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Chapter 1. Introduction



1.1. Background

Nowadays, energy is the most important key factor not only for the
development of science and technology but also for the improvement of life quality.
However, social developments as well as explosive growth of industries have
resulted in rapid exhaustion of energy resources. On the other hand, exploitation of
energy sources has also come along with large amount of CO, emission that leads to
global warming. Thus, there's an urgent need for the use of clean and renewable

energies. Nuclear power, with no doubt, has emerged as one of the optimal solutions.

Recently, almost the nuclear reactors in over the world are Light water
reactors (LWRs). Nevertheless, for the sustainability of the nuclear energy and
transmutation, fast breeder reactors which named generation IV reactors is one of
the best solutions. There are many types of fast breeder reactor such as Sodium-
cooled fast reactor, Lead cooled fast reactor, Gas-cooled fast reactor and
Supercritical water reactor. However, most of the generation IV fast reactors will not
be commercialized in near future because it faced with some unique design and

operation problems.

On the other hand, the commercial LWRs can be transferred to fast breeder
reactor by using the tight lattice core, which named High conversion light water

reactor (HCLWR). However, due to the small flow area in tight lattice core, the



study on coolability is necessary. Hence, the study on thermal hydraulic behavior to

evaluate the coolability for such kind of fuel arrangement is needed.

1.2. High conversion light water reactor

The high conversion light water reactor (HCLWR) is the fast breeder reactor
with the coolant is the light water. There are two type of HCLWR which named high
conversion boiling water reactor (HCBWR) and high conversion pressurized light
water reactor (HCPWR). However, it is better to design the HCLWR with the
boiling type because the HCLWR with the pressurized type may have a difficulty to
have a harder neutron spectrum. In the case of PWR, the moderator density is much
higher than that in BWR due to the higher pressure condition. On the other hand, in
the PWR, there is very small local boiling so that the void fraction is much lower in
comparison with BWR. Therefore, the moderator to fuel ratio in PWR is much
smaller than that in BWR. Thus, in the BWR, it is easier to have a harder neutron

spectrum which is the most important point to design the High conversion reactor.

Since 1984, the research and develop work had been made for high
conversion light water reactor (HCLWR) by JAEA [27]. Various HCLWR core
design concepts were investigated such as homogeneous core with tight lattice,
homogeneous semi-tight lattice, flat core, double flat core, etc. In the first design of

HCBWR, the tight lattice fuel assembly with grid spacers, which have the rod



diameter of 9.5 mm and pitch of 11.1 mm, at which the pitch to diameter ratio, p/d,

nearly equal to 1.17 was chosen.

Since 2000, other research and develop work had been started for Reduced
moderation water reactor (RMWR) by JAEA [39]. The schematic design of the
RMWR reactor is shown in fig.1.1. It can be seen that the design concept of the
RMWR reactor is nearly the same with the conventional BWR. However, the
double-flat core type was chosen for the design concept of the RMWR. Again once
more, the tight lattice core with grid spacers was used for such kind of reactor. The
rod diameter was 13.0 mm and the gap width was 1.3 mm at which the pitch to

diameter ratio was nearly equal to 1.1.

Beside, in order to design the new type of HCBWR, the safety analysis
should be considered. The safety features of the nuclear reactor are related with

three main parts which are thermal-hydraulic and reactor physic.

From the reactor physic point of view, due to the characteristic of tight lattice
core with wire spacer, the coolant to fuel volume ratio is small, which related to the
issue of re-criticality in the reactor core. Therefore, for the safety purpose, it is
necessary to consider about such kind of issue when design the new BWR with tight
lattice core and wire spacer. On the other hand, if we try to increase the conversion

ratio the void reactivity coefficients also increase. However, in the design concept of



RMWR, JAEA proposed two ways to solve for such kind of issue: design a shorter
core height (increasing the neutron leakage in the axial direction) and utilize axial

and radial blanket effect.

Steam Dryer

Steam Separators

Mox
Blanket

Control rods

Fig.1.1 Schematic design: Reactor vessel and the internal of RMWR

From the thermal-hydraulic point of view, in the light water reactor type, one
of the most important accidents named loss of coolant accident (LOCA). The LOCA
occurs when the coolant of the nuclear reactor leak from the system to the outside.
In this case, the emergency core cooling system (ECCS) will inject the coolant into

the reactor core, which named as re-flooding and re-wetting process. In the case of
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commercial BWR with square type and larger gap size, the coolant will easy to re-
flood and re-wetting the reactor core. However, in the case of tight lattice with small
gap width, the coolant may have a difficulty in re-flooding and rewetting process. In
other words, the heat removal during the LOCA becomes worst in the case of tight

lattice core.

On the other hand, the coolability or heat removability is also one of key
issues for the feasibility of the tight lattice core because of the small flow area which

is related with the small value of rod-to-rod gap.

1.3. Tight lattice fuel assembly and wire spacer

As mentioned in above subsection, the tight lattice core was used in the the
design concept of the HCBWR. The tight lattice core was defined as a fuel assembly
which has a pitch to diameter ratio, p/d, is smaller than that of conventional light
water reactors (LWRs) of 1.3 to 1.4 [2]. And most of the tight lattice core has a
triangular arrangement. The schematic of the typical tight lattice core is shown in

Fig.1.2.



Wire wrap

p
Heater pin

Fig.1.2 Schematic of typical tight lattice core

The tight lattice core was well known can be applied for the design concept
of the fast reactor because the tight lattice core has a small value of moderator-fuel
ratio, which has a harder neutron spectrum and high conversion ratio. These
advantages of the tight lattice core were found in previous studies [21][27][43].
Details, fig.1.3 shows the comparison in neutron flux between the RMWR with the
conventional LWR and Sodium-cooled fast breeder reactor (SFR) [21]. It can be
seen that the RMWR with the tight lattice core could have a harder neutron spectrum
in comparison with SFR the even with the coolant is the light water. On the other
hand, fig. 1.4 shows the conversion ratio as a function of the moderator to fuel pellet
volume ratio [27]. It can be seen that the conversion ratio increase with the decrease

of moderator to fuel pellet volume ratio, which is one of the tight lattice core

7



advantages.
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Fig. 1.3. Comparison of neutron flux between RMWR with conventional

LWR and SFR [21]
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For the practical reactor, the tight lattice core was used in MONJU reactor
[20]. MONJU is a Japanese sodium-cooled fast reactor with the breeding ratio is
nearly 1.2 [20]. Figure 1.5 shows the schematic reactor core design and the fuel rod
of MONJU reactor. Moreover, due to the small values of moderator-fuel ratio, the
tight lattice core allow us to have a higher conversion ratio nearly equal unity even
in the LWRs, particularly boiling water reactors (BWRsS). In order to have a harder
neutron spectrum even in the LWR, it is well known that, the tight lattice core with
the pitch to diameter ratio of nearly 1.09 [51] and 1.06 [42], which has the gap size

distance of 1.3 mm and 0.9 mm, respectively, can be used.

There are two type of spacer can be apply for the tight lattice core, which are
wire spacer and grid spacer [Fig.1.6]. However, the use of wire spacers is more
suitable for the tight lattice core than the use of grid spacers. On the other hand, the
circular shape wire was reported as a wire spacer shape which has a best thermal

hydraulic performance [53].

Nevertheless, from the thermal-hydraulic point of view the coolability or heat
removability is one of key issues for the feasibility of the tight lattice core with the
wire spacer because of the small flow area which is related with the small value of
rod-to-rod gap. Besides, the most important feature of coolability of tight lattice core

is the critical heat flux.



Control rods Fuel handling

4
Sodium outlet Sodium outlet (/
Reactor core /
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Fig.1.5 MONJU core design[19]:

a. Reactor core ; b. Fuel rod
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Fig.1.6 Schematic of spacer:

a. Wire spacer; b. Grid spacer

1.4. Critical heat flux phenomena

Critical heat flux (CHF) is defined as a heat flux at which the boiling crisis
occurred lead to the suddenly decline of heat transfer ability. The phenomenon
named burnout phenomenon. When the burnout occur, the heated surface will be
burned and deform [Fig.1.7]. The CHF can be occurred due to two differences

mechanism.

11



Fig.1.7 Burnout phenomenon.

The first mechanism named a liquid film dry out phenomenon which is
occurred by the breakdown of the coolant liquid film flow along the heated surface
in the annular flow base on the entrainment and deposition of the droplets [Fig.1.8].
Details, in annular flow, the liquid droplets are entrained from the liquid film surface
to the gas core and make the liquid film become thinner. At the same time, the liquid
droplets from the gas core is come back to the heated surface and formed with the
liquid film which called deposition phenomena. Due to the high boiling rate and
high heat flux, the entrainment rate become higher which mean the increase in
number of liquid droplets entrained from the liquid film to gas core. This

phenomenon will continue until the liquid film breakdown then the CHF occurred.

12



The Dryout phenomenon is mostly appeared in the BWRs. If the Dryout is well
known as an issue in BWRs, the typical CHF mechanism in PWRs is called
departure from nucleate boiling (DNB) phenomenon. The mechanism of this
phenomenon is due to the generation and collapsed of the bubbles on the heated
surface. In detail, due to the heating, the bubbles are generated on the heated surface
and tend to become bigger by continue heating. Those bubbles will be collapsed and
formed with each other as a shape of mushroom. When the bubbles are big enough,
it will cover the heated surface and decrease the heat transfer rate then CHF will be

occurred [Fig.1.9].

In nuclear reactor, CHF can be occurred in non-flow system such as in the
spent fuel pool, which named CHF in pool boiling. There were many studies were
obtained for such kind of phenomena [4][17][40] with various differences geometric
parameter. Besides, CHF also can be appeared in the flowing system such as in the
reactor core, which named CHF in flow boiling. The CHF in flow boiling condition
is one the most important phenomena in nuclear reactor. Therefore, a lot of
experimental studies on CHF in flow boiling condition were obtained to investigate
the CHF behavior with various geometry designs under the effect of quality, mass
flux and pressure [17][22][26][34][36][54]. On the other hand, various correlations
or prediction methods for CHF with a lot of different condition such as pressure,

mass flux, quality and geometric parameter were created [23-25].

13
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Fig.1.8 Dryout phenomenon
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Fig.1.9 DNB phenomenon

14



Base on the characteristic and mechanism, it can be concluded that the CHF
shows the upper limit of the heat transfer ability of the heating system. In the nuclear
reactor point of view, the CHF phenomenon is the most important feature of
coolability, in other word is the safety margin of the nuclear reactor. Therefore, in
order to design any new nuclear reactor, the study on CHF behavior with the effect

of flow parameter and geometry is always needed.

1.5. Review of previous studies

As mentioned above, in order to design the new type of nuclear reactor using
tight lattice fuel assembly, the study on coolability is needed. On the other hand, the
CHF is the most important feature of coolability, thus the study on CHF behavior in
tight lattice core is necessary. Therefore, various studies in this field were obtained
by many researchers. The previous study on CHF in tight lattice core can be divided
into two parts which are related with two types of spacer: grid spacer and wire

spacer.

1.5.1 CHF behavior in tight lattice core with grid spacer

Reduced-Moderation Water Reactor (RMWR) is the advanced light water
reactor which was developed by Japan Atomic Energy Research Institute (JAERI)
and their collaboration [39]. Since 2002, Japan Atomic Energy Research Institute

and their partners started the R&D project [38] in order to investigate the thermal-
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hydraulic performance in tight rod bundle for RMWR and the critical power for
such kind of reactor was also well investigated [28][33][55]. The design of core and
fuel assembly is shown in Fig.1.10. In this project, the experimental study and
analytical study were obtained as well. The large-scale of 37-rod bundle test loop
was the main test facility used the experiment. Besides, the experiment study using
the tight lattice 7 rod bundle test section was also performed [32]. The effect of other
parameters on critical power was obtained such as mass flux, inlet temperature,

pressure drop [49][50] and gap width [48].

The critical power experiment was obtained using a tight lattice 37-rod
bundle with grid pacer [28], rod diameter of 13.0 mm and gap width (between two
adjacent rod) of 1.3 mm, resulting the pitch to diameter ratio of 1.1. The test section
has the hydraulic diameter of 4.4 mm and the heated length of 1.26 m. There were
two hundred and fifty thermocouples (outer diameter of 0.5 mm) used to detect the
temperature of the heated surface. The spacers are of hexagonal honeycomb shape
with the thickness of 0.3 mm and height of 20 mm. The experiment was performed
at the pressure from 2 to 9 MPa and the mass flux from 150 to 1000 kg/m?s. The
results showed the critical power behavior with the effect of mass flux and the water
inlet temperature. In tight lattice with grid spacer, the critical power increase with
the increase of mass flux. Details the critical power linearly went up from around

500 kW to nearly 1500 kW while the mass flux increased from 200 to 1000 kg/m?s
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[Fig.1.11]. At the same time, the critical power was increase by about 200 kW while
the inlet temperature declined from 559K to 511K [Fig.1.12], in other words the
critical power increase with the decrease of inlet temperature. This result trend was
nearly the same with that in case of 7 rod bundle experiment [31]. From the
experimental results, it can be seen that the effect of flow parameter on the critical
power in tight lattice rod bundle was well investigated. The analytical work for this
experiment was also conducted by using the subchannel analysis method [35]. The
subchannel analysis code NASCA [37] was used in this study. This code was
constructed base on the two-phase flow three-fluid models: liquid film, entrainment
droplets and the vapor core. In this study, the interface movement was simulated
based on an advanced interface-tracking method [56]. The boiling transition was
determined while the liquid film volumetric fraction nearly equal zero. Only 1/6 of
symmetry of the bundle which contains 10 of total 37 rods was taken into account in
order to reduce the calculation time. The total number of subchannel is 14 and 52
nodes along the vertical direction of the subchannel [Fig.1.13]. The boundary
conditions consist of inlet temperature, inlet velocity and the outlet pressure. The
results of boiling transition obtained from NASCA were agreed with the
experimental data. However, the prediction values of critical power for the gap
width of 1.3 mm were better than that for the gap width of 1.0 mm. The difference

value between experiment and analytical is around 10% in the case of gap with of
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1.3 mm. In the case of gap width of 1.0 mm, the difference value becomes nearly

20%.

