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Abstract

The aim of this paper is to characterize two-phase phenomena occur­
ring for a rapid energy discharge in the fluid leading to explosive vapour 
expansion. This study was motivated by the lack of macro-scale experiments 
characterizing those transient phenomena at high reduced pressure. For that 
purpose, a complete test section was designed based on the Joule effect to 
deliver the energy discharge. CO2 was chosen as working fluid, allowing to 
work at saturation and under saturation conditions.

Equipped with pressure sensors and a high-speed camera, the complete 
process is recorded during few seconds. The thermal shock in the carbon 
dioxide creates transient pressure peaks and sudden vapour production. The 
first observed pressure wave is well described as acoustics. This first wave 
is followed by a quick (60 ms) generation of vapour.The maximum volume 
of vapour produced is extracted from pressure fluctuations and matches the 
theoretical value. Following their creation, the bubbles flow upward in the 
test section as bubbly flow. Visual observation allows the characterization of 
the shape and the velocity of pertinent bubbles as part of a wobbling flow.

This project, motivated by the so-called Fuel Coolant Interaction (FCI) 
nuclear safety related problematic, brings consistent data allowing to better 
characterize the small scale processes for such transient vaporization phe- 
nomena.

This paper focuses on a single test performed under saturated conditions.
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Nomenclature

Acronyms

BLEVE Boiling Liquid Expanding Vapour Explosion 

FCI Fuel coolant interaction

Greek symbols 

Y Laplace’s coefficient

p Dynamic viscosity (Pa.s)

p Density (kg.m-3)

a Surface tension (N.m-1)

t Time scale (s)

Latin symbols

L Specific latent Heat (J.kg-1)

T Wave power attenuation coefficient

a Minor axis length (m)

b Major axis length (m)

c Wave velocity (m.s-1 )

Cp Specific heat capacity (J.K-1.kg-1)

Ccond capacitance (F)

D Diameter (m)

Eo Eotvos number

f Frequency (Hz)

g Universal constant of gravitation (9.81 m.s-2) 

h Heat transfer coefficient (W.K-1.m-2)
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J Calculus constant

L Length (m)

M Molar mass (kg.mol-1)

m Mass (kg)

Mo Morton number

P Pressure (Pa)

Re Reynolds number

S Surface (m2)

T Temperature (K, °C)

t Time (s)

U Voltage (V)

u Velocity (m.s-1)

V Volume (m3)

v Specific volume (m3.kg-1)

z Gas constant

Subscript 

b Bubble

bl Buffer layer

e Equivalent

exp Experimental

FS Full scale

l Liquid phase

meas Measured - i.e. experimental value
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t Energy deposit section

th Theoretical

v Vapour phase
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1. Introduction

Phase transition from the liquid phase to vapor is associated with signifi- 
cant transfer momentum due to volumetric expansion of the fluid. Therefore, 
one of the questions raised by the onset of boiling process is related not only 
to heat and mass transfer but also to potential scale of momentum transfers. 
Known situations where boiling process leads to the explosive expansion are 
Boiling Liquid Expanding Vapour Explosion -BLEVE- ([1], [2]), underwater 
explosion ([3], [4]) or vapour explosion [5]. In all these situations, high non- 
equilibrium conditions initiate the boiling process leading to both pressure 
pulse and high thermal to mechanical energy transfer. In the specific case of 
nuclear safety-related situations, vapour explosions have been widely studied 
for the estimation of the so-called ”steam explosion induced containment fail- 
ure risk”, [5]. The corresponding accident scenario considers a large amount 
of high temperature liquid mixing with water. Another partially similar situ­
ation is associated with the potential consequence of fuel rod failure following 
reactivity accidental transient. During this typical accident, hot nuclear par- 
ticle can be ejected from the rod into the coolant. This implies a sudden 
contact between hot solid particles and cold liquid (AT around 2300K). It 
is the so-called Fuel Coolant Interaction (FCI). This instantaneous contact 
may generate destructive forces as presented in [6], [7] and [8].

To experimentally characterize the phenomena occurring during FCI dif­
ferent approaches were used in the aforementioned papers: fresh [6] or used 
[7], [8] nuclear rods were subjected to a deposit of energy until breakup. This 
breakup leads to the ejection, toward the coolant, of small nuclear particles 
(mean diameter near 15 ^m) with high specific surface area (between 0.001 
and 0.05 m2/g) and high internal energy. It leads to significant fuel to coolant 
heat fluxes (around 105 W/m2). These energy discharges lead to high pres­
sure transients (overpressure of a few MPa) and intense vapour generation 
(a few litres of vapour generated in less than 1 s). These experiments gave 
conversion ratio, which is the ratio between the generated mechanical energy 
(coolant motion related to fluid expansion through vaporization process) and 
the total energy deposition, between 0.1 and 1%.

However, these works were performed with quiescent water at ambient 
pressure and temperature conditions, which are far from the nuclear power 
plant conditions. In a Pressurized Water Reactor (PWR), the coolant flows 
at high pressure and temperature, typically 155 bars and 300 °C. These dif- 
ferences could have a major impact on the observed phenomena. Indeed,
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at high reduced pressure, the spécifie latent heat and the ratio between the 
density of liquid and vapour of water are significantly different from the ones 
at ambient conditions.

