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1. Introduction

During a large break loss of coolant accident (LOCA)
in a pressurized water nuclear reactor, the collision heat
transfer of saturated droplets above Leidenfrost point
temperature [1] is of great importance in predicting the
peak cladding temperature of overheated fuel rods.
Under LOCA conditions, the Weber number of droplets
is expected to be less than 30 which implies that the
impact regime is a perfect rebound without atomization
of the small droplet [2].

Behaviors of droplet show different physical aspects
according to the temperature of the materials during
impinging of droplet on a heated wall. Early studies
focused on the dynamic characteristics because of the
difficulty of measuring the heat transfer characteristics of
colliding droplet. Some studies [3-12] have determined
the regime maps based on dynamic characteristics such
as rebound, splash, and break-up. For example, Tran [12]
suggested heat transfer regime of subcooled droplets
colliding with a heated surface only based on collision
dynamics. They considered the heat transfer regime of
the bouncing droplet to be the film boiling.

So far, a common issue with heat transfer regime map
is that it is inherently qualitative by exploiting the
dynamic behaviors of droplet, not based on quantitative
value of heat transfer. Our group investigated and found
that the heat transfer characteristics of a saturated
bouncing droplet could vary even though the dynamic
behaviors are similar, as shown in Fig. 1 [13]. This result
shows that an identification for heat transfer regimes of
droplet impinging on heated surface is not yet clear.

Therefore, this study aims to experimentally
determine a heat transfer regime map solely based on
quantitative heat transfer amount instead of qualitative
observation of collision dynamics.
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Fig. 1. Heat transfer effectiveness of a saturated bouncing
droplet per a collision as a function of Weber number [13]

2. Experiments
2.1 Experimental setup

Fig. 2 shows the experimental setup for the droplet-
wall collision test. Collision dynamics and associated
heat transfer characteristics of a saturated droplet
colliding onto a hot Sapphire plate at various collision
velocities and surface temperature are examined using
synchronized high-speed video (Phantom v7.3) and
infrared cameras (FLIR SC6000) with a frame rate of
1.5 kHz.

The droplet-wall collision interface temperature was
measured using the infrared camera. The combination of
the infrared-opaque Pt film on the infrared-transparent
sapphire permits to measure surface temperature of the
100-nm-thickness Pt film from below of the sapphire test
sample.
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Fig. 2. Schematic of the experimental apparatus [14]
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2.2 Experimental conditions

Table 1 summarizes the experimental conditions based
on typical conditions of reflooding phase. In this study,
deionized water was used as the working fluid in
experiments.

Table. 1 Experimental conditions

Parameters Experiments
Pressure [MPa] 0.1
Droplet temperature, T4 [C] 100
Normal Weber number, We, 2-46
Droplet diameter, Dq [mm] 1.7
Normal velocity, Vi, [m/s] 02-1.3
Wall temperature, T, [°C] 375-575
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2.3 Data reduction

The heat transfer regimes are determined on the basis
of the change in heat flux distribution and effectiveness.
The important parameters in calculating the total heat
transfer amount for a single droplet collision (Eq) are the
effective heat transfer area and local heat flux
distribution. The surface heat flux distribution was
obtained by solving transient heat conduction equation
for the heated substrate using the measured surface
temperature data as the boundary condition of the
collision surface [13]. Effective heat transfer area during
droplet-wall interaction was defined using the local heat
flux distribution. Eq was obtained by integrating the local
heat flux obtained from the temperature distribution
measured by the infrared camera over the residence time
obtained by HSV. Finally, effectiveness (¢) is calculated
by the ratio of the removed energy (Eq) during a droplet-
wall collision to the energy (Emax) required to evaporate
the droplet completely.

E, = ftR quw (DA(t)dt (1
_ Eq _ Eq
€= Em ax - nDz (2)
P Ny

3. Results and Discussions

Heat transfer characteristics of droplets colliding with
the heated wall are classified into two: film boiling and
transition boiling. Fig. 3(a) shows images of the film
boiling regime. The formed vapor film is thick enough to
prevent the direct contact between the droplet and heated
wall. Transition boiling is shown in Fig. 3(b). It is similar
to the film boiling regime, but the droplet partially makes
contact with the heated wall during collision process.
The partial contact is due to higher inertial force of
colliding droplets. It is found that transition boiling
occurred at the high collision velocity and low surface
temperature.
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Fig. 3. Heat transfer regimes of saturated droplet:
(a) Film boiling, (b) Transition boiling
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Fig. 4. Effectiveness in accordance with collision velocity

Effectiveness of droplet-wall collision heat transfer
calculated by integrating local surface heat flux is shown
in Fig. 4. The heat transfer characteristics in the region
where We, is lower than 10 at 506 °C can be considered
as film boiling regime. This is in agreement with
magnitude of results during film boiling by Kendall and
Rhosenow [15]. Experimental results considered as the
film boiling are in good agreement with the prediction
results using the heat transfer model.

However, the slope of the effectiveness at 506 °C
changes due to the heat transfer enhancement by direct
contacts occurring at the We, > 10, as seen in Fig. 3(b).
As the collision velocity increases, the heat transfer
regime changes from film boiling to transition boiling.
This may be because the inertial force of the droplet
pushing the steam increases, which makes contact easier.

Fig. 4(b) shows the results obtained at 400°C. The
overall trend of effectiveness as a function of the normal
Weber number is similar to that at 506°C. However, the
effectiveness at 400°C increases rapidly in the conditions
of We, < 10 and then gradually increased with increasing
collision velocity. In addition, it shows that the
experimental results are higher than the prediction results
in the experimental range of present study.

Comparing the tendency of effectiveness at 400 °C to
that of 506 °C, the difference in effectiveness would have
been caused by the wall temperature. When the wall
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temperature is higher than the Leidenfrost temperature,
the vapor film formed by the heat transfer prevents the
direct contact of droplet on heated wall. On the other
hand, the decrease of wall temperature results in the
inhibition of vapor formation causing partial contact.
These characteristics indicate the cause of the higher
experimental results with respect to prediction results.
The regime map for saturated droplet-wall collision is
constructed by a combination of surface temperature and
normal Weber number, as shown in Fig. 5. It is found
that film boiling occurred at the low collision velocity
and high surface temperature. The transition between the
film boiling and transition boiling regimes was related
closely to the dynamic Leidenfrost temperature that
depended on the collision velocity. The formation of
vapor pressure corresponding to the dynamic pressure of
droplet is required to maintain the film boiling regime.
Therefore, a higher surface temperature is required to
maintain the film boiling during the collision of droplet
with high collision velocity on the heated surface [14].
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Fig. 5. Heat transfer regime map of saturated droplet
4. Conclusions

In this paper, heat transfer regimes of saturated droplet
impinging on heated surface were experimentally
investigated using the infrared thermometry technique.
The regimes of saturated droplet are displayed on a
quantitative two-dimensional map, having the initial
surface temperature and the normal Weber number as
coordinates.

Two distinct heat transfer regimes were identified
during droplet-wall collision under reflooding phase
conditions: film boiling and transition boiling. It is found
that, although the collision behaviors is similar
regardless of experimental conditions, the heat transfer
characteristics of droplet change with the combined
effect of collision velocity and wall temperature. This
result indicates that the use of criteria based on dynamic
characteristics makes a significant error when
determining the classification of heat transfer regimes.

Therefore, it is essential to determine the heat transfer
regimes of droplets based on a quantitative heat transfer
amount. The regime map of a saturated droplet

determined in this study will contribute to more accurate
analysis of droplet-wall direct collision heat transfer in
dispersed flow film boiling.
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