Under the same project (R&D), the effect of gap width on critical power was
taken into account via experiment for tight lattice 37 rod bundle with grid spacer.
Most of the parameters were the same with the previous study [48] such as rod
diameter and pressure. The mass flux ranged from 150 to 1200 kg/m?s . There were
two different values of gap width: 1.0 and 1.3 mm were investigated. The p/d was
nearly 1.08 and 1.1, respectively. Considering the experimental results, it is clear
that the critical power was higher with the gap width of 1.3 mm than that with the
gap width of 1.0 mm under the same mass flux and inlet temperature condition. For
example, at the inlet temperature of 511 K and mass flux of 800 kg/m?s, the critical
power in the case gap width of 1.3 mm can reach nearly 1500 kW while it only stays
around 1200 kW in the case of gap width of 1.0 mm [Fig.1.14]. The effect of gap
width on critical power was made clear through this study. Nevertheless, from the
reactor design point of view, the experiment with the same mass flow rate for
different values of gap width is necessary, in order to keep the best cooling

capability performance.
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1.5.2 CHF behavior in tight lattice core with wire spacers

The experimental study in tight 7-rods bundle [7] was performed with both
types of grid spacer and wire spacer. In this study, as the Freon-12 was used as a
coolant because of low latent heat and low critical pressure, the experiment could be
obtained at high temperature and high pressure condition. Since the fluid-to-fluid
scaling law [8] was used, the results can be transferred from Freon-12 to water
condition. The test results in the case of grid spacer were compared and had a good
agreement with difference prediction method [9][13]. The experiments were
performed at the pressure ranging from 1.0 to 3.0 MPa and mass flux from 1.0 to
6.0Mg/m?s. The total length of rod bundle is 1.24 m and the heated length of 0.6 m.
The cross section of the test section was as shown in Fig.1.15. Each heater pin has a
rod diameter of 9.5 mm and the rod-to-rod pitch of 10.9 mm. Therefore, the pitch to
diameter ratio, p/d, is nearly equal 1.15. By gradually increasing the electric power
of the heated rod, CHF was detected by the rapid rise of surface temperature which
was measured using thermocouples. As revealed from the test results, the critical
heat flux in the hexagonal 7 rod bundle with wire spacers was higher than that with
grid spacer at the inlet vapor quality from -1.2 to -0.9 under the pressure condition
of 2.7 MPa and mass flux of 2.0 Mg/m?s. It can be seen that the improvement of
CHF with wire spacer was indicated. However, the high quality region witnessed

unclear improvement of CHF with wire spacer. On the other hand, only one value of

23



p/d was taken into account in this study, thus, the test results cannot be used for
various core design models. Moreover, the wire diameter was not made clear in this

study, and hence, it was difficult to clarify the effect of wire spacer on CHF.

OO

Fig.1.15 Cross section of CHF test section for tight 7-rods bundle [7]

Heater pin

In 2005, the experimental study on critical heat flux in tight lattice 37 rod
bundles was also performed using Freon-12[5] with the pressure from 1.0 to 2.7
MPa, mass flux from 1.4 to 4.5 Mg/m®s and the exit steam quality from -0.4 to 0.2.
The experiment used grid spacer to assemble all the heater pins. Since the fluid-to-
fluid scaling law [1] was used, the results can be transferred from Freon-12 to water

condition. The heater pin has a diameter of 9.0 mm and pitch of 10.6 mm, meaning
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the pitch to diameter ratio is nearly 1.18. The heated length is only 600 mm over
1240 mm of length in total. The power distribution was similar to that of water
cooled bundle [3]. In details, the power supply for seven rods located at the central
of bundle is 20% higher than that of other twenty-four ones. According the test
results, the effect of steam quality, mass flux and pressure on CHF was well
investigated. The CHF values went down with the increase of steam quality under
the same mass flux and pressure condition in all the test cases. The enhancement of
CHF with the rise of mass flux values at the same pressure and steam quality
condition was recorded. However, the difference of CHF for dissimilar mass flux
condition is larger in the inlet quality region compared with it in high inlet quality
region. For example, at the pressure of 2.3 MPa and the inlet steam quality from -1.0
to -0.6, the CHF values with the mass flux of 4.2 Mg/m?s are twice as high as that
with the mass flux of 2.1 Mg/mzs. Nevertheless, the difference in CHF values
decrease by 50% while the inlet steam quality is increased to -0.2. Regarding the
effect of pressure on CHF, at the same steam quality and mass flux, the CHF
becomes lower if the pressure value is increased. Besides, at high mass flux
condition of 4.2 Mg/m®s, the CHF value was nearly the same despite different
pressure values or it might be seen that the effect of pressure on CHF at high mass
flux condition can be neglected. From the comparison between the experiment data

with the CHF data obtained for the tube channel [6], it was found that the effect of
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pressure, mass flux and steam quality on CHF is nearly the same between 37 rod
bundles and the tube channel. In summary, the CHF behavior in tight rod bundle
with grid spacer under the effect of pressure, mass flux and steam quality was
deeply considered. Unfortunately, the effect of gap width was not taken into account.
Moreover, for the tight lattice core, the use of wire spacers is more suitable

compared with grid spacers.

1.5.3. Summary of previous studies

As mentioned above, grid spacer and wire spacer can be applied in tight
lattice core. Nevertheless, the used of wire spacer is more suitable for tight lattice

arrangement.

Most of studies on CHF behavior in tight lattice core which were reviewed
above were well developed for the case of grid spacer. The effects of quality, mass
flux and pressure on CHF were well investigated for tight lattice core with gird
spacer as well. However, in the case of tight lattice core with wire spacer, the study
on CHF behavior is still limited. Especially, the effect of wire spacer on CHF was
not investigated well. On the other hand, from the nuclear reactor design point of
view, the effects of gap size or pitch to diameter ratio on CHF in tight lattice core
with wire spacer are very important. However, very few studies were created to

investigate for such kind of effect on CHF. Only the study of Tamai et al. [48] was
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constructed to investigate the effect of gap width on CHF in tight rod bundle with

grid spacer but in the case of wire spacer, the study on such kind of effect was not

existed.

1.6. Motivations of the study

By reviewing the previous study, the motivations for creating the present

study are as follow

In order to design the new type of boiling water reactor (BWR) with tight
lattice core, it is necessary to create the study to investigate the thermal
hydraulic performance in the nuclear reactor core.

The tight lattice fuel assembly could have a high conversion ratio even in
BWR. However, the tight lattice core have a small flow area, thus the
coolability is one of the most important issue. Beside, critical heat flux is the
most important feature of coolability. Therefore, it is necessary to investigate
the CHF behavior in a tight lattice core to consider about the coolability for
such kind of fuel assembly.

It is important to investigate the effect of flow parameter on CHF in tight
lattice core with wire spacer.

Wire spacer is more suitable for the tight lattice core. Nevertheless, the

studies on the effect of wire spacer on the coolability, particularly on CHF in

27



tight lattice core are limited. Thus the study on the effect of wire spacer on
CHF is needed.

- In order to have a conversion ratio nearly equal unity, the pitch to diameter
ratio or the gap size between the adjacent fuel rod should be change to a
small value and will have a difference value base on the core design. The
CHF behavior also changed with the change of p/d value. Thus, it is needed

to consider the effect of p/d on CHF.

The present study can be considered as a fundamental study of CHF behavior

in tight lattice core with wire spacer.

1.7. Purpose of present study

After reviewing the previous study and considering the motivation, the main
purpose of present study is to investigate the CHF behavior in tight lattice core with
wire spacer in boiling two phase flow. In more details, the purposes of the present

study are listed as follow

(1) To investigate the effect of flow parameter on CHF in tight lattice core with
wire spacer by means of CHF experiment in single pin and three-pin bundle

test section with wire spacer.
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(2) To clarify the effect of wire spacer on CHF in tight lattice core by means of
CHF experiment in single pin and three-pin bundle test section with wire
spacer.

(3) To evaluate the effect of gap size on CHF in tight lattice core by means of
experiment in single pin test section with wire spacer. Three difference values
of gap size are taken into account: 1.1, 1.5 and 2.0 mm

(4) To investigate the effect of pitch to diameter ratio on CHF in tight lattice
bundle by mean of experiment in three-pin bundle test section with wire
spacer. Two difference values of pitch to diameter ratio are chosen: 1.10 and
1.18.

(5) To clarify the main mechanism of CHF occurrence in tight lattice core with
wire spacer.

(6) To clarify the main mechanism which is related to the enhancement of CHF
with wire spacer in single pin and bundle pin channel by mean of dryout

simulation method and parametric studies.

1.8. Outline of thesis

The outline of the dissertation is shown as follow

Chapter 1 Introduction — This chapter presents the overview of the

dissertation. The first part of this chapter mentions about the background of nuclear
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energy status and also gives the definition of tight lattice core and CHF. The related
studies are reviewed in details in this chapter. The motivation to create this study is

also given in this chapter. Finally, the purpose of present study is also listed.

Chapter 2 Design and setup of forced convection type water loop and CHF
test section — In this chapter, the detail information of the experimental apparatus is
given. Besides, the originally design and setup technique of the single pin and three-
pin bundle CHF test section are presented in details. The experimental procedure

and measurement items are also given in this chapter.

Chapter 3 Experimental study on CHF behavior in single pin with and
without wire spacer — This chapter presents the experimental study on CHF
behavior in single pin with and without wire pacer to investigate the effect of flow
parameter and wire spacer on CHF. The results show the CHF value was higher in
the heater pin channel with the wire spacer than in that without the wire spacer at the
same mass flux condition. On the other hand, the CHF was increase with the
decrease of gap size values under the same flow rate condition. The results were also

compared with the CHF correlation.

Chapter 4 Experimental study on CHF behavior in Bundle pin with and
without wire spacer — In this chapter, the CHF behavior in bundle pin with and

without wire pacer was investigated by means of experiment in three-pins tight rod
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bundle test section. According to the results, the CHF was enhanced by wire spacers
in comparison with the results of CHF without wire spacers. The CHF was enhanced
by reducing the pitch to diameter ratio value under the same flow rate condition,
although it did not change appreciably with the change of pitch to diameter ratio

under the same mass flux condition.

Chapter 5 Analytical study on CHF behavior in tight rod bundle using
CHF simulation method — This chapter presents the analytical study on CHF
behavior in tight lattice core by using dryout simulation method. The calculation
method was obtained for both of single pin and bundle pin channel. The parametric
studies on the droplet entrainment and deposition rate were obtained to clarify the
enhancement mechanism of CHF in annulus channel and bundle pin channel,

respectively.

Chapter 6 Conclusions — This chapter summarizes the overall conclusions

obtained from this study.

31



Chapter 2. Design and setup of forced convection

type water loop and CHF test section
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2.1. Introduction

CHF behavior in tight lattice core will be simulated by means of design and
setup of water test loop and CHF test sections. Two types of simulation test were
created, which were single pin test section and three-pin bundle test section. The
single pin with wire spacer test sections were design to investigate the effect of wire
spacer on the CHF behavior in tight lattice channel. On the other hand, the three-pin
bundle test sections were designed to investigate the effect of multiple wire spacers

on the CHF behavior in tight lattice core, which was close to the practical case.

The two water coolant types of test sections were designed to work at the
atmospheric pressure. The heater pins were heated up by the directly Joule-heating

and the burnout phenomena would be detected by the thermocouples.
2.2. Experimental apparatus

The experimental apparatus of a water circulation loop named T-PBBOIL is
shown in Fig.2.1 and Fig.2.2. The experiment apparatus consists of the water storage
tank, the circulation pump, the pre-heater, the orifice flow meter and the CHF test
section. The water storage tank has a capacity of 0.06 m’ . The pre-heater is an
electrically type which has a maximum power up to 50 kW. All the main parts of the
experimental apparatus are connected with each other by stainless steel pipe and

tube. Besides, all the parts of the experimental apparatus were insulated to minimize
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heat loss.

The orifice flow meter is located at the upstream of the pre-heater to prevent
the bubble flow into the orifice during the heating process. The orifice used in this
experiment has a orifice hole diameter of 3 mm. The calibration curve of the orifice
Is shown in Fig.2.3. The inlet of the test section was located at 4200 mm far from
the outlet of the pre-heater. Therefore, the water temperature is constant prior to
supply to the test section. The water was circulated from the water tank to the pre-

heater before coming to the test section.

The valve was setup at location of 200 mm far from the downstream of the
test section to control the flow resistance prior to flow into the test section. The flow
resistance should be kept high enough to prevent the instability of flow in the test

section which may influence on the experimental data.

The pressure gauge was setup at the outlet of the test section to measure the
outlet pressure of the experiment. In order to keep the system pressure equal the
atmospheric pressure, the valve which is located at the top of the apparatus was kept
open to the air. There are two type of the CHF test section: single pin test section

and three-pin bundle test section.
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Fig.2.2 Experimental apparatus
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Fig.2.3. Calibration curve of the orifice
2.3. Single pin test Section

The single pin CHF test section is shown in Fig.2.4 with the oriented
vertically. The cross section of the flow channel is shown in Fig.2.5. The test section
were constructed from the heater pin, the upper and bottom copper electrodes, the
glass tube, the thermocouples and the wire spacer in case of experiment for a heater

pin with a wire spacer. In order to recognize the location of the reaching to the CHF,
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the position indications were written on the outside surface of the glass tube. By
using thermocouples, the length indications and the camera, the positions of burnout

or the arrival to the CHF were recognized.
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Fig. 2.4 Single pin test section.
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Fig. 2.5 Cross-section of the test section:

(a) heater pin with wire; (b) heater pin without wire; (c) wire structure

2.3.1. Heater pin

The simulated heater pin was made of a thin stainless steel tube with an outer
diameter, d, of 8 mm, a length of 420 mm and a thickness of 0.25 mm. The
electrodes were made by the copper and had a cylinder shape. The heater pin and the
electrodes will be connected by silver soldering. At first, the copper electrodes were
inserted into the inside of the stainless steel tube in the depth of 10 mm. The
connected surface was covered by the flux to remove the oxygen layer on the
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surface of the connected part which had an influence on the welding process. During
the welding process, only the electrode part was heated to prevent the burn on
stainless steel tube. Since the copper electrode was inserted into the inside of the
heater pin in the depth of 10 mm, the heated length of the heater pin tube with a thin
wall, L, was 400 mm. On the other hand, the length to diameter ratio, L/d, of around

50 was large enough to suppress the effect of heated length on CHF [10].