To deeply understand FCI, a fine characterization of the vaporization 
dynamic during fast heating (less than 10 ms) is needed. Pressure transients 
for thermal shock at micro scale were characterized in different experimental 
works. These tests were respectively performed with a Pt wire (10 ^m of 
diameter and 1 mm long for 120 of deposit [9]) and a thin film microheater 
(100^m long and 100^m large allowing 60^J of deposit [10]). The related 
papers outline different phases leading to a vapour explosion in still water at 
atmospheric conditions. A strong correlation is outlined between the pressure 
transient and the vapour generation for several energy deposit in the fluid.

The herein above described papers mainly depict phenomena at small 
reduced pressure. Hence, a dedicated experiment is needed to study vapour 
explosion phenomena under various sub-cooling conditions and energy dis­
charges. This should permits to fully characterize the phenomena occurring 
during FCI and to validate a computational code developed at IRSN. For 
this purpose, a model fluid was selected and a specific test bench developed 
and built (EDITE for Etude d’un Depot Important et Transitoire d’Energie). 
They are both presented in the first section. The second and third section 
deal with a limited amount of data which bring extensive information on 
rapid boiling phenomena.

This paper focuses on a single test performed under saturated conditions.

2. Experimental setup

The experimental device has been designed to rapidly transfer heat to 
pressurized liquid and characterize the subsequent transient boiling process 
and flow dynamic, [11]. The experimental device is made of four systems 
detailed on figure 1:

• The fluid test section - a watertight tank contains the heating element, 
the liquid and a gaseous buffer layer;

• The heating system - an electrical loop delivers power to the heating 
element thanks to the Joule effect;

• The thermodynamic conditions control system - a system of liquid and 
gas tanks fills the fluid test section with pressurized fluids. A climatic 
chamber encloses the test section to control temperature;
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The acquisition system - several sensors and visualization equipment.

Figure 1: Complète experimental setup

2.1. Fluid sélection
The FCI phenomenology has been observed in some experimental condi­

tions that remain far from the reactor conditions in terms of water temper- 
ature and pressure, the latter determining some key properties for boiling 
processes (e.g. latent heat, liquid-vapor density ratio, heat conductivity and 
capacities, surface tension). Due to experimental constraints, it is not pos­
sible to reproduce the phenomenon in those high pressure/high temperature 
conditions. The experimental constraints mainly concerns safety and cost 
issues. It is far from the actual goal to fully scale the experiments in order 
to simulate the corresponding accidental conditions, but scaling of the bench 
has been made to approach some key features of those conditions. The goal of 
this paper is to show how the actual choices for the experimental design allow 
to reproduce the phenomenology. Further study will then consider how the 
intensity of the events (pressure peak, fluid expansion) actually scales with

8



experimental conditions (energy, pressure, température). Therefore only a 
short summary of the principles that guided the design of the experiments is 
presented in this paper.

CO2 has been chosen since it allows studying a high reduced pressure 
fluid at convenient lab temperature and pressure: this allows reproducing 
the liquid-vapor density ratio of the accidental situation. The amount of 
energy released in the fluid corresponds to the specific heat of the fuel that 
has been scaled for the experiments with respect to the latent heat of the 
fluid surrounding the heating element. The scaling of this heating element 
has been made thanks to kinetics considerations. Mechanical relaxation time 
of the surrounding fluid (rmech) is scaled by the typical size of the device (Lc) 
over the compressibility of the surrounding fluid as Tmech = L/cs. For the 
boiling process to occur over relatively comparable time scales, energy has 
to be

1. rapidly deposited by the electrical circuit to the heating element. This 
constraint defined the choice for the capacitors of the electrical system 
- see section 2.4

2. rapidly transferred to the fluid, the latter thermal time scale say Tth 
there being evaluated from a basic energy balance of the heating ele­
ment considering a typical boiling heat transfer coefficient.

The size and shape (volume over surface ratio) of the heating element 
have been chosen to get the ratio Tth/Tmech as low as reasonably possible; 
this time ratio is still large with respect to the one we could estimate from 
the accidental conditions.

For the studied test, the pressure was set to 29 bars. This working pressure 
is far from equivalent reactor conditions (50 bars). It leads to a density ratio 
(pi/pv ) 2 times higher than the one observed in reactor conditions and implies 
a more abundant vapour creation and higher pressure transients. This first 
experiment at lower pressure is relevant to outline most of the phenomena ex- 
pected which are more difficult to distinguish at higher reduced pressure. The 
design of the device was chosen to sustain higher pressure conditions that will 
be studied in future tests.

2.2. Fluid test section
The fluid test section, presented on figure 1, is composed of two main 

parts:
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• a narrow cylindrical tube filled with liquid. It contains the heating élé­
ment in its lower region. This part is called the Energy deposit section

• a cylindrical vessel mounted the Energy deposit section. It is partially 
filled with liquid resulting in a gaseous buffer layer at its top. This part 
is called the Buffer vessel

Both parts are independently presented in this subsection.

Energy deposit section. The inside diameter of the narrow tube of stainless 
steel is Dt=25.6mm and its length is 40 cm. The heating element is made 
of three parallel plates of tungsten, which was chosen for its relatively high 
melting temperature (3500K), allowing the heating element to endure high 
energy deposits. It has been designed to have relatively low thermal mass, 
high electrical resistivity and large areas to maximize the heat transfer to- 
ward CO2. Figure 2 shows the 3D drawing and a picture of the heating ele- 
ment.Each tungsten plate is 60 mm high, 21 mm wide and 0.4 mm thick. They 
are attached to each other with brass screws. The plates are connected to the 
electrical loop with successive copper elements of larger cross section.

