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ABSTRACT

In this study, we researched augmenting bubble behavior on heat with external
flow using volume of fluid model. The subject is also concerned about the
implementation methodology of heat transfer enhancement in nuclear power plants.

The main objective of this research is to show how force convection heat
transfer can be augmented in nuclear power plants by means of a certain structure
that can push hot liquids or bubbles out of neighboring heated surface. We carried
out numerical experiments in this regard considering theoretical backgrounds and
result have been elucidated in the subsequent sections. When an intricate piece of
machinery of reactor core (or U-shaped heat exchanger) is taken into consideration,
it is observed that an artificial flow of fluid is generated by an impeller or outlets of
induction pipes that cannot be embodied easily in case of fission reactors, although
it can be easily figured out in case of tokamaks.

The main goal of this study is how to use force convection for nuclear plants
with a certain device and design plan. For example, in nuclear power plant, a
structure which can push hot liquid or bubbles out of neighboring area of heated
surface for force convection was bodied out. When an intricate piece of machinery
of reactor core (/or U-shaped heat exchanger) is taken into consideration, it seems
that an artificial flow of fluid which is produced from an impeller or outlets of
induction pipes cannot be bodied out easily. But an artificial flow of fluid which is
produced from an impeller or outlets of induction pipes can be bodied out even in
tokamaks. In the case of structures which produce forced convection or bubble
pushing, the volume of provided cooled liquid or the speed of departure of bubble
on the surface of heated surface is expected to be in proportion to speed of moving
structure, moving liquid or the effect of shape of volume.

Apart from that numerical study of the movement of bubble is performed using
the Volume of Fluid (VOF) model of commercial CFD software named ANSYS.

The modeling of force convection heat transfer in order to increase the departure of



bubble is performed. Also, the behavior of the bubble which is elicited by the
different type of force convention is investigated with expectation of effectiveness
for heat transfer enhancement in nuclear plants.

As a method of enhanced heat transfer, this paper focused on the characteristics
of convective heat transfer by using forced artificial flow which connected with
motor or pump or outer force such as flow of fluid.

A bubble cutter system has been used as the passive heat exchanger in this
study. In addition, an artificial flow system that can cut (and/or push and break)
bubbles is explained to drag bubbles. The rate of convective heat transfer will be
increased by the local forced convection.

In this study, different types of artificial flow have been examined by
comparing results with VOF modeling. The departure of bubble can be accelerated
by the artificial flow which in turn will increase heat transfer. The qualitative

features of the bubble departure have been shown by numerical simulation.

Keywords: Heat Transfer, Bubble Behavior, Departure of Bubble, Nuclear Plants,

Local Forced Convection, Volume of Fluid
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1. INTRODUCTION

The heat transfer is an important parameter in the design and operation of
nuclear reactor fuel rod assemblies in nuclear plants.

The enhanced heat transfer can convert heat more effectively from heat source.
Especially, the critical heat flux is the condition in which the tube wall is not
wetted by the liquid and is in direct contact with the vapor phase. The resulting
deterioration of the convective boiling heat transfer mechanism leads to a large rise
in the wall temperature in a heat flux imposed system such as a nuclear reactor. So,
the enhanced critical heat flux which prevents a large rise in the wall temperature is
demanded in the design.

Of course, the enhanced heat transfer is required in fusion reactor. For instance,
it may permit wide range of performance of each component in the design of
blankets of a fusion reactor. Furthermore, it can also allow fusion-fission hybrid
system. For example, nuclear fusion by magnetic confinement has made great
progress in recent times despite its commercial application is yet far away to
achieve. So, the fusion hybrid can be considered as an alternative.

In the recent years, many researchers have attempted to increase heat transfer
as well as Critical Heat flux (CHF) by using nano-particles and even by varying
shape and arrangement of spacer grids. Researchers have been trying to analyze the
bubble behavior experimentally and academically for the aims.

While the simplicity of the systems also implies economic construction and
operation compared to other kinds of power plants, nuclear plants needs many
bundle of pipes for heat transfer. Not only the enhanced heat transfer but also the
enhanced safety is prerequisite for expanding market of the nuclear plant. The
safety should be ensured concurrently, as we have got a living lesson in case of a
loss-of-coolant accident, hence melt down accident must be prevented at any cost.

When researcher analyzes that kind of important environment setting, the bubble



behavior in various conditions must be emphasized with special attention.
Therefore in order to increase heat transfer it may be necessary to manage the
bubble behavior.

In order to meet these galloping demands of nuclear power industry,
development of an innovative heat transfer methodology is of utmost importance
which will be both economic and will achieve greater sustainability, safety and

reliability.