The copper electrodes were connected with the top and bottom part of the test
section by the Swagelok filters. Before connecting the copper electrodes, the
electrodes were covered by the Teflon tube for the purpose of electrically insulate.
The Teflon ferrules were used in the connecter part instead of stainless steel one to

gasy connect or remove.

The direct Joule-heating of the heater pin provided an uniform heat flux on
the heater pin surface. The maximum power and current of the power in this

experiment were 15 kW and 500 A, respectively.

2.3.2. Wire spacer

In the practical reactor, the metallic wire spacers are not covered by Teflon
tube. Therefore, the heat can be conducted from cladding to the wire spacer. In the
case of present study, the stainless steel wire was covered by Teflon tube so that

there was no heat conduction from the heater pin to the wire spacer. In this
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experiment, the heater pin was heat up by direct Joule-heating. Therefore, if there
were no Teflon tube, the maximum heat could be generated from the wire without
Teflon tube was nearly 4.9 kJ very 1 second with the wire diameter of 1.4 mm and
voltage of 29.79 (V) at which the heat pin power was 19.6 kW. Thus, the heat
generated from the wire spacer is nearly 25% of the total heat generated from the
heater pin. Therefore, it is necessary to use the Teflon tube for electric insulation.

Fig.2.5(c).

The Teflon tube working temperature is less than 200°C. Besides, the surface
temperature of the heater pin during the experiment was around 110 °C. When the
CHF occurs, the surface temperature was higher than 400°C so that the Teflon tube
was damaged after the experiment. However, the purpose of this study is the onset
of CHF phenomenon. Therefore, the burn of Teflon tube after the experiment did

not have any matter to the experimental data.

In order to connect the wire spacer with the heater pin, the both end of wire
spacer was fixed with the both end of the heater pin by using a thin stainless steel
plate which has a thickness of 1 mm. The spot welding technique was used to embed
the stainless steel plate on the surface of the heater pin. The axial coil pitch of the
wire, H, is the axial distance over which the wire completely wraps around the
heater pin as shown in Fig.2.4. The axial pitch of the wire spacer, H, was set with

two different values 100 mm and 200 mm. For this two different values of the axial
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pitch, the value of H/d less than 50 was the upper limit of the wire correlation for

both CHF and pressure drop [10].

2.3.3. Glass flow channel

The glass tubes used as a flow channel were made by Pyrex glass and Crystal
glass. The glass tube has a constant length of 500 mm. The thickness of the glass
tube was change based on the experimental condition. Since the glass tube was use
as a flow channel and also was used to connect the top and bottom part of the test
section with each other, thus one of the most important points was to prevent the
water leak from the experiment test section. Therefore, rubbers and stainless steel O-

ring were used to prevent the water leak in the connection part.

Gap size, o, is the distance from the outer surface of heater pin to the inner
surface of the glass tube as shown in Fig.2.5(a). For the rod diameter of 8 mm, three
different values of gap size were chosen: 1.1, 1.5 and 2.0 mm. By changing the wire

diameter and glass inner diameter, the size of the gap values could be changed.

2.3.4. Thermocouples

To detect a sudden temperature rise on the heater pin surface at the CHF
condition and quickly shutdown the heating power, type K thermocouple elements
with diameter of 100 um were used for the surface heater pin temperature

measurement.
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Fig.2.5 shows that, the ends of the thermocouple elements were spot-welded
to the surface to be hot junction at positions of 20 mm and 10 mm upstream from the
downstream end of the heated length, being marked as T1 and T2, respectively. The
thermocouples were lead out from the test section through a small hole located at the
outlet of the test section. The silicon glue was used to cover the around the hole to
prevent the water leak. The effect of thermocouples on the CHF behavior can be

neglected because its diameter is very small compared with the flow area.

Since the heater pin was the stainless steel tube with direct heating by the
current, the three point junction technique [Fig.2.6] was used for compensation of
voltage induced by the current between two points junctions, where C and A
indicate the Chromel and Alumel thermocouple elements for Type K, respectively.
The voltage induced by the current between C and A was eliminated by adjusting
the resistance of the variable resistor under low power input condition where

temperature did not increase appreciably.
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2.4. Three-pin bundle test section

The three-pin bundle test section is shown in Fig.2.7 and the cross section of
the test section is shown in Fig.2.8.The test section were constructed from the heater
pin, the upper and bottom copper electrodes, the top and bottom part, the glass
triangular shape flow channel, the thermocouples and the wire spacer in case of
experiment for a heater pin with a wire spacer. The schematic of top and bottom

parts of the test section are shown in Fig.2.9.

The experiment can reach the maximum power of 12kW and current of 630
Ampere. Because of the high current, the electric cables are no longer in used due to

the local heated by high current. Therefore, in the case of bundle experiment, the
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copper plates which have the width of 60 mm and thickness of 5 mm are used

instead of electric cables.

2.4.1 Bundle heater pin

Three-pin tight rod bundle was made by assembling three heater pins made of
stainless steel tubes in the triangular arrangement. The heater pins were directly

heated by Joule-heating and it had an uniform heat flux on the heater pin surface.

The heater pins were 4.57 mm in outer diameter and 400 mm in length. The
pin pitch, p, was 5 mm and 5.4 mm, which corresponded to the pitch to diameter

ratio, p/d, of 1.10 and 1.18, respectively.

Each heater pin was connected to the copper electrode at both ends by silver
soldering. The copper electrodes are made by connecting three stick electrodes with
the main electrode. The design of the stick electrodes and the main electrode are
shown in Fig.2.10. Three stick electrodes were inserted from the bottom side of the
main electrode into the inside of the main electrodes in the depth of 10 mm. By
using the Tin handle soldering, the stick electrodes could be connected with the

main electrodes.
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2.4.2 Triangular glass flow channel

The flow channels were made from the glass plates, polycarbonate support
plate, polycarbonate tube and the stainless steel tube. The schematic of the flow

channel is shown in Fig.2.11.

The main flow channel had the triangular shape which was made from three
Pyres glass plate. The Pyrex glass plate has a length of 500 mm, the thickness of 5
mm and the width of 15 mm and 17 mm for the pitch to diameter of 1.10 and 1.18,

respectively.

Three Pyres glass plates were connected with each other along the edges by
silicon glue. Before connecting with each other, the edge side of glass plate is filled
with the special silicon glue which has a low viscosity [Fig.2.12]. The purpose of
this step is to make a smooth surface on the edge side of glass plate to prevent the
water leak from the side of flow channel. After connected with each other, the
triangular flow channel is supported by connected with two polycarbonate plates at
both ends. The polycarbonate plates are 65 mm in diameter and 5 mm in thickness
[Fig.2.12]. After connected with the polycarbonate plates, the flow channel was
inserted into the inside of the polycarbonate tube and sealed at the both end by
silicon glue. To prevent the water leak from this part, the use of the silicon glue with

the low viscosity was the best solution. The silicon glue was poured from the outside
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through the windows which were cut on the surface of the polycarbonate tube.
Another purpose of these windows was to prevent the damage from the expansion of

the air storage between the flow channel and the outer polycarbonate tube.

The both end of the polycarbonate tube are connected with the stainless steel
tube to be able to fit with the upper and bottom part of the test section. The details of

flow channel parameters are shown in table 2.1.

51



Pyrex
Glass plate

Polycarbonate plate

Polycarbonate

tube \

Window

R}

/

/
Window \

Polycarbonate plate

Fig.2.11 Structure of flow channel

52



Low viscosity

silicon glue layer
5mm

500 mm

a
\ 4

3
v

65 mm

15 mm

Fig.2.12 Cross section of the test section

53

15 mm



Table 2.1 Flow channel geometric parameter

Crystal Glass tube
Outer diameter 76 mm
Inner diameter 65 mm
Thickness 5 mm
Length 500 mm
Pyrex glass plate
Width variable
Thickness 5 mm
Length 500 mm
Polycarbonate plate
Outer diameter 65 mm
Thickness 5 mm
Stainless steel tube
Outer diameter 80 mm
Inner diameter 76 mm
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2.4.3 Wire spacers

A wire spacer was wrapped around each of the heater pin with the axial
winding pitch H=200 mm. The value of axial pitch of wire met the requirement of
H/d less than 50 which was the upper limit of wire correlation for both CHF and

pressure drop [10].

The wire spacer for p/d = 1.18 was a Teflon tube in outer diameter d,, = 0.76
mm in which a stainless steel wire was inserted, and that for p/d = 1.10 was a
Holmal coated wire in outer diameter d,, =0.4 mm. The reason for the use of Holmal
coated wire is to satisfy the gap size of 0.5 mm in the case of p/d of 1.10. The wire
spacer was electrically insulated from the heater pin by a Teflon tube or Holmal

coating so that no heat was generated in the wire.

2.4.4 Thermocouples

Thermocouple elements were spot-welded on the surface of each heater pin.
The surface temperature of the heater pin rapidly rose at the CHF condition. To
determine the CHF, the temperature rise at the CHF condition was detected by
thermocouples at the positions 20 mm upstream from the downstream end of heated

length: T1, T2 and T3 [Fig.2.13].

Thin type K thermocouple elements with the diameter of 100 um were used

so that the thermocouples did not disturb the flow to change the CHF behavior.
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Fig.2.13 Thermocouple position

2.5. Experimental Procedure and Measurement Items

The water from the water tank was circulated in the loop by using the
circulation pump. Water was heated up by the pre-heater before starting the

experiment.

The water in the water circulation loop was degassed initially by boiling the
water in the test section for a while until air dissolved in the water was removed

sufficiently.

During the experiment, the water flow rate was kept constant. The flow

resistance at the inlet valve of the test section was kept high enough to suppress the
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instability of flow rate due to the instability of pressure drop of two-phase flow in
the test section. When the water temperature was kept constant at the inlet of the test
section reached the desired value by controlling the pre-heater, the electric power to

the heater pin in the test section was increased gradually by remote controlling.

Surface temperature of the heat pin was measured and recorded by using the
thermocouples with the sampling frequency of 100 Hz. The power of the heater pin
was increased step by step until the surface temperature of the heater pin rapidly and
suddenly increased because of reaching the CHF condition. Immediately after
reaching the CHF condition, the power source was automatically shut down by the

signal of sudden rise of surface temperature.

Fig.2.14 shows the behaviors of the measured surface and inlet temperatures
in single pin test section, voltage and current during the operation. It can be seen that,
the inlet temperature was kept constant. The surface temperatures T1 and T2
increased slightly due to the increase of the electric power to the heater pin, and then
suddenly the surface temperatures of the heater pin T1 and T2 rapidly increased. It
was judged that, at this time, the burn-out took place or the heat flux reached the

CHF.
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Fig.2.14 Temperature behavior during the CHF experiment

in single pin test section.

The electric power Q is calculated from measured voltage V and current | as
Q =Vl 2.1)

The CHF value is obtained by

QCHF
S

qCHF = (2‘2)
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where Q1S the electric power when CHF occurs, q.yr is the critical heat flux
(CHF) and S is the heated surface area of the heater pin. The local quality is defined

as

X=— (2.3)

where h is the specific enthalpy of saturated liquid, hs, is the latent heat of

vaporization, and h, is the local enthalpy that could be expressed by

h, =h_ +Ah (2.4)

where h;, is the inlet enthalpy, and Ah is the increase of enthalpy from the inlet of
the test section to the measurement position of surface temperature on the heater pin

with thermocouples. The inlet enthalpy and the increasing enthalpy are calculated as

hin = hf _(rsat _Tin)cp (2.5)
and
Ah = Q (2.0)
W

where T, is the saturation temperature of liquid, T;, is the inlet temperature, c,, is
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the specific heat capacity, and W is the water flow rate.

The experimental data of the CHF was obtained in the range of mass flux and
inlet temperature. The measurements were made under the boiling two-phase flow
condition. The measurement accuracy of the heat flux value was high enough since
it was determined from measured voltage and current. In order to keep the
uncertainty of the results small, only the experimental data obtained under the

condition which met the following requirements were chosen:

* The flow rate was stable during the experiment;

*  The inlet temperature fluctuated within 1 K.

2.6. Conclusion

The CHF experimental single pin and bundle pin test section are designed
and setup successfully. The new techniques and design have been developed for the

single pin and three-pin bundle CHF experiments:

1. Teflon tube and Teflon coated wire spacers.

2. Tight triangular arrangement of the heater pins.

3. Parametric changes of gap size, pitch to diameter ratio and axial pitch of wire
spacer.

4. Three point junction method for detection of the surface temperature.
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. Thin thermocouple for detection of the rapid rise of surface temperature of
the heat pins.
. High current electrodes configuration for three-pin bundle.

. Triangular flow channel with small cross section.
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Chapter 3. Experimental study on CHF behavior in

single pin with and without wire spacer
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3.1. Introduction

Tight lattice with wire spacer can allow us to have a high conversion ratio
event in LWRs, particularly BWRs. From the thermal-hydraulic point of view, it is
necessary to consider about the coolability of tight lattice core due to its small flow
area. On the other hand, CHF is the most important feature of coolability. The
fundamental study on CHF in tight lattice core is needed to investigate the CHF
behavior with the effects of mass flux, quality and geometric parameter on CHF.
Therefore, the purpose of the CHF experiment in single pin test section with and

without wire is as follow

(1) To investigate the CHF behavior in tight lattice core with the effect of mass

flux.

(2) To clarify the effects of wire spacer on CHF behavior in tight lattice core.

(3) To evaluate the effects of gap size on CHF in tight lattice channel: three

difference values of gap size were chosen: 1.1, 1.5 and 2.0 mm

(4) To investigate the effects of wire pitch on CHF: two difference values of wire

pitch were taken into account: 100 and 200 mm.

(5) To clarify the CHF mechanism in tight lattice core by measuring and analyze

the axial position where CHF occurred.
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(6) Comparison the experimental data with the CHF correlation

3.2 Experimental Conditions

The experimental parameters and conditions are given in table 3.1 Parameters
in the experiment were the existence of the wire spacer, the gap size, ¢ and the axial

coil pitch of the wire, H and the mass flux, G.