Figure 2: Heating element. Tungsten plates are assembled with brass elements (in pink 
and gold). The copper connectors are represented in orange.

Dense copper bars are connected to the electrical heating system with 
protected copper bars (busbars). Boiling and flow dynamics could be ob- 
served by ombroscopy thanks to three vertically arranged facing viewports 
(D=16.5 mm) made of Borosilicate glass. As it can be seen on the figure 3-(c),
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the heating element can be seen through viewport V1, allowing to observe 
boiling onset. Bubble rising can be observed through V2 and V3. Two dy- 
namic pressure sensors (P1 and P2) are located at V2 and V3 levels (figure 
3-(a)) to record differential pressure variations in the tube.

Figure 3: Fluid test section. (a) Drawing of the complète test section (heat deposit section 
and buffer tank) and the sensors with their position. (b) Picture of the heat deposit section. 
(c) Frame of the visualization zone obtained with the high speed camera

Buffer vessel. The buffer vessel (D=200mm, V=13L) is a reservoir of heat 
capacity. It is at a relatively far distance from the heating element and also 
acts as an expansion tank thanks to its buffer layer. Temperature and static 
pressure sensors allow for monitoring the initial thermodynamic conditions 
of the tests.The dynamic pressure sensor P3 records the compression of the 
buffer layer.

2.3. Thermodynamic conditions control systems
The upper part of the fluid test section vessel is connected to both pres- 

surized nitrogen and carbon dioxide reservoirs (see figure 1). This system 
allows controlling the liquid CO2 level within the vessel as well as the partial
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pressure of nitrogen in the buffer layer independently. The whole fluid test 
section is enclosed in a climatic chamber (Liebherr BGPv 8420) to control 
the temperature.

As a consequence, the initial thermodynamic state within the fluid test 
section can be set over a range of initial conditions, from saturated liquid 
CO2 to subcooled liquid CO2. After filling the test section with liquid carbon 
dioxide, the addition of gaseous nitrogen in the buffer layer compresses the 
carbon dioxide. The add of uncondensable gas set the thermodynamic state 
of the liquid CO2.

In this paper, a single test condition at saturation is discussed.

2.4. Electrical heating system
In order to achieve a fast heating of the tungsten plates by Joule effect, a 

transient electrical discharge of capacitors is considered. The loop has been 
designed to produce a discharge of 1.4kJ in 3 ms. The current is generated 
by a rack of nine film capacitors of 3mF each, giving a total capacitance 
of Ccond=27mF. The discharge time is controlled by phase control thyristor 
(T1500N).

The coated copper plane bars named busbars on Figure 3 are connected 
to the heating element with successive dense copper bars.

2.5. Acquisition system
Initial thermodynamic conditions. The initial thermodynamic conditions in 
the test section and in the climatic chamber are monitored. Static pressure 
is measured with an Optibar P1010C from Krohne. Its measurement interval 
is P G [0.1 bar;100bar] with an uncertainty of ±0.25 bar. Temperature in the 
buffer vessel is measured thanks to a plunging thermocouple. It is a B-class 
probe made under the norm NF EN 60751. For the volume of liquid in 
the test section, a bypass level indicator (BM 26A from Khrone) is used. 
Its uncertainty is 10 mm which represents Vco2=V [m3]±710-4 m3. This 
represents a 5% uncertainty on the volume of gas in the buffer layer. All the 
sensors (except the Bypass level indicator) are represented in Figure 3.

High-speed visualization. A high-speed camera (Photron Fastcam 120k) is 
positioned outside the climatic chamber, and focused on the three viewports 
area through a window placed on the chamber wall. Typical frame is repro- 
duced on figure 3-(c). A square white LED blacklight device (Phlow SLLUB 
white led Blacklight 100x100, luminance: 53000cd.m2, uniformity: 98.77%)
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illuminâtes the imaging area through the opposite viewports. The Photron 
Fastcam Viewer (PFV) software Controls the high-speed camera. The follow- 
ing settings were chosen to record videos: image size was set to 768 pixels*256 
pixels. It gives a spatial resolution within the test section of approximately 
5.8 px/mm. The frame rate was set to 5000 frames per second. This gener- 
ates a 1.3 s long video of the test starting from the beginning of the electrical 
discharge.

Dynamic pressure. The phenomena occurring during the transient heat de- 
posit have a time scale smaller than 1 ms. A comprehensive overpressure mea- 
surement was then designed to capture these small time scales. Three piezo- 
electric sensors (PCB 113B21) connected to a PCB signal conditioner are 
used at different heights in the test section. These sensors are named P1, P2 
and P3 on figure 3 and measure dynamic pressure. Which mean, that they 
only record the pressure fluctuations from an initial state. The sensor preci- 
sion is 7 Pa. For the uncertainty, using two test procedures (AT601-11 and 
AT601-6), the overpressure measurement has an uncertainty equal to 1.3%. 
Furthermore, the non-linearity response of the sensors is 0.4% FS =5.5 kPa 
(FS meaning Full-Scale).

