) within the frequency range 0-100 kHz.
The output signal is recorded at a rate of 5 MHz with an oscillo-
scope (Tektronix, DPO 4032).

Finally, it is noteworthy that all those apparatus (potentiostat,
camera and hydrophone) are synchronised thanks to the potentio-
stat trigger output.

2.2. Typical scenario

Initially, the liquid ethanol is at rest and at homogeneous tem-
perature Tpy. At time t = 0, a constant power is injected through
the wire, heating the wire by Joule effect. Subsequently the ethanol
in the vicinity of the wire is also heated.

Provided that the temperature is high enough, a vapour nucleus
may appear at time t* (or the order of 10 to 100 ms) which first
grows spherically with a much faster dynamic (of the order of
10 ps). It is useful to introduce a new time origin, and we define
ot =t —t* (see Eq. 14). Further on, lateral sheaths appear after a
few microseconds and develop along the platinum wire. The whole
gas bubble ultimately collapses and disappears. At this stage,
nucleate or film boiling is responsible for the heat exchange be-
tween wire and liquid bulk, depending on the heat flux intensity.
Screenshots of the typical phases of this process are shown on
Fig. 2.

2.3. Data processing

2.3.1. Wire temperature determination

The instantaneous measurement of voltage U and current [ al-
lows to determine the wire resistance #,, = U/I which is a function
of the mean wire temperature. By comparison with the resistance
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Table 1
Properties of ethanol at atmospheric pressure (from [25,17]).
K[W/m K] plkg/m?] K]/ (kg K)] Ly[K]/kg] H[Pa s] p,lkg/m?] BIK']
Teat —55K 0.167 789 2.44 - - - -
Tsat 0.153 757 3 963 4287 x 10°© 1.435 18x103
300
Pa [Pa] Cavity resonances
200} / \
100f
Maximum
Volume
0
0 x(t)
Fig. 2. Definition of the geometric properties of the central bubble and sheath for —~100f
time 6t =9,72,154 ps after the onset at Tpyx = Tsae On @ 10 pm platinum wire

(2, = 58 W/m).

at room temperature, the wire average temperature can be de-
duced. Namely, it is known that Platinum resistivity and tempera-
ture are linearly related [15]:

RwSe
e, M

N

T=272x10°%,-2, p,=

where temperature T is expressed in [K] electrical resistivity p, in
[2 m] and wire cross section S, in [m?]. However the platinum wire
ends being welded to the thermalized copper wire, the measured
temperature slightly underestimates the local temperature where
nucleation occurs. We estimate the error is less than 2% of the wire
overheating.

2.3.2. Image processing

For a given set of images in the nucleation regime, a simple
threshold algorithm is applied to get the bubble’s dimensions. In
the initial stage (see Fig. 2, , top image), a spherical bubble is ob-
served. The bubble’s center and instantaneous radius R(dt) are
determined by matching a circle on the bubble contour. Subse-
quently, lateral sheaths appear and the same procedure can no
longer be applied. In this case it is assumed that the bubble’s center
does not move. The radius of the main bubble is now defined as the
transverse thickness of the central bubble (orthogonal to the wire
axis). The lateral extension of the vapour sheath is easily obtained
by intersecting the bubble contour with the wire (see Fig. 2, , bot-
tom image).

2.3.3. Acoustic analysis

As mentioned earlier, the sound is also recorded during the on-
set. Indeed, just after the nucleation, i.e. the initial time at which
some interface is created and gives rise to a rapidly expanding bub-
ble, an acoustic wave is generated in the surrounding medium,
which produces an audible sound. For a hydrophone located at a
distance r away from the source, the acoustic signal is composed
of the superposition of the waves generated by the bubble (acous-
tic source) and by its echoes at the tank wall (Fig. 3). For that rea-
son, the acoustic analysis is restricted to the first instants (typically
ot < 100 us) before any echo occurs. The distance r = 4 cm is cho-
sen as a trade-off to have no echoes during the bubble’s growth
and to be compatible with the camera field of view.

100 150 200 250

-50 0 Sb !
5tmax ot [MS]

Fig. 3. Typical acoustic pressure signal recorded during the initial boiling event on a
10 um Pt wire heated by Joule effect with a constant linear power of 67 W/m in
liquid ethanol at Tyyk = Tsat — 55 K.

