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Abstract

Fast Breeder Reactors (FBRs) are of great interest owing to their great potential of enhanced

utilization of the natural uranium resources. The breeder reactors by light water cooling

(Pressurized Water Reactor (PWR) and Boiling Water Reactor (BWR) types) have been studied

for decades but yet the high breeding has not been achieved. This thesis focuses on the studies

regarding high breeding reactors cooled by light water with tightly packed fuel assemblies.

Chapter 1 provides the backgrounds and describes the necessities and objectives of the study.

FBR is a nuclear reactor that generates more fissile material than it consumes. It can be an

important potential source of energy. Most FBRs are fueled with 239Pu, because 239Pu gives rise

to the highest value of neutron yield per neutron absorbed among the major fissile nuclides at

fast neutron spectrum. At fast neutron spectrum the fertile 238U can be converted to fissile 239Pu

more efficiently than that at thermal spectrum. Liquid metal coolant is used for most FBRs to

avoid softening of neutron spectrum. Therefore, FBRs with light water cooling have been

challenging for many years. The technology of light water cooling is more reliable and

experienced, giving much less capital cost of construction, operation and maintenance. It is well

known that the energy demand of a country is generally proportional to its Gross Domestic

Product (GDP). For the G7 member countries, who are the members of the Organization for

Economic Co-operation and Development (OECD), the recent average GDP growth rate is

about 1.4%. It implies that the energy requirement is also growing at around 1.4% per year in

these countries and the energy demand may double in 50 years. It is expected that operation of

FBRs and reprocessing of the spent fuel will be utilized in advanced countries. Compound

System Doubling Time (CSDT) indicates the time that is needed in a system of breeder reactors

to double the reactor number as well as the energy output by using the excess fissile material

generated in the system. In this study, CSDT of less than 50 years is determined as the target

breeding performance of FBRs by referring to the expected energy demand growth in the G7

member countries.

Researchers have made continuous attempts to apply technology of light water cooling on

FBR. Many concepts of high conversion PWR (HCPWR) were studied since 1970s, with tight

fuel rod lattice arrangement to reduce moderation of neutron, achieving conversion ratio of

close to 1.0 but not enough to breed. JAEA researchers proposed a BWR-type

Reduced-Moderation Water Reactor (RMWR) with tight lattice configuration. RMWR is cooled

by boiling water. Therefore large void fraction (70%) is created in the core to reduce moderation

of neutron. As the result, conversion ratio of RMWR exceeded 1.0. However, this concept only
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achieves a CSDT of 245 years which is still too far from achieving the high breeding of CSDT

that is less than 50 years. Recently, concept of the tightly packed fuel assemblies was proposed

by the researchers of Waseda University to substantially reduce the coolant volume fraction.

With application of the assemblies, the concept of Supercritical pressure light water cooled Fast

Breeder Reactor (Super FBR), which attained CSDT of 43 years was presented.

Although the reactor design of Super FBR is successful for high breeding, thermal hydraulics

of the tightly packed fuel assembly has never been studied. Among all design parameters of this

assembly, the channel geometry is the most important one, and its thermal hydraulic

characteristics are needed to be analyzed. Compared with Super FBR, high breeding with the

existing BWR technology is easier to implement. Hence, it is necessary to study the high

breeding in the BWR-type fast breeder reactor by utilizing the tightly packed fuel assembly.

Moreover, low average coolant density, which is comparable to that of Super FBR, can be

created in a BWR-type core, which is favorable for high breeding. Another issue related to

application of the tightly packed fuel assembly is the safety performance. Since the coolant

channel area is very small, it is necessary to study the safety characteristics for reactors with

tightly packed fuel assemblies.

Given above all, three objectives of this thesis are: (1) to study the thermal hydraulics of

tightly packed fuel assembly in detail by Computational Fluid Dynamics (CFD) method; (2) to

design a high breeding core (CSDT < 50 years) with tightly packed fuel assemblies working at

BWR condition; (3) to clarify safety characteristics of Super FBR with the tightly packed fuel

assemblies.

Chapter 2 is dedicated to thermal hydraulic analysis of different channel geometries in the

tightly packed fuel assembly. As previously studied in core design of Super FBR, this assembly

has the great potential of achieving high breeding by greatly reducing the coolant volume

fraction, while the original circular coolant channel gives rise to high cladding temperature and

high pressure drop. By ameliorating the channel geometry, it is expected to improve the

performance on thermal hydraulics. Therefore, three types of coolant channel geometry are

established and analyzed: geometry A is circular; geometry B is triangle-like shape with

rounded-corner; geometry C is also triangle-like shape but with pointed corner. These

geometries are selected based on the values of the ratio of hydraulic diameter to channel area,

and represent the potential channel geometries. From geometry A to C, the channel area

increases while the hydraulic diameter reaches peak around geometry B. The simulations are

conducted at three pressure conditions, representing Super FBR pressure (30MPa), PWR
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pressure (15.5MPa) and BWR pressure (7.2MPa), respectively.. A CFD code STAR-CCM+

v8.02 is used. For each pressure condition, validations against experiment data, related to heat

transfer at supercritical pressure, critical heat flux (CHF) and distribution of void fraction, are

performed at first. Then, assessment of thermal-hydraulic characteristics of each channel

geometry was conducted with the boundary conditions established as to cover the design range

of each corresponding reactor type. Assessments of the geometries are made based on thermal

hydraulic parameters such as cladding temperature, pressure drop for all pressure conditions and

with additional consideration of CHF at subcritical pressure. It is found that geometry B is

superior to others at all operating pressures because of its broad design area in terms of power,

cladding temperature and pressure drop, and it is able to meet the thermal hydraulic

requirements in design of high breeding reactors.

Chapter 3 offers a conceptual core design of high breeding BWR with the tightly packed fuel

assemblies. The goal of the high breeding BWR is to achieve CSDT < 50 years and negative

reactivity simultaneously. Based on the experience of Super FBR core design, the neutronic

design is conducted for the core in the way that: the seed and blanket assemblies are arranged in

a radiating pattern; ZrH1.7 pins are placed in a few blanket assemblies with the purpose of

achieving negative void reactivity; the upper and lower blanket layers are placed in seed

assemblies to improve the breeding. Sensitivities regarding the fuel enrichment, core average

burnup, coolant channel geometry and water density distribution are studied to clarify the

design area.

It is found that the breeding is better with lower plutonium enrichment and higher burnup.

For attaining negative void reactivity, it is preferable to lower the enrichment and lower the

burnup. In addition, the calculation results suggest that the coolant density change does not

significantly affect the neutronics due to the small inventory of coolant. Therefore, the thermal

hydraulic calculations were performed separately. It is found that the CSDT is mainly limited by

a small Linear Heat Generation Rate (LHGR), while the LHGR is mainly limited by the CHF

and power peaking factors. To increase the LHGR, CHF is increased by applying geometry B

instead of geometry A in seed assemblies. It is also found that keeping geometry A in blanket

assemblies to maintain the breeding ability is feasible, because the LHGRs of blanket

assemblies are low. The power peaking factor is suppressed by enrichment zoning in both radial

and axial directions. The pressure drop is higher than that of conventional BWRs due to

application of narrow coolant channels. Resulting flow instability can be managed by applying

orifices at the inlet in order to decrease the effect of the pressure drop change in the coolant
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channel on the stability. The final breeding BWR core design achieves a CSDT of 41.6 years,

while all the design criteria, with respect to Maximum Linear Heat Generation Rate (MLHGR),

Minimum Critical Heat Flux Ratio (MCHFR) and negative void reactivity, are satisfied.

Chapter 4 clarifies the safety characteristics of Super FBR. Owing to application of the

tightly packed fuel assembly, the coolant channel area is even smaller than that of the tight

lattice fuel assembly in Super FRs. The main parts of the safety and plant system design of

Super FBR are similar to that of Super FRs, while modifications are made to adapt to the higher

system pressure of 30MPa compared with 25MPa of Super FR. The accident and transient

scenarios are also selected from those of Super FRs owing to similarities in the plant systems.

Events analyses are conducted by using the SPRAT code of Waseda University with a 2D heat

transfer model that describes characteristics of the tightly packed fuel assembly in detail.

the highest

values of the Maximum Cladding Temperature (MCT) and the peak pressure attained during this

event are higher than those of other events

event for Super FRs. This difference is due to one of the major safety characteristics of Super

FBR caused by the small inventory of coolant in the core. Overall, the calculation results

indicate that the designed safety system is capable to protect the reactor well at all accidents and

abnormal transients.

Chapter 5 offers the general conclusions of the thesis. The thermal hydraulic characteristics

of channel geometries in the tightly packed fuel assembly are understood for the first time by

using the CFD method. The superiority of geometry B is demonstrated, owing to the broader

design margin in terms of achievable power, cladding temperature and lower pressure drop. In

practical applications, both geometry A and B are suitable for assembly design in high breeding

Super FR, PWR and BWR, while geometry C is not suitable for high breeding PWR and BWR

designs because it cannot satisfy the CHF criteria. Geometry B is adopted for seed fuel

assemblies and geometry A is adopted for blanked assemblies to design a high breeding BWR

core, which achieves a CSDT of 41.6 years meanwhile satisfying all the design criteria.

Moreover, the safety characteristics of Super FBR with tightly packed fuel assemblies are

for the

Super FBR because of the small volume fraction of coolant. All the safety criteria are satisfied

for selected accidents and transients.
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Chapter 1 Introduction

1.1 Nuclear energy and breeder reactors

Nuclear power development has been through over 70 years since the first reactor Chicago

Pile-1 (ANL, 2013) was built in the year 1942. Although it was first driven by military purpose,

the attention quickly turned to peaceful use with the ending of the World War II. Today, over 30

countries host about 430 commercial reactors and produce more than 11% of global electricity,

seen in Table 1-1(WNA, 2014), and more countries without nuclear power plants yet use

nuclear-generated electricity through regional grids such as Italy and Denmark. According to the

World Nuclear Association (WNA), in ten countries, the nuclear power even contributes more

than a third of their electricity production, such as Czech Republic, Finland and France. Nuclear

power is characterized by low greenhouse gas emissions, high reliability, high efficiency and

low-cost, and therefore it is increasingly recognized as the important source of electricity

throughout the world. According to 2013 WNA Market Report (WNA, 2014), by the year 2030,

74 reactors will be retired while 272 new ones will come on line.
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Table 1-1 Current status of global nuclear reactors (WNA, 2014)

Country Nuclear electricity

generation (2013)

Reactors operable

(2015)

Reactors under

construction (2015)

Reactors planned

(2015)

109 kWh % e No. MWe No. MWe No. MWe

Belgium 40.6 52.0 7 5943 0 0 0 0

Canada 94.3 16.0 19 13553 0 0 2 1500

China 104.8 2.1 22 19095 27 29548 64 71220

Czech Republic 29.0 35.9 6 3766 0 0 2 2400

France 405.9 73.3 58 63130 1 1720 1 1720

Finland 22.7 33.3 4 2741 1 1700 1 1200

Germany 92.1 15.4 9 12003 0 0 0 0

India 30.0 3.4 21 5302 6 4300 22 21300

Japan 13.9 1.7 48 42569 3 3036 9 12947

Korea RO (South) 132.5 27.6 23 20656 5 6870 8 11640

Russia 161.8 17.5 34 25264 9 7968 31 32780

Spain 54.3 19.7 7 7002 0 0 0 0

Sweden 63.7 42.7 10 9487 0 0 0 0

Switzerland 25.0 36.4 5 3252 0 0 0 0

Ukraine 78.2 43.6 15 13168 0 0 2 1900

United Kingdom 64.1 18.3 16 10038 0 0 4 6680

USA 790.2 19.4 99 98756 5 6018 5 6063

WORLD 2359 11 437 377,728 70 73,514 183 203,580

Worldwide, most reactors in operation are uranium-fueled with the thermal neutron spectrum,

mainly consuming the fissile material 235U which only takes a very small percentage (0.72%) of

the natural uranium resources. The world's present measured resources of uranium is about 5.9

million tons while the global reactors require about 66,000 tons each year (WNA, 2014).

Therefore, it is only able to supply for about 90 years. This number comes without considering the

growing number and capacity of reactors owing to the growing demand for energy in the future.

