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1. Introduction

In-Vessel Retention through External Reactor Vessel
Cooling (IVR-ERVC) is the widely adopted strategy to
mitigate a severe accident, maintaining the integrity of
the nuclear reactor vessel. The heat removal capability
by the external cooling is an important issue [1]. The
maximum heat removal capability could be estimated by
the CHFs at the outer wall of the reactor vessel.

This study simulated the CHF according to the
curvature of the reactor vessel lower plenum.
Experiments were performed for the downward-facing
plate varying the inclination from vertical to near
horizontal, void fraction from none to 0.5, and mass flux
from 250 to 1500 kg/m?’s, respectively. The boiling
condition was simulated by the electrochemical
hydrogen evolving system.

2. Background theories
2.1 Influence of mass flux on the CHF

Sudo et al. [2] investigated the CHF at the forced
convection boiling conditions of saturated water in
vertical rectangular channel. The CHF values were
measured for both up-flow and down-flow, respectively.
The mass flux was varied from 0 to 600 kg/m?s. They
proposed a correlation (2.1) based on the experimental
results.
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Oh and Englert [3] investigated the CHF in a
uniformly heated vertical rectangular channel. The mass
flux was varied from 30 to 80 kg/m?s with subcooled
temperature range of 5-72 °C. They reported that when
the subcooled temperature was below 40 °C, the results
well agreed with the existing studies. But, when
subcooled temperature was over 50 °C, the CHF
increased more than 15% as the subcooled water
condensed the bubble and increased the flow rate at the
heating surface. Based on the results, they proposed a
correlation (2.2) as below:
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The existing studies show that the increased mass flux
delays the CHF and hence increases the CHF values.

2.2 Influence of void fraction on the CHF

The CHF strongly depends on the void fraction.
Weisman and Pei [4] reported that there was a critical
void fraction for the CHF and that the CHF decreased as
the void fraction increased when the bubble layer formed
near the heating surface.

Kharangate et al. [5] measured the flow boiling CHF
varying the inlet quality and the mass flux of FC-72 in a
vertical rectangular channel. The inlet quality was varied
from 0.06 to 0.3, which corresponds to the slug and
annular flow. As a result, the CHF increased as the
quality increased. The increased void fraction in the tube
caused the increased velocity of the liquid film to
maintain constant mass flux.

2.3 Influence of inclination on the CHF

Zhang et al. [6] investigated the influence of the
inclination on the flow boiling CHF of FC-72 using a
rectangular channel. For the horizontal downward-facing
plate, as the vapor accumulated easily beneath the
heating surface, the CHF value decreased significantly as
the heating surface became horizontal at low inlet
velocity. However, this trend became weaker as inlet
velocity increased.

Konishi et al. [7] improved the study of Zhang et al.
[6] varying inlet quality and mass velocity to investigate
the influence of the inclination on the CHF using FC-72.
As inclination became horizontal for downward-facing
surface, the clear stratification of the flow occurred,
which started from channel inlet. Thus, the CHFs for
these inclinations were very small.

3. Experiments
3.1 Methodology

In this study, the electrochemical hydrogen evolving
system was adopted to simulate the boiling system. The
hydrogen reduction reaction at the cathode surface when
the potential is applied, simulated the vaporization
phenomenon of the boiling system because the gas
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generation mechanisms of both systems are dominated
by the heterogeneous nucleation [8].

The basic idea of this methodology is that the CHF
depends largely on the hydrodynamics and that the
bubble behavior can be simulated through the evolution
of hydrogen. It assumed that if hydrogen generation rate
exceeds a certain limit, the similar phenomenon with the
CHF can be expected to occur at the cathode surface
(Critical Current Density, CCD). The current density and
potential difference in the hydrogen evolving system is
analogous to the heat flux and wall superheat,
respectively. And the analogous curve to the boiling
curve can be obtained using the hydrogen evolving
system [9]. 1.5 M of sulfuric acid (H2SO4) solution was
used as the working fluid and the copper cathode was
used to simulate heating surface. The authors’ research
group previously performed the similar experiments
introducing this experimental methodology and a more
detailed information can be found in the references
[1,9,10].