For a arbitrary shaped body of variable volume V(4t), it has been
shown by Landau [16] that the far-field acoustic pressure P,(r, 5t)
at a distance r from the body is proportional to the volume second
time derivative according to:

Pa(r,6t) = P(r, 0t) — Pyuy = %v(at - c%) , 2)
where ¢; = 1200 m/s is the speed of sound in ethanol [17], so that
the bubble’s volume can be readily obtained by a double integration
of the acoustic signal. A comparison of this method with the direct
optical one (video imaging) at the inital times of the nucleation pro-
cess is illustrated on Fig. 4. The time origin 6t = 0 of the event has
been chosen at first non-zero acoustic signal. The advantage of this
acoustic technique is two-fold: first the acquisition frequency is
higher, second it provides a direct estimation of V, a quantity useful
for determining the bubble inner pressure (see Eq. 3), which could
hardly be obtained by a double derivation of V(ét).

2.3.4. Rayleigh-Plesset

Just after the first nucleus has appeared (typ. ot < 20 ps), the
vapour bubble rapidly grows with a shape remaining spherical.
During this phase, the bubble expands with a radial outward flow
in the surrounding liquid. While the flow is purely radial, the pres-
sure P;(6t) at the vapour interface is governed by the Rayleigh-
Plesset equation [18,19]. In the (V,P) frame, it can be written as:

1% 1 W
Pi(t)_PbUIker(m_WF)’ (3)

The advantage of this frame is the explicit V term that we get by
acoustics. We thus obtain a measurement of the pressure at the
bubble interface, which differs from the bubble inner pressure by
two negligible terms. Indeed both the Laplace pressure drop
AP =20/R and the recoil pressure P, = (1/p, —1/p)(m/A)* =~
,oyR2 are small compared with the typical overpressure at the inter-
face (pR?). Viscous effects have also been neglected (typical Reynols
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Fig. 4. Top: Acoustic pressure and corresponding nucleus volume obtained by Eq.
(2) for 2, =67 W/m (Pt,10 um). Bottom: Corresponding radius estimated from
whether acoustics (continuous line) or image processing (black circles). The black
vertical dotted-line indicates the birth of sheaths.

number being of order 1000). The temperature can be deduced by
assuming the gas is at saturation temperature.

To sum up, this procedure enables us to get an estimation of all
the major thermodynamic quantities at play during the bubble
growth. Namely, the instantaneous bubble volume V(t) (as well
as its time derivatives) are obtained thanks to acoustic measure-
ments Eq. (2). Then, those quantities are injected in the Ray-
leigh-Plesset Eq. (3) to get the pressure inside the bubble.

3. Temperature field
3.1. Typical temperature evolution

For every experimental run, the wire and bulk temperature are
initially homogeneous (Tyux = Tw). The typical wire temperature
evolution after heat is supplied (t = 0), together with the corre-
sponding snapshots is shown on Fig. 5.

First, in the liquid-only phase regime (before the nucleation on-
set), the temperature rapidly increases with a decreasing slope in
time. Then, the temperature evolution becomes more complicated
once the nucleation process has started: just after nucleation, the
temperature rapidly increases, over a period coinciding with the
development of the central bubble and the vapour sheath. After
they have collapsed, the temperature reaches a plateau. The final
temperature depends on experimental conditions. In this phase,
two boiling processes might be observed depending on those con-

B
{1a
10.3
= {02
5
&
<
10.1
. . , . . o
0 10 20 30 40 50 60
t [ms]
500pm t = 35.60 ms t=13580 ms
_
a l t = 35.66 ms t = 35.90 ms
,'" t = 35.68 ms b t = 36.00 ms
i t=370ms)]  © t =36.20 ms

d t = 37.60 ms
R .

— -
SEPOSSIERSESE I
o

t=13574 ms e t = 52.60 ms

Fig. 5. Top: Temporal temperature evolution at the onset for a 10 pm Pt wire under
a linear density power of 59W/m (1.88 MW/m?) in ethyl alcohol at
Touk = Tsar — 55 K. The continuous line corresponds to the prediction of Eq. (10).
Bottom: corresponding sequence of the nucleation process.

ditions: either nucleate boiling (NB) or film boiling (FB) take place
leading respectively to a plateau temperature of a few degrees over
Tsac or more than 300 K. The prediction of the final overtempera-
ture is given by one or another branch of the Nukiyama curve
but is beyond the scope of this paper mainly focusing on the nucle-
ation process and we will discuss only the temperature evolution
until the vapour nucleus appear.

