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1. Introduction

Boiling heat transfer is widely used in many
industries, since it can achieve a large heat transfer rate
than single phase heat transfer. However, when the heat
flux exceeds a certain a level, a vapor film is formed on
the heating surface, resulting in an abrupt increase in
the surface temperature, called the critical heat flux
(CHF) [1]. Especially in the nuclear power plant, it is
important to measure the CHF as the limiting condition.
Meanwhile, the CHF experiment is difficult to perform
due to the extreme experimental condition which result
in failure of experimental apparatus and measurement
devices. In order to avoid this experimental difficulty,
an alternative experimental method is being explored by
the authors’ research group [2-9].

In an electrochemical hydrogen evolving system such
as water electrolysis, the cell potential increases as the
current density increases due to the increased hydrogen
generation rate. When the current density reaches a
certain critical limit, hydrogen film is formed at the
cathode surface and then the cell potential increases
abruptly. This phenomenon is known as the critical
current density (CCD) [10]. Based on the analogous
relation, the heat flux and the temperature in the boiling
system correspond to the current density and the cell
potential in the hydrogen evolving system [6,7].

The previous studies revealed that the gas film
formation phenomenon on the cathode surface is
governed by hydrodynamic parameters, similar to that
of the boiling system [6,7]. Thus, we postulated that
there is a further analogous relationship between the
CHF and the CCD. The CCDs were measured
according to the cathode size, which generates
hydrogen gas together with the visualization of bubble
behaviors using high-speed camera.

2. Existing studies
2.1 Analogous relation between CHF and CCD

The authors’ previous work [6,7] reported that the
dry spot model and macrolayer dryout model, which are
the CHF models can be applied to the CCD
phenomenon. And Han et al. [8] and Park et al. [9]
confirmed analogous influences of mass flux,
inclination and inlet void fraction on the CCD to the
CHF. This implies that there is a further analogous
relation between the CHF and the CCD in terms of the
hydrodynamics.

2.2 Influnece of heater size on CHF

Several CHF studies [11-15] commonly reported that
the CHF decreases as the heater size increases due to
the enhanced rewetting resistance from bulk fluid to the
heater center. Rainey and You [11] insisted that a
portion of the rewetting fluid which is supplied from
the heater side became larger than that from the above
as the heater size decreased.

3. Experimental setup

Figure 1 shows the experimental apparatus and
electric circuit. We used 1.5 M aqueous solution of
sulfuric acid (H,SO4) at atmospheric condition and
room temperature (294 K). The copper cathode was
used, which generates hydrogen bubbles and is
designed as an upward-facing disk plate. The cathode
surface was polished by using 2000 grit emery paper to
maintain the bare surface condition. The size of cathode
(L) is varied from 5 mm to 30 mm as shown in Table 1.
Power supply was used to control the cell potential and
the current density. The electric data was recorded
using a data acquisition (DAQ) system. The high-speed
camera was used to record the bubble behaviors at each
cathode size.
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Fig. 1. Experimental apparatus and test section.

Table 1. Variation of cathode size.

Configuration of cathode Cathode size, L (mm)
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4. Results and discussion

4.1 Hydrogen bubble behaviors according to the E-I
curve

Figure 2 and 3 show the bubble behaviors according
to E-I curves. Similar trends of E-I curves were
measured regardless of the L. As the cell potential
increased, the hydrogen gas generation became more
vigorous with increased current density as shown in the
points (a-d) of the Figs. 2 and 3. When the cell potential
reaches a certain level the current density is limited due
to partial hydrogen film as shown in the point (e).
However, different bubble behaviors were observed
after the CCD point according to the L. In case of the
small L, Fig. 2(f), a stable hydrogen film was formed on
the surface, while somewhat unstable hydrogen film
was formed in Fig. 3(f). It is due to the increased L,
which cannot be covered by a single hydrogen film.
Thus, the current density did not drop drastically in case
of the L =30 mm as did in the L = 5 mm case.
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Fig. 2. E-I curve and hydrogen bubble behaviors; L = 5 mm.
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Fig. 3. E-I curve and hydrogen bubble behaviors; L = 30 mm.