In order to investigate the effect of a wire spacer on CHF, two types of CHF
experiments for both case of heater pin with and without a wire spacer were

performed under the same mass flux condition.

To investigate the effect of gap size on CHF, there are three difference type
of experiment with three difference values of gap size: 1.1, 1.5 and 2.0 mm were
obtained at the same flow rate condition. From the nuclear reactor design point of
view, the experiment with difference gap size value under the same mass flow rate
condition is more important than the same mass flux condition. By changing the
wire diameter and the inner diameter of the glass tube, the change of gap size values

can be obtained.

The effect of wire pitch on CHF was considered with two experiments with
two difference values of wire pitch: 100 and 200 mm under the same mass flux

condition.
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Table 3.1 Experimental condition

Run No.1 [Run No.2 |Run No.3 |Run No.4 [Run No.5 |[Run No.6 |Run No.7
Parameter without
with wire | with wire |with wire |with wire |with wire \with wire
wire
Inner diameter
of glass tube, D |12 12 11 12 11 10.2 11
(mm)
Gap size, 0
2.0 2.0 1.5 2.0 15 1.1 1.5
(mm)
Wire diameter,
1.79 - 1.4 1.79 1.4 1.06 1.4
dy (Mmm)
Wire axial pitch,
200 - 200 200 200 200 100
H (mm)
Mass flux, G
) 400 400 658 - - - -
(kg/(m*:s))
Mass flow rate,
- - - 0.018 0.018 0.018 0.018
W (kg/s)
Hydraulic
diameter of flow |0.0035 |0.004 0.0027 |0.0035 |0.0027 |0.002 0.0027
channel, Dy, (m)
Pressure, p
0.1 0.1 0.1 0.1 0.1 0.1 0.1
(MPa)
Inlet temperature
331-366 |331-366 |331-366 |(331-366 |331-366 [331-366 [331-366

(K)

65




3.3. Results and Discussion
3.3.1. Effect of mass flux

The experiment in different mass flux value is needed for clearly understand
the CHF behavior in tight lattice core. For that reason, the CHF experiments for

heater pin with wire spacer were carried out under different mass flux condition.

Fig.3.1 and Fig.3.2 show the CHF values based on different mass flux.
According to Fig.3.1, with the same gap size value of 1.5 mm, the CHF values were
plotted as a function of exit vapor quality with three difference values of mass flux:
430, 550 and 658 kg/m?s. It can be seen that at the same exit quality condition, the
CHF was enhanced with the increase of mass flux. The CHF values were increase
up to 300 kW/m? with the rose of mass flux of 120 kg/m?s. Besides, with the gap
size of 2.0 mm, the enhancement of CHF with the increase of mass flux also
recorded [Fig.3.2]. Details, the CHF increase nearly two times higher when the mass
flux increase from 330 kg/m2s to 400 kg/m2s at the similar exit vapor quality.
Therefore, it is clearly seen that the CHF values increased with the increase of the
mass flux. With the increase of the mass flux, the bubble detachment from the
heated surface was enhanced. On the other hand, the increase of mass flux leads to
the rise of flow velocity that was related with higher heat transfer coefficient.

Therefore, the CHF values increased with the mass flux.
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Fig.3.1 and 3.2 also shows that the difference in CHF values between two

dissimilar of mass flux were clearer in smaller values of mass flux and also in larger

flow area.
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Fig.3.1 Effect of mass flux on CHF (gap size, 0 = 1.5 mm)
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Fig.3.2 Effect of mass flux on CHF (gap size, 0 = 2.0 mm)

3.3.2 Effect of Wire Spacer

Fig. 3.2 shows the comparison of the CHF values of single pin channels
between with the wire spacer and without the wire spacer. The experimental data
were obtained at the same mass flux condition of 400 kg/m2s and pressure of 0.1
MPa. It was found that, the CHF values in both types of heater pin decreased with

the decrease of the inlet equilibrium steam quality, X;p.
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Besides, at the similar inlet quality values, the CHF values were higher in
case of heater pin with the wire spacer than that in case of heater pin without the
wire spacer. In more details, the CHF improved up to 25% in the case of heater pin
with wire spacer compared with that without wire spacer. On the other hand, the
difference in the CHF values between heater pin with and without wire spacer was
larger in qualities ranged from -0.08 to -0.04 compared with the difference of CHF

values in qualities region higher than -0.04.

The promotion of CHF in the case of heater pin with wire spacer can be
explained by the enhancement of bubble removal from the heated surface due to the
effect of wire and spiral flow. Moreover, the single pin experiments were obtained
in the annulus channel, thus there were two parallel liquid films which flow along
the heated surface and the inner surface of the flow channel. By using the wire
spacer, there is an effect of the water film along the inner surface of the channel
(glass tube) on CHF values. In detail, the vapor velocity became higher under the
effect of wire spacer and spiral flow. Therefore, it may disturb the water film which
flow along the inner surface of the channel and bring the droplets to the heated
surface, which cause of increasing of droplet deposition rate then lead to the

improvement of CHF [Fig.3.3].

Compared with the work of Cheng and Mdiller [7] [Fig.3.4], it clearly seen

that the CHF values of wire type were still higher than those without wire type even
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if the inlet equilibrium steam quality was close to zero. Details, the experimental
data of Cheng and Muller were obtained at the range of inlet quality from -1.2 to
-0.3. It also showed the improvement of CHF by wire spacer at the inlet quality
region from -1.2 to -0.9. However, with the inlet quality ranged from -0.9 to -0.3 the
CHF in the case of wire spacer were similar to that in the case of without wire
spacer. Nevertheless, by analyzing the experimental data in present study, it was
found that the CHF in the case of heater pin with wire spacer still higher than that

without wire spacer even at the inlet vapor quality close to zero.
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Fig. 3.2 Critical heat flux base on inlet condition.
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3.3.3 Effect of gap size and wire pitch

In furtherance of the investigation of CHF behavior under the effect of the
wire spacer, the change in wire spacer size is needed. Therefore, the CHF
experiment with different value of 6 and H was performed to deal with such kind of
study. From reactor design point of view, the consideration of the same water flow
rate rather than the same mass flux is needed to be able to keep the best coolability
for difference core design. Thus, these experiments were performed under the same
flow rate condition of 0.018 kg/s and also at the constant pressure condition of 0.1

MPa.
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Fig.3.5 shows the comparison of the CHF values between three different
values of gap size: 1.1, 1.5 and 2.0 mm at the same flow rate. It can be seen that, at
the same local quality, x,, the CHF values were enhanced with the decrease of gap
size under the same flow rate condition. In more detail, the CHF values were higher
in case of smaller gap size and it was the highest in case of the smallest gap size.
The channel with the gap size of 1.1 mm could reach the CHF values nearly 900
kW/m2. That is because the channel which has the smallest flow area has the highest
mass flux at the same water mass flow rate which leads to the enhancement of CHF
values. On the other hand, as mentioned above, the disturbance of wire spacer also
has a larger effect of the outer liquid film in the case of flow channel with smaller
gap size, compared with that in bigger gap size values. Besides, with the smaller gap
size, the droplet concentration in the vapor phase also higher compared with it in
case of bigger gap size. This is another reason which contributed for the increase of

CHF values.

According to Fig.3.5, also based on the disturbance of wire spacer the
experiment with smaller gap size could reach higher CHF values and also could go
to the higher local quality, x,. In the case of bigger gap size (6 = 2.0 mm), the CHF
value tended to decrease with the increase of quality. However, in case of flow
channel with small gap size, the CHF values were nearly constant value or slightly

increase with the increasing of quality.
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Moreover, the CHF were sharply increased up to 100 % by reducing the gap

size values from 2.0 mm to 1.1 mm. Therefore, it is evident that the effect of wire

spacer on CHF was stronger in the case of small gap size. Besides, the cool wall

effect was also higher in the case of small gap size.
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Fig. 3.5 Critical heat flux of three different values of gap size.

Fig.3.6 illustrates the CHF results in two different values of wire pitch, H of

100 and 200 mm. The experiments were obtained at the constant flow rate of 0.018

kg/s and pressure of 0.1 MPa. It can be seen that, the CHF values were nearly the
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same between two different values of wire pitch. It can be explained that there were
two flow channels with two different values of wire pitch, velocity was the same.
Since the velocity was the same, the mass flux was the same. Therefore, it is clear

that, the axial pitch did not have a large influence on the CHF.
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Fig. 3.6 Critical heat flux of two different values of wire pitch, H.
3.3.4 Axial Position of CHF

The relation between the CHF values and the heated length to the position of

arriving at CHF is shown in Fig.3.7. At the same mass flow rate of 0.018 kg/s, the
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CHF occurred mostly in the downstream of the flow channel which related to the

dryout phenomenon.

Fig.3.7 also shows the comparison of CHF position among three different
values of gap size. In case of gap size of 1.5 mm and 2.0 mm, the CHF positions
were located at the position from 0.3 to 0.4 m downstream from the upstream of the
heater pin, which were mainly at the downstream of flow channel. As mention in
chapter 1, the CHF which occurs at the downstream of the flow channel is based on
the dryout phenomenon. Therefore, the CHF values which were obtained with a gap

size of 1.5 and 2.0 mm were principally caused by liquid film dry-out.

On the other hand, with the smallest flow area which had the gap size of 1.1
mm, with the increase of heat flux values, the CHF positions were shifted from the
downstream to the upstream of the flow channel. In details, with the CHF values of
nearly equal 700 kW/m? the CHF was occurred at the position from 0.3 to 0.4 m
downstream from the upstream of the flow channel. Nevertheless, when the CHF
values increase to nearly equal 900 kw/m?, the CHF positions were shifted to the
middle and also very upstream of flow channel, which related to the DNB
phenomenon. In the channel with the gap size of 1.1 mm, due to the very small flow
area, at the high heat flux values the bubbles were easy formed with each other to
become the larger bubbles then covered the heated surface which related with the

DNB mechanism. Therefore, under the high heat flux and mass flux condition in the
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small gap size value, there were the possibility of CHF occurring based on the DNB
mechanism. In summary, the CHF positions changed slightly with different values
of the gap size. The CHF positions tended to move from downstream to the
upstream of the flow channel due to the decrease of gap size. In other words, the
CHF mechanism may change from dryout phenomenon to DNB phenomenon by

reducing the gap size values under the same flow rate condition.
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Fig. 3.7 Critical heat flux base on the heated length.
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Fig.3.8 show the position where CHF occurred in both cases of heater pin
with and without wire spacer under the same mass flux of 650 kg/m?s and gap size
of 1.5 mm. It is clear that at the same position, the CHF in the case of heater pin
with wire spacer were higher than that without wire spacer. On the other hand, with
the CHF nearly equal 1000 kW/m?, the CHF position in the case of heater pin
without wire spacer was 0.1 m downstream from the upstream of the flow channel
which related with the DNB mechanism. Nevertheless, also with the CHF value of
1000 kW/m?, the CHF position in the case of heater pin with wire spacer was
located 0.37 m downstream from the upstream of the heated length, which was
occurred based on the liquid film dryout mechanism. Therefore, it can be seen that
with the same heat flux values, the CHF positions were shifted to the downstream of
the flow channel under the effect of wire spacer. That was also the reason why the
CHF in the case of heater pin without wire spacer were mostly obtained at the
middle or near the upstream of the flow channel under the high mass flux condition
while the CHF in the case of heater pin with wire spacer were mostly recorded at the

downstream of the flow channel.
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Fig.3.8. CHF position for heater pin with and without wire spacer
3.4. Comparison with previous study and prediction methods

Various CHF experiments were obtained in previous study. However, the
single pin experiment with the special experimental condition at mass flux of
400kg/m?s and pressure of 0.1 MPa and with a narrow gap width, only the study of

Haas [18] can be used as a comparison.

Fig.3.9 shows the comparison between the CHF experimental data of single

pin test section without wire spacer of present study with Haas [18] results. It can be
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seen that at the same condition mass flux of 400 kg/m?s and pressure of 0.1 MPa, the
CHF data for heater pin without wire spacer in present study had the same tendency
in comparison with that in previous study. Details, the CHF values were increase
with the increase of exit quality in the channel with narrow gap width and at the high
quality condition. The CHF data for heater pin without wire spacer in present study

close with that in previous study of Haas[18].
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Fig.3.9 Comparison between CHF experimental data without wire spacer

with Haas’s results[18]
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Beside, in the case of prediction method, Doerffer et al. proposed the CHF
prediction methods for annuli with inside heating [11]. The prediction methods were
based on the 1986 CHF look-up table [15].Base on their explanation, the critical
quality, gap size and pressure are three main factors that have the strongest influence
on the CHF ratio between annuli channel and round tube channel. Thus, the authors
developed a correlation based on three main factors as mentioned above. In this
correlation, the CHF values in the 1986 look-up table of Groveneveld et al.(1986)
were multiplied with three correlation factors representing for critical quality, gap

size and pressure. The CHF correlation for the annuli channel is

OcHran,cone = Achra-sKxKsKp (3.1

where (cnr =g 1S the CHF values for a tube with the diameter of 8 mm from the 1986
CHF look-up table. However, in this study, we used the Doerffer et al.(1994)
correlation [Eq.3.1] with the CHF values derived from the 2006 look-up table [14]
for higher accuracy. k,, ks, k, are three factors representing the effect of quality, gap

size and pressure, respectively. The three factors are calculated by

k, =0.859-16.179x"° +15.6x° —7.195x" In (3.2)
k, =0.2872+1.2095° —1.1565>° +0.28735° (3.3)
k, =09 (3.4)
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where x is the quality(x > 0.025), ¢ is the gap size (6 < 4.26 mm), p is the pressure

(p < 3.30 MPa).