3.2. Nucleation temperature

Typical temperature evolution for several linear power are
shown on Fig. 6. The magnitude of temperature elevation is pro-
portional to the input power, and is faster for small wire diameters.
Fig. 6 shows that all experiments have an universal behavior when
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t

Fig. 6. Top: temperature evolution of a 10 um Pt wire in ethanol (Tp,x = 298 K) for
decreasing power input (2, = 75(red), 68(green), 59(blue), 52(black) and 50(pur-
ple) W/m). For the weaker input power, the wire temperature is eventually cooled
by the onset of natural convection and therefore no nucleation is observed.
Continuous lines correspond to Eq. (10). Bottom: Non dimensional representation
of the former plot.

temperature and time are made non dimensional according to the
scaling:

~ 4mk - 4o
T= 7, (T — Toun), f:f?- 4)

As can be seen on Fig. 6, this temperature elevation stops as soon as
one or the other of these events happens:

e For low power input, the temperature reaches a maximum fol-
lowed by a decrease owing the onset of natural convection [20].
In this case, no boiling is ever observed even for wire tempera-
ture far above saturation temperature. This case will no longer
be mentioned in this paper, as we focus on the phase change
process.

e For larger power input the temperature increases until a vapour
germ appears at incipience time t*.

It is noteworthy that, whatever the conditions (power, wire
diameter and length, bulk temperature...), this nucleation process
occurs when the wire temperature reaches

T"=465+2K, (5)

114 K above saturation temperature.

3.3. Model for the temperature before incipience of boiling

Initially, the wire and the surrounding liquid are at equilibrium
so that their temperature is homogeneous at Ty. Afterwards, heat
is dissipated within the wire and diffuses through the liquid. Let us
first assume that the wire is infinitely long and that no natural con-
vection is triggered. The spatio-temporal field of temperature is
thus an axisymmetric purely diffusive problem obeying:

aT 0 pdT _ _ 42

o T Owige g = 2 paCom r<dj2,
aT 9 40T _

S togra=0 r>dj2,

(6)

kW%L:(d/z)* = k%
T(r,0) = Tpuu-

r=(d/2)*’

This complete set of equation does not exhibit any trivial analytical
solution, and can only be solved numerically. However, one may
consider the two following simplifications:

Firstly, let us assume that the heat source (the wire) is infinitely
thin (no radial extension) located at r =0. Hence, heat is ex-
changed with the surrounding liquid via a boundary layer that
grows diffusively with time: d; ~ 2v/at. Let us define a transient
heat exchange coefficient h as: h = k/ér so that the Biot number
associated with the wire writes:

hd kod
2k kw 4yt

which turns out to be small as soon as t > (k/k,)?d*/16/0 ~ 0.4 ns
for a 10 pm wire. Thus, the wire temperature can be considered
as homogeneous after a very short time. Secondly, let us show
that the specific energy stored into the wire is negligible in
comparison with that stored in the liquid for the wires used in
our experiments:

The heat capacity of the wire per unit length is:
Cw =Py prnd2/4. At time t, the heat has spread in the liquid
over a distance ér so that the heat capacity of the liquid is
C, = pCpmdz. The former is negligible for any time ¢ such that:

Bi= (7)

2
pWCPW i (8)
pCp 4o

which yields, t = 0.5 ms for a 10 pm wire and t = 3 ms for a 25 pm
wire.

These times are short in comparison with the incipience time t*,
so that the specific contribution of the wire in the heat distribution
is negligible, and that the complete problem may be approached by
considering an homogeneous medium, heated on a line at r = 0.
The solution of this simplified model matches with the complete
one for all r > d/2, and the temperature of the wire is approached
by the temperature of the interface (T(d/2,t)). For this simplified
problem the solution is [21]:

_ yé - _ 94‘ r2
T0) = Tou = g [, 0 = () ®

where E; is the exponential integral function of order 1. For the par-
ticular case r = d/2 (wire skin), it gives :

2 d’
Tw(t) = 7B (mat) (10)