4.2 Comparison of bubble behaviors between CHF and
CCD according to the surface

Figure 4 shows bubble behaviors of the boiling and
hydrogen evolving systems. The white lines denote the
location of the surface. Smaller bubbles are observed in
the hydrogen evolving system (right column) than that
of the boiling system (left column). This is due to the
nucleation characteristics of the hydrogen evolving
system: Small bubble departure diameter and high
nucleation site density compared to the typical water
boiling systems [4]. Thus, the hydrogen generation rate
at the CCD is much smaller than the water boiling
system, which results in the different bubble behaviors
as shown in the Fig. 4. However, at the 30 mm case in
the hydrogen evolving system, hydrogen mushroom is
observed over the surface, similar to the boiling system.
The increased hydrogen generation due to the increased
L facilitates the formation of the hydrogen mushroom.
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Fig. 4. Comparison of bubble behavior just before the CHF
and CCD according to the surface size; left column denotes
boiling system [14] and right column denotes present result.

Figure 5 shows formation process of the hydrogen
mushroom in case of L = 30 mm. Vigorous nucleate
bubbles at 0 ms started to coalescence into a hydrogen
mushroom (20 to 40 ms). Subsequently, the hydrogen
mushroom is finally departed from the cathode surface
(60 ms). This phenomenon is periodically occurred.

Fig. 5. Formation of hydrogen mushroom.

4.3 Variation of CCD according to the surface size

Figure 6 shows measured CCD according to the L.
The present results are compared to the previous CHF
studies [12-14]. The CCD decreased with increased L.
The same tendency appeared in CHF results. This can
be explained by the increased rewetting resistance with
the increased L, same with CHF. When the current
density is increased, the generation rate of hydrogen gas
at the cathode increased as shown in the Fig. 2 and 3.
The increased hydrogen gas generation near the CCD
disturbs the inflow of bulk liquid from the above, thus
the rewetting phenomenon is mainly caused by side
flow. Hence, the increased L increases the fluid path
length to reach the center of the cathode; enhanced
rewetting resistance. This phenomenon results in the
decreased CCD with increased L. Despite the different
bubble behavior between the boiling and hydrogen
evolving systems, it is revealed that the two systems
share the influence of L, which shows analogy in terms
of hydrodynamics.

2500 . . . . . . 300
A Hydrogen evolving system
® 1.5MH,S0, solution, Cu
. : 250
2000 4 Boiling system
L - Kwark etal. [12]
O Water, Cu

-Luetal. [13,14] 200
~ 1500 N O Water, Si —
= 2 A Water, SINW =
£ £
= a Fis0o <
= ? o * =)
= 1000 o 5 ® 8
5 o Lioo S

o
500 -]
e o 50
0 T T T T T T 0
0 5 10 15 20 25 30 35
L (mm)

Fig. 6. The influence of L on CCD and CHF [12-14].
5. Conclusions

The CCDs were measured varying the cathode
surface size to confirm an analogous relation between
the CHF and the CCD.

Photographic  analyses showed the increased
hydrogen generation rate with the current density
increased. Similar to the CHF phenomenon, hydrogen
film is formed at the cathode surface at a certain high
current density, CCD.

The CCD decreased as the cathode size increased,
similar to the CHF. Due to the nucleation characteristics
of the hydrogen evolving system, smaller hydrogen
bubbles are observed than the water boiling system.
Despite the different bubble size, it seems that the CCD
is subjected by the enhanced rewetting resistance as the
cathode size increased, similar to the CHF when the
heater size is increased.

This work proves the additional analogous relation
between the CHF and the CCD in the aspect of
hydrodynamics.
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