Energy deposited in the heating element. Power induced by Joule effect across 
the tungsten plates of the heating element is calculated from the intensity 
and voltage measurements respectively with LEM LF2010-S (resolution of 
200mA) and LEM CV 3-500 sensors (resolution of 1.2 V). Current measure­
ment overall accuracy takes into account magnetic offset, electrical offset, 
sensitivity and linearity. It gives a ±4 A uncertainty on the measured in- 
tensity. The voltage measurement accuracy (0.2% of UFS) and offset (U0) 
gives a total accuracy of ±0.7 V. The uncertainty on the power calculations 
is ±2%.

Acquisition system. The dynamic acquisition is completed by two 9223 DAQ 
modules (one for the overpressure measurement and one for the current- 
voltage measurement) set to high frequency (500 kHz). Moreover, the acqui­
sition system was developed to synchronize the overpressure measurements 
with the high-speed visualization thanks to a specific trigger signal furnished 
by the electrical system.

A 9401 DAQ module is dedicated to the initial thermodynamic conditions 
records. Its sampling frequency is 2 Hz.
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3. Experimental results

In this paper, a unique experiment is considered. It has been selected for 
the relevance of the phenomena observed. The following test conditions are 
considered. The fluid test section is partially filled with pure CO2. Initial 
conditions correspond to the saturation state (P0=2.96MPa, T0=266.8K) 
with a gaseous buffer layer of 12.1 L. The initial voltage of the condensators 
is set to 70 V, that corresponds to a 55 J discharge within the heating element.

3.1. Pressure transients
The experiment is triggered by the discharge of the capacitors in the 

heating element. Figure 4 shows the typical pressure wave obtained. The dis­
charge is a first order system (t=3 ms) resulting in a 90% of the energy de- 
posit within the first 9 ms. The applied electrical power reaches a maximum 
of 2.24104 W.

Figure 4: Top part: Pressure transients (left y axis) recorded after the power discharge in 
the heating element (right y axis). Bottom part: frames captured during a similar

On the same figure, is shown the pressure wave produced by the transient 
deposit of energy. First at rest (A), the two dynamic pressure transducers (P1
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and P2) record a pressure wave characterized by a large positive overpressure 
pulse (B at P1 and C at P2) followed by damped oscillations around the 
initial 0 value. The delay between the point B and C is shown on zoomed 
view (green dashed rectangle). The first peak increase’s rate (A to B) is equal 
to 163 MPa/s. This increase rate is of the same order of magnitude than the 
one observed in BLEVE, [1]. But it seems lower (factor 3) than the ones 
observed in vapour explosion [9]-[10].

Let us consider how the pressure transient is correlated with phase change 
dynamics over the wall. The experimental test has been repeated (same ther- 
modynamics condition and same energy deposited ) with enhanced camera 
settings. The corresponding recorded frames are presented on figure 4. The 
screenshot on the left hand side of the figure outlines the orientation of the 
heating element. Before the deposit of energy (A), the tungsten sheets ap- 
pear as grey. At the time of the first pressure peak (B), the heated part of 
the sheets are instantaneously covered by a black layer. Later on observa­
tion, instant D reveals that this black layer is a vapor blanket covering the 
wall: bubbles start growing from this layer at still relatively early times of 
the transient. Small volume of vapour appears on the tungsten sheets. These 
frames confirm that the first pressure peak is due to explosive phase change.

For such a rapid heating of the element, heterogeneous nucleation is not 
thought as being a limiting process. Since for rapid heating conditions, the 
nucleation conditions are still related to classical Hsu criterion corresponding 
to rather low wall superheat [12]: a condition that is reached very early with 
our transient heating of the wall starting from saturation conditions. The 
visual observation confirms that vapor is formed over the wall. Furthermore, 
no homogeneous nucleation phenomena were observed even when pressure 
dropped below the initial pressure level.

Under the first assumption of one dimension overpressure propagation, 
the pressure wave propagates vertically in the test section. Figure 5 shows the 
wave journey in correspondence with overpressure measurement on Figure 4. 
The delay between the events B and C could be calculated as At(B/c) ~82 ^s.
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Figure 5: Pressure wave propagation in the test section from A (at rest) to D (reaching 
the sensor P3). Only the first order pressure wave is considered (without wave bounces)

Assuming that the overpressure peak source is located at the heating 
element and that the pressure propagates as a plane wave along the tube, 
the delay should correspond to the distance between the sensors P1 and P2, 
ALPi/p2=4.3 10-2 m, divided by the sound velocity in the liquid CO2. The 
evaluation of the sound velocity cexp from P1 and P2 measurements leads to 
a slightly lower value with respect to the theoretical one cth calculated at the 
test’s temperature and pressure ([13]):

ALpi/p2 ALpi/p2
Cexp = = = 524 m/s <cth = 599 m/s (1)

Atp i/p 2 At(B/C)
The experimental value is obtained by considering the distance between 

the center of each pressure transducer active zone. The uncertainty of this 
calculation due to geometric consideration (active zone position) is ±70 m/s. 
The remaining difference between the experimental value and the theoretical 
one could be explained by the non purely planar wave propagation of the 
pressure peak across the tube and to the relatively large pressure variation 
amplitude (that goes beyond the classical small perturbation theory).