3.2 Test apparatus

Figure 1 shows a schematic of the experimental
apparatus. 1.5 M of aqueous solution of sulfuric acid is
pumped from the reservoir and hydrogen gas is injected
from the tank into the square tube mixing chamber
through the flow meters. The liquid flow rate and the gas
flow rate were controlled with the control valve, and the
gas governor, respectively. The cathode was embedded
at the test section which varies the inclination. Voltage,
current, gas flow rate, liquid flow rate, and surface
temperature of the cathode were measured by data
acquisition (DAQ) system. The bubble behavior was
recorded using high-speed camera in the perpendicular
direction to the flow direction.
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Fig. 1. The schematic circuit of the experimental apparatus.
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3.3 Test matrix

Table I shows the test matrix of the present study. The
cathode surface is 35 mm long and 10 mm wide with 10
mm gap size. The range of mass flux and void fraction
were 250-1500 kg/m?s and 0.0-0.5, respectively. The

inclination of cathode was varied from 90° to 172°, which
corresponds to vertical to near horizontal.

Table I: Test matrix

Copper plate | Gap size | Mass flux . . Inclination
W x L (mm) (mm) (kg/m?s) Void fraction (degree)
90, 120, 135,
10 x 35 10 250-1500 0.0-0.5 152,172

Drain valve

4. Results and discussion
4.1 Influence of mass flux on the CCD

Figure 2 compares the CCD values measured in this
study with the existing CHF values. Both the CHF and
the CCD increased with the mass flux. As the mass flux
increased, formation of the gaseous film was interrupted
by the inertia of the bulk fluid. The coherent tendencies
between the CHF and the CCD experiments appeared
regardless of the void fraction.
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Fig. 2. Influence of mass flux on CHF and CCD.
4.2 Influence of void fraction on the CCD

Figure 3 shows the CCD at vertical according to the
void fraction (o). The CCD decreased as the void fraction
increased for all cases. Bubbles from upstream, flow
along the center of the channel as shown in Fig. 4(b). In
this case, as the centerline velocity is enhanced due to the
bubbles, the velocity of liquid near the wall decreased
compared with the void free condition, Fig. 4(a). And
thus, the decreased local velocity at the wall expedites
the CCD condition. Moreover, with further increase of
the void fraction, the CCD decreased further as upstream

CCD(Afem®)
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bubble developed to a slug flow regime due to the
increased contact area between the bubble and the

cathode surface.
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Fig. 3. CCD varying by void fraction for 90°.
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Fig. 4. Hydrogen bubble behavior for CCD varying void
fraction at 90°.

Figure 5 shows the CCD at 120° inclination with
respect to the void fraction. As the void fraction
increased, the CCD showed peak values for all cases.
Bubbly flow was observed at the upstream until the peak
CCD was measured as shown in the Fig. 6(b). In this case,
the local velocity near the cathode surface increased due
to the buoyancy force of the upstream bubble, which
interrupted the formation of gaseous film on the cathode
and thus the CCD increased. Therefore, it seems that the
contribution of upstream bubble to the CCD
phenomenon of the intermediate inclination was
different from that of the vertical case. On the other hand,
further increase of void fraction generated a plug flow at
upstream. The plug flow enhanced contacting of bubbles
at the cathode surface so that the CCD condition was
easily attained, which decreased the CCD. This peaks
were also measured in case of 135° and 152° as well.
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Fig. 5. CCD varying by void fraction for 120°.
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Fig. 6. Hydrogen bubble behavior for CCD varying void
fraction at 120°.

Figure 7 shows the CCD with respect to the void
fraction at near horizontal inclination. As the void
fraction increased, the CCD decreased. In this case, the
buoyancy direction of bubbles is nearly perpendicular to
the channel. The squeezed bubbles had large contacting
area with the cathode surface compared to the Fig. 6(c).
Thus, as the void fraction increased, the CCD decreased.
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Fig. 7. CCD varying by void fraction for 172°.
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Fig. 8. Hydrogen bubble behavior for CCD varying void
fraction at 172°.

5. Conclusions

This study simulated flow boiling CHF through the
electrochemical hydrogen evolving. The CCD, which is
analogous to the CHF phenomenon was measured
varying the inclination, void fraction, and mass flux.

It was confirmed that increasing of the mass flux
delayed the CCD. However, the influence of the void
fraction varied depending on the inclination. In case of
vertical and near horizontal inclination, the CCD
decreased as the void fraction increased. Meanwhile in
case of intermediate inclination, the CCD showed peaks
according to the void fraction, which means the void
fraction may help or interrupt the development of the
CCD condition.
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