We have checked that the numerical solution of the complete
set of Eqs. 6 matches the prediction of this simplified model with
an agreement better than 1% and matches well the experimental
results (Fig. 6 top). The purely diffusive heat transfer assumption
in the liquid is valid provided nucleation occurs at a time t* smaller
than the time t., at which convection transfer becomes dominant.
The instant ¢, can be estimated by [22]:

t>
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~23
t>rw:43<%> (11)

decreases with the heat flux, so that for high enough input power,
t., becomes larger than t* and no convection develops. On the con-
trary, when the heat power is not high enough, convection starts
and cools the wire so that no nucleation can be triggered, as can
be seen on Fig. 6. Assuming the temperature field prediction (Eq.
(10)), t* can be written as:

. d® | (ATKAT"
~16a < 2 )

with AT* = T* — Tpy. The expression of t* can be approximated by
[21]:

L& ATTKAT"
'~ 15 €XP <T+ 0.57721), (12)

in a good agreement with experimental data (Fig. 7).

3.4. Energy storage

At time t* a vapour nucleus appears and expands in the over-
heated liquid whose temperature profile is determined by Eq. (9).
Let us introduce Es the amount of specific energy stored by the li-
quid per unit length, at a temperature above the saturation
temperature:

44 Ssat

E, — 2nC,op / T e - Todr, (13)
d
2

where &, is the thickness of the overheated region (i.e. where
T(r,t*) > Tsa, see Fig. 8).

The total energy stored Es is an increasing function of the
boundary layer thickness, and then of time t*. Consequently, it is
a decreasing function of the input power P,, which can seem con-
tradictory at first sight.

Thanks to this modeling the system state is perfectly known at
incipience instant t*.

Fig. 7. Dimensionless nucleation time as a function of dimensionless nucleation
temperature. Green squares represent a 10 pm Pt wire diameter and 18 mm length
at Tpyk = Tsae — 55 K (full ones) and Ty = Tsar (empty ones). Red squares represent
a 10 um Pt wire diameter and 6 mm length at Tyyk = Tsae — 55 K (full ones) and
Touk = Tsae (empty ones). Empty Circles represent a 25 um Pt wire diameter and
9 mm length at Tpyk = Tsar — 55 K. The black line represents the exponential law
F = 0.25exp (AT‘ + 0,57721).

150

AT
100~

50

ATt [K]

(Ssat

- Osat -
-50 | : :
| I | |

)\ H H ]
0 d<2 20 40 60 80 100
7[pm]

Fig. 8. Temperature profiles given by Eq. (9) at boiling incipience for #, = 75 W/m
(red), 2, = 52 W/m (black) at Tyyk = Tsat — 55 K.

4. Vapour dynamics

In this part, we will detail the mechanism of expansion of the
first vapour bubble just after the phase transition has occurred.
At the onset, a nucleus quickly grows over a time of typically
100 ps, a time much shorter than t*. As described above (see
Fig. 5) the development of this bubble proceeds in two stages: in
the first instants, the bubble remains perfectly spherical. After a
few microseconds, lateral sheaths grow in the wire direction, when
the central part continue to grow. The maximum radius is reached
at the instant when both sheaths detach from the central bubble.
As said above, t* will be taken as the new origin of time, and time
will be denoted Jt

St=t—t. (14)

4.1. Before shealths appear

The trajectory R(5t) of the central bubble radius is measured
both by optical and acoustical means. These independent measure-
ments are in good agreement (Fig. 4), at least for the initial instants
when the bubble keeps its spherical symmetry. Further on, the
assumption V = 4/37R? is no longer valid so that some discrepan-
cies are observed.

The short-time dynamics (typically for 6t < 10 ps) remains un-
changed whatever the experimental conditions. Namely, the initial
velocity value: Ry ~ 10 m/s is independent on experimental condi-
tions (linear power, bulk temperature, wire diameter). Accordingly
the inner pressure evolution is also universal. A sharp pressure
peak is observed at the bubble nucleation: the over pressure is
1.5 bar during 10 ps. After this initial nucleation process, the cen-
tral bubble continues to grow at ambient pressure (see 4.4)

4.2. Lateral sheath propagation

At the end of the initial nucleation process, two outgrowths of
vapour are visible at the side of the bubble (along the wire) and
break the spherical symmetry. These outgrowths propagate along
the heating wire, so that a sheath of vapour surrounds the wire.
The propagation velocity is constant within a single run but typi-
cally varies from 15 to 19 m/s from an experiment to another
although measured with a very high confidence (~ 1%). Geometri-
cally, the sheath can be described as a cylindrical part connected to
a conical tip. The sheath tip shape is also universal and has a cur-
vature radius a ~ 40 pm (see Fig. 2).
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The mean radius §, of the cylindrical part of the sheath can be
clearly identified and is measured directly on the recorded images.
It ranges from 60 to 300 microns. J, is smaller for increasing linear
power £, and larger for larger wire diameter. These trends can be
summarized by noticing that J, is an increasing function of t*.