Fig.3.10 shows the comparison between CHF results for heater pin with the
wire spacer and the calculated values of Eq.3.1 using the 2006 look-up table [14]. It
can be seen that the experimental values of CHF for heater pin with wire spacer
were higher than the calculated values of CHF for heater pin without wire. Therefore,

it is evident that the CHF values were enhanced by the effect of the wire spacer.
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Fig.3.10 Comparison of experimental results of wire type with the calculated
results of non-wire type using concentric annuli correlation of Doerffer et

al.(1994) for the 2006 CHF look-up table of Groveneveld et al.(2007)
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Fig.3.11 compares the experimental results obtained in the flow channel with
a wire spacer and without a wire spacer with the 2006 CHF look-up table [14] which
is calculated EQ.3.1 for annuli channel. The ratio of the measured CHF to the
calculated CHF is obtained at the same pressure, mass flux and exit vapor quality.
As shown in Fig.3.11, the CHF values in case of heater pin without wire spacer
become closer to the calculated values in high quality region. On the other hand, the
different values between CHF values of heater pin with a wire spacer and the
calculated CHF values without a wire spacer have an upward trend with the increase

of the exit vapor quality.
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Fig.3.11 CHF ratio of experimental results to calculated results obtained

from Eq.3.1

The correlation shown in Eq.3.1 is the annuli correlation. However, there are
two type of annuli channel which are concentric annuli and eccentric annuli

[Fig.3.12].

In this study, the heater pin was located at the center of the flow channel
which was a concentric annuli channel, so that the comparison between

experimental data and the calculated values for the rod-centered case is needed. In
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the study of Doerffer et al.(1994), the authors also proposed the CHF correlation for

the rod-centered approach (concentric annuli).

Flow channel

Concentric annuli Eccentric annuli
Fig.3.12 Concentric and eccentric annuli

According to this correlation, the vapor quality in annular channel is

calculated by
X"'= X+ AX (3.5)
where x is the quality that given from Eq.2.3. The calculation forAx is given by

0.428 ~0.108 ~0.453 ~ 0.37
G0 D

AX = 0.658—0.33p >

(3.6)
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where Dy, is the heated equivalent diameter in centimeters, and G is the mass flux in

Mg/m?s. Finally, the CHF in an annular channel is obtained by

Aenean (P Gy X) = deppg g (P G, X)) (3.7)

Following Fig.3.13, the calculated values were obtained by CHF correlation
for the rod-centered approach (Doerffer et al.,1994) were closer to the experimental

results, compared with the concentric annuli correlation (Doerffer et al.,1994).
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Fig.3.13. Comparison of experimental results with the calculated results
using CHF correlation for the rod-centered approach of Doerffer et al.(1994)

for the 2006 CHF look-up table of Groveneveld et al.(2007)
3.5. Conclusion

The CHF phenomena for the tight lattice fuel arrangement with the effect of
wire spacer were investigated by mean of the experiment for single fuel pin with and

without wire spacer and three difference values of gap size of 1.1, 1.5, 2.0 mm.
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Besides, the effect of wire pitch was made clear by the experiment with two

dissimilar wire pitch value of 100 mm and 200 mm. The conclusions are as follows:

(1) The CHF values increased with the rise of mass flux under the same geometric
and quality condition because of the increasing of mass flux lead to the change
in heat transfer coefficient of the heater pin.

(2) The CHF in case of heater pin with circular shape wire was enhanced up to 25%
compared with it in case of without wire space under the same flow condition.
Therefore, the coolability or heat removability was enhanced by the existence of
the wire spacer and spiral flow.

(3) With the same flow rate condition, the CHF values can be increased up to 100%
with the decrease of gap size. Therefore, the flow channel with smaller gap size
a higher coolability compared with the flow channel with larger gap size.

(4) The change in a pitch of wire, H, with two difference values of 100 mm and 200
mm did not have a large influence on the CHF if the mass flux was kept
constant. The experiment data was nearly the same value even with two
different cases of wire pitch.

(5) The CHF in boiling two-phase flow was mostly caused by liquid film dry-out.
Nevertheless, the CHF positions changed slightly with different values of the
gap size. The CHF positions tended to move from downstream to the upstream

of the flow channel due to the decrease of gap size. In other words, the CHF
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mechanism may change from dryout phenomenon to DNB phenomenon by
reducing the gap size values under the same flow rate condition.

(6) Directly comparison with the CHF look-up tables of Groveneveld et al. (2007)
had a big different with the test results because of the different in geometric
condition. In case of the CHF look-up tables Groveneveld et al. (2007) the CHF
was performed in a round tube which was different with the CHF in annuli flow
as shown in our experiment. The experimental values of single pin without wire
spacer agreed well with the predicted method by using the rod-centered
approach method of Doerffer et al.(1994). It also shown the predicted values of
CHF in case of channel without wire spacer were lower than the experimental

data of channel with wire spacer. That agreed with the experimental results.
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Chapter 4. Experimental study on CHF behavior in

bundle pin with and without wire spacer
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4.1. Introduction

To design the new type of high conversion boiling water reactor, the study on
CF in tight lattice core is needed. The single pin experiment was created as a first
step to evaluate the CHF behavior in tight lattice channel under the effect of single
wire spacer. In the practical reactor core, there are many heater pin and wire spacer,
the flow behavior is much difference from the flow behavior in single pin and wire
channel. Therefore, to evaluate the coolability of the tight lattice core with wire
spacer, it is necessary to investigate the effect of wire spacer on CHF in tight rod
bundle by means of CHF experiment in three-pin bundle test section with wire
spacer. The purpose of the CHF experiment in three-pin bundle test section with and

without wire is as follow

(1) To investigate the effect of mass flux on CHF in tight rod bundle with wire
spacer.

(2) To evaluate the effect of wire spacer on CHF in tight rod bundle with wire
spacer.

(3) To investigate the effect of pitch to diameter ratio on CHF at the constant
mass flow rate, two difference values of pitch to diameter ratio were chosen:
1.10 and 1.18.

(4) To investigate the effect of pitch to diameter ratio on CHF at the constant

mass flux value.
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(5) To clarify the effect of wire pitch on CHF behavior in tight rod bundle with
two difference values of wire pitch: 100 mm and 200 mm.

(6) To evaluate the CHF mechanism in tight lattice rod bundle by measuring the
CHF position.

(7) Comparison the experimental data with the prediction correlation.

4.2 Experimental Conditions

The experimental parameters and conditions are given in Table 4.1.

From the thermal-hydraulic point of view, the effect of a wire spacer on CHF
in tight rod bundle at constant mass flux is interesting. Thus, the CHF experiments
for both case of heater pin with and without a wire spacer were conducted under the

same mass flux condition.

On the other hand, from the viewpoint of the design of the practical reactor, it
is important to know how the coolability changes with the change of core tightness
under constant mass flow rate. Thus, the experiments were conducted for two

different values of p/d at the same flow rate condition.

Also, the experiments for different values of wire pitch were performed to

investigate the effect of wire pitch on CHF.
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Table 4.1 Experimental condition.

Run No.1 Run No.2 | Run No.3 | Run No.4 | Run No.4
Parameter
Without Wire Wire Wire Wire Wire
Heater pin diameter, d
4.57
(mm)
pitch, p (mm) 54 5.0
Pitch to diameter ratio,
1.18 1.1
p/d
Wire diameter, d,,
- 0.76 0.4
(mm)
Wire axial pitch, H
- 200 100 200
(mm)
Mass flux, G
) 435 - 435 -
(kg/(m*s))
Mass flow rate, W
- 0.0208 - 0.0208
(kals)
Hydraulic diameter of
0.0032 0.0029 0.0021
flow channel, Dy, (m)
Pressure, p (MPa) 0.1
Inlet temperature (K) 343-365
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4.3. Results and discussion
4.3.1. Effect of mass flux

The effect of mass flux on CHF in tight lattice core was made clear by
performing two experiments for the constant values of pitch to diameter ratio of 1.18

at mass flux of 280 kg/m?s and 435 kg/m®s.

Fig.4.1 shows the comparison between CHF values for dissimilar mass flux
values. It can be seen that the CHF tendency was the same even with the change of
mass flux from 280 kg/m?s to 435 kg/m?s. Nevertheless, at the same local quality
condition the CHF values were promoted up to 200% by increasing the mass flux

values from 280 kg/m?s to 435 kg/m®s.

The same results were also plotted as a function of inlet enthalpy as shown in
Fig.4.2. It can be seen that at the same inlet enthalpy and pitch to diameter condition,
the CHF values in three-pin bundle with wire spacer with the mass flux of 435

kg/m?s were higher than that with the mass flux of 280 kg/m?s.

Therefore, it is evident that the mass flux has a large influence on the
enhancement of CHF. By increasing the mass flux, the turbulent rate is increased,
thus it also improved the bubbles transport from the heated surface and lead to the

increase of CHF values.
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Fig.4.1 Effect of mass flux on CHF in tight lattice bundle

In comparison with the effect of mass flux on CHF for single pin with wire
spacer, the effect of mass flux on the promotion of CHF in bundle pin experiment
was based on the same mechanism with that in single pin experiment. Moreover, the
effect of mass flux on CHF in three-pin bundle was stronger than that in single pin
channel. As discussed above, the enhancement of CHF with the increase of mass
flux was based on the turbulent. On the other hand, in three-pin bundle flow channel,
due to the effect of three wire spacers, the turbulent mixing was much higher than

that in single pin channel which was affected by only single wire spacer. Thus, in
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the bundle pin channel, the effect of mass flux on CHF was clearer in comparison

with that in single pin channel.
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Fig.4.2 CHF in three-pin bundle with two difference mass flux values as a

function of inlet enthalpy

4.3.2 Effect of wire spacer

The effect of wire spacer on the enhancement of CHF was made clear

through Fig.4.3. The experiments were performed with the three-pin bundle which
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had a pitch to diameter ratio of 1.18 at the constant pressure of 0.1 MPa and mass

flux of 435 kg/m?s.

The CHF values in a three-pins bundle with wire spacer were higher
compared with it in the case of bundle without wire spacer. The difference in CHF
value was larger at the quality region from X,,.y= -0.06 to O than at the quality region
from Xj,cq=0 to 0.02. The CHF was enhanced by up to 50% with wire spacer
compared with it without wire spacer under the constant mass flux condition of 435
kg/m?s. The enhancement was more significant at the low quality region. Therefore,
the coolability in tight lattice core could be optimized by using wire spacer. The
reason for the enhancement can be explained by divide into two part base on the

local vapor quality region.

In the range of the quality from -0.06 to O, the enhancement of CHF was very
clear, which was possibly caused by the increase of disturbance by wire spacer. In
the low quality region, the turbulent mixing caused by the disturbance became
higher, which enhanced the bubble removal from the heated surfaces. As a result,
CHF increased. The existence of the wire spacer induced a spiral flow, which
increased coolant velocity. Therefore, the CHF increased in comparison with the

case of straight flow.
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Under the effect of wire spacer, the coolant flow along the heated rod with
the swirling motion. In more details, the wire spacer was wrapped from the bottom
to the top of the heater pin with the clockwise direction. Along each heater pin,
under the effect of wire spacer, the swirling flow motion would flow with the
clockwise direction. Therefore, from the bottom view, inside the subchannel of
three-pin bundle, the coolant would flow with the counter clockwise direction. Thus,
the centrifugal force may occur at the interior subchannel. The centrifugal as a result
of swirling flow also have an effect on the promotion of CHF values. Details the
centrifugal force which is appeared in the gas core due to the effect of wire spacer
and swirling flow has an effect on the liquid droplets in the gas core. Under the
effect of centrifugal force, the radial velocity of the droplets in the gas code are
enhanced, thus the droplets tend to wet again the heated surface, in other word the

deposition rate is enhanced [Fig.4.4] . The result is the improvement of CHF values.

Besides, in the range of positive local vapor quality, the CHF was nearly the
same in the cases of bundle pins with wire and without wire spacer. It has been
known that the liquid film flow becomes thinner compared with it in the low quality
region in the high quality region. In the condition of the thin liquid film flow, the
wire spacer may break the liquid film flow, and consequently the dry-out more

easily occur. Since the boiling heat transfer rate become higher in the high quality
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region than in low quality region, the disturbances of the bubbles become higher and

tend to break the liquid film, which leads to the decrease of CHF values.
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Fig. 4.3 Critical heat flux in bundle with and without wire spacer.
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Fig.4.4 Enhancement of deposition rate by centrifugal force

Assume that an operational quality of the BWR is around 0.2 and then the

degree of subcooling is around 10°C to 15°C, the CHF in case of bundle pin with

wire still higher than that at subcooling temperature of 15°C according to the plot of

the experimental data as a function of subcooling [Fig4.5]. Therefore, it can be

concluded that the wire spacer still can enhance the CHF when the experiment data

are extracted to local quality of 0.2 which is nearly the same condition with the

practical case.
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Fig. 4.5 Critical heat flux in bundle with and without wire spacer as a

function of inlet subcooling temperature

Summary, at the same local steam quality, the CHF was enhanced by up to

50% with wire spacer compared with it without wire spacer under constant mass

flux condition, which was based on the enhancement of turbulent mixing and droplet

deposition rate. The enhancement was more significant at the low quality region.

Thus, the coolability in tight lattice core could be optimized by using wire spacer.

4.3.3 Effect of pitch to diameter ratio
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Fig.4.6 shows the collation in CHF values for three-pin bundle experiment
with two difference pitch to diameter equal to 1.10 and 1.18 under the same mass
flux condition. It is found that the CHF values have a similar tendency even with the
difference value of pitch to diameter ratio. Thus, the characteristics of CHF were not
change even with the difference mass flux condition, in other word there are no
significant differences of CHF were carried out for pitch to diameter of 1.10 and

1.18.

Additionally, the CHF data with the pitch to diameter ratio of 1.10 was
slightly lower than that in the case of pitch to diameter ratio equal to 1.18 under the
same mass flux condition because of lower coolant velocity. Details in the quality

region from -0.04 to 0.01, the difference in CHF values were nearly 100 KW/m?.

However, in the region of higher quality x > 0.01, the difference in CHF
values were nearly 200 kW/m? which nearly two time larger than that in the quality
region from -0.04 to 0.01.Thus, it can be seen that the difference became larger in
the region of higher quality x > 0.01, that is, the CHF values for pitch to diameter

ratio of 1.18 were higher those for pitch to diameter ratio equal to 1.10.