This number will also change if new uranium resources are identified or become practically

available in the meantime. Just as expected for fossil energy resources, to the end, the fissile 235U

will eventually be exhausted.
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Unlike thermal reactors, fast reactors with the hard neutron spectrum are able to use

the major isotope of uranium (238U) and other transuranics in the spent fuel from thermal reactors

more efficiently. Isotopes such as 238U, 234U, 238Pu and 240Pu

can be efficiently converted to fissile materials by fast neutrons. By using the fertile material

(mainly is 238U) in the blanket around the reactor core, the fast breeder reactor is capable of

producing more some thermal

reactors also can breed but with thorium fuel cycle). Some other actinides (242Pu, 241Am, 236U etc.)

need to experience more complicated nuclear reactions to eventually become the isotopes that are

fissile or stable enough to be readily handled.

1.2 GDP growth rate and goal of breeding

Many evidences (Soytas and Sari 2003; Richmond et al., 2013) have shown that the demand

for energy is more or less proportional to GDP. Figure 1-1 (Our finite world, 2011) shows

example of the world s real GDP and total energy consumption from 1980 to 2010, which

indicates that there is a roughly linear relationship between GDP and energy consumption.

Fig. 1-1 Relationship between GDP and energy (Our finite world, 2011)

According to the Organization for Economic Co-operation and Development (OECD)

economic outlook (Gurria and Padoan, 2012) , the recent average GDP growth rate in G7 member

countries, which are also the members of OECD, is about 1.4 %, which implies that the energy
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demand is also growing at around 1.4 % per year. Hence, the total energy requirement in these

countries can be doubled in 50 years. Fast Breeder Reactors have the potential of meeting such

growth in energy demand with sustainability, if they can be installed at a rate, which is

comparable to the growth rate of the energy demand.

It is expected that operation of FBRs and reprocessing of the spent fuel will be utilized in

advanced countries. Hence, for those countries, high breeding for a Fast Breeder Reactor system

is able to satisfy the energy requirement, which is to double the energy output in 50 years.

Compound System Doubling Time (CSDT, definitions are provided in Section 3.2) indicates the

time that is needed in a system of breeder reactors to double the reactor number as well as the

energy output by using the excess fissile material generated in the system. Based on above

discussion, the high breeding goal in the current study is CSDT less than 50 years.

1.3 Current status of fast breeder reactors

Almost all the breeder reactors have been built are Liquid Metal cooled Fast Breeder Reactors

(LMFBRs) -generation reactor EBR-I (Experimental Breeder

Reactor-1) was a fast breeder reactor that was built in 1950s in USA (ANL, 2013). It not just

demonstrated that the nuclear power could generate clean and stable electricity but also proved

that the breeding was technically possible. In the 1960s, EBR-II was built incorporated with a

closed fuel cycle at Argonne National Laboratory (Sasahara et al., 2004), with the fuel operations

such as reprocessing and prefabrication all handled remotely. After then, the Americans had

continually constructed several fast reactors such as Fermi-I, SEFOR and FFTF (USNRC, 2015).

Russia (Soviet Union) had also built a series of fast reactors from earlier BR-10 to the latest

BN-800 all cooled by sodium (USAEC, 1970). From 1957 to 1994, two fast reactors

were constructed in UK, the 14MW DFR (Dounreay, 2015) and the 250MW PFR (Frank von

Hippel et al., 2010). The French first experimental 40MW fast reactor Rapsodie (Michaille, 2002)

was first critical in 1960s, and then followed by the 233 MW Phénix (AtomInfo.ru., 2014) and the

1200MW Super-phénix (CEA, 2000). Both Germany and Japan started the research in 1970s,

their first fast reactors KNK-II (ENS, 2003) and JOYO (Soga et al., 2012) achieving criticality in

1977. In India, the FBTR first achieved criticality in 1985 (Srinivasan et al., 2006)

CEFR attained criticality in 2010 (NEI, 2010), and now both are still in operation.

Basically, the development is carried out through three stages: the reactors in the first stage are

usually aimed to demonstrate the technology and test the materials, operated at a small power,

known as experimental reactors, such as EBR-I and BR-10; in the second stage, prototype
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reactors are built to prepare for commercialization, generally operated at a higher power level

(250-350 MW), for instance, Phénix and BN-600 (IAEA, 2012); With the construction and

demonstration of commercial-sized reactors, the final goals of these fast reactor projects,

commercialization,

BN-800 is proceeded to construction.

In the year 2002, the Generation IV international Forum (GIF) proposed six types of innovative

nuclear energy systems (Fig. 1-2) which are being developed to aim for commercial construction

around 2030-2040 (WNA, 2014). Half of these reactors are known as fast reactors, including Gas

cooled fast reactor (GFR), Sodium cooled Fast Reactor (SFR) and Lead cooled Fast Reactor

(LFR). While some of the rest, such as Molten Salt Reactor (MSR) and Supercritical Water cooled

Reactor (SCWR), also have fast versions, such as MFSR (Boussier, et al., 2012) and Super FR (Liu

and Oka, 2013). All these fast reactors can be designed as breeder reactors.

Fig. 1-2 Generation IV nuclear energy systems (Generation IV International Forum, 2014)

1.4 Basic physics of breeding

Breeding is basically the process that converts fertile material to fissile material via neutron

reactions. Two distinct sets of reaction chains can fulfill the purpose as shown in Fig. 1-3, called

U-Pu cycle and Th-U cycle respectively. In both cases, the fertile isotopes (238U, 232Th) capture a

neutron, via twice successive beta emissions, converted to fissile isotopes (239Pu, 233U).
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Fig. 1-3 Nuclear reactions chains of U-Pu cycle and Th-U cycle

Neutron yield per neutron absorbed ( ) is a very important parameter in evaluation of breeding,

and it can be denoted by:

(1-1)

where is number of neutrons per fission, the cross-section of fission, the cross-section

of absorption, the capture to fission ratio ( ).

theoretically should be greater than 2.0, which means

that one neutron is used to sustain the critical reaction and the other to breed. Practically, by

considering the leakage and the absorption by structural

it is very hard to reduce neutron loss to below 0.2. Figure 1-4

fissile isotopes (Waltar et al., 2012). It can be seen that all of the typical fissile isotopes

are larger for neutron energy up to above 1MeV compared with those in smaller energy region,

especially for 239Pu (about 2.9 at 1MeV).
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Fig. 1-4 values of major fissile isotopes (Waltar, 2012)

The fission yield is almost constant for each major fissile isotope in the neutron energy

region form 10-5eV to 105eV, as shown in Fig. 1-5, and then it greatly increase when the neutron

energy is higher than 1MeV. This behavior indicates that in a fast neutron spectrum, more

neutrons are remained for breeding. One of the reasons that typical fast reactors adopt 239Pu as

fuel is its significantly higher fission yield than those of 235U and 233U.

Fig. 1-5 Fission yield f of major fissile isotopes (JAEA, 2015)
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Additionally, in a fast neutron spectrum, more 239Pu generated from capture reaction of 238U can

be reserved from being used for fission than that in a thermal spectrum, despite the fact that the

capture cross section of 238U is higher at lower neutron energy. The reason for this is that fission

reaction is in favor of thermal neutrons. In a thermal spectrum, the fission cross section of 239Pu is

also much higher so that most 239Pu bred will fission as soon as generated. Fig. 1-6 indicates that

the ratio of fission cross section of 239Pu to capture cross section of 238U is about 100 compared

with that value of about 8 in a fast spectrum. Because both above cross sections (fission cross

section of 239Pu and capture cross section of 238U) are smaller in a fast spectrum, higher

enrichment is needed for fast reactors to maintain criticality than thermal reactors. Compared with

a thermal reactor of the same power level, the fast reactor has higher neutron density due to

removal of moderator.

Fig. 1-6 Comparison of 238U capture cross section and 239Pu fission cross section (IAEA, 2015)

One of the indices of breeding is given by Fissile Plutonium Surviving Ratio (FPSR). FPSR

over 1.0 indicates that the amount of fissile plutonium at the end of the equilibrium cycle (EOEC)

is more than that at the beginning of the equilibrium cycle (BOEC). The details will be discussed

in Chapter 3. CSDT also is an indicator parameter of breeding, more specifically, indicating the

breeding efficiency as descripted in Section 1.2.
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1.5 Fast reactors cooled by light water

Currently, all the fast reactors ever built are cooled by liquid metal and most of them are sodium

cooled whereas most conventional power reactors are cooled by light water. Apart from the high

efficiency of heat transfer by liquid metal, one more important reason is the fact that the light

water used in conventional power reactors has good moderating property which softens the

neutron spectrum and lowers the breeding performance of the reactor. On the other hand, light

water cooling technology is well-established. The fast reactors based on LWRs technology are

expected to be relatively cheaper compared to the liquid metal cooled reactors.

For assuring inherent safety of a reactor, it is important that the core possesses negative

feedback characteristics to changes in the core status due to increase in the core power or heat

up of the core. Among various relativities, void reactivity is a big safety concern for reactors

cooled either by light water or liquid metal. Coolant voiding will harden the neutron spectrum so

that the fast fission is built up while the neutron leakage increases. The reactivity may increase at

void condition if the effect of fission buildup overs that of neutron leakage.

Many LMFBRs employ a short core or place some void channels in the core to achieve

negative void reactivity by increasing the neutron leakage. Another approach is to place solid

moderator, such as ZrH1.7, in the core to compensate for the neutron spectrum hardening at void,

which is shown to be effective for light water cooled fast reactors (Jevremovic et al., 1993; Oka

and Jevremovic, 1996).

1.5.1 High Conversion Light Water Reactors

Researchers (Edlund, 1975; Oldekop et al., 1982) started to study the High Conversion Light

Water Reactors (HCLWRs) since 1970s in order to enhance the efficiency of fuel utilization,

especially to utilize the large amount of plutonium generated in the conventional water reactors.

The main characteristic of the HCLWRs is the similarity to the current LWRs, including the fuel

cycle technologies and related infrastructures.

The main conceptual idea of these core types is to decrease the volume ratio of coolant to fuel

by using a tight (triangular) lattice arrangement of fuel rods, thus hardening the neutron spectrum

and increasing the conversion ratio. In the tight lattice, compared with the square lattice

arrangement of the conventional LWRs, the gap between fuel rods becomes smaller as well as the

coolant inventory and the fuel enrichment is also higher than conventional LWRs due to the

hardening of the neutron spectrum. The conversion ratio of a homogeneous tight lattice core (all
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assemblies are the same) with plutonium fuel is about 0.8~1.0 (Ronen, 1990), which is much

higher than 0.4~0.6 in conventional LWRs, but breeding is not achieved.

One example, which shares various common design features of the high conversion light water

reactors, is PWR-type Reduced-Moderation Water Reactor (RMWR) proposed by researchers

from Japan Atomic Energy Agency (JAEA) (Hibi et al., 2000). This core adopts the seed-blanket

assemblies, as shown in Fig. 1-7. The seed fuel region, composed of Mixed Oxide (MOX) fuel

pins of 9.5 mm in diameter, is surrounded by blanket region which consists of depleted uranium

fuel pins of larger diameter (14.4mm). In both regions, the gaps between fuel pins are around

1mm. The fissile plutonium enrichment in seed pins is about 18 wt%. Several ZrH1.7 pins are

scattered in the blanket region in order to reduce the void reactivity. The core layout is shown in

Fig. 1-8, with an out-in fuel shuffling pattern to minimize the power peaking. The PWR-type

RMWR attains a conversion ratio of close to 1.0 and negative void reactivity coefficients with

light water moderation. However, the conversion ratio does not exceed 1.0 and breeding is still

not achieved.

Fig. 1-7 Seed-blanket assembly in PWR-type RMWR (Hibi et al., 2000)
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Fig. 1-8 Core layout of PWR-type RMWR (Hibi et al., 2000)

1.5.2 Fast Breeder Reactors cooled by light water

The main approach to achieve breeding with light water cooling is to reduce the volume

fraction of coolant so as to make the neutron spectrum harder and incorporate U-Pu fuel cycle.