2. RESEARCH TREND

2.1. Research Trend on Nuclear Plants

Enhanced heat transfer is one of the prospective aims for nuclear power plant
(NPP). Regarding to the flow boiling heat transfer enhancement with surfactant
solutions under atmospheric pressure, surfactant solutions or surface conditions
have an effect on the behavior of occurrence bubbles on a heated surface.

Based on a number of theories related to the bubble dynamics and heat transfer,
many works have explained how bubbles get loosed from its attachment to a heated
surface [1]. The phenomenon is explained in Figure 2-1. It shows growth and
departure of two bubbles for a wall superheat of 10°C taken from the reference [2].
The experimental and numerical methods are basically the same with little
difference.

It is also investigated in a number of researches how enhanced heat transfer can
be obtained using the bubbles behavior on nano coating layer can enhance the
Critical Heat Flux (CHF) [3].
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Fig. 2-1. Growth and Departure of Bubbles [2]



2.2. Call for Innovative System

The more enhanced heat transfer demands the more efficiency in the process
of design nuclear plants. Not only economics but also sustainability, safety and
reliability are major design considerations. And they are directly linked with the
whole designed structure of nuclear plants. Moreover, the design is taken into
consideration in which the prevention of nuclear power plant accidents. It requires
more attentive accuracy.

So, the enhanced heat transfer is required to design nuclear plants more
efficiently and to operate nuclear plants more economically. It will permit new
designed nuclear plants and conventional nuclear plants to meet the Nuclear

Energy System goals of sustainability, safety, reliability, and economics.



3. HEAT TRANSFER ENHANCEMENT

3.1. Major Concept of Heat Transfer Enhancement

Heat transfer is a discipline of thermal engineering that concerns the generation,
use, conversion, and exchange of thermal energy and heat between physical
systems. As such, heat transfer is involved in almost every sector of the economy.
Heat transfer is classified into various mechanisms, such as thermal conduction,
thermal convection, thermal radiation, and transfer of energy by phase changes.

The transfer of mass of differing chemical species, either cold or hot achieves
heat transfer. While these mechanisms have distinct characteristics, they often
occur simultaneously in the same system.

Heat conduction, also called diffusion, is the direct microscopic exchange of
kinetic energy of particles through the boundary between two systems. When an
object is at a different temperature from another body or its surroundings, heat
flows in the direction so that the body and the surroundings reach the same
temperature. When the same temperature is obtained, these bodies are in thermal
equilibrium. Such spontaneous heat transfer always occurs from a region of high
temperature to another region of lower temperature, as described by the second law
of thermodynamics.

Convection is the concerted, collective movement of groups or aggregates of
molecules within fluids (e.g., liquids, gases) and rheids, either through advection or
through diffusion or as a combination of both of them. Convection of mass cannot
take place in solids, since neither bulk current flows nor significant diffusion can
take place in solids. Diffusion of heat can take place in solids, but that is called heat
conduction. Convection can be demonstrated by placing a heat source.

Convective heat transfer is a mechanism of heat transfer occurring because of

bulk motion (observable movement) of fluids. Heat is the entity of interest being
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carried and dispersed. It can be contrasted with conductive heat transfer, which is
the transfer of energy by vibrations at a molecular level through a solid or fluid,

and radiative heat transfer, the transfer of energy through electromagnetic waves.

By transferring matter, energy—including thermal energy—is moved by the
physical transfer of a hot or cold object from one place to another. A practical

example is thermal hydraulics. This can be described by the formula

Q=v-p-Cy-AT (3-1)

Where

Q is heat flux (W/m?), p is density (kg/m?®), Cp is heat capacity at constant
pressure (J/(kg-K)), AT is the change in temperature (K), v is velocity (m/s).

The rate of acceleration due to gravity can be reduced by artificial flow. So, in
this paper, Bubble cutter system, which can cut (and/or push and break) bubbles, is
bodied out to drag bubbles.

It also makes the surface wet condition of heated surface and improves heat
transfer. At low driving temperatures, no boiling occurs and the heat transfer rate is
controlled by the usual single-phase mechanisms. As the surface temperature is
increased, local boiling occurs and vapor bubble nucleate grows into the
surrounding cooler fluid, and collapses. This is sub-cooled nucleate boiling, and is
a very efficient heat transfer mechanism. At high bubble generation rates, the
bubbles begin to interfere and the heat flux no longer increases rapidly with surface
temperature (this is the departure from nucleate boiling, or DNB). At higher
temperatures still, a maximum in the heat flux is reached (the Critical Heat Flux).
The regime of falling heat transfer that follows is not easy to study, but is believed
to be characterized by alternate periods of nucleate and film boiling. Nucleate
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boiling slows the heat transfer due to gas bubbles on the heater's surface; as
mentioned, gas-phase thermal conductivity is much lower than liquid-phase
thermal conductivity, so the outcome is a kind of "gas thermal barrier".