After the first peak, the overpressure first decreases steeply toward 0, then 
increases till a second peak occurring at f=0.004s, and then falls to values 
under the initial ones. Those oscillations could be associated to acoustics 
behaviours within the tube and wave reflections at the acoustic impedance 
variation locations. During the wave journey from the heating element to 
the top of the test section, the first change of acoustic impedance occurs at 
the diameter discontinuity (see Figure 5). The time scale of back and forth
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from the sensor P1 to the abrupt change of diameter is 0.8 ms. This time 
scale matches well with the delay between the beginning of the increase of 
overpressure (few instants after A) and B, justifying the influence of wave 
return in the decrease of overpressure. Then, after the first peak, the shift 
between P1 and P2 signals corresponds no more to a constant delay between 
both sensors.

After the abrupt change of section, the pressure wave travels in the large 
vessel finally reaching the pressure transducer P3 at t=3.8ms (D in figure 4). 
Figure 6 shows the comparison of the recorded overpressure P1 and P3. The 
steep increase of the P3 signal (D) clearly occurs with a delay with respect 
to P1 (B) and P2 (C). The time delay between these overpressure peaks is 
noted as At(B/D) and is equal to 1.9 ms. This delay is comparable with the 
theoretical time of travel from P1 to P3 (noted AtPi/P3), as follows :

LP l/fs . Lfs/P3 
p 1/p 3 Jpq) c(v“p)

cth cth
1.9 ms = AtB/D (2)

Where c(h°p) is the velocity of the sound in carbon dioxide vapour whose 
equal to 215 m/s ([13]) in these test conditions and fs stands for free surface 
(between liquid CO2 and its vapour). LP 1/fs and Lfs/P3 are respectively equal 
to 416 mm and 250 mm.

It shows a very good agreement with the actual peak recorded by P3 and 
therefore illustrates the importance of acoustic phenomena during the very 
first times of the test. However the order of magnitude of the over-pressure 
at the point B and D are rather different. The ratio between the maximum 
of P3 and the maximum of P1 is equal to 0.0013.

The difference of order of magnitude of the overpressure between the 
point B and D could be explained by the abrupt change of diameter and the 
change of fluid. These singularities lead to a global transmission coefficient 
(T) equal to 0.0019.

The observed overpressure attenuation and the theoretical wave attenua- 
tion calculated are of the same order of magnitude. This justifies the different 
scales for P3 and P1 signals during the transient.

After the first acoustic peak, the sensor P3 exhibits a smaller (11 times 
less, see figure 6) and slower increase, from E to F. After F, the overpressure 
P3 stabilizes around a maximum of 550 Pa. The signal P3 is fluctuating due 
to waves interference but does not show negative values during the first stages 
(from E to F).
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Figure 6: Overpressure with respect to time illustrating the peak delay between different 
sensor locations. A,B,C and D stands for the first acoustic pressure peak dynamic. E and 
F delimit the different phase exhibited by P3

3.2. Visual observation of vapour/bubbles formation and flow
Figure 7 shows selected frames recorded by the high-speed camera for the 

first 0.45 s of the test. It illustrates the different stages of the boiling process 
that occurs over the heating element. The boiling onset is difficult to deter- 
mine precisely with the space resolution chosen. Very first boiling phenomena 
are discussed in section 4.1. Millimetric bubbles appear around 0.009 s. This 
timing is fully consistent with the visual observation of boiling onset over the 
wall as illustrated in figure 6. During the next period, t G[0.009s;0.049s], 
the bubbles grow over the heating element and large voiding is observed 
through viewport V1. Bubbles departure can be seen after 0.049 s. But indi- 
vidual bubbles are tough to distinguish. The bubbles then flow upward in the 
tube. First third of the bubbles reaches viewport V2 around t=0.18s and V3 
around t=0.45 s. At this time, boiling over the heating element is no more ob- 
served, indicating that most of the heat has been transferred toward the fluid. 
Through V2, bubbles are relatively small and isolated while a relatively large 
bubble is observed at V3; this indicates bubbles coalescence within the tube. 
Due to the resolution, a direct comparison with the overpressure observations 
from the previous subsection is impossible. Nevertheless, numerous and dis­
tinct bubbles are observed, allowing geometric and dynamic characterization 
presented in section 4.
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Figure 7: Summary of the different stages of the vaporization

3.3. Compression and relaxation of the upper va/pour loyer
Figure 8 shows the overpressure dynamics from maximum of overpressure 

(F-G) to the end of the test. After the increase of overpressure (E-F), the 
overpressure exhibits a small plateau (F-G) and then a slow (time scale of 1 s) 
decrease (G-end). The increase of overpressure has to be related to the vapour 
generation near the heating element. By creating vapour at the bottom of 
the test section, the liquid (incompressible) is pushed upward and compress 
the buffer layer. This compression can be foreseen from the early times of the 
transient (even before 0.01 s) that would imply that vapour production occurs 
at the early stage of the test. Rather large oscillations are also observed, the 
period approximately equal to 0.04 s. The decrease observed from point G 
is due to the chosen dynamic pressure sensor and its relaxation time.
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Figure 8: Overpressure measurements in the buffer layer after the transient deposit

4. Result analysis and discussion 

4.1. Onset of vaporization
By zooming on the viewport V1, the first bubbles are observed at 1.9 

ms. This very early boiling phenomenon corresponds to a time for which 
approximately 45% of the energy has been deposited. This appearance is 
directly followed by the growth of the bubbles. The growth is accompanied by 
a vertical movement of the vapour mass. Even though the bubbles appeared 
to be still attached to the surface during their growth, they clearly undergo 
a synchronized back and forth vertical movement. The figure 9 displays this 
kinetic.
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Figure 9: Bubble motion during the first milliseconds. A heating sheet is represented in 
grey and the vapour in blue. The growth of the bubbles is represented thanks to blue 
arrows. Their motion is schematized with red arrows.