BWR-type RMWR

Researchers from JAEA have proposed the BWR-type RMWR core concept (Okubo et al.,

2000), which can achieve breeding based on the LWR technologies. The tight-lattice fuel rod

arrangement is adopted for assembly design as shown in Fig. 1-9 (Okubo et al., 2000). The

volume fraction of coolant to fuel is reduced to around 0.17, which is less than 1/4 of that of

conventional BWR (0.82). Reduction of the moderator gives rise to a similar neutron spectrum to

that of sodium cooled Fast Breeder Reactors (FBRs). To achieve negative void reactivity, the core

has been designed as a pie shape with large aspect ratio to increase the neutron leakage. In the

axial direction, the core is divided into five layers where the seed and blanket layers are

alternately arranged as shown in Fig. 1-10 (Okubo et al., 2000). This configuration also helps to

improve the breeding, since the neutrons leaking out from the seed layer are effectively captured

by 238U in the neighboring blanket layer.
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Fig. 1-9 The tight-lattice fuel rod arrangement in RMWR assembly (Okubo et al., 2000)

Fig. 1-10 Core geometry of RMWR (Okubo et al., 2000)

riquet assembly

Ishiwatari et al. (2001) proposed a core design concept which achieved high breeding, which is

a kind of supercritical pressure light water cooled fast reactors (Super FRs). The core adopts an

unique assembly design, called briquet assembly, as shown in Fig. 1-11 (Ishiwatari et al., 2001),

which is taken form the tube-in-shell assembly of liquid metal fast reactor (Hiraoka et al.,

1991). The coolant tubes are welded to the plates of the shell at the top and bottom. The coolant
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volume fraction is reduced to 0.114. However, during operation, the different thermal expansion

of these tubes may induce stress on the welding and may crack it. This raises concerns for fuel

integrity.

Fig. 1-11 Briquet assembly (Ishiwatari et al., 2001)

Super FBR with tightly packed fuel assemblies

To overcome the issue of thermal stress of the Super FR design with the briquette assembly, as

well as to maintain a small value of coolant volume fraction, Oka et al. (2013) devised a new

tightly packed fuel assembly which is shown in Fig. 1-12. The fuel rods are just the same as

conventional ones, with end plugs welded at the top and bottom. Therefore, no stress from

thermal expansion is imposed on the welding during operation. The integrity of welding is kept,

and the volume fraction of coolant is significantly decreased to 0.085.

The Supercritical-pressure light water cooled fast breeder reactor (Super FBR) with the tightly

packed fuel assemblies has been designed by Yoshida and Oka (2013). Figure 1-13 shows the

core geometry in both radial and axial directions. A comparison of major core parameters

between Super FBR and BWR-type RMWR is shown in Table 1-2. It shows that, with the tightly

packed fuel assemblies, the breeding performance of Super FBR (CSDT of 43years) substantially

surpasses that of BWR-type RMWR (CSDT of 245years). To achieve the negative void reactivity,
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unlike shortening the core in RMWR design, Super FBR core design applies ZrH1.7 pins as solid

moderator in some blanket assemblies as shown in Fig. 1-14 and described in Section 1.5.

Fig. 1-12 Tightly packed fuel assembly (Oka et al., 2013)

Fig. 1-13 Super FBR core layout (Yoshida and Oka, 2013)
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Fig. 1-14 Blanket assemblies (Oka et al., 2013)

Table 1-2 Comparison of the core parameters between Super FBR and RMWR (Yoshida and Oka,

2013)

Super FBR BWR-type RMWR

Power (MWth) 1,156 3,926

Core height(m) 2.0 1.255

Core equivalent diameter (m) 4.12 7.37

Operating cycle length (d) 550 456

Pu enrichment in seed (wt%) 29.2 31.3

Average coolant density (g/cc) 0.248 0.248

Core pressure (MPa) 30 8.2

Void reactivity (%) (BOEC/EOEC) -0.70/-0.37 Negative

FPSR 1.026 1.006

CSDT (y) 43 245

1.6 Motivations and Objectives of the present study

As discussed in Section 1.2, the average energy demand is recently growing at around 1.4% in

G7 member countries. In these advanced countries, operation of high breeding (CSDT < 50

years) FBRs and reprocessing of the spent fuel may be utilized. Hence, there is a potential of

FBRs providing sustainable source of energy to meet the growth of the energy requirement in

these countries.
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In developing the FBRs, if the techniques based on light water cooling can be applied, it would

be of more advantageous compared to the current liquid metal cooling technology, since the light

water cooling is more reliable and experienced, being able to take advantage of the current

infrastructures and human resources, giving much less capital cost of construction, operation

and maintenance. In addition, LWRs regulatory procedures related to safety aspects are also

well-established and widely accepted. The similarities of light water cooled FBRs to LWRs may,

to some extent, simplify regulatory review. The core neutronics study on Super FBR with the

tightly packed fuel assemblies showed the possibility of achieving high breeding by light water

cooling (Oka et al., 2013). However, the thermal hydraulic characteristics of the tightly packed

fuel rods assembly have not been studied.

To further develop and improve the concept of breeding reactors with tightly packed fuel

assemblies, the thermal hydraulic study for this kind of assembly is necessary. Studies not only

under Super FBR condition, but also under typical BWR and PWR conditions are of great

significance, considering the development of corresponding types of high breeding reactors with

extension of the current LWR technologies. Among all the parameters of the tightly packed fuel

assembly, the channel geometry is the most important one, because it greatly influence the

thermal hydraulic characteristics, such as cladding temperature, pressure drop and Critical Heat

Flux (CHF), and these impacts are needed to be analyzed both qualitatively and quantitatively to

develop the core concept. In design of Super FBR the cladding temperature is the major limiting

criterion, while in design of high breeding BWR and PWR, the pressure drop and Critical Heat

Flux (CHF) are the most limiting factors.

Computational Fluid Dynamics (CFD) method is often used to study the thermal-hydraulic

phenomena instead of experiment in cases, where physical properties and phenomena are

well-known and modelled. It is able to accurately depict the complex 3-D geometry and simulate

the phenomena with high reliability. Therefore, CFD method is well-fitted to analyze the thermal

hydraulic characteristics of the coolant channel geometries, which is the first objective of the

study.

The second study is to develop the high breeding BWR-type reactor with the tightly packed

fuel assemblies. Compared with Super FBR, as well as other SCWRs which are still in stage of

concept development and have not been built yet, existing LWR technology is much easier to

implement. Among the two types of existing LWRs, PWR and BWR, the BWR-type core is of

more advantages from the viewpoint of achieving high breeding, since the substantial core void

fraction can be created in the core by boiling water. The low average coolant density would lead to
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a comparatively hard neutron spectrum as in Super FBR. Moreover, high breeding with CSDT of

less than 50 years has never been achieved in a BWR-type reactor. BWR-type RMWR achieves a

CSDT of 245 years, but it is still far from the goal of high breeding. Compared with the assembly

configuration in RMWR, the volume fraction of coolant to fuel in the tightly packed fuel

assembly is much smaller, reduced from 0.17 to below 0.1, which is good for high breeding.

Safety is equally or even more important than economics in nuclear energy. The safety

performance of Reactors with the tightly packed fuel assemblies are expected to be different from

that with conventional assemblies, since the water inventory are much smaller. This effect might

be more influential in Super FBR compared with BWR or PWR type reactor, giving greater

challenges to core cooling system in case of abnormal events, because of its comparatively small

coolant flow rate and once through coolant cycle (shown in Fig. 1-15) which are the same

characteristics as Super LWR. Although the core design of Super FBR obtaining high breeding is

shown, the safety system of that has not been shown yet. It is necessary to develop the safety

system and clarify the safety characteristics of the Super FBR at accidents and abnormal

transients.

Fig. 1-15 Coolant cycles of Super FBR, BWR and PWR(Oka et al., 2010)

Given above all, three objectives involved in this thesis are: (1) to study the thermal hydraulics

of tightly packed fuel assembly in detail by CFD method; (2) to design the high breeding core

(CSDT < 50 years) with tightly packed fuel assemblies working at BWR condition; (3) to clarify

the safety characteristics of Super FBR with the tightly packed fuel assemblies.
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Chapter 2 CFD analysis of channel geometry in tightly

packed fuel assembly

2.1 Introduction

High breeding achieved by the supercritical pressure light water cooled fast breeder reactor

(Super FBR) shows great potential of the tightly packed fuel assembly. The cross section

geometry of this assembly with magnified coolant channel region is shown in Fig. 1-12. The

coolant channel is tangent to three fuel rods, and the space among them is filled with the metal

fitting. In addition to application to Super FBR, this kind of assembly is also promising for PWRs

and BWRs for obtaining high breeding. Therefore, detailed analyses of this assembly are needed

to clarify the key design parameters and expected design ranges of high breeding BWR, PWR,

and Super FBR from the thermal-hydraulic viewpoint. It is expected that the small flow area and

the nonexistence of cross flows among adjacent channels may be challenging for attaining high

heat transfer, while amelioration of the channel geometry may improve the thermal-hydraulic

performance. The original channel cross-sectional geometry for Super FBR is circular (Yoshida

and Oka, 2013), by contrast, two other noncircular geometries (geometry B and C) are considered

from the thermal hydraulic features as shown in Fig. 2-1. The three geometries represent the

typical channels that could be established in the new assembly. To perform the analyses, a

commercial computational fluid-dynamic (CFD) software STAR-CCM+ v8.02 is used

(CD-Adapco, 2013).
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Fig. 2-1 Three channel geometries for analysis

The aim of this chapter is to clarify the channel thermal hydraulic characteristics of the tightly

packed fuel assembly, mainly focusing on the channel geometry effect. The three cross-sectional

channel geometries are respectively evaluated at Super FBR pressure (30MPa), PWR pressure

(15.5MPa) and BWR pressure (7.17MPa). To study the characteristics of heat transfer is normally

to conduct the related experiments, while the experiments give rise to a lot of capital as well as

time costs. CFD technology is an alternative to experiment for fluid mechanics study and widely

used for thermal hydraulic design to save the expensive experimental costs. The empirical

methods, such as empirical correlations derived from experiments, also can be used for the study,

but the parameter ranges and using conditions are usually restricted by conducted experiments

(e.g. some CHF correlations are involved with boiling length). While CFD method is much more

flexible and can describe complex geometries and apply various boundary conditions.

The numerical methods are introduced in Section 2.2, and the main prediction results at

supercritical pressure and subcritical pressures are discussed in Section 2.3 and Section 2.4,

respectively.

2.2 Numerical methods

CFD method is able to accurately depict the complex 3-D geometry and simulate the

phenomena with high reliability. The accuracy of simulating supercritical fluids, single-phase and

two-phase flow by CFD codes has been extensively tested. Many researchers (Kim et al., 2004;
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Koshizuka et al., 1995; Yang et al., 2006; Gu et al., 2007; Gou et al., 2010) achieved good

agreements with the experimental data in modeling Super Critical Water (SCW) flows. In

simulations of the subcritical flows, CFD codes also have been extensively verified regarding

turbulence flow (Horvath and Dressel, 2012), heat transfer and void fraction of subcooled and

saturated boiling (Krepper et al., 2007; Petrov et al., 2012) and even for more complicated

phenomena such as boiling crisis (Habib et al., 2014). In applications to assembly design, a lot of

articles are available related to studies on the grid spacer in SCWRs (Zhu et al., 2014) and PWRs

(Cinosi et al., 2014), as well as the safety aspects (Zhao et al., 2013; Boyd and Skarda, 2014).

Physical phenomena of the current study, such as two phase flow, wall boiling and conjugate heat

transfer, can be captured in detail by CFD method.

The characteristics of the flows under the three different pressure conditions significantly differ

from each other. In this study, the SCW flow is treated as single phase flow, while the flows at the

both subcritical pressures are treated as two-phase flows. In a PWR core, bulk boiling as observed

in a BWR core is not observed, but there exists some subcooled boiling and therefore, the coolant

flow in a PWR core should be regarded as two phase flow. Hence, two sets of computational

approach with different models are adopted. The water and steam properties are determined

according to IAPWS-IF 97 database (Wagner and Kruse, 1998) and expressed as the polynomial

functions of temperature at each operating pressure.

2.2.1 Conservation equations

For all the kinds of flow conditions mentioned above, the governing conservation equations are

solved for mass and momentum by using the steady-state segregated flow model, which combines

the pressure-velocity coupling with a SIMPLE-type algorithm. For the two-phase flow, each

phase has its own set of the mass, momentum and energy conservation equations. Additional

transport equations are also solved for turbulent flows.