More precisely, if we compare the specific energy per unit
length stored in the liquid E;_(see 3.4), with the latent energy used
to create the vapour sheath and given that 26, > d, it follows that:

Q =msp,L, (15)
which yields, for our experiments (see Fig. 9) to
Q, ~ 0.25E; (16)

indicating that the sheath expansion is fed by the sensitive energy
stored in the liquid.

4.3. Sheath detachment

The sheaths propagate until they reach the wire ends. However
they detach from the central bubble at time 6tnax. dtmax iNcreases
with §,. Fig. 10 shows that

5 1/2
Stmax ~ 0.52 (%) — 041, 17)

where ¢ stands for the ethanol surface tension, and 7. is the time-
scales of the Plateau instability [23].

Fig. 11 shows the pinch-off dynamics obtained by means of high
speed imaging. The neck diameter 6, vanishes singularly in a finite
time: introducing the countdown time T = dty.x — ot before
detachment, one gets:

S T \? 0
I _p(- . with p = 1.0, 18
5, p(otm) p (18)

in good agreement with the pinch-off dynamics of gas tubes in lig-
uids [24] for which p = 0.88. The sheath detachment is thus a cap-
illary-driven process. Consequently, the time during which the
sheath remains connected to the central bubble is governed by this
capillary time ..

4.4. Central bubble dynamics

As seen on Fig. 4, the bubble volume is quasi linear after the
sheaths have appeared, and until the bubble begins to collapse.
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Fig. 9. Latent heat required for the sheath creation as a function of specific heat
stored in the superheated region surrounding the wire. Insert: same graph in log-
log coordinates. The black line is the graphic representation of Q, = 0.25E; .
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Fig. 10. Detachment time dty.x for several sheath thickness J, for a 10 pm Pt wire.
The continuous line represents the Eq. (17).
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Fig. 11. Time evolution of the neck diameter during the pinch-off process in
ethanol at Ty, = Tsae and 2, = 58 W/m. The continuous line corresponds to Eq.
(18).

Its maximum radius R, is reached at time t,.x Which coincides
with the pinch-off instant. At this time the vapour can no longer
flow from sheaths to the central bubble. (Fig. 12).

It is also noteworthy that, in this linear regime, the bubble ex-
pands with an inner pressure that hardly equals the ambient pres-
sure. These remarks strongly suggest that the central bubble is fed
by the propagating sheaths with a constant mass rate, before it col-
lapses when they detach. Indeed, the radius Rpy.x is much larger
than the vapour sheath thickness §,, so that the latent energy

47
Qmax = ?anaxpvl'v (19)

that is necessary to vaporize the central bubble is much larger than
the specific heat that is locally available (2RyaxEs/). As can be seen
on Fig. 13, Q.x is comparable with the energy Ep.x stored along
the wire, on the length over which sheaths propagate before
detachment:

Emax = 3,52 Uétmax- (20)

More precisely, we have observed that whatever the linear power or
bulk temperature, we have
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Fig. 12. Inner pressure evolution after the onset for three linear powers
(2, =75(red), 68(green), 60(blue) W/m) at Tpyx = Tsae — 55 K. Insert: corresponding
central bubble radii (acoustic estimation).
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Fig. 13. Specific energy stored on the length encountered by the sheaths before

detachment as a function of the latent heat required for bubble vaporisation. Insert:
same graph in log-log coordinates. The continuous line corresponds to Eq. (21).