At higher temperatures still, the hydrodynamically-quieter regime of film
boiling is reached. Heat fluxes across the stable vapor layers are low, but rise
slowly with temperature. Any contact between fluid and the surface may probably
lead to the extremely rapid nucleation of a fresh vapor layer. Finally, it causes a
melting accident of the surface. So the extremely rapid nucleation of a fresh vapor
layer must be prevented, critical heat flux is required in designing nuclear power
plants.

Especially, motion of cool liquid is shown in (a) case of Figure 3-1, is worthy
of notice. Bubble cutter system is a structure such as rotatable cutters (or movable
cutters) or an artificial flow of fluid from the system, which can accelerate the
motion of cool liquid or departure of bubbles.

In (a) case, black triangle section and red triangle section mean an artificial
flow of fluid. When velocity from black triangle section to red triangle is increased
by movement of an artificial flow of fluid, heat flux will increase.

More than two triangles can be intervened which is as shown in Figure 3-2. If
the area between two triangle sections is small, the number of triangles passing
over a surface of heat can be frequent. This short-term cut can be mated with the

short formation cycle of bubbles.
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3.2. Proposed Methodology of Heat Transfer Enhancement

Artificial flow is not a discrete object. When the concept of bubbler cutter
concludes a cutter as one of application methodologies, all application
methodologies sometimes overlap and interweave. The artificial flow for heat
transfer enhancement can be result from a shape, which is designed using shape

design method.

3.2.1. Artificial flow As the Bubble Cutter

An artificial flow of fluid toward a heated surface can be produced by many
sources such as by an impeller and a cold liquid induction pipe, which is shown in
Figure 3-3. In case of Figure 3-3 (b), high pressure cold liquids is directly injected
from outlets of the induction meanss such as pipes. And it pushes hot liquid by the
action of artificial flow of fluid. Effective outlet velocity and flow rates and energy
difference between hot liquid and the cold liquid will be only as strong as its
enhanced critical heat flux.

When we consider the effect of artificial flow, the heat flux can be explained by
using the Equation (3-1).

In reference, the ideal hydraulic power to drive a pump depends on the mass
flow rate, the liquid density and the differential height. Of course, friction
resistance in pipe also is under consideration. It is the static lift from one height to
another, or the friction head loss component of the system is. Namely, the artificial
flow needs energy consumption, it need a characteristic of “Overunity”. But, an
energy-saving local artificial flow can be utilized if the intended cooling area is
partly. The additional pumping power will be partially required to the occasion.

Even though there may be frictional resistance in each channel of induced pipes,

10



the required flow capacity is less than the case of pumping coolants to all areas.

STEERING
DEFLECTOR

INLET DUCT

V | NOZZLE BOWL == IMPELLER

(a) (b)
Fig. 3-3. Two Sample Sources of an Artificial Flow of Fluid

3.2.2. Application Prospect

Triangle sections mean a structure such as an artificial flow of fluid. When a
pump pushes in a fluid to the targeted area, it needs pumping power. If the induced
pipe which is connected with pump and other targeted area of cooling is so long,
the system may need more high pumping power.

The artificial flow of fluid from nozzles can be designed for reciprocative
motion, which is the way that resembles windshield wipers besides the energy-
saving local artificial flow. If the heat source has a plate type surface, the artificial
flow of fluid from nozzles can be designed for a to-and—fro motion. In that case,
the forced flow requires a commitment of additional energy for pumping power.

But, shape design method can reduce the required power for the artificial flow
of fluid. For example, in fluid dynamics, Bernoulli's principle states that for an
inviscid flow, an increase in the speed of the fluid occurs simultaneously with a
decrease in pressure or a decrease in the fluid's potential energy.

Bernoulli's principle can be applied to various types of fluid flow which

includes a gas, and when we consider the effect of Bernoulli's principle in

11
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designing nuclear plants, the changed heat flux resulted from the increased speed
of the fluid.

In the view of the thermal conductivity, we can consider a gas with temperature
gradient in cooling pipes and tubes when a coolant is a gas. In such a case, the
shape of cooling pipe can be modified for heat transfer enhancement.

For an example, if one side of tube is hot and the other side of tube cold as like
as the cooling tubes did in fusion reactor, the heat flow is proportional to the
number of particles which met hot side of the cooling tubes that cross the area (A)
near hot side per second. This number is proportional to the product nvA where n is
the particle density and v the mean particle velocity. The magnitude of the heat
flow will also be proportional to amount of energy transported per particle so with
the heat capacity per particle ¢ and some characteristic temperature difference AT
between hot particle and cool particle.