2.2.1.1 The mass conservation equation

The equation for conservation of mass, also known as continuity equation, can be written as

follows:

(2-1)

which is the general form for the mass conservation equation and is valid for both incompressible

and compressible flows. and u are the density and velocity respectively. The source term (Sm) is

the mass transferred from one phase to another.
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2.2.1.2 The energy conservation equations

The energy conservation equation is written in integral form is:

(2-2)

where E is the total energy, H is the total enthalpy, q is the heat flux vector, T is the viscous stress

tensor, v is the velocity vector, and vg is the grid velocity vector. f is the body force vector

representing the combined body forces of rotation and gravity. s contributes additional energy

source terms, such as the heat generation rate in fuel pellet.

Total energy correlates with the total enthalpy H by:

(2-3)

where:

(2-4)

and

(2-5)

2.2.1.3 The momentum conservation equations

The momentum equation in steady state can be expressed as

(2-6)

where f is the volumetric force vector accounting for the gravity force in the current study, and the

(2-7)

2.2.2 Modeling the turbulence

2.2.2.1 Turbulence models

The turbulence models provide closure for Reynolds Averaged Navier-Stokes (RANS)

equations. They are particularly important for the accuracy of modeling SCW flow, since the

water properties at supercritical pressure experience large variations near the pseudo-critical point.

In the recent years, many researchers have carried out comprehensive studies on the turbulence

model selection for SCW flow.
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Kim et al. (2004) pointed out that the RNG k- model with the enhanced wall treatment gives

the most accurate prediction after studies of more than 10 first-order turbulent models, and Roelof

et al. (2004) confirmed this finding. Yang et al. (2007) revealed that the two-layer model (Hassid

and Poreh) is able to predict accurately and the Standard high Re model with wall function gives

acceptable results; Gou et al. (2011) found that the Speziale non-linear quadratic high Re k- two

layer model and the Standard high Re k- two layer model give the results which best describe the

measurements; Cheng et al. (2007) performed the similar study by using CFX-5.6 and concluded

that the tested 4 -type turbulence models (including Standard k- model and RNG k- model)

agreed well with the experimental data, whereas the two -type models (SST and RSO) in

CFX-5.6 were not recommended. Both Kim et al. and Yang et al. reported that the Low-Re

number k- models result in higher temperature than the experiment data especially when the heat

flux is high. Sharabi and Ambrosini (2009) tested six different Low-Re number k- models, and

the same conclusion was given that the wall temperature was excessively overestimated, but the

Low-Re number k- models could qualitatively depict the Heat Transfer Deterioration (HTD)

phenomena.

In the current study, three turbulence models are selected for SCW flows as the candidates by

referring to experience of previous researchers. They are Standard k- , Standard Two Layer k-

and Realizable k- turbulence models. While for the two phase flows, the default Standard k- is

used, which gives rise to the good results in simulating the PSBT international benchmark

exercise (Lo and Osman, 2012).

The Standard k- model is one of the Eddy viscosity models based on the framework of RANS,

in which Navier-Stokes equations for the instantaneous velocity and pressure fields are treated as

the combination of a mean value and a fluctuating component. The Reynolds stress tensor is

treated as a function of the turbulent viscosity , indicated by following equation, also known as

the Boussinesq approximation:

(2-8)

where S is the strain tensor:

(2-9)

where, k is the turbulent kinetic energy, v the velocity, the fluid density and the turbulence

intensity. Additional transport equations are solved for scalar quantities that enable the

turbulent viscosity to be derived. The standard k- model was firstly proposed by Launder and
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Spalding (1972). It is robust, economical in terms of calculation cost, and reasonable accuracy is

expected for a wide range of turbulent flows.

The Standard Two-Layer k- model combines the Standard k- model with the two-layer

approach that allows the k- model to be applied in the viscous sublayer. The coefficients of the

two models are identical, but the Standard Two-Layer k- model is more flexible for the treatment

near the wall and has a better adaptability over a wide range of mesh size.

The Realizable k- model is developed relatively recently (Shih et al., 1994). The turbulent

dissipation rate is solved from a new transport equation (CD-Adapco, 2013) that is incorporated

in this model. In addition, a key coefficient of the model, C can be expressed as the function of

mean flow and turbulence properties, while that in the standard model is treated to be a constant.

Therefore, the model satisfies certain mathematical constraints on the normal stresses which is

consistent with the physics of turbulence, known as the realizability.

2.2.2.2 Near-wall treatments

The near-wall modeling has significant impacts on the accuracy of numerical solutions,

because the mean vorticity and turbulence are mainly influenced by the walls. In the near-wall

region, major variables have large gradients, such as temperature and velocity, leading to intense

transports of the momentum and other scalar. Thus, for a flow problem that is strongly bounded

with wall, accurate simulation of the flow in the near wall region plays a determining role for a

successful prediction. A non-dimensional wall distance y+ is closely bounded with the near wall

treatment, which is expressed as:

(2-10)

where is the friction velocity at the nearest wall, the distance from near-wall cell center to

the wall and is the local kinematic viscosity of the fluid.

Three types of wall treatment are provided in STAR-CCM+: 1) The high- y+ wall treatment,

which assumes that the first node of the near-wall cell lies within the logarithmic region of the

boundary layer and allows use of the wall-function; 2) The low-y+ wall treatment assumes that

the viscous sublayer is adequately resolved and is only suitable for low-Reynolds number

turbulence models; 3) The all- y+ wall treatment is a kind of a hybrid treatment that is relatively

independent to mesh dividing of the near wall region: for coarse meshes, the solution is close to

that of the high-y+ wall treatment, and for fine meshes it gives solution, which is close to that of

the low-y+ wall treatment. It also gives good adaptability because it produces reasonable answers

for meshes of intermediate resolution. In most high-Reynolds-number flows, the high y+ or all y+

approach saves computational resources substantially, because in the viscosity-affected near-wall
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region, variables that vary dramatically do not need to be resolved by using a very fine mesh.

These characteristics make the wall function method popular in account of its calculation cost,

robustness, and reasonable accuracy and it is commonly used in industries.

This study focuses on the high y+ and two layer all y+ near-wall treatment in order to avoid

creating meshes with large cell aspect ratio and as well as to save computational resource.

Validations are provided in Sections 2.3.1. The standard wall function are used with the high y+

wall treatment, whereas the damping function with blended wall laws are used with the two layer

all y+ wall treatment. Other parameters related to turbulence models are the default values in

STAR-CCM+ (CD-Adapco, 2013).

2.2.3 Modeling the two phase flow

In modeling two-phase flow, phase interaction models are one of the key factors because they

define how pairs of phases interact with each other across the interfacial area between them and to

closure the conservation equations.

2.2.3.1 Interfacial momentum transfer

The momentum transfer between two phases is modeled in terms of drag force and non-drag

force, as expressed in Eq. 2-11.

(2-11)

The drag force ( ) plays the most important role and dominate the influence on the flow

direction, whereas the no-drag force, namely the lift ( ), the turbulent dispersion ( ) and the

virtual mass forces ( ), act in crosswise direction (perpendicular to flow direction) with

smaller magnitudes. Pierre and Bankoff (1966) and Roy et al. (2002) pointed out the application

of the wall lubrication force may be questionable at high-pressure wall boiling conditions. It is

also pointed out that this force is mainly considered for adiabatic two-phase flows, therefore it is

not included in the current study. The accuracy of predicting the phase distribution is the resultant

of the combined effects of all these above mentioned forces.

The drag force can be represented as:

(2-12)
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where the is the density of the continuous phase, the projected area of the particle,

the drag coefficient which takes the bubble size and shape into consideration and can be written

as:

(2-13)

in which the is the single-particle drag coefficient the drag correction factor which

covers physical effects of multiple particles such as hindering, swarming or coalescence. Because

those characteristics of bubble change with change of concentration, it is important to apply the

appropriate method to the drag coefficient at specific flow conditions. In this study, Tomiyama

Drag Coefficient (Tomiyama, 1998) as the recommendation of STAR-CCM+ user guide

(CD-Adapco, 2013) is used for all computational cases due to its applicability for a wide range of

bubble size.

In addition, two drag correction methods are used in simulation to reproduce the terminal

velocities as functions of bubble concentration. Depending on the approximate bubble size, they

are Lockett Kirkpatrick (Lockett and Kirkpatrick, 1975) correction and Volume Fraction

Exponent correction for small and relatively large channels, respectively.

The applied lift force is based on the theory of Auton et al. (1988) and represented as:

(2-14)

The Tomiyama (Tomiyama et al., 2002) correlation is used to calculate the lift force

coefficient.

The virtual mass force helps to improve the accuracy of modeling the acceleration of bubbles,

and it is calculated by correlation from Auton et al. (1988) for two-phase flow:

(2-15)

The surrounding turbulent eddies interacting with dispersed bubbles results in the turbulent

dispersion force, and it can be modeled as:

(2-16)

where is the kinematic viscosity of liquid, is the turbulent Prandtl number.

2.2.3.2 Interfacial energy and mass transfer

To model the rate of bulk boiling and condensation between phases, which are due to the

non-equilibrium state of two phases except at the interface where both phases are equal to the

saturation temperature, Ranz-Marshall correlation (Ranz and Marshall, 1952) is used to compute

the Nusselt number of continuous phase (liquid), while that of dispersed phase (vapor) is assumed

to be at constant.
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2.2.3.3 Wall heat transfer

To simulate the subcooled boiling, the heat balance at the wall can be generally expressed as

three components:

(2-17)

where , and are the heat flux due to single-phase turbulent convection,

quenching and evaporation, respectively. This model follows the approach of Kurul and

Podowski (1990) which has been widely used and validated by several researchers (e.g. Krepper

et al., 2007 and 2011 and In et al., 2013). These heat transfer mechanisms are modeled as

functions of local thermal-dynamic conditions, namely the nucleation site density, the bubble

departure diameter, the bubble departure frequency and the waiting time (the time interval

between two bubbles formation at the same site). The relevant formulations can be referred to the

user guide of STAR-CCM+ (CD-Adapco, 2013).

When approaching the CHF condition, the vapor contribution to heat flux is taken into account,

thus, Eq. 2-17 can be represented as:

(2-18)

where indicates the vapor contribution to convective heat flux which is based on the

single-phase turbulent convection by the vapor, and is vapor contact area fraction. It should

be noted that is zero when the fluid is under non-CHF conditions where the heat transfer is

fully depended on the liquid. In STAR-CCM+, the trigger mechanism of CHF is that, when the

vapor volume fraction of the near wall cell exceeds a specified value, the local wall begins to

dryout and heat transfer from the wall to the vapor begins, as an consequence, which declines the

heat transfer of liquid convection and evaporation. The layer averaged vapor volume fraction

is defined as:

(2-19)

where is the bubble volume fraction as the function of distance y from wall, is the

distance at cell center from the wall, and is the near wall layer thickness defined as the distance

from the first cell center to the wall. Based on above definitions, can be expressed as:

(2-20)

where the is the critical vapor volume fraction at which heat transfer to vapor begins,

is the function:
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(2-21)

According to the critical heat flux model derived by Weisman and Pei(1983), is

used in current study when approaches to Departure from Nucleate Boiling (DNB) conditions, in

other words, DNB can be identified by either near wall void fraction (Weisman and

Pei, 1983) or . From Eq. 2-18, it should be note that value of slightly above zero

does not cause to decrease dramatically but is the start point of the sharp decrease of ,

and the DNB here is defined as the point just before the sharply decreases(OECD, 2010).

2.3 Channel geometry analysis at supercritical pressure

2.3.1 Validation at supercritical pressure

To validate the capability of STAR-CCM+ for simulating supercritical flow by selecting the

appropriate turbulence models as well as the meshing conditions, a comparison has been done

against Yamagata s experimental data (Yamagata, 1972). The supercritical water has

characteristics of large and continuous variation of properties at pseudo-critical point as shown in

Fig. 2-2. Therefore, the turbulence model is vital for the accurate simulation. By referring to

experience from previous researchers as explained in Section 2.2.2.1, three turbulence models as

well as the near-wall treatment are selected and summarized in Table 2-1.

