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ABSTRACT

During a Loss of Coolant Accident (LOCA) in a Pressurized Water Reactor (PWR), partial or even
complete drying of fuel assemblies may occur. In these conditions, the fuel temperature can increase
leading to significant deformation of the fuel rod cladding and a partial blockage of the fluid domain.
These zones can thus affect the cooling of the nuclear core during the reflooding phase by the emergency
core cooling systems (ECCS). Investigating the cooling capacity as well as the thermal-hydraulic
characteristics of the flow in these zones is a crucial point to guarantee nuclear safety. In order to
characterize the cooling capacity of these deformed zones by a two-phase flow, an experimental set-up at
sub-channel scale has been developed. The experimental set-up consists of a tubular Venturi test section, a
droplet supply system and a superheated steam supply system. The test section is heated up to about
700°C before starting the flow composed of superheated steam and dispersed droplets. During the cooling
phase, optical measurements are carried out upstream and downstream the test section to measure the
droplets diameter, velocity and temperature, while an IR camera records the transient of the tube
temperature. This paper presents experimental results with three different test section diameters to analyze
the influence of the blockage ratio on the cooling capacity. The droplets evaporation was evident with
their reduction in size downstream the heated tube.
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1. INTRODUCTION

One known accidental condition that a Pressurized Water Reactor (PWR) can go through is the Loss Of
Coolant Accident, usually referred to as LOCA. This might take place if a break occurs in the primary
circuit or a sealing fails, leading to a dry-out of the nuclear core. By consequence, the heat dissipation of
the fuel rods is no longer effective and their temperature increases substantially. Then, emergency core
cooling systems (ECCS) are suddenly activated to control this temperature increase and, afterward, cool
down the fuel rods. This process is known as the reflooding and it consists of injecting water to submerge
the fuel rods. However, during this phase, water evaporates when in contact with the fuel claddings at



very high temperatures (up to 1200 °C) and creates a two-phase flow of steam and droplets downstream
the quenching front [1, 2]. We can see in Figure 1 an illustrative curve of the process that undergoes
during a LOCA. Therefore, during the first period of the reflooding phase, the upper part of the fuel rods
is cooled down by this mist flow, so understanding this cooling process is important to evaluate the safety
condition of a PWR during a hypothetical LOCA.

Cooling by the
dispersed two-
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Figure 1. Evolution of LOCA after a large break in the primary circuit.

As shown in Figure 1, at a given moment during the heating of the fuel rods, the fuel claddings start to
deform (“ballooning”). If the temperature continues to increase, the claddings no longer withstand the
internal pressure and they burst, creating deformed or even blocked sub-channels that decrease the cross-
sectional area of the flow passage. Hence, the cooling process of these regions might be affected and
endanger the nuclear core structure.

To guarantee nuclear safety, numerical simulation tools, like IRSN’s DRACCAR code [3, 4], and
mechanistic models [5-7] try to predict the heating and cooling of fuel rods in LOCA conditions.
However, experimental data are still necessary to validate these calculations, especially at particular
conditions, like with different blockage ratios caused by the ballooning of claddings. Thus, we built an
experimental bench to perform tests at sub-channel scale of the cooling process in LOCA conditions,
which consists of a vertical pipe with an internal flow of steam and droplets. In this work, we present
results regarding the effect of the blockage ratio on the cooling process and on the internal flow
characteristics.

2. EXPERIMENTAL APPARATUS AND TEST METHODOLOGY

The experimental bench, named COLIBRI (COoLIng of Blockage Region Inside a PWR Reactor) is the
same used in a previous work [8] and is presented in Figure 2. This apparatus consists basically of a
droplet injection system, overheated steam injection system and an assembly of vertical tubes as test
section.

The tubular assembly is divided into three parts, all made of Inconel 325: Part | and 111 are fixed and have
an internal diameter of 11.78 mm, representing a not-deformed sub-channel of a typical PWR nuclear
core. Part Il is heated by Joule effect by using a DC-current power supply and is removable to place the
test section with the desired geometry. In this study, we used three configurations as we present in Table
I. Configuration 1 stands for the referential condition with no deformation, while the other two represent a
61% and a 90% blockage ratio =, which is defined by the following expression:

Tp = 1—= (1)



where St is the restriction cross-section area (with diameter Dyp), and S is the cross-sectional area of the
tube with 11.78 mm diameter (not deformed).
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Figure 2. Schematic drawing of the COLIBRI experimental apparatus.