When we design to increase an inviscid flow relying on Bernoulli's principle
state, an increase in the speed of the fluid occurs simultaneously with an increase in
number of particles near hot aspect of cooling pipe. This is the shape design
method which may be a useful design tool to a more localized strong cooling
design.

In the important consideration in nuclear plants design, the number of
particles or molecules near host aspect of cooling area per unit time must be
increased. In that case, the needed number of particles or molecules can be
obtainable if we increase the speed of fluid near the targeted cooling area,
especially when it comes to liquid coolants.

In the some papers, the effects of a swirl tube have been discussed. From this
point of view, the number of molecules of liquid near host aspect of cooling pipe
per unit time increases due to the swirling movement. It comes to be the major

reasons for the heat transfer enhancement.
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4. MODELING OF FORCED ARTIFICIAL FLOW

4.1. Modeling of Bubble Behavior

In this study, the volume-of-fluid (VOF) model in a commercial CFD code
ANSYS FLUENT 12.1 is used.

Original mesh was composed with 12545 nodes, 64 2D heating wall faces, zone,
64 2D pressure-outlet faces, 84 2D symmetry faces, 24320 2D interior faces, zone,

12288 quadrilateral cells.

Domain Extents:
x-coordinate: min (m) = 0.000000e+000, max (m) = 3.890000e-002
y-coordinate: min (m) = 0.000000e+000, max (m) = 1.168000e-001

In order to simulate the bubble departure in CFD code, the modeling of the
bubble departure is performed.

Even though Previous SNU research such as the thesis (2010) of Sung Su Jun
used self developed User Defined Function (UDF) in FLUENT code, this paper
focuses on only the effects of the forced flow toward the departure of bubble [4].

So, its effects need to be analyzed by comparing with the general model of
departure of bubbles. When the characteristic of the departure of bubble is
investigated using the VOF model, the best known User Defined Function (UDF)
in a tutorial -VOF is used, which is published by FLUENT Corporation [5].

While the temperature varies according to the distance from the heating
boundary in the model in the tutorial, the temperature doesn’t vary according to the
distance in this study.

Because the motivation of this work is to understand the effect of different type

13



of artificial flow which can increase heat transfer, it makes sense to use the reliable
model from ANSYS Corporation in order to detect the relation between analyzed
data and inputted artificial flow.

There are 13 numbers of cases which are seen in Figure 4-1 and Figure 4-2.

The major understanding of the bubble behavior is the two simple trends in
Figure 4-3. One is the growth of volume fraction continuously and the other is the
sharp decrease of surface Nusselt Number whenever a bubbler departs from the
film on heat.

Bubble departure may be related with the aspect of growth of the film and the
aspect of unbalanced thermal circulation and its flow, which is seen in Figure 4-4.

Pressure-outlet Symmetry

ase ' Case 03 se 77

(510 degrees temperature)

Pressure-outlet Pressure-outlet

;

Pressure-outlet Pressure-outlet

ase

Fig. 4-1. Case (1-8)
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ase 09 "Case 10 ase Ll
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Heat
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degrees
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at 509
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Fig. 4-2. Case (9-13)
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4.2. Modeling of Forced Artificial Flow

Because the direction, the temperature of flow is defined by inputted boundary
condition, Figure 4-1 and Figure 4-2 show the inputted boundary condition of
present modeling of the bubble behavior.

The characteristic of the present modeling of the bubble behavior are as follow.

An artificial flow hits a film bubble, which is seen at the bottom and second
photo in Figure 4-5, the film moves from the surface of heating boundary to out of
cell, which was seen at the bottom and second photo in Figure 4-6. Therefore, in
this study, additional symmetry flow is used to contain the bubble on the surface of
heating boundary, which was seen at the first photo in Figure 4-7.

When asymmetry artificial flow was considered as an important case, this study
discovered that that case can’t show the bubble departure. As the number of
symmetry artificial flow cases increased, so has the number of cases.

For example, 0.2m/s symmetry artificial flow at 45° angle, 30° angle and 75°
angle are the added cases. 0.2m/s semi-symmetry artificial flow, 0.4m/s semi-
symmetry artificial flow and etc are the another cases. In Case 09, Case 10 and
Case 11, the forced flow from 15 right shells is designed to determine whether the

energy-saving local artificial flow is effective.

This behavior demonstrates the effects of asymmetry artificial flow is to wash
over heat and sweep bubbles from heat to near boundary. But the development
patterns of a bubble departure in the symmetry artificial flow cases are similar to
the case in the tutorial -VOF [5].