The same CHF results were plotted as a function of inlet enthalpy [Fig.4.7]. It

can be seen that at the same inlet enthalpy and mass flux, the CHF values in three-
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pin bundle with wire spacer with p/d = 1.10 were also lower than that with p/d =

1.18.
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Fig. 4.6 CHF of difference values of p/d under the same mass flux condition.

The reason for this result is related to the geometric factorial. For the pitch to
diameter ratio equal to 1.10, the flow area is smaller than that for pitch to diameter
ratio equal to 1.18. Hence, in the flow channel with the pitch to diameter ratio of
1.10, the bubbles coalesce with each other into larger bubbles more easily, and cover

the heated surface, and as a result hinder the cooling of heater pin by the liquid film,
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which lead to lower CHF values in the case of pitch to diameter ratio equal to1.10
compared with those for pitch to diameter ratio of 1.18. In summary, at the constant
mass flux conditions, the tendency of CHF values did not change even with different
values of pitch to diameter ratio. The CHF decrease around 5% when changing the
pitch to diameter ratio from 1.18 to 1.10. The difference in CHF values tend to

become larger at the quality region higher than 0.1.
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Fig. 4.7 CHF of difference values of p/d under the same mass flux and inlet

enthalpy condition.
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As mentioned above, from the nuclear reactor design point of view, to
evaluate the coolabilty performance, the experiment for difference value of pitch to
diameter ratio at the same mass flow rate condition is necessary. The experiments
were obtained with two difference channel which had the pitch to diameter ratio of
1.10 and 1.18, respectively. The experiments were performed at the constant mass

flow rate of 0.0208 kg/s and the pressure of 0.1 MPa.

The comparison of CHF between two difference values of the pitch to
diameter ratio is showed in Fig.4.8. It can be seen that the CHF values for pitch to
diameter equal t01.10 were much higher than that for the pitch to diameter of 1.18

under the same mass flow rate condition particularly in lower range of Xjoca.

It can be explained by the enhancement of mass flux. With the same flow rate
condition, the flow channel which has a smaller value of pitch to diameter ratio
would have a smaller flow area which leads to a higher mass flux. Therefore, the
coolant velocity in case of pitch to diameter equal to 1.10 was higher than that in the
case of pitch to diameter equal to 1.18 at the same flow rate condition. Therefore,
the coolability was enhanced by tighter core lattice under the constant mass flow
rate condition, which turned to a higher CHF values. Additionally, the difference in
CHF values between two difference values of pitch to diameter ratio of 1.10 and
1.18 values became smaller with the increasing quality. In detail, at the quality

nearly equal -0.03, the CHF in the case of pitch to diameter ratio of 1.10 (600
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kW/m?) was nearly three time higher than that in the case of pitch to diameter ratio
of 1.18 (200kW/m?). Nevertheless, when the quality increase to nearly equal to 0.03,
the difference in CHF values between two dissimilar pitch to diameter ratio value
was nearly equal to 200 kW/m?, which was equal to 50% in enhancement. Besides,
Fig.4.9 shows CHF of difference values of p/d with the same flow rate and inlet
enthalpy condition. It also can be seen that the CHF values in three-pin bundle with
wire spacer with p/d = 1.10 were higher than that with p/d = 1.18 at the constant

mass flow rate and inlet enthalpy condition.
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Fig. 4.8 CHF of difference values of p/d with the same flow rate condition.
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Fig. 4.9 CHF of difference values of p/d with the same flow rate and inlet

enthalpy condition.

The reason for such kind of these results can be explained as follow: as
mentioned above, under the same mass flow rate condition, the mass flux in the case
of pitch to diameter ratio equal to 1.10 was higher than that in the case of pitch to
diameter ratio of 1.18. On the other hand, as mentioned in subsection 4.3.1, at the
low quality region, with the higher mass flux values the turbulent mixing become
higher, thus the CHF in the flow channel with the pitch to diameter of 1.10 were
much higher than that with the pitch to diameter ratio of 1.18. On the other hand, at
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the high quality region, the bubbles were easily to form with each other and covered
the heated surface, which turned to the decrease of CHF in the case of pitch to

diameter ratio equal to 1.10.

Summary, the CHF values increased by up to 150% when decrease the pitch
to diameter ration from 1.18 to 1.10 under the constant flow rate condition. The
enhancement was larger in the low quality region compared with that in high quality

region.
4.3.4 Effect of wire pitch

The experiments were performed with the three-pin bundle test section which
had a pitch to diameter ratio of 1.18 at the constant mass flux values of 435 kg/m’s
and pressure of 0.1 MPa. Fig.4.10 shows the CHF data with two difference values of

wire pitch: 100 and 200 mm under the same flow rate condition.

It can be seen that, the CHF experimental data of two difference values of
wire pitch were close with each other. Since the flow area was the same even with
difference values of wire pitch, thus the coolant velocity is also the same. Therefore,
the CHF values did not have a large difference even with difference values of wire
pitch. It can be concluded the effect of wire pitch on CHF in bundle pin was similar
with that in single pin experiment, hence the wire pitch did not has a large influence

on CHF.
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Fig.4.10 Effect of wire pitch on CHF in tight rod bundle
4.3.5 Axial CHF position

The result of the measured position at which CHF occurred along the heated
length suggests that CHF mechanism changed with changing the value of pitch to
diameter ratio and mass flux. Fig.4.11 and Fig.4.12 show the position where CHF
occurred in all the experiment. According to Fig.4.11, the positions of most of CHF
at the pitch to diameter values equal to 1.18 and mass flux of 280 kg/m’s were

located in the downstream region of the flow channel. However, when the mass flux
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was increased from 280 to 435 kg/m’s, the CHF occurred in the middle of the heater
pin. In the case of the lowest mass flux of 280 kg/m’s in the flow channel with the
pitch to diameter equal to 1.18, the CHF positions were mostly in the downstream
region of the flow channel, which suggested the occurrence of liquid film dryout
along the heater pin. On the other hand, at higher mass flux, 435 kg/m’s, CHF
positions were shifted to the middle of the flow channel, which suggested the
departure from nucleate boiling (DNB) phenomenon. In short words, the CHF
mechanism changed from the liquid film dryout phenomenon to DNB phenomenon

with an increase of mass flux.
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Fig.4.11 CHF position along the heated length with the effect of mass flux.
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On the other hand, the CHF positions for difference values of p/d are shown
in Fig.4.12. At the same mass flux condition, the CHF positions were nearly the
same even with two difference values of pitch to diameter ratio. It can be concluded

that the CHF position or the mechanism of CHF values are mostly depend on the

mass flux values.
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Fig.4.12 CHF position along the heated length with the effect of p/d.

4.4. Comparison with previous study and prediction methods
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Many CHF studies were obtained but the studies on CHF in tight lattice core
were limited. On the other hand, at the special condition with pressure of 0.1 MPa,
mass flux of 435 kg/m?s and the p/d = 1.18., there are no experimental data was
obtained in previous studies. Nevertheless, the experiment data in present study can
be compared with the experiment data of JAEA [28] which has the closest condition

with present study.

The experimental data of RMWR (JAEA) is critical power and in present
study it is critical heat flux data. Thus, it is difficult to plot all the data of RMWR in
the same figure with present study results. However, it can be compare with present

study by picking up the data at similar condition and estimate the CHF value.

At the subcooling temperature of 25°C and mass flux of 400 kg/m?s, the
critical power is nearly 700 kW. This experimental data was obtained by the 37-rods
bundle with the rod diameter of 13.0 mm and the heated length of each rod is 1.26 m.
On the other hand, the CHF can be obtained by using equation 2.2. The results are
showed in Fig 4.13. It can be seen that at the subcooling temperature of 25°C and
mass flux of 400 kg/m?s, the CHF data in JAEA study is nearly 370 kW/m?. Thus,
the present study result was close to JAEA result at the same mas flux and inlet

subcooling temperature condition.

112



' | ! | T T I I
800 |- Bundle pin (p/d=1.18) € JAEAstudy _
Without wire (37 pin bundle)
I ® G =400 kg/m’s
P=7.2 MPa
g 600 ° |
=
< i -
= °
e 400 °
; B ° _
i % .
® Present study
200 | (3 pin bundle) |
G = 435 kg/n'’s
- P=0.1 MPa |
0 1 | 1 | , | . |
0 10 20 30 40

ATsub = Tsat - ];n (OC)

Fig. 4.13 Comparison of CHF experimental data in three-pin bundle without

wire spacer with JAEA data in 37-pin bundle [28]

Besides, the experimental data of present study also compared with the
prediction method. CHF look up table [16] is well known as one of the best
correlation for CHF prediction. However, the look up table [16] was obtained for the
tube channel which has the coolant flow internally and the heater part is surrounding
the coolant part. Therefore, to be able to compare the look up table data with the

three- pin bundle experiment data, it is necessary to use the additional correlation to
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convert the look up table data. Min Lee [30] proposed the CHF prediction method
for bundle pin channel base on the 1995 CHF look up table [16]. The prediction
method includes various correction factors such as hydraulic diameter factor, heated
length factor, bundle factor, cold wall effect factor, spacer factor, radial power
distribution factor, non-uniform heat flux distribution factor. The CHF correlation

for bundle pin is shown as follow

q "CHF = q "CHF—TabIe (P’ G’ Xout) KCorrrection—factors (4 1)

As mentioned above, there were many correction factors but in present study
only the correction factor of hydraulic diameter factor, Ky, heated length factor, Ky,
bundle factor, Ky, cold wall effect factor, K., were taken into account because the
experiments were obtained with the uniform heat flux. The Eq.4.1 can be rewrite as

follow
q IICHF = q IICHF—Ta\bIe (P1 G’ Xout) Khy KhI be ch (42)
The correction factors are shown as follow

Hydraulic diameter factor

1

D 2
K, =| —~ 4.3
v (o.ooe} (4:3)

where Dy, is the hydraulic diameter.
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Heated length factor

D
K, = exp(% ez‘”j (4.4)
where
P — (4.5)
x+ 26 (1-x)
Pr

where L is the heated length, x is the quality, pg is the vapor density, p, is the liquid

density.

Bundle factor

Ky =AxB (4.6)
A=min[c,c, exp(-1.12x)] 4.7)
G
B= exp{—0.073+ 0.0BS(—H (4.8)
1000

where c; is set equal to 0.419 for triangular pin array, G is the mass flux.

Cold wall effect factor

D 0.115
K., = 1.03[D—“VJ (4.9)

he
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where Dy, is the heated equivalent heat diameter.

Fig.4.14 shows the comparison between the calculation data of Eq.4.2 base
on the CHF look up table data [14] and the CHF experimental data in the case of
three-pin bundle without wire spacer. It can be seen that, the experimental data
agrees with the calculation results within £ 50%. The experimental data close to the
calculation results of the quality from -0.02 to 0.01. At the quality lower than -0.02

and higher than 0.01, the agreement becomes lower.

2000 ; , l , l , l , :

[ & Experiment without wire ]

- Calculation without wire .

. 1500 —
“ - G=435 kg/m’s ]
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Exit quality, x,;

Fig.4.14 Comparison between CHF experimental data in three-pin bundle

without wire spacer and the calculation results [Eq.4.2]
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In previous study of Haas [Fig.4.15], the CHF in the channel with a bigger
gap size decrease with the increase of quality but in the channel with a smaller gap
size, the CHF tend to increase with the increase of the quality. In present study, with
a narrow flow channel, the CHF experimental data enhanced with the increase of
quality due to the increase of the flow disturbance at the high quality region.
Therefore, the experimental data look like increase with quality while the calculation

results seem like decrease.

3000
2
G (kg/m’s) ®  G=1000
2500 |-
¢
g 2000 | B G=250
Z 1500 |- O / N
T ® G=250
S 1000 |- ® e
/ —_
so0 b G =250
P=115- 119 (kPa)
0 I I I
0.05 0.1 0.15 0.2
Exit quality

Fig.4.15 Critical heat flux in heated annuli [18]

Fig.4.16 shows the CHF ratio between CHF experimental data in three-pin

bundle with wire spacer and the calculated CHF values which were obtained from
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by Eq.4.2 for the case of without wire spacer. It can be seen that the CHF in the case
of three-pin bundle with wire spacer were higher than that without wire spacer under

the same mass flux, pressure and exit quality condition.

2 | ' | ' | ' |
i Exp. With wire
® LUT- 2006 (without wire)
- . -
P=0.1 MPa ]
pld=1.18
LS = G=435 kg/mzs ¢ 7]
= 5 o ]
8
= * '
O i ® I
L . .
1
0.5 | 1 | 1 | 1 |
-0.04 -0.02 0 0.02

Exit quality, x,;
Fig.4.16 CHF ratio of experimental data to calculated results

4.5. New CHF empirical correlation

There are three type CHF correlations which are fitting correlation,

dimensional analysis correlation and physical model correlation. Fitting correlation
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is the correlation which is the composition of all related factors. In order to obtain
such kind of correlation, the experimental data are plotted as a function of related
factors and the related factors are obtained by fitting all the values. Dimensional
analysis correlation is the composition of dimensionless factors. The dimensionless
factors in the correlation are showed as exponential function. To obtain the exponent
of the dimensionless factors, the experimental data are plotted as a function of
dimensionless factors in the logarithmic scale. Physical model correlation is
obtained by considering the mechanism of phenomena. In this study, the fitting CHF
correlation for bundle pin with wire spacer was created base on the CHF

experimental data in three-pin bundle with wire spacer.