At these early times of the boiling process, individual tiny bubbles can be 
distinguished. P.I.V (Particle Image Velocimetry) is used to determine their 
sliding velocity alongside the heating element.

The vertical overpressure gradient within the liquid is estimated from P1 
and P2 measurements according to |p — P2~—p 1. Figure 10 shows a compari- 
son between the overpressure gradient and the vertical velocity magnitude of 
the bubbles (bottom). The velocity magnitude exhibits damped oscillations 
(so called back and forth previously) whose time scale is close to 9 ms and 
whose maximal amplitude (first oscillation) is approximately 0.7m/s. It ex­
hibits alternate positive and negative values which are related to the vertical 
velocity magnitude ones.

Comparison of the time variation for bubbles vertical velocity and liquid 
overpressure gradient within the tube clearly exhibits a strong correlation 
between both quantities. The extrema of the gradient corresponds to a zero 
value for the velocity. An increase of the overpressure gradient corresponds 
to positive velocity (the bubbles ascend) and inversely.
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Figure 10: Velocity of the bubble on the tungsten compared with the overpressure différ­
ence (P2 — Pi )

This velocity magnitude to overpressure gradient comparison exhibits the 
role of waves reflection in vapour behaviour during boiling. This phase of cre- 
ation and oscillation of vapour slugs is followed by a maximum of vaporization 
estimated in the following subsection.

4-2. Vapour created during the transient
The previous subsection described the boiling onset. It clearly revealed 

that intense boiling generates a relatively large voiding along the tube before 
ascending the tube and reaching the vessel. The purpose of this section is to 
quantify the time variation of the vapour volume generated by boiling. The 
vapour behaves as follows :

(i) Boiling onset: creation of the first bubbles [at t=0.0019s] (see figure 4)

(ii) Boiling: motion of the vapour on the tungsten sheets [for t=0.0019 s to 
t & 0.048 s] (see Subsection 4.1)

(iii) Saturation of the viewport: the bubbles increase in size until the satu­
ration of the viewport V1 [for t=0.05s]

(iv) Departure of the vapour: the heap of vapour detaches itself from the 
tungsten sheets [for t >0.05s]. It ascends in the tube as an oscillating 
vapour mass. Small bubbles lead a distinct large bubble and medium- 
sized bubbles trail comes after (see figure 7 at t=0.45s)

(v) Last bubble seen on V1 at t ~0.35s
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After identifying each phase, a post-processing on Matlab has been per- 
formed to compare the increase of pressure recorded by P3 and the boiling 
phenomena seen through V1. This post-processing consists in determining 
the visible area perturbed by the vapour bubble.

Figure 11 shows the Matlab process used with a benchmarked frame (a). 
The image used is from the viewport V2. The image (c) is the first frame (at 
t=0s). From left to right, the first step is to compute the complement of the 
frame. It gives the resulting frames (b) and (d). Then by dividing both results 
the frame (e) is obtained. The final step is to use bwboundaries function from 
Matlab to distinguish and output all regions (f). The sum of the area of all 
the regions at each time step gives the visible vapour surface.

Figure 11: Frame processing performed in Matlab. (a) and (c) are the input of the calculus 
(respectively the considered and the initial frame). (f) is the outcome.

Figure 12 exhibits the vapour area calculated from viewport V1 (black 
curve) and the smoothed overpressure P3 (orange curve). The computed 
area displays three distinct phases: the increase surface of visible vapour (I), 
a plateau at 1500 px2 (II), and a decrease of the visible surface of vapour
(III).
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Figure 12: Vapour area seen on viewport V1 and compared to the overpressure compression 
in the buffer layer. I is the growth phase. II delimits the ‘stable’ stage. III stands for the 
decrease phase.

The vapour generated by boiling on the heating element leads to the 
increase of pressure within the test section. The vapour is generated under 
the buffer layer free surface (see figure 3). These changes of pressure are 
registered in the buffer layer by the sensor P3. As observed on figure 12, 
smoothed overpressure P3 exhibits three phases: a compression (increase of 
pressure between 0 s and 0.018 s) then a fluctuating stabilization, between 
0.02 s and 0.085 s, and finally a (fluctuating) decrease starting near 0.085 s. 
The vapour area and the overpressure P3 exhibits analogue behaviours:

I. Creation of vapour which implies an increase of pressure in the buffer 
layer (compression)

II. Saturation of the viewport V1 due to a maximum of vapour created

III. Departure of the vapour from the heating element which corresponds 
(with a 50 ms delay) to the decrease of overpressure.

It is in accordance with the visual chronology observed by watching the 
experiment movie and described at the beginning of the subsection (boiling 
enumeration).