Table I. Geometrical characteristics of Part I1

Configuration 1 Configuration 2 Configuration 3
Blockage ratio (1) 0% 61% 90%
Hydraulic diameter (Dp) 11.78 mm 7.35 mm 3.72 mm
Blockage length (Ly) - 100 mm 100 mm
Wall thickness 0.57 mm 0.86 mm 1.38 mm

Up- and downstream Part 11, we installed optical accesses for the PDA (Phase-Doppler Analyzer) and
3cLIF (Three-color Laser Induced Fluorescence) measurements. While the PDA measures the droplets
diameter and axial velocity (in the z-direction), the 3cLIF thermometry provides the droplets mean
temperature. An IR (infrared) camera is used to measure the tube temperature at the external surface,
although we consider uniform temperature in the radial direction because Biot number is less than 0.1 for
all the tests. A detailed explanation of these techniques is available in Labergue et al. article [9].
Furthermore, in the present work, we estimate the heat transfer dissipated by the internal flow with the
following equation:

StPwCpw) dTy (z,t) _ M
Dy ) dt ( Dp ) P (Z’ t) (2)

Pine(2,t) = — (

where gint is the heat flux (that is a function of the axial position z and the time t), ow and C,w are,
respectively, the density and the specific heat of the tube material, T, is the tube temperature measured by
the IR camera, Dex iS the tube external diameter, and ¢ is the heat flux dissipation to the ambient by
natural convection and radiation. The heat loss is estimated using the Stefan-Boltzmann equation for the
radiative heat transfer and a vertical plate correlation for the convection [10].



The droplets generated downstream of Part 11 is preheated before injection to approximate their state to
saturation, which is typical during a LOCA. The mass flow rate is 2 kg/h and their diameter after injection
is approximately 500 pm; however, breakup occurs in the steam-droplets mixer and we have a
polydispersed distribution in size at the inlet of Part 1. Regarding the steam injection line, up to 10 kg/h
of water vapor at saturation is generated in the boiler and then superheated at about 200 °C before mixing
with the droplets. Naturally, the steam is slightly cooled down before reaching Part I1.

The test procedure is the following (Figure 3):

1. First, we start the steam injection line to preheat the components of the experimental apparatus.

2. Afterward, we start the droplet injection so we have the internal two-phase flow and we start and
adjust the DC power supply to set the temperature of Part II between 600 °C and 800 °C.

3. At this moment, we measure the droplets diameter and velocity upstream of Part II with the PDA,
then we measure the droplets mean temperature up- and downstream of Part II with the 3cLIF
thermometry.

4. The DC power supply is turned off so we start the cooling of the vertical pipe with the internal two-
phase flow. During this period, the droplets size and velocity are measured with the PDA downstream
of Part II and, simultaneously, the temperature of the tube with the IR camera, both at 50 Hz
acquisition rate of sampling.

5. The test is finished 60 s after the beginning of the cooling phase. All the collected data are treated
with MatLab 2017b.
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Figure 3. Test procedure. (1) Start of the steam flow; (2) Start of the droplets injection and heating
of the test section; (3) Measurement of the droplets characteristics; and (4) Cooling experiment.

3. RESULTS AND DISCUSSION

This section presents the results in the following order: flow conditions upstream of Part Il, droplets
characteristics downstream of Part Il, and the internal heat dissipation during the cooling phase. For all
the test cases, we fixed the values of 4.3 kg/h for the steam flow rate and of 0.8 kg/h for the liquid
injection. Both the temperature of the steam and of the liquid before injection were similar for the three
tests (170 °C and 63 °C, respectively).

Table Il presents the droplets mean diameter and velocity upstream of Part 1l, where we can see similar
conditions of the two-phase flow for all the test cases. This guarantees that the results we found during the
cooling phase, which are presented in the next pages, reflect the effect of the geometry.



Table II. Droplets characteristics upstream of Part I1

Configuration 3
100 um
12.5 m/s

Configuration 1
110 um
16.0 m/s

Configuration 2
88 um
14.5 m/s

Droplets mean diameter
Droplets mean velocity

We can see in Figure 4 the probability distribution P(d,) of the droplets diameter d,; downstream of the
heating tube for each test case and for different moments of the cooling phase. For the cases of 0% and
61% blockage ratios, the droplets diameter decreases with the time, which might be explained by the
evaporation of the droplets and casual interactions between droplets and the heating wall that occurs more
often at low wall temperatures. For the case of 90% blockage ratio, we observe a substantial decrease in
the droplets diameter upstream of Part 1. This happened because of the droplets breakup due to
hydrodynamics instabilities caused by the large difference between velocities of the droplets and the
steam at the restriction. Such phenomenon of droplets breakup was not observed with the 0% and 61%
tubes. Hence, for these cases, we observed that droplets velocity i, is lower for larger droplets, while it is
almost constant for the 90% blockage ratio (Figure 5). However, for all the cases, we see a decrease in the
droplets velocity in the course of the cooling phase because of the decrease in the steam velocity resulted

by the decrease in the wall temperature and, hence, in the heat transfer from wall to vapor.
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Figure 4. Probability distribution of the droplets diameter downstream of Part II during the cooling
phase for each configuration: (a) 0%, (b) 61% and (c) 90% blockage
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Figure 5. Correlation of droplets diameter and velocity downstream of Part II during the cooling
phase for each configuration: (a) 0%, (b) 61% and (c) 90% blockage