According to the experimental results, the CHF can be written as a function

of quality, mass flux and gap size as follow

Ocne = T (X,G,6) (4.10)
or
Oone = KKK (4.11)
where K, is the quality factor, Kg is the mass flux factor and K is the gap size
factor.
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In order to obtain the quality factor, K, , the experimental data of three-pin
bundle with wire spacer was plotted as a function of local quality, X.ca- The quality
factor, K, , can be obtained by fitting all the values of the experimental data
[Fig.4.17]. Then the CHF to quality factor ratio plotted as a function of mass flux
values at the same quality condition [Fig.4.18]. The mass flux factor, Kg, can be
obtained by fitting the experimental data. Finally, at the same quality and mass flux
condition, the CHF to quality and mass flux factor ratio plotted as a function of gap
size [Fig.4.19]. The gap size factor, K;, can also be obtained by fitting the
experimental data. By fitting the experimental data, the new CHF empirical

correlation can be obtained as follow

Oere = KiKeK; (4.12)
where
K, =264777x X? +4233.4x X+ 710.45 (4.13)
K. =Gx0.0035-0.536 (4.14)
K, = 5x0.5608+0.5348 (4.15)

This correlation was created base on CHF experimental data for three-pin

bundle with wire spacer at which the rod diameter of 4.57 mm and length of 400
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mm. Besides, this correlation was obtained with the local quality ranged from -0.06

t0 0.02 (-0.06 < x < 0.02) , the mass flux ranged from 280 to 435 kg/m?s (280 < G <

435 kg/m?s) and the gap size range from 0.43 to 0.83 mm (0.43 < J < 0.83) which

had a pitch to diameter ranged from 1.10 to 1.18 respectively.
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200

' I ' I ' I
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0=10.83 mm(p/d— 1. 18)
P=0.1 MP
| ) | ) |
-0.06 -0.04 -0.02 0 0.02

Local quallty, Xlocal

Fig.4.17. CHF in three-pin bundle with wire spacer as a function of local

quality
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Fig.4.19 CHF to quality and mass flux factor ratio as a function of gap size.
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Figure 4.20, 4.21 and 4.22 show the comparison between the calculation
results obtained with the experimental data at different mass flux and gap size
condition. It can be seen that the prediction values were agreed with the

experimental data within the range of + 25%.

Moreover, in order to determining the thermal limits of the BWRs, the critical
power ratio (CPR) is used. The CPR is that power in the assembly that is calculated
by application of the correlation to cause some point in the assembly to experience
boiling transition (CHF), divided by the actual assembly operating power. In the
practical reactor, the minimum CPR (MCPR) is around 1.3 which means the
minimum critical power is about 30% higher than the operating power. Therefore,
the correlation with the deviation of lower than 30% is the good correlation. On the
other hand, two phase flow is the complicated phenomena with the low repeatability
in experimental data. Thus, the CHF correlation with the deviation of + 25% is good

enough.
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Fig.4.20 Experimental data and calculation results at G=280 kg/m?s
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Fig.4.21 Experimental data and calculation results at 6=0.43 mm
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Fig.4.22 Experimental data and calculation results at G=435 kg/m?s
4.5. Conclusions

Critical heat flux in boiling water flow in a tight rod bundle was investigated
experimentally for a three-pin bundle with and without wire spacers. Two different
values of pitch to diameter ratio were chosen: 1.10 and 1.18. The conclusions are as

follows:

(1) The CHF values increased with the increase of the mass flux values under
the same quality condition. The effect of mass flux on CHF in tight rod

bundle with wire spacer was the same with that in single pin channel.
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(4)

()

(6)

(7)

The CHF was enhanced by up to 50% with wire spacer compared with it
without wire spacer under constant mass flux condition. The enhancement
was more significant at the low quality region. Thus, the coolability in tight
lattice core could be optimized by using wire spacer.

Under constant flow rate conditions, the CHF values increased by up to
150% when decrease the pitch to diameter ration from 1.18 to 1.10.

Under constant mass flux conditions, the tendency of CHF values did not
change even with different values of p/d. the CHF decrease around 5% when
changing the p/d from 1.18 to 1.10.

Under the same mass flux condition, the CHF is nearly the same even with
difference values of wire pitch.

The positions of CHF at p/d = 1.18 and low mass flux were located in the
downstream region of the flow channel. However, when the mass flux was
increased, the CHF occurred in the middle of the heater pin. Under constant
mass flux condition, CHF occurred at nearly the same position for both of
p/d=1.10 and 1.8.

The CHF experimental data in the case of three-pin bundle without wire
spacer were agreed with the prediction method given by Min Lee within

+50% of deviation. On the other hand, the CHF experimental data with wire
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spacer were higher than the calculated results for bundle without wire spacer
at the same quality condition.

(8) The new correlation of CHF in bundle pin with wire spacer was created by
the fitting method. The correlation was shown as a function of mass flux,
quality and gap size value. The new correlation can predict the CHF data
with the deviation of = 25% which is good enough in the case of boiling

two-phase flow phenomena.
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Chapter 5. Analytical study on CHF behavior in

tight rod bundle using CHF simulation method

128



5.1. Introduction

The experimental study on CHF behavior in tight lattice core with wire
spacer was presented in the previous chapter. The enhancement of CHF with the
wire spacer is also discussed in detail. However, for the better understanding of such
kind of phenomenon, the analytical study on CHF behavior in tight lattice core is
necessary. On the other hand, the CHF in high conversion BWR is occurred mostly
depend on the liquid film dryout mechanism which base on the deposition and
entrainment rate of droplets. Therefore, the three-fuild model (liquid phase, gas
phase, droplet phase) is the best approach method to simulate for such kind of

phenomenon.

Therefore, the purpose of the study which is presented in this chapter is to
clarify the CHF behavior in tight lattice channel with and without wire spacer base

on the three-fluid model method.

Besides, in order to clarify the mechanism of the enhancement of CHF in

tight lattice core with wire spacer, the parametric studies were also obtained.

5.2. Dryout simulation method and boundary condition

As mentioned in chapter 1, the CHF can be occurred base on two
mechanisms: dryout mechanism and DNB mechanism. However, the main purpose

of this study is to investigate the CHF behavior in boiling two phase flow for the
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high conversion boiling water reactor. Therefore, this study is focus on the dryout
mechanism which is occurred base on the droplet deposition rate and entrainment
rate. Hence, in order to analyze the CHF behavior in tight lattice core, the dryout

simulation is required.

Therefore, dryout simulation method which can simulate the dryout
phenomena base on the deposition and entrainment rate of droplets should be taken
into account. To simplify the calculation, the simulation method was based on the
one dimensional calculation method. In order to simulate the dryout phenomenon,
the three-fluid model is considered with the liquid phase, gas phase and droplets
phase. In order to simulate the CHF phenomenon, the conservation and constitutive
equations were taken into account. The conservation equations are created to
simulate two separated liquid film in the case of single pin channel and also to
simulate the single liquid film in the case of bundle test. The constitutive equations
were Sugawara [44-46] equations which can be simulated the CHF phenomena base
on the dryout mechanism at which the droplet deposition and entrainment rate was

taken into account.

The calculation is assumed start to calculate from the entrance with the single
phase water flow, then the flow regime evolution is simulated along the vertical
axial of the flow channel. The bubbly and slug flow can be defined by the vapor

quality. The annular flow can be defined from the initial transition vapor quality.
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Finally, the liquid film dryout is defined as the breakdown or disappearance of the
liquid film flow along the head surface. The boundary conditions are the inlet mass
flux, inlet enthalpy, outlet pressure and the heat flux of the wall. The boundary

conditions for single pin channel and three-pin bundle are given in table 5.1 and 5.2.

Table.5.1. Single pin experiment calculation

Outlet pressure Inlet mass flux Subcooling enthalpy, Ahg,, [kJ/kg]
P [MPa] G [kg/m?s] Without wire Wire
73.08 51.66
81.09 68.04
107.10 77.70
0.1 658.0
130.20 112.98
146.58 121.80
168.42 161.00
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Table.5.2 Three-pin experiment calculation

Outlet pressure Inlet mass flux Subcooling enthalpy, Ahg,, [kJ/kg]

P [MPa] G [kg/m?s] Without wire Wire
73.08 92.4
81.09 97.02
107.10 114.24

0.1 658.0

130.20 118.86
146.58 142.8
168.42 161.28

5.3. Dryout simulation for annulus channel

5.3.1. Three fluid model in annulus channel

The single pin test section is an annulus channel which has two separate
liquid films flow along the heated surface and the flow channel [Fig.5.1]. Therefore,
in order to analyze the dryout phenomenon in annulus channel, it is necessary to

simulate the two separate liquid film flow.
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Fig.5.1 Flow behavior in annulus channel
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As mentioned above, to simulate the dryout the three-fluid model is

considered with the liquid phase, gas phase and droplets phase. The field

equations are given as follow
Continuity equation

Gas phase

0 a,
E (@ PsUsA) = P h_

fg
Liquid phase

- Inner liquid film

0 Qu
5 (aF,ionuF,in A) = I:)wet,in (mD,in - mE,in) - I:)heat h_

fg

- Outer liquid film

0
5 (aF,outhuF,out A) = Pwet,out (mD,out - mE,out)

Droplets phase
0
E(QEPEUEA) = Pyer (Mg —Mp)

where
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ClF,in +aF,out +aG +aE =1 (55)

Momentum equation

Gas phase
a (aGpG G) + aG AFG |nTFG in AFG,outTFG,out
P (5.6)
—Age T t+ r:z\at r?_WuF in — Qe Ps9COSH
Liquid phase

- Inner liquid film

0
~ (aF |n/0F F, |n) + aF in A AFG |nTFG in A\NF,inTWF,in

0z
wet,in
+T(mD,mUE M) (5.7)
_%q_wumn —aFyiongCOSQ
A h,

- Quter liquid film

oP

oz = AFG,outTFG,out - ANF,outTWF,out

P

wet,out

+T (mD,outuE - mEuF,out) — O ot Pr gCOS@

5 (aF,outh uli,out) + aF,out
(5.8)

Droplets phase
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0 oP
g(aEpEué) +aog 5 = AeTe + Aee Ter

wet,in (

+ mEuF,in _mD,inuE) (5-9)

wet,out

+ (mEuF,out _mD,outuE)_aEpEgcose

5.3.2. Dryout simulation model and constitutive equation

The dryout can be obtained by the breakdown of the liquid film flow along
the heated surface, in other word the CHF occur when the liquid film flow rate equal

zero. The liquid film flow rate can be given as

P = Pret (mD —Mg _;‘_W] (5.10)

fg

where Wk is the liquid film flow rate, P, IS the perimeter of the liquid film,
mp is the droplets deposition rate, me is the droplets entrainment rate, g, is the wall

heat flux and hyy is the latent heat of evaporation.

Equation 5.10 can be applied for the tube channel which has a single liquid
film in the flow channel. However, in the case of annulus channel, there are two
liquid films flow along the heated surface and the inner surface of the flow channel
as show in [Fig.5.1]. Therefore, to simulate the dryout phenomenon in the annulus

channel, Eq.5.10 should be applied for two difference liquid films
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aWF,in qw
oz = IDwet,in mD,in —Mein _h_ (511)

fg

aV\/F,out - P
62 — 7 wet,out

(mD,out — Mg oy ) (5.12)

Equation 5.11 is used to calculate the liquid film flow rate which flow
along the heated surface. On the other hand, Eq.5.12 is used to calculate the liquid
film flow rate along the inner surface of the flow channel, thus the evaporation

factor is not taken into account. The deposition rate, can be obtained by
My =KpC (5.13)

k =in, out

where kp is the mass transfer coefficient and C is the droplets concentration
in the gas core. To calculate the mass transfer coefficient, kp and the droplets
concentration in the gas core, C the correlation of Sugawara [44-46] was used. The

mass transfer coefficient was calculated as follow

k -05
—%=9.0x10" [3] Reg* S¢™*° (5.14)

Ug Ps

and
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- We
We Ue |, We
Ps Us Pk

C

The Reynolds number of gas core can be obtained by

u.D
ReG,kz G —FG

Ve

(5.15)

(5.16)

where Dgg is the hydraulic diameter of the gas core, vg is the kinematic

viscosity of gas phase. The Schmidt number, Sc can be obtained through the Lewis

relation, Le =Sc/Pr = 1. [44-46]

The entrainment rate can be calculated by using Sugawara [44-46] equation

as follow
on(=2efe)a]
If Reg > 10°
Ah, =k,
If Regy < 10°
Ah,, =k, ,[2.136l0g,,(Re ) —9.68]
where
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k., =0.5765, +21.73x10°5% —38.8x10° 5 +55.68x10° 5 (5.20)

where the 7 is the interfacial shear stress, is the hydrodynamic equivalent
wave height, p_ is the dynamic viscosity of liquid phase and o is the surface tension.
The k¢ is the wave roughness and Jy is the liquid film thickness. The interfacial

shear stress g can be obtained by

Trok = Prox fro (p_;j (Ug _uF,k)‘uG _uF,k‘ (5.21)
Wallis correlation
frs, =0.079Re;*(1-3005, / D, ) (5.22)

Other constitutive equations can be obtained as follow

Wall shear stress [52]

Tk = Pwek fur i [p_zlzqu,k ‘UF,k‘ (5.23)
D
Re, , = —EkCFk (5.24)
, v
If Reg > 105
fur « =8x107 +0.05525Re 7 (5.25)
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If Reg < 105

fur =0.079Re %> (5.26)
Droplet shear stress
Teox = AecKes ['O—ZGJ (Ug —Ug)|ug —U| (5.27)
oo = R2:E (1+015Ree™ )+ 4.252;154 Re ™ (5.28)
Re, — (Mj (5.29)
Ve

5.3.3. Analyzing the enhancement of CHF in single pin experiment

As mentioned in chapter 2, in annulus channel the outer liquid film has an
effect on the enhancement of CHF. Due to the effect of wire spacer and spiral flow,
the disturbance of the steam flow on the outer liquid film was enhanced. And the
result is the enhancement of entrainment rate in the outer liquid film. Since the
promotion of entrainment rate at the outer liquid film, the droplets concentration in
the gas core become higher which lead to the improvement of deposition rate for the
inner liquid film, thus the CHF was enhanced. The entrainment rate in single pin
without wire spacer can be obtain from EQq.5.17, thus the entrainment rate in single

pin channel with wire spacer can be obtained as follow
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Teo AN o4
mE,k =Cl><1.07( FG k eq,kj(UGﬂLJ(&] (530)

o o Ps

where C1 is the entrainment multiple factor. Therefore to clarify the enhancement
of CHF in the case of wire spacer, the parametric study for such kind of parameter

IS obtained.
5.4. Dryout simulation for three-pin bundle experiment
5.4.1. Three fluid model in three-pin bundle channel