Quax ~ 0.56E max. 1)

In other words, the main bubble diameter would not be so large if it
only used the specific energy locally available. While they keep con-
nected to the main bubble, the sheaths act as vapor suppliers for it.
The factor 0.56 probably underestimates the actual energy as the
central bubble is slightly prolate at maximal expansion. On top of
that, about a quarter of the specific energy is used for the sheath
creation (see Eq. 16) so that overall, about 10% — 15% is missing.
This supplementary energy is probably exchanged with the liquid
bulk (thermal boundary layers are strongly deformed during the
bubble expansion process, which is known to enhance conductive
heat transfer) so that, after the onset of nucleation, the liquid sur-
rounding the wire is cooled and reaches a stationary state with a
temperature given by the Nukyama curve for the imposed heat flux.

5. Further remarks and conclusion

In this paper, we have reported experiments on rapid vaporiza-
tion dynamics that occurs at the onset of nucleation when the first

bubble appears in a liquid before boiling. In our experiments for
which a thin wire is relatively slowly heated by Joule effect, nucle-
ation occurs via a very reproducible process: a main bubble (which
we call the central bubble) is created and rapidly grows. Lateral
sheaths are created because of the heat stored in the liquid sur-
rounding the wire. Given the relatively slow heating rate we used,
a great part of the energy is stored in the liquid in metastable state.
When the first nucleus appears and the central bubble grows, the
overheated metastable liquid is in contact with a vapor interface.
The (meta)stability is broken and liquid vaporizes. The interface
propagates from the central bubble towards the overheated region
along the wire.

We have observed that whatever the bulk temperature and the
temperature rise rate tested, nucleation starts at a constant tem-
perature of about 465 K in liquid ethanol, very close to the spinodal
one (T=470K). The initial overpressure within the bubble mea-
sured by acoustics is also constant and (about 1.6 bar), whatever
the maximum bubble size reached (Ri.x). Thanks to a simple mod-
el for predicting the instantaneous temperature profile around the
heating wire, we have shown that the bubble maximum size is a
function of the amount of specific energy stored in the liquid
(above saturation). The bubble maximum size is namely larger
for smaller heat fluxes since the boundary layer gets thicker for
slower temperature rise rate. More precisely, after its creation
the bubble is fed at a constant mass rate by the sheath propagating
at constant velocity. The bubble size is thus determined by the
sheath extension at the time when they detach from the central
bubble. As we have shown, the breakup time is determined by a
Plateau-type instability which also drives the pinch-off dynamics.
Our model is thus predictive on the time t* at which onset is likely
to happen, on the maximum bubble size R, as well as on the col-
lapsing time Jt,h.x When sheaths detach from the bubble).

However, the sheaths velocity as well as the bubble dynamics
and overpressure at short time (=~ 20 ps) do not seem to depend
strongly on experimental conditions tested. Overall, our conclu-
sions on the bubble geometry as well as on the final pattern
emphasize the importance of the temperature field, namely its
non-homogeneity, in the large scale and long time nucleation pro-
cess. More precisely, the knowledge of the temperature field (in
space and time) is necessary to predict the final large scale pattern,
although the nucleation conditions (temperature, bubble inner
pressure, sheaths velocity) remain the same for our range of exper-
iments. Further investigations will be necessary to understand and
model the sheath propagation as well as this possibly universal
very-short time bubble dynamics.

It is also noteworthy that the heating rate employed in this pa-
per are about 1000 times smaller than those commonly used by
other groups [15]. This much higher heating rate must account
for the apparently different nucleation behavior. First, In Glod
[15] experiments the temperature rise is so fast that the amount
of energy stored in the liquid is negligible in comparison with
the one stored in the wire and is thus independent on this rate.
Consequently the amplitude of bubble maximal mechanical power
is also found to be roughly independent on the temperature rise
rate. Second, for slow heating rates, once a nucleus starts to devel-
op, the temperature rise is slow enough and the sheath propaga-
tion so fast that no other bubble has time to develop. In other
words, the first nucleus (so called central bubble) gives birth to
two propagating vapor sheaths that recover the wire and also cool
the wire. Thus, their development hinders any other nucleus to ap-
pear. Actually, for long enough wires, another 'central’ bubble is
likely to appear quasi simultaneously away from the first central
bubble. Indeed the sheath propagation time is so large that the
nucleation conditions might be reached at another location on
the wire. Sheaths growing from each bubble are then likely to
merge. With that scenario, the classical picture of quasi-simulta-
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neously nucleating bubbles might be recovered for high enough
heating rates.
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