Fig. 2-2 Supercritical Water thermal properties at 24.5MPa
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Table 2-1 Turbulence models and corresponding mesh conditions selected in this study

Turbulence model Near-wall

treatment

Cell number

(N1, N2, N3)

Average y+

( , , )

Standard k- Two Layer

(Wolfstein)

Two layer all y+ 451526, 306967, 143105, 34.2, 37.8, 42.8

Standard k- High y+ 428473, 293618, 140281 36.6, 40.2, 44.1

Realizable k- High y+ 431554, 291181, 144557 36.4, 39.1, 43.5

The computational conditions for validation are based on Yamagata s experiment: the reference

pressure is 24.5 MPa, and a circular tube with diameter of 7.5 mm is vertically oriented. The inlet

mass flux is 1260 kg/m2s, and a uniform heat flux of 698 kW/m2 is applied on the tube wall. All

the boundary conditions are schematically illustrated in Fig. 2-3. The simulations were conducted

by using the 3-D geometrical model, which is 1/12 of the integrated tube by considering the

symmetry. The supercritical water properties used in the numerical simulation were according to

IAPWS-IF 97 database (Wagner and Kruse, 1998), which is wildly applied and acknowledged.

Because the axial and radial pressure differences are very small compared with the system

pressure, they were ignored and assumed not to affect the water properties.

Fig. 2-3 Computational
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The reliability of numerical simulations strongly depends on the meshing methods for the

selected turbulence models. To obtain results with sufficiently fine meshes, which provide

converged results with respect to the mesh number, for each turbulence model, three levels of

mesh are established by using the polyhedral mesh technology (a group of sample meshes are

shown in Fig. 2-4), and the cell number and y+ characteristics of each mesh are summarized in

Table 2-1. As the cell number increases, the resolution of boundary layer is also refined, but the

y+ values larger than 30 are confirmed (high y+ wall treatment normally requires y+ > 30) for

simulations with either the high y+ or the two layer all y+ near-wall treatment. The y+ values in

this study refer to the average values along the channel.
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Fine mesh

Middle mesh

Coarse mesh

Fig. 2-4 Meshes with different refinements at cross-sections

Figure 2-5 shows the evaluated wall temperatures using the selected turbulence models

compared with experimental data. Figure 2-5 shows that the evaluated wall temperatures given by

the Standard k- two-layer model agrees the best with the experimental data among the three

models, though small deviations appear near the pseudo-critical point. In the cases of using the

standard k- model, the evaluated wall temperature is relatively lower than the experimental data

until near the pseudo-critical point. This is consistent with the results reported by Kim et al. (2004)

and Gou et al. (2010). On the contrary, in the cases of using the realizable k- model, the
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evaluated wall temperatures are higher than the experimental data especially near the

pseudo-critical point.

The average relative errors due to mesh number and the average relative errors of the results

with finest mesh from the experimental data are summarized in Table 2-2. In calculations of the

relative errors caused by mesh, the finest meshes are taken as the reference meshes, and the em and

es in Table 2-2 indicate the relative errors of the coarse mesh and the middle number mesh

respectively. It is seen that the deviations of the three curves in each sub-figure of Fig. 2-5 are

small, and the relative errors shown in Table 2-2 are negligible for the purpose of conceptual

design.
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(a) Standard k- two layer model

(b)Standard k- model

(c)Realizable k- model

Fig. 2-5 Wall temperature distribution with different turbulence models
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Table 2-2 Relative errors of turbulence models

Turbulence model Average errors of mid and

fine mesh results relative to

the finest mesh results (em, es)

Average error of the finest

mesh result relative to the

experimental data

Standard k- two-layer

(Wolfstein)

0.21%, 0.25% 0.93%

Standard k- 0.12%, 0.19% 1.72%

Realizable k- 0.21%, 0.24% 3.40%

Based on above results, the subsequent simulations adopt the Standard k- two-layer model

with all y+ near-wall treatment and keep the average y+ value greater than 30. This turbulence

model gives rise to the most accurate results among all selected models

2.3.2 Geometrical models and mesh generation

Different cross-sectional geometries of the coolant channel in tightly packed fuel assembly are

established with the purpose of understanding the geometrical effect on the thermal hydraulic

performance. The constructing method is shown in Fig. 2-6. The potential fluid region is the space

that is surrounded by three tangentially contacted fuel rods, and it appears as a triangle-like shape

where the coolant channel is confined. The boundary of coolant channel can be smoothly

extended from a circular shape towards vertices of this triangle. The rest of the space between

claddings and channel is occupied by stainless steel which is the same material as cladding.

A character number named sharp degree (SD) is proposed in this study to quantitatively depict

the continuous variation of these shapes. Eq. 2-22 defines the SD value, where L is the largest

dimension of geometry (from geometric center towards the tangency point of fuel rods) and R is

the radius of the equivalent circle with the area being equal to the channel. Geometrically, it can

be inferred that SD ranges from 1 to 2.537, and as this value increases, the area of coolant channel

increases as well, however, the hydraulic diameter continuously increases until SD is around 1.25

then turns to decrease. Figure 2-7 shows hydraulic diameter versus the channel area. Three

representative geometries are selected to perform the study, namely the geometry A, B and C,

with SD values of 1, 1.25 and 2 respectively. The cross-sections have been shown in Fig. 1-12 and

here lists the detail geometrical parameters in Table 2-3.

(2-22)
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Fig. 2-6 Geometry construction method

Fig. 2-7 Hydraulic diameter vs. channel area
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Table 2-3 Geometric images and parameters

Geometry A B C

Image

SD 1 1.25 2

Fluid area(mm2) 2.7066 4.3339 5.7279

Hydraulic diameter(mm) 1.8564 2.1183 1.5863

These geometries are confined by metal fitting and three representative geometries are selected:

Geometry A (circular) represents the reference geometry, which has the smallest channel area

among the three; geometry C (triangle with pointed corner) represents the largest channel area

among the three; geometry B (triangle with round corner) represents the intermediate shape

between A and C, characterized by the largest hydraulic diameter among the three.

By taking advantage of the symmetry, 1/6 of the intact channel and related cladding are taken

as the CFD computational domains as shown in Fig. 2-8(a), and the mirror boundaries are adopted

on the cutting edges due to the symmetry in physics. All the models were created by using

commercial computer aided design (CAD) software AutoCAD 2012 (Kevin and Alan, 2011). The

mesh generation was performed by polyhedral mesh technology from STAR-CCM+, which has a

unique superiority on dealing with complex geometry. In regions where spatial gradient are high,

such as the corner of geometry C, and regions where strong shear layers are present, relatively

higher resolution was applied with the purpose of improving the accuracy and convergence. The

generated computational meshes for three geometries are shown in Fig. 2-8(b).
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(a) Schematic diagram of computational domain in cylindrical coordinate

(b) Meshing of computational models

Fig. 2-8 Computational domain and meshing of the CFD analyses

2.3.3 Boundary conditions and assessment criteria

The boundary conditions of the following simulations are shown in Fig. 2-9 in terms of inlet

temperature, outlet temperature, system pressure and the power, which are governed by the

energy conservation equation:
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(2-23)

where,

, bulk enthalpy

, Perimeter of channel

, mass flux

, area of channel

, heat flux

, axial height of channel

The mass flux is considered as a dependent variable determined by power and outlet

temperature. Except the mass flux, power and channel geometry, all other computational

conditions, such as system pressure, fuel rod diameter, cladding thickness, inlet temperature and

axial height, are based on the design presented by Oka et al. (2013) and listed in Table 2-4.

Fig. 2-9 Boundary conditions for the CFD analyses

Power peaking: 1.57
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Table 2-4 Specification of computational conditions

Parameter Value

Core operating pressure (Mpa)

Inlet temperature (°C)

Core height (m)

Outer diameter of fuel rods (cm)

Cladding thickness (cm)

Pellet diameter (cm)

Gap between clad and pellet (cm)

Fuel rod pitch (cm)

Gap between fuel rods (cm)

30

385

2.0

1.2

0.0873

1.0124

0.0065

1.2

0

In the earlier numerical analysis for assembly design for Super FRs, researchers such as Yang

et al. (2007) and Cheng et al. (2007) applied a uniform heat flux on the wall and the

non-uniformity of axil power distribution in reactors was neglected. In the present study, a typical

cosine axil power profile, with power peaking of 1.57, is applied for all the cases with the purpose

of approaching the realistic power distribution of a typical nuclear reactor.

The so-called computational variables are selected from the boundary conditions including the

channel cross-sectional geometry, average power level and outlet temperature. The purpose of

these computational variables is to cover the potential design range of Super FBRs as well as to

obtain a consistent assessment over a range of boundary conditions. For each geometry, 9 cases

were calculated (3 power levels Multiplied by 3 outlet temperatures); respectively, the average

power levels are selected as 10kW/m, 15 kW/m and 20 kW/m and outlet temperatures are 500°C,

550°C and 600°C. These parameters generally cover the design range of Super FBR (Yoshida and

Oka, 2013).

In the earlier study of SCWRs, Dobashi et al. (1998) proposed the criterion of MDHFR to

avoid HTD (where the heat transfer coefficient substantially drops) at supercritical pressure, but

lately, it was found that the cladding surface temperature (CST) is predictable even HTD occurs,

and Kitoh et al. (1997) calculated the heat transfer coefficient at various mass flow rates and heat

fluxes which enabled to replace the design criterion of MDHFR > 1.3 to the new design criterion

of maximum cladding surface temperature (MCST) < 650°C (Oka et al., 2010) to maintain the

integrity of cladding under transients. In the present study, the surface of cladding is defined as

the interface between the fluid and stainless steel, and the previous MCST criterion is retained
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preliminarily. Additionally, the maximum temperature of cladding (MAXT) is taken into account

due to the anisotropy of the heat transfer, and 700°C is tentatively adopted for MAXT from the

view point of thermodynamics (P. MacDonald, et al., 2005), so that the thermal stress can be

limited. Pressure drop is another concern of this study. As reported by Yoshida and Oka (2014), it

should be limited under 2MPa with high head pumps. Given above all, the assessment parameters

are determined to be MCST, MAXT and pressure drop.

2.3.4 CFD results at Super FBR pressure

One of the major purposes of this study is to evaluate the geometrical effect of the coolant

channel on the thermal hydraulic characteristics of the tightly packed fuel assembly at different

outlet temperatures and power levels. Three geometries are compared in terms of MCST, MAXT

and pressure drop.

2.3.4.1 Mesh sensitivity analysis

The mesh sensitivity analyses are conducted for three meshes of varying cell number for each

geometry. The computational conditions are the same as listed in Table 2-4 while the power and

outlet temperature are set to be representative constant values, and they are 15kW/m and 550°C

respectively. The critical variables (represented

mesh) in terms of MCST, MAXT, pressure drop ( P) and outlet temperature (Tout) are evaluated

based on analysis of the relative errors. The values of the finest meshes are used as the reference

to calculate the errors. The results as well as the cell numbers for each geometry are summarized

in Table 2-5. It can be seen that the relative errors generally decrease with the mesh refinement,

and all are within 2%. In the cases of geometry C, the relative errors associated with the cladding

temperatures (MCST and MAXT) are relatively larger (>1.3%) compared with the cases of

geometry A and B (both less than 0.6%), whereas the errors of pressure drop are smaller (< 0.2%).