The cross section at the center of three-pin bundle flow channel is shown in
Fig.5.3. It can be seen that the system can be simplify as the round tube channel with

the helical coil wire inserted

Heater pin

Wire spacer

Heater pin

Fig.5.2. Cross section at the center of three-pin rod bundle
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The tube diameter equal half of the heater pin diameter and the wire diameter
is equal half of the original wire diameter. Therefore, if in the case of annulus
channel, the separate liquid films flow were taken into account, in the case of three-
pin bundle simulation, only single liquid film was simulated. The three-fluid model
method was also used for the case of bundle pin simulation. The constitutive
equations for the three-pin bundle simulation are the same with that for single pin
simulation. Since the single film flow was taken into account, thus the field

equations for the three-pin bundle can be given as follow

Continuity equation

Gas phase
0 q
— (s psUA) =P —*
pe (a6 U A) = Bear hfg (5.31)
Liquid phase
0 Ow
~ (anFuF A) = Pwet (mD - mE) - Pheat T (5.32)
0z hfg
Droplets phase
0
E(QEPEUEA) = Py (Mg —Mp) (5.33)
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where

ar +og +oz =1 (5.34)

Momentum equation

Gas phase
0 oP
2 (s psVs) + ae =—AxsTrs
Preat G (5:35)
—AgaTes + r:A\t h_uF — 0P 9COSH
fg
Liquid phase
o]
pe — (o peu F)+aF = AcTre — AweTur + Xt (MpUe —MeU;)
I:)heat qw (536)

e | COSo
A hfg F 2P0

Droplets phase

0 oP Pwe
E(aEpEué) T = AecTec + AerTer +Tt(mEuF —MyUe) (5.37)

—ae pe9COSH

5.4.2. Analyzing the enhancement of CHF in three-pin experiment
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As presented in chapter 4, the CHF in the case of three-pin bundle experiment
was enhanced by the promotion of deposition rate as a result of centrifugal force.
Details under the effect of centrifugal force, the droplets tend to move from the gas
core to the heated wall which lead to a higher deposition rate and promote the CHF
values. According to Eq.5.13, 5.14 and 5.15, the deposition rate can be obtained by
multiply the mass transfer coefficient, kp with the droplet concentration in the gas
core, C. Under the effect of centrifugal force, the mass transfer rate was enhanced.
Therefore, in order to simulate the enhancement of CHF values in three-pin bundle

channel, the parametric study on mass transfer coefficient is needed.

5.5. Results and discussion

5.5.1. Calculation results for single pin channel

The calculation values are the position along the heated surface where CHF
occur. The calculation results were obtained by keep the constant values of
subcooling enthalpy, mass flux and outlet pressure, then changing the heat flux
values. Thus, the CHF position for the difference heat flux values at the same
subcooling condition was obtained. Fig.5.3 shows the comparison between the
calculation results with the experimental data in the case of without wire spacer. It
can be seen that at the same mass flux and pressure condition, the experimental data

were close to the calculation results.
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The enhancement of CHF values in the case of flow channel with wire spacer
was investigated by the parametric study on the hydraulic equivalent wave height.
Originally, the hydraulic equivalent wave height is set equal 0.1. In this case, the
CHF position in the case flow channel with wire spacer cannot be obtained because
of the high heat flux values so that the CHF position is very close to zero. By
increasing the hydraulic equivalent wave height values, the CHF in the case of flow
channel with wire spacer shifted to the downstream of the flow channel. The
calculation was repeated with difference values of hydraulic equivalent wave height
values until the calculation results met the experimental data. The results are shown

from Fig.5.4 to Fig.5.9 for difference subcooling condition.

It can be seen that, by changing the hydraulic equivalent wave height values,
the CHF position was shifted from the upstream to the downstream of the flow
channel. It also shows that at the same subcooling, mass flux, pressure and position,
the CHF values were higher with the higher hydraulic equivalent wave height values.
Moreover, with the hydraulic equivalent wave height lower than 2.0, the CHF
slightly shifted from the upstream to the downstream of flow channel. However,
with the hydraulic equivalent wave height higher than 2.0, the CHF has a large
increase even with the small change in the hydraulic equivalent wave height. Finally,

it can be concluded that the CHF was promoted by the rise of hydraulic equivalent
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wave height which lead to the higher entrainment rate of the outer liquid film flow

and the result is the improvement of deposition rate of inner liquid film flow.

T I T T T
Single pin without wire
3000 Calculation values ® Experiment |
Ahgy, = 73.08 kl/kg =
_ I —— Ahgp = 81.09 kl/kg B s Mpa
= | Ahgy, = 130.2 kJ/k _
= 2000 sub g
= Ahg, = 146.58 kl/kg
Z — Ahg, = 168.42 kl/kg
\Q B T
>
=~
L [ 3
O 1 I 1 I 1 I 1

0 0.1 0.2 0.3 0.4
CHF position, z (m)

Fig.5.3 Comparison between experimental data and calculation results in

case of flow channel without wire spacer
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Fig.5.5 CHF postion in single pin channel with wire spacer
(Ahgy, = 68.04 kJ/kg)
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Fig.5.8 CHF postion in single pin channel with wire spacer
(Ahg, = 121.8 kJ/KQ)
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Fig.5.9 CHF postion in single pin channel with wire spacer
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(Ahg,, = 161 kJ/kg)

5.5.2. Calculation results for three-pin channel

Fig.5.10 shows the comparison between the calculation results with the
experimental data in three-pin bundle without wire spacer. It is clear that the
experimental data were close to the calculation results at the same subcooling, mass

flux and pressure condition.

As discussed in chapter 4, the enhancement of CHF in case of three-pin
bundle with wire spacer base on the improvement of deposition rate under the effect
of centrifugal force. In the case of three-pin bundle without wire spacer, the mass
transfer coefficient was calculated by Eq.5.14. However, this correlation cannot be
applied to calculate for the case of three-pin bundle with wire spacer. Thus the
parametric study on mass transfer coefficient is needed to clarify the enhancement of
CHF base on the increase of deposition rate. The calculation was repeated with
difference values of mass transfer coefficient until the calculation results met the
experimental data. The results are shown from Fig.5.11 to Fig.5.16 for difference

subcooling condition.

According to the figure from 5.11 to 5.16, at the same subcooling, mass flux,
pressure and position, the CHF values became higher by increasing the mass transfer

coefficient. Besides, the CHF positions were shifted from the upstream to the

150



downstream of flow channel by increasing the mass transfer coefficient. Finally, it
can be concluded that the mechanism of the enhancement of CHF in three-pin

bundle with wire spacer is based on the increase of deposition rate under the effect

of centrifugal force.
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CHF position, z (m)
Fig.5.10 Comparison between experimental data and calculation results in

case of three-pin bundle without wire spacer
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Fig.5.12 CHF postion in bundle pin channel with wire spacer

(Ahgp = 97.02 kJ/kg)
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(Ahg, = 161.28 kJ/Kg)

5.6. Conclusion

The three-fluid model method can be used to simulate the dryout
phenomenon in tight lattice core for both of annulus channel and bundle pin channel.
In the case of annulus channel, the two separated liquid film flow is simulated. On
the other hand, in the case of three-pin bundle, only single liquid film flow is
simulated. The parametric studies on hydraulic equivalent wave length and mass
transfer coefficient were created to clarify the mechanism of the enhancement of

CHF in single pin and three-pin bundle channel. The conclusions are as follow

(1) The CHF experimental data in single pin channel without wire spacer are
agreed well with calculation results under the same mass flux, subcooling
and pressure condition.

(2) The enhancement of CHF in single pin channel with wire spacer is based
on the increase of entrainment rate of the outer liquid film which leads to
the improvement of deposition rate of the inner liquid film.

(3) The CHF experimental data in three-pin bundle test section without wire
spacer close to the calculation results under the same mass flux,
subcooling and pressure condition.

(4) The enhancement of CHF in three-pin bundle test section with wire spacer

is based on the rise of mass transfer coefficient
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Chapter 6. Conclusions
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The present study can be considered as a fundamental study on CHF behavior
in tight lattice core for high conversion boiling water reactor. The conclusions of

each chapter in present study can be summarized as follow

Chapter 2

The CHF experimental single pin and bundle pin test section are designed and
setup successfully. The new techniques and design have been developed for the

single pin and three-pin bundle CHF experiments:

(1) Teflon tube and Teflon coated wire spacers.

(2) Tight triangular arrangement of the heater pins.
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(3) Parametric changes of gap size, pitch to diameter ratio and axial pitch of wire
spacer.

(4) Three point junction method for detection of the surface temperature.

(5) Thin thermocouple for detection of the rapid rise of surface temperature of
the heat pins.

(6) High current electrodes configuration for three-pin bundle.

(7) Triangular flow channel with small cross section.

Chapter 3

The CHF phenomena for the tight lattice fuel arrangement with the effect of
wire spacer were investigated by mean of the experiment for single fuel pin with and
without wire spacer and three difference values of gap size of 1.1, 1.5, 2.0 mm.
Besides, the effect of wire pitch was made clear by the experiment with two

dissimilar wire pitch value of 100 mm and 200 mm. The conclusions are as follows:

(1) The CHF values increased with the rise of mass flux under the same
geometric and quality condition because of the increasing of mass flux lead
to the change in heat transfer coefficient of the heater pin.

(2) The CHF in case of heater pin with circular shape wire was enhanced up to

25% compared with it in case of without wire space under the same flow
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3)

(4)

()

(6)

condition. Therefore, the coolability or heat removability was enhanced by
the existence of the wire spacer and spiral flow.

With the same flow rate condition, the CHF values can be increased up to
100% with the decrease of gap size. Therefore, the flow channel with
smaller gap size a higher coolability compared with the flow channel with
larger gap size.

The change in a pitch of wire, H, with two difference values of 100 mm and
200 mm did not have a large influence on the CHF if the mass flux was kept
constant. The experiment data was nearly the same value even with two
different cases of wire pitchh.

The CHF in boiling two-phase flow was mostly caused by liquid film dry-
out. Nevertheless, in case of high velocity and high heat flux, the burn-out at
high heat flux appeared.

Directly comparison with the CHF look-up tables of Groveneveld et al.
(2007) had a big different with the test results because of the different in
geometric condition. In case of the CHF look-up tables Groveneveld et al.
(2007) the CHF was performed in a round tube which was different with the
CHF in annuli flow as shown in our experiment. The experimental values of
single pin without wire spacer agreed well with the predicted method by

using the rod-centered approach method of Doerffer et al.(1994). It also
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shown the predicted values of CHF in case of channel without wire spacer
were lower than the experimental data of channel with wire spacer. That

agreed with the experimental results.

Chapter 4

Critical heat flux in boiling water flow in a tight rod bundle was investigated
experimentally for a three-pin bundle with and without wire spacers. Two different
values of pitch to diameter ratio were chosen: 1.10 and 1.18. The conclusions are as

follows:

(1) The CHF values increased with the increase of the mass flux values under
the same quality condition. The effect of mass flux on CHF in tight rod
bundle with wire spacer was the same with that in single pin channel.

(2) The CHF was enhanced by up to 50% with wire spacer compared with it
without wire spacer under constant mass flux condition. The enhancement
was more significant at the low quality region. Thus, the coolability in tight
lattice core could be optimized by using wire spacer.

(3) Under constant flow rate conditions, the CHF values increased by up to

150% when decrease the pitch to diameter ration from 1.18 to 1.10.
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(4)

Q)

(6)

(7)

(8)

Under constant mass flux conditions, the tendency of CHF values did not
change even with different values of p/d. the CHF decrease around 5% when
changing the p/d from 1.18 to 1.10.

Under the same mass flux condition, the CHF is nearly the same even with
difference values of wire pitch.

The positions of CHF at p/d = 1.18 and low mass flux were located in the
downstream region of the flow channel. However, when the mass flux was
increased, the CHF occurred in the middle of the heater pin. Under constant
mass flux condition, CHF occurred at nearly the same position for both of
p/d=1.10 and 1.8.

The CHF experimental data in the case of three-pin bundle without wire
spacer were agreed with the prediction method given by Min Lee within
+50% of deviation. On the other hand, the CHF experimental data with wire
spacer were higher than the calculated results for bundle without wire spacer
at the same quality condition.

The new correlation of CHF in bundle pin with wire spacer was created by
the fitting method. The correlation was shown as a function of mass flux,
quality and gap size value. The new correlation can predict the CHF data
with the deviation of + 25% which is good enough in the case of boiling

two-phase flow phenomena.
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Chapter 5

The three-fluid model method can be used to simulate the dryout
phenomenon in tight lattice core for both of annulus channel and bundle pin channel.
In the case of annulus channel, the two separated liquid film flow is simulated. On
the other hand, in the case of three-pin bundle, only single liquid film flow is
simulated. The parametric studies on hydraulic equivalent wave length and mass
transfer coefficient were created to clarify the mechanism of the enhancement of

CHF in single pin and three-pin bundle channel. The conclusions are as follow

(1) The CHF experimental data in single pin channel without wire spacer are
agreed well with calculation results under the same mass flux, subcooling
and pressure condition.

(2) The enhancement of CHF in single pin channel with wire spacer is based
on the increase of hydraulic equivalent wave length.

(3) The CHF experimental data in three-pin bundle test section without wire
spacer close to the calculation results under the same mass flux,
subcooling and pressure condition.

(4) The enhancement of CHF in three-pin bundle test section with wire spacer

is based on the rise of mass transfer coefficient

Summary
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Experiment study

(1) The CHF of tight lattice core with wire spacer values increases with

increasing mass flux in the same geometry and at the same quality condition.

(2) The CHF values in tight lattice core with wire spacer were higher than that

without wire spacer at the same mass flux condition.

(3) At the same flow rate, the CHF increases with the decreasing gap size or the

pitch to diameter ratio.

(4) The change of wire pitch, H did not have a large influence to the CHF at the

same mass flux condition.

(5) In the tight lattice core, the coolability can be maximized by using the wire

spacer.

(6) The new empirical correlation for CHF in tight lattice core with wire spacer

was created and could predict the CHF data within £25% of deviation.

Analytical study

(1) The CHF can be estimated by the multi-fluid model.

(2) The parametric study shows CHF may be enhanced by increase of the

droplets entrainment rate in outer liquid film in annuli channel. On the other
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hand, by changing the mass transfer coefficient in the three-pin-bundle

subchannel, the CHF was increased.
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