The symmetry artificial flow cases also will be applied to the different

temperature artificial cases.
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5. ANAYSIS OF EFFECTS OF FORCED
ARTFICIAL FLOW

5.1. ANSYS VOF Modeling Result

5.1.1. Departure of Bubble

In this study, different types of artificial flow by comparing results with VOF
modeling. The departure of bubble can be accelerated by the artificial flow. It
means that the artificial flow can increase heat transfer.

Results for 0.2m/s symmetry artificial flow at 45° angle, 30° angle and 75°
angle, Figure 5-1 shows development patterns of bubble departure. It seems that
the different pressure to the bubbles can induce different bubble behavior. This
behavior demonstrates that effects of an effective direction of artificial flow to a
bubble for cutting off the bubbles. The more the forced flow hits bubble effectively,
the more increased heat transfer is.

Results for 0.2m/s symmetry artificial flow at higher temperature (509 degrees)
and lower temperature (491 degrees), which are seen in Figure 5-2, number 5,
number 6, show the fact that the different temperature to the bubbles can induce
different bubble behavior. This behavior demonstrates that effects of a low
temperature artificial flow to a bubble increase these effects inducing sharper and

more increased heat transfer.

5.1.2. Heat transfer

Since the Nusselt Number (Nu) is the ratio of convective to conductive heat
transfer across a boundary, the surface Nusselt Number is the ratio of convective to
conductive heat transfer of the heater. A larger Nusselt number corresponds to more

active convention.
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In the modeling of this study, the surface Nusselt Number is determined by the
thickness of film bubble and the crashing flow of liquid. When a bubble departures
from surface of heat, the surface Nusselt Number decreases.

So, it is observed that the increased speed of bubble departure can increase heat

transfer. The simulation slows these qualitative features of the bubble departure.
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5.2. Results and Discussion:

We now turn to a more challenging test of deductive reasoning to reach
conclusion.

In past research, Damir Juric and Gretar Tryggvason conferred the shape of
bubbles. They showed that a parent bubble assumes a skirted shape [6]. It can be
assumed that the increased departure of a bubble by the symmetry inlet flow may
help the film to transform from a film into a bubble shape. When the phase change
process is deal with by adding a user defined function (UDF) source term in each
phase, a model is used to consider the effect of surface tension [7]. So, not only
shapes of bubbles but also its surface tension can be considered in explaining the
departure of a bubble.

Asymmetry velocity makes the flow drag bubbles from an original place to
another place. Consequently, any a bubble could not be formed in case 02, case 03,
case 04 and case 05. So, the heat transfer enhancement was equal to velocity. The
phenomenon is explained in Figure 5-3.

The phenomenon is explained in Figure 5-4. It shows easy growth and
departure of bubbles on heat can increase heat transfer. While the artificial flow
was became with a small quantity of liquid in case 09, the efficiency of formed
liquid pressure in cutting for bubbles makes the artificial flow to compete on equal
terms with the artificial flow in case 02. We make sure it meets the assumption that
the more rapid rise in the number of bubble departure will increase the heat transfer.

A flow of warm liquid can’t increase heat transfer highly in case 13. The lesson
from this study is the fact that the artificial flow should make it easier to become a
bubble shape. In case 08, the artificial flow at 75° angle permits the center of
bubble to be free of pressure. Consequently, the case 08 achieves improvement in
heat transfer as compared with case 06 and case 07.

Generally, it is found that wall contact angle has a great influence on the

morphology of bubble [8]. It seems that the pressure of liquid may help bubble to
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form an appropriable content angle in case 08.

Figure 5-6 shows several forms of bubble departure. Table 6-1 shows crude

bubble departure frequency within 4.80e-1 second. In the case 10, the bubble

departure frequencies are nearly the same except for the first bubble departure

frequency.

While Surface Nusselt Number defines what heat transfer enhancement is alike,

aspects of the bubble departure frequencies are often variously not to have power

of explanation. For example, Surface Nusselt Number of case 03 has power of

explanation about its heat transfer enhancement while its aspect of bubble

departure is to be pushed out without any chance of bubble formation.
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5 - - - -
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8 2.45e-1 1% frequency; 2.45 e-1 4.40e-1 2" frequency; 1.95 e-1
9 3.51e-1 1% frequency; 3.51 e-1 - -
10 3.47e-1 1% frequency; 3.5 e-1 - " Reference - " Reference
11 3.11e-1 1% frequency; 3.11 e-1 - -
12 2.2%-1 1% frequency; 2.29 e-1 3.87e-1 2" frequency; 1.58 e-1
13 2.33e-1 1% frequency; 2.33 e-1 - -
* Reference; Third bubble departure time is 5.76e-1. (3nd frequency; 1.45e-1) — Except for 1% frequency, the frequency may
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6. Heat Transfer Design Applying the Proposed
Methodology