All the errors of outlet temperature are small (<0.3%). The results suggest that the solution has

converged and mesh independence has been achieved. Hence, the meshes with middle cell

number are used for the following simulations.
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Table 2-5 Sensitivity analysis results at supercritical pressure with different meshing for

geometry A, B and C

=MCST(°C) =MAXT(°C) = P(MPa) =Tout(°C)

Geometry A

Mesh number

N1, N2, N3

987022,471588

,189781

987022,471588

,189781

987022,471588

,189781

987022,471588

,189781

Average y+

( , , )
34.9,38.1,41.7 34.9,38.1,41.7 34.9,38.1,41.7 34.9,38.1,41.7

1, 2, 3
571.87,572.40,

573.10

693.15,693.31,

692.70

0.761,0.757,

0.751

552.00,552.37,

553.23

em, es

0.092%,

0.215%

0.023%,

0.065%

0.525%,

1.314%

0.067%,

0.223%

Geometry B

Mesh number

N1, N2, N3

1111781,55482

9,217016

1111781,55482

9,217016

1111781,55482

9,217016

1111781,55482

9,217016

Average y+

( , , )
35.9,37.4,42.1 35.9,37.4,42.1 35.9,37.4,42.1 35.9,37.4,42.1

1, 2, 3
587.66,587.38,

585.51

675.72,674.48,

672.21

0.300,0.298,

0.296

551.47,551.53,

552.17

em, es

0.047%,

0.366%

0.184%,

0.520%

0.702%,

1.334%

0.011%,

0.127%

Geometry C

Mesh number

N1, N2, N3

1612021,68359

8,307172

1612021,68359

8,307172

1612021,68359

8,307172

1612021,68359

8,307172

Average y+

( , , )
34.1,37.1,41.5 34.1,37.1,41.5 34.1,37.1,41.5 34.1,37.1,41.5

1, 2, 3
634.06,638.70,

642.68

663.48,666.54,

672.47

0.203,0.203,

0.204

550.12,550.38,

550.98

em, es

0.732%,

1.360%

0.461%,

1.354%

0.153%,

0.400%

0.046%,

0.155%

2.3.4.2 Cladding temperatures and pressure drop

Figure 2-10 shows the results of simulations with 500°C outlet temperature. It can be seen that

the MCST and the MAXT almost linearly increase with the power. Figure 2-10 (a) indicates that

MCST of geometry A is the highest and followed by geometry B and C. In addition, it is shown

that MCST difference between geometry B and C is relatively small, while that between geometry
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A and B is much larger. It is also revealed that the MCST increase with power of geometry A is

more than that of geometry B and C. For MAXT, as shown in Fig. 2-10 (b), the line of geometry B

still lies in the middle, whereas that of geometry C shifts to the top. It should be noted that the

outlet temperature is fixed, so that increase of power leads to an increase of mass flux, seen from

heat balance Eq. 2-23 and the boundary conditions summarized in Table 2-4, therefore, a higher

pressure loss in higher power cases can be seen from Fig. 2-10 (c) due to the greater flow

acceleration and the heavier friction between the wall and fluid. The channel area can be regarded

as an intrinsic characteristic of geometry, smaller area leads to a higher fluid velocity at the same

mass flow rate, and therefore, geometry A gives a higher pressure drop than that of B and C.
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(a) MCST

(b) MAXT

(c) Pressure drop

Fig. 2-10 MCST, MAXT and pressure drop dependence on average LHGR at outlet temperature

of 500°C

Average LHGR

Average LHGR

Average LHGR (kW/m)

Average LHGR (kW/m)

Average LHGR (kW/m)
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Figure 2-11 and Fig. 2-12 show the results of simulations with 550°C and 600°C outlet

temperature, respectively. Generally, the variation trends of all assessment parameters are

consistent with above discussions. From the viewpoint of magnitude, the MCSTs and MAXTs

increase with the increase of outlet temperature. However, under a fixed power, the increase of

outlet temperature leads to a decrease of mass flux (seen from Eq. 2-23 and Table 2-4), thus the

pressure drops decrease slightly. From all the above figures, it can be noted that the assessment

parameters of geometry B are always inclined to approach the lowest values (e.g. MCST of

geometry A, MAXT and pressure drop of geometry C) among the three geometries, the overall

characteristics of geometry B is better than the other two from the viewpoint of attaining broader

design ranges under the given design criteria of MCST, MAXT and pressure drop.
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(a) MCST

(b) MAXT

(c) Pressure drop

Fig. 2-11 MCST, MAXT and pressure drop dependence on average LHGR at outlet temperature

of 550°C

Average LHGR

Average LHGR (kW/m)

Average LHGR (kW/m)

Average LHGR (kW/m)
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(a) MCST

(b) MAXT

(c) Pressure drop

Fig. 2-12 MCST, MAXT and pressure drop dependence on average LHGR at outlet temperature

of 600°C

Average LHGR

Average LHGR (kW/m)

Average LHGR (kW/m)

Average LHGR (kW/m)
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2.3.4.3 Pressure drop consideration

Generally, the total pressure drop is composed of three main parts and can be expressed

as:

(2-24)

where is the friction pressure drop, is the acceleration pressure drop, and

is the pressure drop caused by elevation. Respectively, they can be represented as:

(2-25)

(2-26)

(2-27)

where G is mass flux (kg/m2s), L the channel length (m), the friction factor, g the gravity (9.81

m/s2), the coolant density (kg/m3) and D the hydraulic diameter (m).

In the current computational models, all the cases have the same channel length, and thus for

the cases with the same outlet temperature, are the same. From Eq. 2-25 and Eq. 2-26, it

can be seen that both and are proportional to the mass flux squared. By subtracting

the in Eq. 2-24 and moving the to the left hand side in Eq. 2-25 and Eq. 2-26 then

combining the three equations, the rest part at the right hand side of Eq. 2-24

would be dependent on the channel geometry and independent from the

mass flux, and this term has the same dimension as specific volume (the unit is m3/kg). Figure

2-13 shows the variation of with respect to average LHGR. It shows that

pressure drop in geometry B is lower than those of geometry A and C under the given average

LHGR condition. It is also seen that as the outlet temperature increase, this advantage of

geometry B over geometry A becomes smaller, but over geometry C becomes larger.
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(a) Tout = 500°C

(b) Tout = 550°C

(c) Tout = 600°C

Fig. 2-13 Results of vs. average power at different outlet temperatures

Average LHGR (kW/m)

Average LHGR (kW/m)

Average LHGR (kW/m)
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2.3.4.4 Determination of design area for Super FBR

From Fig. 2-9 to Fig. 2-12, it is seen the all the assessment parameters have the approximate

linear relations with power. By linear interpolation, the design area of a Super FBR with the

tightly packed fuel rod assembly can be determined in terms of average LHGR and outlet

temperature. The calculations show that MCST and MAXT are the limiting parameters, while the

pressure drop is within the allowance of criterion even under the most limiting condition

(geometry A, 20kW/m, 500°C). The specific design areas for the three geometries with different

power levels and outlet temperatures are summarized in Table 2-6 and Table 2-7, respectively,

from which it is seen that, in most situations, geometry B is superior to the other two especially

for high power level and high outlet temperature.

Table 2-6 Maximum applicable power at different outlet temperatures

Target outlet

temperature

Maximum applicable average linear power(kW/m)

for each geometry

A B C

500°C 16 20 20

550°C 16 17.5 13.8

600°C 12.5 13.8 11

Table 2-7 Maximum achievable outlet temperature at different average power level

Average power

level

Maximum achievable outlet temperature(°C) for each

geometry

A B C

10kW/m 629 628 600

15kW/m 567.5 587.5 567.5

20kW/m 461 500 500
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2.3.4.5 Temperature distribution and heat transfer characteristics

Temperature distribution

In the current study, the non-uniform heat conduction is considered throughout all the

simulations in both the axial and radial directions. The most important impact of this

non-uniformity is on the temperature distribution as well as the heat transfer coefficient (HTC)

distribution. Figure 2-14 shows the typical cross-sectional temperature color maps at 400°C bulk

coolant temperature. It is seen that point A is the position where the highest cladding temperature

appears.
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Geometry A

(b) Geometry B

(c) Geometry C

Fig. 2-14 Radial temperature color maps at average power = 10KW/m, Tout = 500°C, Tbulk =

400°C

Figure 2-15 shows the typical cladding surface temperature distribution in a

cylindrical coordinate. The temperature difference across the angle 0° to 60° varies from less than
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5°C in geometry A to around 50°C in geometry C, and it also indicates that the MCST radially

occurs at point B (0°). It can be explained that the heat from point A is conducted through the

longest distance (the largest heat resistance) to be transferred to the fluid. Thus, there is the

highest cladding temperature; at point B, the highest temperature of cladding surface occurs due

to the poor heat transfer that is limited by spatial effect. Figure 2-16 indicates that the temperature

difference increases from 0° to 60°with the power or mass flux in geometry B and C.

Fig. 2-15 Circumferential cladding surface temperature distribution for the three geometries

C
S

T
(°

C
)
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(a) Geometry B

(b) Geometry C

Fig. 2-16 Circumferential cladding surface temperature distribution with different power

In the axial direction, the temperature distribution is characterized by the power profile as

presented in Fig. 2-17. In each sub-figure, two solid curves show the axil temperatures of point A

and B respectively. It is clearly seen that, the difference between the MAXT and the MCST

becomes smaller from geometry A to geometry C, which has been discussed in Section 4.1.

Figure 2-17 also indicates that the power profile affects the axial temperature distribution heavier

one by one from geometry A to geometry C, because both the locations of MAXT and MCST are

axially moving toward the power peak (H = 1.0m).

Geometry C
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T
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C
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Geometry B
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(a)Geometry A

(b)Geometry B

(c) Geometry C

Fig. 2-17 Axial temperature distribution of point A and B at average power = 10kW/m, Outlet T

= 500°C
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Local heat transfer coefficient (HTC) distribution

Figure 2-18 shows the circumferential local HTC distributions in the cross-sectional interface

at different bulk coolant temperatures, which present the fact that the poor heat transfer results in

the highest surface temperature at 0° of geometry B and C. Especially in geometry C, the HTC at

0° is almost 0. HTCs are evaluated to be significantly greater when the coolant bulk temperature

is at 400 °C compared with the cases with different coolant bulk temperatures. It is due to the

properties of supercritical water. Equation 7 (Liang et al., 2004) denotes that the pseudo-critical

temperature of water at 30MPa is around 400°C.It is well known that HTC peaks at around

pseudo-critical temperature as the

(7)
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(a) Geometry A

(b) Geometry B

(c) Geometry C

Fig. 2-18 Circumferential HTC distribution
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2.4 Channel geometry analysis at subcritical pressures

2.4.1 Channel geometry and mesh generation

The channel geometries analyzed at subcritical pressure conditions are the same as that at

supercritical pressure, but the fuel rod diameters are changed to the representative sizes in a

typical PWR and BWR. The related geometrical parameters are listed in Table 2-8, and the

samples of generated computational meshes for the three geometries are shown in Fig. 2-19.

Table 2-8 Geometric images and geometrical parameters

Geometry A B C

image

SD 1 1.25 2

Fluid area(mm2) 5.43 8.7 11.5

Hydraulic diameter(mm) 2.63 3.0 2.25
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Fig. 2-19 Meshing of the CFD analyses

2.4.2 Boundary conditions and study method

Generally, the thermal-hydraulic boundary conditions are similar among the cases at different

pressures (BWR and PWR), except the outlet conditions, which are significantly different. BWRs

usually aim to achieve a certain exit quality, whereas PWRs are designed to reach a certain outlet

coolant temperature. Figure 2-20 is a simple schematic diagram that shows the boundary

conditions in terms of inlet temperature, outlet condition, system pressure and the power, which

are all governed by the energy conservation equation:

(2-28)

where:

, bulk enthalpy

, Perimeter of channel

, mass flux

, area of channel

, heat flux
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, axial height of channel

and for cases at BWR condition, the outlet enthalpy can be represented by:

(2-29)

where, the , and are the enthalpy of saturated liquid, latent heat and exit quality,

respectively. The overall boundary conditions are listed in Table 2-9. Most parameters are

selected from the current BWR (Amselem 2011) and PWR (Glasstone and Sesonske, 1994)

design with minor differences, except the mass flux and channel length. The channel area of

tightly packed fuel assembly is much smaller than that of conventional ones, it is necessary to

apply a high mass flux to achieve a relatively large average LHGR, since it can be seen from Eq.

2-28 that mass flux is proportional to heat flux. Also because of the small channel areas and the

small hydraulic diameters, CHF in a tightly packed fuel assembly is expected to be small, thus

the selected channel lengths are shorter than that of conventional ones with the purpose of

increasing the CHF. For all simulations, the heat flux is applied on the inner side of cladding; it is

assumed that the metal fitting is firmly contacted with claddings and heat resistance between

them can be ignored; For the purpose of evaluating thermal-hydraulic characteristics of the three

representative channel geometries, axial power distribution is assumed to be uniform.

Fig. 2-20 Thermal-hydraulic boundary conditions



64

Table 2-9 Specification of computational conditions

Parameter PWR condition BWR condition

Core operating pressure (MPa)

Inlet temperature (°C)

Outlet temperature (°C)

Inlet mass flux (kg/m2s)

Equilibrium exit quality

Core height (m)

Outer diameter of fuel rods (cm)

Cladding thickness (cm)

Pellet diameter (cm)

Gap between clad and pellet (cm)

Fuel rod pitch (cm)

Gap between fuel rods (cm)

15.5

260

332

4500, 6000, 7500

-0.51

2.0, 2.5, 3.0

1.7

0.0873

1.5124

0.0065

1.7

0

7.17

283

287.5

5000, 6500, 8000

0.2

1.5, 2.0, 2.5

1.7

0.0873

1.5124

0.0065

1.7

0

It could be noted from Table 2-9 that parameters of inlet mass flux and channel length vary at

both pressure conditions. There are three Mass fluxes ranged from 4500 kg/m2s to 7500 kg/m2s

for PWR condition and from 5000 kg/m2s to 8000 kg/m2s for BWR condition; three channel

lengths range from 2 m to 3 m for PWR condition and from 1.5 m to 2.5 m for BWR condition.