These similar behaviours justify the use of P3 measurements to calculate 
the volume of vapour created Vv. The generated vapour has a mass mv 
and a volume Vv = mv/pv. The vapour generated will replace the volume 
occupied by the liquid and push the liquid upward. Under the assumption of 
a nearly incompressible liquid, the net expansion due to the vapour created
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is proportional to the vapour and the liquid density, respectively pv and pi 
as follows

Vnet = (1/Pv - 1/Pi)mv (3)

The volume of vapour created Vv is calculated from the net compression
as:

Vv Vnet
1
pv /pl

(4)

Assuming the buffer layer transformation induced by the compression to 
be isentropic gives the Laplace coefficient expressed as follows

c (v)
Y = TC (5)(v) zRCP M

With, Cpv), R, T and M the specific heat capacity of vapour at constant 
pressure (J.K-1.kg-1), the gas constant (8.314 J/K/mol), the vapour tem- 
perature and the molar mass (44 10-3 kg/mol) respectively. Carbon dioxide 
vapour at elevated pressure and near saturation can be satisfactorily de- 
scribed by a constant compressibility factor z over the range of pressure and 
temperature fluctuations considered. At the initial thermodynamic state, 
(Po,To)=(2.96MPa, 266.8K ), z «0.75.

The isentropic compression of the buffer layer gives:

PoVY = (Po + P3)(Vo - Vnet)7 (6)

For the sake of clarity Vo = Vbi(t = 0), where the subscript bl stands for 
’buffer layer’. The volume of vapour created is predicted as follows:

Vv = V0 1
Po 1/Y

1
Po + P3 1 — Pv /Pi

(7)

Figure 13 shows the volume of vapour calculated thanks to equation (7). 
The curves of P3 and Vv exhibits the same stages: vapour created (first 
0.05 s), maximum of vaporization reached (around 0.05 s) and slow decrease 
(from 0.06 s). The value of Vv is fluctuating with a maximum nearly equal 
to 2.4 10-6 m3. This value is compared to the theoretical volume of vapour
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created. The theoretical volume is the ratio of the energy deposited with the 
latent heat of vaporization. It is calculated as VV(Elec) (t) = (J UIdt)/(LpV) 
and plotted on figure 13 (orange curve).The re-condensation of vapour is 
not considered in this calculation that therefore corresponds to a theoreti­
cal maximum vapour volume. It exhibits a second-order system’s rise to a 
maximum value equal to 2.8 10-6 m3.

Time (s)

Figure 13: Volume of vapour created (Vv(P3)) compared to the theoretical volume of 
vapour created (Vv(Elec))

Both maxima are of the same order of magnitude and occurred at 0.05 s 
and 0.015 s respectively for VV and vVelecC. The theoretical rise time (from 
Vv(elec)) is similar to the vapour surface rise time outputted on figure 12. This 
indicates that the main part of vapour is already generated at the end of the 
power discharge.

The rate of creation of vapour captured with the sensor P3 could lead 
to the characterization of rough analysis of the mean heat transfer on the 
tungsten plates. The current lack of relevant calculation of temperature 
of the tungsten during time is the main drag of thermal analysis on this 
experiment. Nevertheless, under the adiabatic assumption, the heating of 
the element would have led to a tungsten’s temperature of approximately 
285.2 K. Its difference with the saturation temperature is named AT and is 
equal to 18.4 K. Considering that all energy deposited in the fluid permits a 
phase change, a mean heat coefficient h could be calculated from the volume 
of vapour created,

h
Co dVv
Lpv dt
S AT

(8)
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With L, pv and S are respectively the spécifie latent heat of liquid car­
bon dioxide (2.49 105 J/kg), the density of the vapour (78.28kg/m3) and the 
exchange surface between the heating element and the fluid (2.98 10-3m2). 
During the creation of vapour (phase I), the volume of vapour increase with 
a rate of 3.70 10-4 m3/s.It gives a mean maximum heat exchange equal 
to 1.27105 W.K-1.m-2. The mean (maximum) heat flux is then equal to 
2.34 MW.m-2. This value is slightly higher than the one calculated in FCI 
experiments [7], 9.2 104 W.m-2 and 4.2 105 W.m-2. But this value is smaller 
than the theoretical upper limit of heat flux, achieved by Schrage [Carey], 
1.75 109 W.m-2.

Between 0.18 s and 2 s, figure 13 reveals a relaxation of the buffer layer. 
During this period of time, the vapour has detached from the heating element, 
and ascends -first in the tube and then in the vessel. This ascend is seen 
on figure 7. The relaxation of the buffer layer is mainly due to the time 
constant of the piezoelectric sensors. However, the characterization of the 
bubbles brought information on the vapour behaviour during the ascend. 
The bubble dynamic during this phase is studied in the following subsection.

4.3. Bubble departure and shape
During the vapour ascends in front of V2 and V3, the velocity of the bub- 

bles oscillate around a mean value. This suggests that they already reached 
their terminal velocity when passing through V2 and V3. It is then consid- 
ered that the vapour ascends with an homogeneous velocity.

