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1. Introduction

The containment vessel (CV) of traditional large
nuclear power plants is designed to protect the reactor
from missile, contain radioactive materials, and
minimize biological effects. However, with the growing
interest in Small Modular Reactors (SMR), the size of
the reactors and CV has been reduced. Alongside this,
there has been an increasing demand for passive safety
systems that ensure reactor safety without external power
during an accident, adding the function of providing the
ultimate cooling mechanism to the containment vessel.

Various pressurized water reactor (PWR) type SMRs
are designed to allow the connection between reactor
vessel (RV) and CV during an accident, inducing steam
condensation. The steam from the RV releases latent heat
and condenses as it reaches the cold upper dome of the
CV [1-3]. Due to the latent heat, the upper dome of the
CV reaches the highest temperature within the CV,
making external cooling of the dome crucial for the
Passive Containment Cooling System (PCCS).

However, research on external cooling of the dome has
not been sufficiently conducted. Additionally, the
diameter of licensed or currently designed SMRs, such
as Westinghouse at 9.75 m and NuScale’s VOYGR at 4.6
m, generally range between 4 to 10 m [4]. Although this
significantly smaller than those of traditional large
nuclear power plants, it falls within a very large turbulent
range in the scale of natural convection. However,
research on the most basic form of a dome, the
hemisphere, has been limited to laminar ranges.

Snoek and Tarasuk (1975) conducted heat transfer
experiments using an isothermal hemisphere within the
laminar range of 5.36 x 10° < Rap < 6.19 x 103,
resulting in findings that closely matched McAdams'
sphere correlation. Jaluria and Gebhart (1975) also
conducted heat transfer experiments using an isothermal
hemisphere within the laminar range of 6.9 x 10® < Rap
< 2 x 10°, observing the formation of a buoyancy plume
in laminar flow [5]. Liu et al. (2018) and Swastik
Acharya (2022) analyzed the bottom surface effects of
the standalone hemisphere structure, also within the
laminar range [6, 7]. However, heat transfer research
reflecting the structural characteristics of domes in
turbulent ranges remains absent. Therefore, this study
was planned to observe the changes in fluid flow and heat

transfer in the upper dome at high Ra, depending on its
shape.

2. Theoretical background

The characteristics of heat transfer flow in a dome are
determined by the truncation angle(#). The truncation
angle is a means of defining the structural characteristics
of the dome, determined by cutting a hemisphere in the
case of a semi-spherical dome structure. The truncation
angle is defined as the central angle from the top point of
the hemisphere to the cutting point along the arc, with the
center of the hemisphere as the reference point (Fig. 1).
The larger the truncation angle, the greater the change in
surface slope. The diameter of the dome’s base circle is
fixed by the diameter of the cylindrical structure (Dc),
and the truncation angle varies by changing the dome
height. A larger truncation angle results in a taller dome,
making it closer to a hemisphere, while a smaller
truncation angle results in a shorter dome, making it
closer to a horizontal plate. In this dome structure, the
slope continuously changes from the leading edge to the
dome’s top point where the slope is zero. As the
truncation angle decreases, the maximum slope of the
dome also decreases.

Hemisphere

Fig. 1. Truncation angle (0) concept on dome.
2.1 Truncation angle study

Dong et al. (2023) [8] conducted a study using CFD to
investigate domes with different truncation angles. The
study analyzed the temperature and pressure fields for
truncation angles of 90°, 75°, 60°, 45°, 30°, and 15°.
Dong et al. (2023) observed high pressure at the dome
top where the plume develops and a low-pressure zone
in the middle of the dome surface. They explained that
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this pressure gradient influences the flow velocity along
the dome surface. The flow along the dome surface
reached its maximum velocity at the mid-surface low-
pressure zone, then gradually decreased in speed as it
moved towards the plume. However, Dong et al. (2023)
only studied a limited truncation angle (8 = 45°) and
focused on a very low range of Ra, (w: Arc. Length of
dome). Since research on the truncation angle of the
dome is too limited, such phenomena can be verified
through the more extensively studied inclined plate.