6.1. Application Methodology

At first, an artificial flow of fluid toward a heated surface can be produced by
many sources such as an impeller and a cool. Further, in case of Figure 3-1 (a),
triangle sections means a structure such as the bubble cutter or an artificial flow of
fluid. In the case of making a real cutter rotating on a heated surface in order to cut
(and/or bush, break) bubbles, there can be two type of cutter mounting, which is
shown in Figure 6-1.

The artificial flow and bubble cutter are not discrete objects, they sometimes
overlap and interweave. For example, Bubble cutter can be not only a structure of
cutter but also an artificial flow which is impelled toward bubble through induced
pipes or impeller. Triangle sections mean a structure such as a monolithic bubble
cutter or an artificial flow of fluid. In the case of a structure of making a real cutter
rotating on a heated surface in order to cut (and/or bush, break) bubbles, it needs
rotational power. If the system doesn’t need high speed of rotation, it can be
designed to rotate outer surface or inner surface of pipe by using nearby flow of
fluid with wing.

In general, rotational energy will be proportional to flow power of a fluid.
Generally, flow energy such as wind energy is the kinetic energy of fluid such as
air in motion. Total flow energy flowing through an imaginary area A during the
time t is concern with density of fluid and speed of fluid. The shape design which
induces Bernoulli Effect can lessen the needed power.

When heating surface is a slab, the shape design can be properly taken into
account. In such a case, we can design a bubble cutter for reciprocative motion

besides the shape design method, which is the way that looks like windshield
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wipers.

Secondly, hybrid cooling design method means the combination of a certain
cooling system. When a pump pushes in a fluid such as liquid or gas to the targeted
area, it can push different kind of coolant to the targeted area. Of course, gas
mixture or fluid mixture will come into being. Whereupon, when the different
kinds of coolants circulate through the nuclear system or fusion reactor system, the
mixture of gases or fluids needs to be separated the original coolant and the newly
input coolant. These design concepts of hybrid cooling design method are
necessary if some local areas need to be cooled by a coolant especially.

Major proposed methodologies are summarized in Table 6-1. It is essential not
to spoil the safety of nuclear plants when it is involved in heat transfer

enhancement for economics.

Cutter
Mounting

axis

Cutter
Cutter
Mounting

,' Wheel & rail

(h)
Fig. 6-1. Type of Cutter Mounting
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Table 6-2. Proposed Methodologies

Heat transfer /

No. Title Coolant
CHF
1 | Bubbler cutter (structure type) Liquid 0/0
Bubbler cutter (artificial flow o
2 Liquid 0/0
type)
3 | Artificial flow (Impeller type) Liquid, gas 0/0
5 | Shape design Liquid, gas 0/0
) ) ) Liquid, gas (allowed for
6 | Hybrid cooling design 0/0

mixture)
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6.2. Heat Transfer Design in Nuclear Power Plants

A nuclear power plant as a thermal power station has the heat source, a nuclear
reactor as a primary system, and steam turbine as a secondary system. In Boiling
Water Reactor (BWR), when heat is produced by fission in a nuclear reactor, it
produces steam.

In Nuclear Power Plant (NPP), especially in a Pressurized Water Reactor
(PWR), the primary coolant is pumped under high pressure to the reactor core
where it is heated by the energy generated by the fission of atoms. The heated
water then flows to a steam generator where it transfers its thermal energy to a
secondary system where steam is generated and flows to turbines which, in turn,
spin an electric generator. In contrast to a boiling water reactor, pressure in the
primary coolant loop prevents the water from boiling within the reactor. A U-
shaped heat exchanger is used to transfer the thermal energy to a secondary system.
All Light Water Reactors (LWRs) use ordinary water as both coolant and neutron
moderator.

A bubble cutter system may be not embodied easily due to an intricate piece of
machinery of reactor core. But an artificial flow of water can be produced by the
bubble cutter system which has an impeller for watering toward a heated surface of
the reactor core. Of course, all heated water by each nuclear fuel rod of the reactor
core will not be affected by an artificial flow of fluid in every part of reactor in this
way.