Including these two parameters and the channel cross-sectional geometry, there are three varying

parameters while other boundary conditions in Table 2-9 are always being held constants. For

each geometry, simulations are conducted on three channel lengths and three mass fluxes, thus,

there are totally 27 cases (3 geometries multiplied by 3 mass flux levels multiplied by 3 channel

lengths). Consequently, three comparisons can be made: 1) geometry comparison, where

characteristics of different geometries are compared at the same mass flux and channel length; 2)

mass flux comparison, where characteristics with different mass fluxes are compared for the same

geometry and channel length; 3) channel length comparison, where characteristics with different

channel lengths are compared for the same geometry and mass flux. This study focuses on the

first one. The variation of mass flux and channel length are in order to cover the potential design

range in terms of inlet mass flux and core height, as well as to check the consistence of

assessment under these different boundary conditions.
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2.4.3 Assessment criteria

Assessments of all cross-sectional channel geometries are based on the thermal hydraulic

criteria related to LWRs design at normal operation (OECD, 2012). These design criteria are in

terms of cladding temperature, critical heat flux, maximum linear heat generation rate (MLHGR)

and pressure drop in the current study. The cladding material is stainless steel, and its temperature

is evaluated by two characteristic temperatures in terms of MCST and MAXT with the same

related criteria as the cases at supercritical pressure. DNB and CHF criteria are referred to the

values typically adopted in PWR and BWR designs respectively. They are the Minimum

Departure from Nucleate Boiling Ratio (MDNBR) > 1.3 (at 115% normal power) for PWR

condition and Maximum Critical Heat Flux Ratio (MCHFR) > 1.9 for BWR condition. To prevent

the fuel from melting, the limit of MLHGR is typically set to be about 43kW/m for both pressure

conditions.

Pressure drop is another important item. Due to application of the tightly packed fuel assembly,

the pressure drop will be much higher than that of conventional LWRs, by considering the

pumping power, for BWR condition, the upper limit is taken to be 1.5MPa, and for PWR

condition, it is 1.0MPa. They are substantially higher than that of conventional BWR and PWR

(both less than 0.2 MPa). For high breeding BWR and PWR with tightly packed fuel assemblies,

the high pressure drop possibly leads to a high pumping power requirement and flow instability

issue. The high pumping power will be addressed in the future study with detailed design of the

plant system. The flow instability can be managed by applying the inlet orifice to increase the

pressure drop at inlet. Given above all, the assessment parameters are cladding temperatures

(MCST and MAXT), CHF, MLHGR and pressure drop.

2.4.4 CFD Results at subcritical pressure

This section introduces the simulation results of cases at PWR and BWR conditions,

respectively. At each condition, the related CHF estimation is performed at first to determine the

power range that satisfies the CHF criteria. Then, the calculations at normal operation conditions

are conducted.

Before the calculation, the capability of the CFD software for modeling the two-phase flow

needs to be validated. The validity related to applied boiling models can be referred to the user

guide (CD-Adapco, 2013), and in present study, the capability of STAR-CCM approaching DNB

condition is validated by comparing with the 2006 look-up table (Groeneveld et al., 2007) based

on experimental data.
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2.4.4.1 Calculation at PWR condition

Validation of DNB condition in a single tube

The calculations were performed with a single round tube at a pressure of 15.5 MPa. The tube

length is 2.4 m with 2 m long heated length and 0.2 m long inlet and outlet adiabatic sections. The

tube inner diameter is selected as 8 mm which is the same as reference value in the look-up table.

Therefore, direct comparison of the simulated results with CHF data in the look-up table is

possible without any approximations. CHF here indicates the conditions at which the heat transfer

coefficient of two phase flow deteriorates dramatically. CHF condition at low quality is known as

Departure from Nucleate Boiling (DNB), while at high quality is known as dryout.

The tube was modeled by 2-dimensional axisymmetric geometry with 25 cells in radial and 500

cells in axial direction. The numerical models, such as turbulence model and boiling models, are

the same as described in Section 2.2. For drag force correction, volume fraction exponent method

(CD-Adapco, 2013) is used to suit the flow conditions.

The inlet temperature was set to 260°C, the mass flux of water varies from 1500 kg/m2s to 8000

kg/m2s. The calculations were started with an estimated wall heat flux, which was slightly lower

than the CHF from the look-up table. If the computational residuals were stable while CHF is not

reached, then the heat flux is slightly increased until the DNB occurs at the end of heated length

which can be indicated by parameters or in steady-state.

Figure 2-21 shows the typical case ( = 4500kg/m2s) of the CHF calculation procedure. The

power gradually increases by fine steps of 50kW/m2. At the first few steps, the maximum wall

temperature increases with the increase of heat flux by a small value, and then it jumps

dramatically which indicates the occurrence of DNB and the heat flux reaches CHF (the CHF is

defined as the heat flux before the jump of maximum wall temperature).
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Fig. 2-21 Increase of maximum wall temperature with heat flux increase

The mesh convergence study for this problem is conducted on the medium mass flux of 4500

kg/m2s and heat flux of 2.450 MW/m2. The relative errors for exit quality ( ), maximum wall

temperature ( ) and maximum are calculated for three selected meshes illustrated in

Table 2-10. It is seen that all the relative errors are below 1.5%. Based on these uncertainties, the

simulations for this problem are conducted on the smallest mesh to save the computational

resource meanwhile guarantee the accuracy.

Table 2-10 Mesh independence study results for validations of DNB evaluated by STAR-CCM+

= exitx = maxT = maximum dryK

Mesh number

N1, N2, N3

81250, 31250, 12500 81250, 31250, 12500 81250, 31250, 12500

1 , 2 , 3
0.0552, 0.0547, 0.0542 362.73,360.67,360.65 0.03087,0.03063,0.03015

21e , 32e 0.852%,0.999% 0.568%,0.007% 1.100%,1.245%

Figure 2-22 shows the calculated critical quality with corresponding CHF compared with the

data from the look-up table. It is seen that the two curves generally agree well with each other, and

the CHF calculated from CFD is slightly lower in most cases. Therefore, STAR-CCM+ is capable

of predicting the DNB phenomenon for the design range of this study. Figure 2-23, Fig. 2-24 and

Fig. 2-25 show the examples of void fraction and at the wall and void fraction map at

longitudinal section, respectively. From Fig. 2-23 and Fig. 2-24, it can be concluded that the CHF
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is reached, because at the end of heated length the near wall void fraction exceeds 82% and

is larger than zero.

Fig. 2-22 Comparison of CHF evaluated by STAR-CCM+ and the look-up table

Fig. 2-23 along the channel
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Fig. 2-24 along the channel

Fig. 2-25 Distribution of void fraction in the channel

Mesh independence for channel geometries

For simulations of selected geometries, the channels are narrower (hydraulic diameter ranges

from 2mm-3mm) and the bubble size is restrained by the channel wall in the transverse direction.

For these small bubbles, the Lockett Kirkpatrick method is a more appropriate drag force

correction than the volume fraction exponent method and used in the following simulations. The

detail of this method can be referred to the user guide (CD-Adapco, 2013).

The estimation for numerical uncertainty is conducted on representative cases ( = 6000

kg/m2s, LHGR = 10.35 kW/m for geometry A, LHGR = 16.58kW/m for geometry B, LHGR =

17.03kW/m for geometry C, inlet temperature = 260°C, channel length L = 2.5m) for all three

geometries. Uncertainties of the four critical variables (MCST, MAXT, pressure drop and outlet

temperature) are analyzed. Three meshes with refinement ratios around 1.3 are established. The

Z

r
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detail parameters and results are summarized in Table 2-11. It is seen that all the relative errors are

smaller than 1%, and for the critical variables, the differences due to differences of the meshes are

negligible. Therefore, the following simulations at PWR condition adopt the mesh with the

smallest number of cells.
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Table 2-11 Mesh independence study results for cases at PWR pressure

= MCST = MAXT = P = outT

Geometry A Mesh number

N1, N2, N3

263531,151280,

82948

263531,151280,

82948

263531,151280,

82948

263531,151280,

82948

1 , 2 , 3 ,
342.89,342.90,

341.36

422.59,422.17,

419.18,

0.3835,0.3824,

0.3828

332.48,332.48,

331.13

21e , 32e 0.004%,0.451% 0.098%,0.708% 0.294%,0.094% 9.02e-4%,0.408%

Geometry B Mesh number

N1, N2, N3

331820,179765,

90247

331820,179765,

90247

331820,179765,

90247

331820,179765,

90247

1 , 2 , 3
350.03,350.07,

349.27

441.95,441.54,

438.76

0.3203,0.3200,

0.3197

331.13,332.27,

332.28

21e , 32e 0.010%,0.227% 0.093%,0.629% 0.081%,0.106% 0.002%,0.383%,

Geometry C Mesh number

N1, N2, N3

521932,300745,

169773

521932,300745,

169773

521932,300745,

169773

521932,300745,

169773

1 , 2 , 3
349.40,349.38,

349.21

361.33,361.11,

360.82

0.1017,0.1016,

0.1016

318.31,318.31,

318.27

21e , 32e 0.008%,0.048% 0.060%,0.079% 0.059%,0.031% 0.002%,0.012%

CHF estimation

Following the above mentioned validations, the CHFs of all geometries were calculated by

CFD method. Calculations were performed at conditions of a fixed inlet temperature of 260°C,

mass fluxes ranged from 3000 kg/m2s to 9000 kg/m2s and channel lengths from 2 m to 3 m. The

results are shown in Fig. 2-26. It should be noted that, for convenience, the CHF on the channel

surface has been converted to the linear heat generation rate (LHGR) of a single fuel rod (note that

one coolant channel is heated by half a fuel rod seen in Fig. 2-1), which corresponds to the

calculation domain. It can be seen that the CHF of geometry B is the highest for all channel

lengths, followed by geometry A, and geometry C, which is much smaller compared with the

former two especially when the mass flux is large. The results also show that decrease of the

channel length can improve the CHF to some extent for geometry A and B, while it is not

effective for geometry C.
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(a) Channel length: 2.0 m

(b) Channel length: 2.5 m

(c) Channel length: 3.0 m

Fig. 2-26 LHGR at DNB condition vs. mass flux with different channel lengths
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By considering the DNB criterion in Section 2.4.3, the maximum applicable power for all

geometries at different mass flux can be determined. On the other hand, the required power at

normal operation to attain the target outlet temperature (332 °C) can be calculated from the heat

balance (Eq. 2-23). By comparing the two, the whether the CHF criteria are satisfied can be

clearly understood: to satisfy the CHF criteria, required power should be lower than

corresponding limit power. Figure 2-27 shows the mass flux dependences of the limit power (the

limit power means the maximum applicable average LHGR limited by DNB criterion) by solid

lines and that of the required power by dashed lines. The design ranges can be identified from the

results of geometry A and B where the limited power is greater than the required power. However,

the design range cannot be identified for geometry C. Hence, it is excluded from the candidates of

the channel geometries.

From Table 2-9, it can be calculated that the flow area of geometry B is about 1.6 times that of

geometry A. According to the heat balance Eq. 2-23, the applied power on geometry B also will

be 1.6 times that on geometry A in case of fixed outlet condition. In practical application, it means

geometry B can allow a higher reactor power density.
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(a) Geometry A

(b) Geometry B

(c) Geometry C

Fig. 2-27 LHGR limited by DNB criterion and required for 332°C outlet temperature for different

channel geometries
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Cladding temperatures, pressure drop and CHF at normal operation condition

Figure 2-28 shows the comparison of MCSTs and MAXTs for geometry A and B at various

mass fluxes and channel lengths. They indicate that the both MCST and MAXT of all cases are far

below the related criteria (650 °C for MCST, 700 °C for MAXT). MCST and MAXT of geometry

B are slightly higher than those of geometry A. The difference of MCST between geometry A and

B is less than 10°C, and that of MAXT it is less than 20°C. It is understood from the heat balance

Eq. 2-23 that, for the same outlet temperature, geometry B needs a higher heat flux due to the

larger mass flow rate.