Regarding the mean droplets temperature T; up- and downstream of Part II, Figure 6 presents the results
of the 3cLIF measurements. We could not measure the downstream temperature with 90% blockage ratio
because the droplets velocity is too high to be measured by the LIF acquisition system. The average
temperature of the droplets upstream the heating tube is 85 °C, which means they were heated by the
steam in the steam-droplets mixer (the liquid temperature before injection was 63 °C). However, the
droplets temperature does not change after passing through the heated tube in Part Il, if we consider the
uncertainty of the measurement (£ 5 °C). Therefore, all the heat transfer between steam and droplet is
directed to the droplets evaporation, i.e. latent heat.
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Figure 6. Mean droplets temperature up- and downstream of Part I1

Finally, Figure 7 presents the variation in time and axial position of the heat dissipation by the internal
two-phase flow in terms of rate of heat flow per unit length @i/L, calculated by:
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Figure 7. Variation of the internal heat dissipation in time and axial position for each configuration:
(a) 0%, (b) 61% and (c) 90% blockage ratio (dotted black line: rewetting front).

We can see that the heat dissipation slowly decreases in time until rewetting occurs (represented by a
dotted black line in the plots) and we observe a sudden increase in the heat flux. This happens because the
droplets accomplish to impinge and wet the heating wall, change the heat transfer mechanism from film
to nucleate boiling, where the heat transfer coefficients are much higher. Furthermore, in general,
rewetting occurs from top to bottom and earlier with the increase in the blockage ratio. Especially for the



case of 90% blockage ratio, rewetting began at the top of the tube. This might have happened because of
recirculation flow at the expansion of the tube after the restriction, which acts as a trap for the droplets
that are no longer dragged by the flow and then fall onto the wall.

If we correlate the temperature and internal heat flux of each point from each map of Figure 7, we can
plot a mean boiling curve as shown in Figure 8. In this plot, it is evident the higher heat dissipation with
larger blockage ratios during the Leidenfrost regime because of the Venturi effect at the restriction that
accelerates the steam flow. We can also see that the Leidenfrost temperature, the minimal point where
rewetting occurs represented by the downward arrows in Figure 8, increases for 61% blockage ratio
(TLew% = 360 °C) compared with the 0% (TLe1% = 270 °C). This happens because the kinetic energy of
droplets impinging the wall is higher with the 61% geometry, so they can wet the wall even at higher
surface temperatures [11]. Because of the droplets breakup with the 90% blockage ratio mentioned
before, the droplets kinetic energy decreases due to mass reduction and, consequently, the Leidenfrost
temperature decreases again (T g0 = 260 °C) comparing with the 61% blockage ratio.

6000
—— 0%
5000 | e
£ 90% |
£ 4000 <Looling |
=
d 3000 Leidenfrost
= regime
wor 2000
1000 |
T 09 =270°C T, 61% = 360 °C
0 o1 ‘ |
200 300 400 500

Tw (°C)

Figure 8. Mean boiling curves for each configuration, with the Leidenfrost temperature in evidence.
4. CONCLUSIONS

In this experimental study, the effect of the blockage ratio on the cooling process of a vertical pipe with
an internal steam-droplets flow is analyzed. The main findings are listed below:

e Droplets diameter and velocity decrease in the course of the cooling phase because of evaporation and
reduction in the steam velocity.

e Asexpected, smaller droplets have higher velocity.

o With 90% blockage ratio, droplets breakup occurred because of hydrodynamic instabilities caused by
the increase in the steam velocity at the restriction.

e Droplets mean temperature up- and downstream of Part II is practically the same, indicating that the
heat transferred to the droplets is targeted to their evaporation.

e During the Leidenfrost regime, the higher the blockage ratio, the higher the heat dissipation by the
imposed internal flow because of the Venturi effect.

e In general, wall rewetting occurs from bottom to top, increasing substantially the heat dissipation.
Furthermore, the Leidenfrost temperature is highly dependent on the droplets kinetic energy.



It is important to remind that these experimental data and results must not be extrapolated to a situation of
LOCA in a nuclear geometry. The present work is at sub-channel scale and, consequently, there is no by-
pass effect that changes significantly the effect of the blockage ratio.
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