In the case of a heat exchanger system, while some bubbles flow under the
influence of an artificial flow of water, some bubbles are not seriously affected by
produced swirls. If all bubbles are affected by a bubble cutter (and/or an artificial
flow), each pipe needs to be surrounded by bubble cutters that was connected by a
rotor. In such a case, the bubble cutter system cannot be applied for curved parts of

the pipes of the heat exchanger. But, many induction pipes which are inserted
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between the pipes can be with luck on its side, a cool liquid induction pipe type
artificial flow can be produced from the engineered fluid flow design.

The surface-condenser has many tubes. If the rotating cutter can get rid of non-
condensable gases, the overall heat transfer coefficient based on outside tube area
increases. Due to presence of many tubes, it may be impossible to rotate the cutters
by a rotor or a pump.

The fact that the system needs a pumping power or rotating power may make
the cutters as an impracticable proposal. If the cutters rotate tube relying on a
stream of water that has an effective head drop, it drags insoluble gas out
centrifugally. In order to utilize Bernoulli's principle, when we narrow a tube, the
changed heat flux resulted from the increased speed of the fluid can be elicited by
using the equation (3-1).

It also may be a useful design method to utilize Bernoulli's principle in the
nuclear reactor design and steam generator design.

In the view of the thermal conductivity, even though it does not appeal, we can
consider a gas as a coolant with temperature gradient in cooling pipes and tubes. To
take a concrete instance, we can consider the example of fusion reactor. The heat
flow is proportional to the number of particles which met hot side of the cooling
tubes that cross the area near hot side per second. So, the thickness of the coolant
tube needs to be reduced. This is shape design method which may be a useful

design tool to a more localized strong cooling design.
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7. CONCLUSION AND FUTURE WORK

The conventional implementation methodology of heat transfer enhancement
focused on the flow boiling Critical Heat Flux (CHF) enhancement with surfactant
solutions under atmospheric pressure. Surfactant solutions or surface conditions
have an effect on the behavior of occurrence bubbles on a heated surface [9][10].

This paper proposes an artificial flow design method and cutters design
method and shape design method for another possible improvement in heat transfer
enhancement. The implementation methodology was studied to depict some types
of bubble breaking (and/or pushing, breaking) system or an artificial flow of fluid
that can push hot liquid and bubbles on a surface of heater [11].

In condenser, film on the surface of tubes is made of non-condensable gas out.
Even though the proposed artificial flow method can drag film, the enhanced heat
transfer results from the increased heat flux.

The heat transfer designs have to be carried out with their efficiencies
approaching the ideal value in order to achieve the maximum overall system
effective applying proposed methodologies [12][13][14][15][16].

A bubble cutter system may not be embodied easily due to an intricate piece of
machinery of reactor core in Pressurized Water Reactor (PWR) and all Light Water
Reactors (LWRS). But, in the case of a surface-condenser, the strong forced flow of
liquid which can be induced by a proper shape design can increase overall heat
transfer coefficient. Even in the case of a fission reactor, we can narrow a tube to
utilize Bernoulli's principle by adjusting the depth of the tube. At that time, the

changed heat flux resulted from the increased speed of the fluid.

We researched the characteristics of bubbles departure which has an effect on
the heat transfer characteristics of the nuclear system. After understanding the
increased rate of bubble departure, it focused on heat transfer enhancement using

artificial flow, which can develop into the concept of bubble cutter.
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At first, bubble cutter systems can be consisted of an artificial flow.

In this study, when we simulate the bubble departure in CFD code, the
modeling of the bubble departure is performed using the well-known Volume of
Fluid (VOF) model. It is found that the characteristic of the bubble departure is
significantly different from that of the bubble in every aspect including speed of
bubble departure, the size of bubble, the velocity of bubble movement, moving

trajectory and coalescence of bubbles.

Secondly, the shape design method can induce more increased flow. Hybrid
cooling design method for another possible improvement in heat transfer
enhancement can be utilized using Bernoulli's principle from the shape. The
changed heat flux resulted from the increased speed of the fluid can be elicited by
narrowing a tube to utilize Bernoulli's principle. And it also can be elicited by
inputting different kind of high specific heat coolant to the targeted area
considering its affect to total heat flux.

In this study, we researched augmenting bubble behavior on heat with external
flow using volume of fluid model. The subject was also concerned about the

implementation methodology of heat transfer enhancement in nuclear power plants

To investigate meaning of enhanced heat transfer, we find that a basic meaning
of proposed cutters design method, artificial flow design method has a difficulty to
be realized in nuclear plants design. For example, while the artificial flow of fluid
can lessen the effect of non-condensable gases centrifugally on surfaces of tubes of
a condenser using forced artificial flow, we cannot insert inducing pipes to the
condenser. Therefore shape design which utilizes the Bernoulli's principle can be
considered.