2.1 Inclined effect on plate

The slope on an upward-facing plate influences the
flow differently than expected. Guha et al. (2017) [9]
explained that two forces dominate the flow over an
inclined plate, with their dominance varying depending
on the angle of inclination. Unlike vertical plates, where
buoyancy and flow directions are aligned, an inclined
plate alters the direction of buoyancy relative to the flow
direction, causing a buoyancy force that acts
perpendicular to the flow direction to develop. This force
generates a pressure gradient perpendicular to the flow
direction, making the pressure gradient over the plate no
longer negligible. Guha explained that when the
inclination angle is small, the flow over the plate is
significantly affected by the pressure gradient. Fig. 2
shows the static pressure over an inclined plate analyzed
through CFD [10]. The high pressure area corresponds to
where the plume develops, and when the inclination
angle is less than 15°, the pressure field in the flow
direction is non-uniform and variable. This flow
influenced by the pressure field was visualized using
smoke by Kimura et al. (2002) [11]. Fig. 3 shows the
flow patterns over inclined plates at different flow ranges.
It reveals that for plates with small inclination angles, the
flow is not only upward due to buoyancy but also
develops a downward flow along the plate influenced by
the pressure field. Kimura named the point where the
upward flow from the bottom and the downward flow
from the top collide the “collision point” and explained
that this point is most influenced by the inclination angle,
more so than by factors such as Ra or the width of the
plate. Therefore, this phenomenon can also be observed
in dome structures where the surface slope continuously
changes.
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Fig. 2. Pressure contours adjacent to isothermally heated
inclined plates at various inclinations of the plate in the

range 0° <y < 90° [Guha et al. (2019)].
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Fig. 3. Flow field with different inclined angle and Ra.,
with observation of collision point [Kiumra et al. (2002)].

3. Experimental design
3.1 Mass transfer method

In this experiments, heat transfer experiments will be
substituted with mass transfer experiments using the
analogy concept [12]. The governing equations for heat
and mass transfer are analogous and belong to the same
mathematical class. In heat transfer system, temperature
(T) and thermal diffusivity (a) can be directly compared
to concentration (C) and mass diffusivity (D) in mass
transfer systems. In this study, a CuSO4-H2SO4 copper
electroplating system was chosen. When an electric
potential is applied to electrodes submerged in a CuSO4-
H,SO4aqueous solution and are subsequently reduced at
the cathode. The concentration between the cathode
surface and the bulk fluid is analogous to the temperature
difference between the heater surface and the bulk fluid,
while the current density represents the heat flux.
However, accurately measuring the concentration of
cupric ions at the cathode surface during mass transfer
experiments is challenging, so the limit current technique
is employed [13]. This experimental technique, based on
the heat and mass transfer analogy, has been employed
by various researchers [14, 15]. Typically, D,, is much
smaller than «, making mass transfer systems
particularly suitable for simulating fluids with high
Prandtl numbers. This system is effective in achieving
high Ra. Table 1 presents the corresponding governing
parameters for both heat and mass transfer systems. The
mass transfer coefficient (hm) can be obtained by Eq. (1).
In this context, the amount of copper ions deposited on
the cathode is analogous to the amount of heat transfer.
Consequently, the observed electroplating patterns
serves as a representation of the local heat transfer
patterns [16].
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Table I. Dimensionless numbers for the analogous

systems.
Heat transfer Mass transfer
Nu hpD/k Sh hwD/Dyy,
Pr v/o Sc Vv/Dypy
Ra gpATC3 /oy Ra GC/Dyy

3.2 Test matrix and rig

Table II shows test matrix. The Pr was fixed at 2094.
Additionally, D¢ and the corresponding Rap. was set to
high value of 1.08 x 10'3, ensuring a turbulent flow
regime. The truncation angle () of the dome was varied
to observe its effect.

Table II. Test matrix

Pr D¢ (cm) Rap. 0(°)
90
13
2094 40 1.08 x 10 30

Fig. 4 shows a schematic of the experimental
apparatus along with its electrical circuit diagram. A
dome-shaped cathode was placed at the center of an
acrylic tank. The cathode was sectioned to observe the
variation in heat transfer according to the fluid flow. An
anode, measuring 40 cm in length, was positioned at the
opposite corners of the acrylic tank to ensure stable
electrical current. Power was supplied through a power
source (Viipower K1810), and current was measured and

recorded using a DAQ (NI 9227).

Fig. 4. Overview diagram of the experimental apparatus
in upper dome with electrical circuit diagram.

4. Conclusions

Through this design, the study aims to analyze the
flow characteristics developing the standalone upper
dome structure and to examine the impact of the dome’s
truncation angle on flow development. In particular, for
the low truncation angle case, where turbulence begins
to develop and pressure is expected to have a significant
influence, a different flow patterns is anticipated.
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