Figure 14 shows the motion of distinguishable bubbles situated in front 
of V3 from t=0.42s to t=0.44s. To differentiate each time step, the jet 
colormap (Matlab colormap, [14]) is used. The blue colour is for the first 
frame (at t=0.42s - (b)) and the red colour for the last one (at t=0.44s - 
(c)).
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Figure 14: Tracking of one bubble in front of the viewport V3 (outlined in purple in 
each picture). The biggest bubble is suppressed (when its surface is too prominent) when 
plotting all the position (clearness matters)

To characterize the bubbly flow, the évolution of the shape and the veloc- 
ity of the bubbles must be calculated. A well-defined and representative bub­
ble is chosen and highlighted on figure 14 with a purple arrow (a) and dashed 
rectangle (b)-(c). To extract both information, an optical flow code based 
on classic-c-brightness method [15] is used. The use of Matlab functions and 
optical flow grants access to the velocity and the equivalent diameter of the 
particle at each time step. By overlapping each vapour particle by an ellipse, 
the equivalent diameter is calculated as follows:

De = -x/sab2 (9)

Where a and b are the minor and major axis length respectively.
The diagram of Grace, Weber and Clift is used to analyse the bubbly 

flow regime. It predicts the bubbly flow for given Eotvos (Eo) and Reynolds 
(Re) numbers. For each time steps those numbers are calculated:

Re(t) = (pi De U5(t))/pi ( )
Eo(t) = (g(Pi - Pv)De(t)2)/a ( )

Introducing pl, g and a respectively the dynamic viscosity (Pa.s), the univer­
sal constant of gravitation (9.81 m/s2) and the liquid surface tension (N/m). 
u5 is the mean bubble velocity at each time t. This mean is calculated by 
averaging all the pixel velocities which constitute the bubble and averaging 
this value for 5 steps before t. The velocity is averaged over 5 time steps to
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avoid inconsistency due to the high camera frequency in regard to the real 
bubble velocity.

The diagram of Grace, Weber and Clift is shown on figure 15. It is di- 
vided in five different areas indicating the predicted bubble shape: spherical, 
ellipsoidal, skirted, spherical cap and wobbling. The previous calculation 
(see equation (10)) identifies the bubble selected as oscillating in shape and 
in velocity which confirms the camera observation.
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Figure 15: Bubble shape for the followed particle between pic 0.42s and 0.44s

The mean equivalent diameter and the mean velocity (ubexp)) of the con- 
sidered bubble are respectively 1.2mm and 0.145m/s. By comparing this 
velocity to the literature (See [16]), the prediction of Clift and al. [17] is 
the nearest, giving ubth) equal to 0.144m/s. The formula giving this terminal 
velocity is:

u
(th)
b Mo-0.i49(j _ 0.857)

PlDe
(11)

_ 4 ( )With, De the time averaged diameter (m), Mo = "l a]-p the Morton num­
ber and J=38.56.
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In conclusion to this ascending bubble study, we could expect wobbling 
regime for the bubble flow.

5. Conclusion

This study aims to present a first characterization of rapid boiling in 
saturated carbon dioxide. It is the first step to finely characterize vapour 
explosion taking place during a fuel coolant interaction (FCI). A dedicated 
experimental device based on Joule effect allows for a rapid deposition of 
energy into liquid CO2 confined in a tube part (where the heated plates lie) 
connected to a larger tank in the upper part. Rapid power release leads to 
a sharp pressure increase in the fluid tank as well as rapid and transient 
boiling, both being recorded by dedicated instrumentation.

The analysed test corresponds to a 55 J heating of a tungsten plate within 
5 ms. In 2 ms after the beginning of the energy deposition, a 1.3 105 Pa over- 
pressure peak is recorded near the heated plate. The increase rate of over- 
pressure is equal to 163 MPa/s which is equivalent to the ones observed in 
BLEVE [1], but lower than the one observed in vapour explosion [10]-[9]. A 
pressure wave then propagates through the test section. Acoustic reflection 
and transmission at the cross section between the tube and the tank par- 
tially drive the pressure evolution. Rapid onset of boiling (few milliseconds 
after the energy deposit) can be seen on the plates. Bubble growth dynamics 
are affected by acoustic pressure wave and subsequent overpressure gradi­
ent variation. Most of the energy transmitted to the fluid is converted to 
latent heat and large voiding occurs around the heater at around 19 ms till 
vaporization process stops at 49 ms. A rough heat transfer coefficient is cal- 
culated from the vapour production. It leads to mean maximum heat flux 
equal to 2.34 MW.m-2. This value is slightly higher than the ones observed 
FCI experiments ([7]). However, since the test conditions are far from the 
ones encountered in nuclear power plant, any conclusion could be drawn from 
these values. Vapour detaches as a bubbly flow. Typical bubble size and ve- 
locity in the upward flow along the tube are respectively 1.2 mm (equivalent 
diameter) and 0.145 m.s-1. This order of magnitude is consistent with the 
prediction of Clift et al. [17] - [16].

Those results clearly indicate that the experimental device allows for the 
generation of the phenomenology associated with fuel coolant interaction in 
the context of nuclear safety scenarios as well as its characterization thanks 
to the dedicated instrumentation. The experimental results could then be
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used to validate models for the FCI. Latter work will correspond to the 
study of the variation of the phenomena with respect to control parameters 
of the transient, namely thermodynamic conditions (pressure, subcooling) 
and energy deposition (amplitude and time constant).

Very rapid boiling phenomena prove that the observed overpressure peak 
is related to the very first stages of the bubble growth under those highly 
transient heating conditions. Therefore, we consider improving the space 
and time resolution of the high-speed camera to better determine the time 
of first vaporization events along the plates. Some improvements concerning 
the online estimation of the volume occupied by the vapour could also help 
understanding the vaporization and condensation processes occurring within 
the device. A final improvement of the test section could be an online mea- 
surement of the power transmitted to the fluid; dedicated modifications of 
the experimental device are currently under development.
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