In all cases, computational fluid dynamic analysis may be needed to analyze its

effect exhaustively.
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17. APPENDIX

reference; [5]

Source of User Define Function

#include "udf.h"
#include "sg.h"
#include "sg_mphase.h"
#include "flow.h"

#include "mem.h"

/* UDF for specifying an interfacail area density */

DEFINE_ADJUST (area_density, domain)

{
Thread *t;
Thread **pt;
cell_tc;
Domain *pDomain = DOMAIN_SUB_DOMAIN(domain,P_PHASE);
real voidx, voidy, voidz=0;
{
Alloc_Storage_Vars(pDomain,SV_VOF_RG,SV_VOF_G,SV_NULL);
Scalar_Reconstruction(pDomain, SV_VOF,-1,SV_VOF_RG,NULL);
Scalar_Derivatives(pDomain,SV_VOF,-1,SV_VOF_G,SV_VOF_RG,

Vof_Deriv_Accumulate);

Alloc_Storage_Vars(domain, SV_T_RG, SV_T_G, SV_NULL);
T_derivatives(domain);

Free_Storage_Vars(domain, SV_T_RG, SV_NULL);
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mp_thread_loop_c (t,domain,pt)
if (FLUID_THREAD_P(t))
{
Thread *tp = pt[P_PHASE];

begin_c_loop (c,t)

{
#fRP_3D
C_UDMI(c,t,0) = (C_VOF_G(c,tp)[0]*C_T_G(c.t)[0]+
C_VOF_G(c,tp)[1]*C_T_G(c,t)[1]+C_VOF_G(c,tp)[2]*C_T_G(c,1)[2]);
#endif
#fRP_2D
C_UDMI(c,t,0) = (C_VOF_G(c,tp)[0]*C_T_G(c,t)[0]+
C_VOF_G(c,tp)[1]*C_T_G(c,)[1]);
#endif
}
end_c_loop (c,t)
}

Free_Storage_Vars(pDomain,SV_VOF_RG,SV_VOF_G,SV_NULL);
Free_Storage_Vars(domain, SV_T_G, SV_NULL);
}
DEFINE_SOURCE(gas, cell, thread, dS, eqn)
{
real XIND_ND];
real source;
Thread *tm = THREAD_SUPER_THREAD (thread);
Thread **pt = THREAD_SUB_THREADS(tm);
real KI = C_K_L(cell, pt[1])*C_VOF(cell, pt[1]),

Kg = C_K_L(cell, pt[0])*C_VOF(cell, pt[0]);
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real L = 1e5;
source = (KI+Kg)*C_UDMI(cell,tm,0) / L;
C_UDMil(cell, tm, 1) = source;
C_UDMil(cell, tm, 2) = -source*L;
dS[eqn] =0;
return source;
}
DEFINE_SOURCE(liquid, cell, thread, dS, eqn)
{
real XIND_ND];
real source;
Thread *tm = THREAD_SUPER_THREAD(thread);
Thread **pt = THREAD_SUB_THREADS(tm);
source = -C_UDMI(cell, tm, 1);
dS[eqn] = 0;
return source;
}
DEFINE_SOURCE(energy, cell, thread, dS, eqn)
{
real XIND_ND];
real source;
Thread *tm = thread;
source = C_UDMI(cell, tm, 2);
dS[eqn] = 0;

return source;

/* UDF for initializing flow field variables

*/

DEFINE_INIT(my_init_function, domain)
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Thread *t;
Thread **pt;
Thread **st;
cell_tc;
Domain *pDomain = DOMAIN_SUB_DOMAIN(domain,P_PHASE);
Domain *sDomain = DOMAIN_SUB_DOMAIN(domain,S_PHASE);
real Xxc[ND_ND], y, x;
mp_thread_loop_c (t,domain,pt)
if (FLUID_THREAD_P(t))
{
Thread *tp = pt[P_PHASE];
begin_c_loop (c,t)
{
C_CENTROID(xc,c,b);
x=xc[0];
y=xc[1];
if (y < 0.00292 + 0.0006*c0s(6.283*(x-0.01945)/0.0778) )
C_VOF(c,tp) = 1,
else
C_VOF(c,tp) = 0;
}

end_c_loop (c,t)

mp_thread_loop_c (t,domain,st)
if (FLUID_THREAD_P(t))
{
Thread *sp = st[S_PHASE];
begin_c_loop (c,t)

{
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C_CENTROID(xc,c,t);
x=xc[0];
y=xc[1];
if (y < 0.00292 + 0.0006*c0s(6.283*(x-0.01945)/0.0778) )
C_VOF(c,sp) =0;
else
C_VOF(c,sp) =1,
}
end_c_loop (c,t)

}
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