In the other computational approach, where the applied power and mass flow rate (in kg/s) are

the same for both geometry A and B, while mass fluxes (in kg/m2s) are different. The results are

shown in Fig. 2-29. It is the case of 2 m channel length and indicates that the MAXT of geometry

B is lower than that of geometry A for the same LHGR. MCST of geometry B is only several

degrees of Celsius higher than that of geometry A, and it indicates that the cladding temperature

distribution in geometry B is more uniform than that in geometry A. The results of other cases

with different channel lengths show the same characteristics.
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(a) Channel length: 2.0 m

(b) Channel length: 2.5 m

(c) Channel length 3.0 m

Fig. 2-28 Coolant mass flux dependences of MAXT and MCST of geometry A and B with

different channel lengths



77

Fig. 2-29 LHGR dependences of MAXT and MCST of geometry A and B

In Fig. 2-30, the pressure drop characteristics of geometry A and B are presented. In all cases,

geometry B gives pressure drop by around 0.05 MPa less than that given by geometry A. For both

geometries, the pressure drop increases with channel length.
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(a) Channel length: 2.0 m

(b) Channel length 2.5 m

(c) Channel length 3.0 m

Fig. 2-30 Coolant mass flux dependences of pressure drop of geometries A and B with different

channel lengths
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Maximum LHGR

LHGR and the correlated channel length are important parameters for reactor design, since

both determine the total core power. A larger core power implies a shorter CSDT, which can be

seen from Eq. 3-2 to Eq. 3-4. From Fig. 2-27, Fig. 2-28 and Fig. 2-30, it is seen that the

dependences of the required power, MCST, MAXT and pressure drop are all

approximately linear with the coolant mass flux. By using the linear extrapolation on lines in

these figures, it is possible to estimate the maximum LHGR for geometries at each channel length,

taking into account of the design criteria of MCST, MAXT, and pressure drop. During the

extrapolation, the mass flux and power increase together at a constant ratio to maintain the heat

balance and the constant boundaries in Table 2-9 are maintained as well. This approach is to

extrapolate the lines of required power, cladding temperatures and pressure drop versus mass flux

until one of them reaches its limit value, and at this critical mass flux, the corresponding

extrapolated required LHGR is determined to be the maximum LHGR.

For instance, considering geometry A with 2.0 m channel length, firstly, linearly extrapolate the

black dash line in Fig. 2-27(a) (i.e., required power) until LHGR reaches to 43kW/m (MLHGR

criterion), and the corresponding mass flux at this LHGR will be about 20000 kg/m2s; Secondly,

extrapolate the black dash line in Fig. 2-28(a) (i.e. MAXT) until the it reaches 700°C (compared

with MCST, MAXT is more limiting), and the corresponding mass flux is about 22200 kg/m2s;

thirdly, extrapolate the black line in Fig. 2-30(a) (i.e., pressure drop) until it reaches to 1.0 MPa

(pressure drop criterion), and the corresponding mass flux is about 13600 kg/m2s; fourthly,

extrapolate the black dash line in Fig. 2-27(a) until mass flux reaches to the smallest value (13600

kg/m2s) among above three. Thus, the maximum LHGR is calculated to be 29.5kW/m, and the

limiting criterion is pressure drop.

Generally, to increase the power, the mass flux needs to be increased. When mass flux and

outlet condition (outlet temperature for cases at PWR pressure) are fixed, increase of the channel

length will not increase the total power, because the average LHGR thus is being decreased. Table

2-12 summarizes the Maximum LHGR, total power of a single rod and limiting criterion for

geometry A and B with different channel lengths. In cases of geometry A, the power is limited by

the pressure drop criterion, and the shorter channel length could achieve both larger LHGR and

total power; in cases of geometry B, when channel length is as short as 2.0 m, power is limited by

MLHGR criterion, while as the channel length increases, the total power can be increased as well

and the limiting criterion changes to be the pressure drop criterion. Both total power and LHGR

decrease for 3.0 m channel length. By contrast, the cladding temperature and DNB criteria have



80

larger margins and are not limiting at PWR condition. From the view point of maximum LHGR,

geometry B has advantages over geometry A at PWR condition.

Table 2-12 Design range of power and limiting criterion for geometry A and B at different

channel lengths

Geometry A Geometry B

Channel

length(m)

Maximum

LHGR

(KW/m)

Total Power

of a single

fuel rod(kW)

Limiting

criterion

Maximum

LHGR

(KW/m)

Total Power

of a single

fuel rod(kW)

Limiting

criterion

2.0 29.5 59 43 86 MLHGR <

43kW/m

2.5 20 50 36.2 90.5

3 14.5 43.5 26.3 78.9

2.4.4.2 Calculation at BWR condition

Mesh independence

The mesh convergence study at BWR condition is conducted for geometry A and B at

representative conditions of 283 °C inlet temperature, 6500 kg/m2s mass fluxes, 20 kW/m LHGR

and 2.0 m channel length. Three meshes are constructed for evaluating the numerical uncertainty.

Variables of MCST, MAXT, pressure drop and exit quality are evaluated by the

Grid-Convergence Index (GCI) method. Table 2-13 shows mesh numbers and the corresponding

results. It indicates that the maximum relative error is below 2%, so that the meshing with the

smallest number of cells is able to give stable solutions.
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Table 2-13 Mesh independence study results for cases at BWR pressure

= MCST = MAXT = P = exitX

Geometry A Mesh number

N1, N2, N3

571974,279576,

128516

571974,279576,

128516

571974,279576,

128516

571974,279576,

128516

1 , 2 , 3
295.44,295.44,

295.45

384.53,384.40,

383.93

0.8498,0.8483,

0.8462

0.1978,0.1985,

0.2013

21e , 32e <1e-3%,0.005% 0.035%,0.121% 0.174%,0.242% 0.373%,1.373%

Geometry B Mesh number

N1, N2, N3

694869,320762,

168345

694869,320762,

168345

694869,320762,

168345

694869,320762,

168345

1 , 2 , 3
297.54,297.56,

297.55

401.99,401.78,

401.90

0.7276,0.7285,

0.7186

0.2018,0.2038,

0.2013

21e , 32e 0.006%,0.004% 0.053%,0.032% 0.120%,1.361% 0.981%,1.197%

Validation of axial void fraction distribution

Void fraction calculated by STAR-CCM+ was validated by Krepper et al. (2011) and Petrov et

al. (2012) against the DEBORA experiment. Since the axil void fraction may affect the breeding

performance of tightly packed fuel assemblies, it is necessary to validate it for conditions at which

the tightly packed fuel assemblies operate. The computational condition is as following: coolant

with 5000 kg/m2s mass flux flows through a 2 m long vertical channel, heated by 10 kW/m

uniform LHGR. Because currently there is no experimental data for this condition, empirical

methods are used for validation, including the Homogeneous Equilibrium Model (HEM), slip

ratio model (Smith, 1969), EPRI model (Lellouche, 1982) and Chexal-lellouche model (Chexal

and lellouche, 1991). Figure 2-31 shows the results comparison between STAR-CCM+ and

empirical methods. It is seen that STAR-CCM+ generally has a good agreement with empirical

methods.
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Fig. 2-31 Validation of axial void fraction profile

CHF estimation

The mechanism of the CHF model described in Section 2.2 is according to the near wall bubble

crowding theory, however, at BWR condition, boiling crisis is usually triggered by the dryout of

liquid film in an annular flow. In this condition, the Shah s correlation (Shah, M.M, 1987) was

used to estimate the CHF values due to its wide applicable parameter range, especially for the

small diameter tubes. A good agreement with experimental data of narrow channels is shown in

study of Zhang et al. (2006). This correlation was originally developed for round tubes, but in

case of geometry other than round but close to, the geometrical effect is approximately accounted

by using equivalent hydraulic diameter.

It is reasonable to infer that geometry C has a very small CHF due to the poor heat transfer at

the sharp corner, and this has been shown at the DNB condition, therefore the CHF estimations as

well as followed comparisons at normal operation condition are preliminarily performed only on

geometry A and B. The calculations approaching CHF condition were performed at conditions of

283°C inlet temperature, mass fluxes varied from 3500 kg/m2s to 9500 kg/m2s and channel

lengths from 1.5m to 2.5m.

It turns out that geometry B has a relatively larger CHF compared with geometry A as shown in

Fig. 2-32. To some extent, geometry B has advantages over A owing to its larger hydraulic

diameter. Based on these results and the CHF criterion, the limit powers can be evaluated. At

normal operation condition, 0.2 exit quality is the outlet condition, the required powers for all

cases are shown in Fig. 2-33 compared with the limit power. It is seen that both geometry A and B

can satisfy the CHF criterion in most cases except geometry B in case of channel length longer
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than 1.5m and mass flux larger than 9500 kg/m2s. The design margin of average LHGR to limited

power decreases as the mass flux increases but slightly increases with the increase of channel

length. It also can be seen that geometry B can accommodate a larger power especially in case of

high mass flux, which is resulted from its larger cross-sectional area.
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(a) Channel length: 1.5 m

(b) Channel length: 2.0 m

(c) Channel length 2.5 m

Fig. 2-32 LHGR at CHF condition vs. mass flux for different channel lengths
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(a) Channel length: 1.5 m

(b) Channel length 2.0 m

(c) Channel length 2.5 m

Fig. 2-33 LHGR limited by CHF criterion and required for 0.2 exit quality for different channel

lengths
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Cladding temperatures, pressure drop and CHF at normal operation condition

Figure 2-34 shows the comparison of cladding temperatures of geometries A and B. The results

show the similar characteristics as those at PWR conditions. MAXT and MCST of geometry B

are slightly higher than those of geometry A by less than 25 °C and 5 °C, respectively. The higher

MAXT of geometry B is mainly resulted from the higher applied power. Figure 2-35 shows the

example that at the same power levels, the MAXT of geometry A is higher than that of geometry

B. Compared to the PWR condition, the MCST difference between the geometry A and B is much

smaller due to the highly efficient heat transfer of boiling convection at the BWR condition.
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(a) Channel length 1.5 m

(b) Channel length 2.0 m

(c) Channel length 2.5 m

Fig. 2-34 MAXT and MCST of geometry A and B with different channel lengths
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Fig. 2-35 LHGR dependences of MAXT and MCST of geometries A and B (2 m channel)

Figure 2-36 illustrates the pressure drop of geometries A and B. As is the case for PWR

condition, the pressure drop of geometry A is higher than that of geometry B, and for both

geometries it increases with the increase of the channel length and coolant mass flux. However,

compared to PWR condition, the pressure drop is about 75% higher, because friction caused by

two-phase flow is larger and dominates at BWR condition.
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(a) Channel length 1.5 m

(b) Channel length 2.0 m

(c) Channel length 2.5 m

Fig. 2-36 Coolant mass flux dependences of pressure drop of geometries A and B with different

channel lengths
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Maximum LHGR

Determination of the maximum LHGR is similar to that of PWR condition in Section 2.4.4.1.

Table 2-14 shows that the maximum LHGR decreases with the increase of channel length. In

cases of short channel, which is less than1.5 m for geometry A and less than 2.5 m for geometry B,

the increases of LHGR and total power are limited by MCHFR criterion. With the increase of

channel length, the limiting criterion switches to pressure drop and the total power reaches to

maximum at the switch point. Geometry B is superior to A due to the larger maximum LHGR.

Table 2-14 Design range of power and limiting criterion for geometry A and B at different

channel length

Geometry A Geometry B

Channel

length(m)

Maximum

LHGR

(KW/m)

Total

Power of a

single fuel

rod(kW)

Limiting

criterion

Maximum

LHGR

(KW/m)

Total Power

of a single

fuel rod(kW)

Limiting

criterion

1.5 22.5 33.75 MCHFR > 1.9 33.3 49.95 MCHFR > 1.9

2 17.3 34.6 28.7 57.4 MCHFR > 1.9

2.5 12.1 30.25 22.5 56.25

2.4.4.3 Heat transfer characteristics at subcritical pressures

Radial temperature distribution

In the radial direction, the heat transfer is not uniform due to the asymmetry of geometries,

even in cases of geometry A. Although this channel is circular, the heat source (three fuel rods) is

not uniformly distributed around the channel. The non-uniformity influences the temperature

distribution of cladding and fluid. Figure 2-37 shows the cross-sectional temperature color map of

examples where the bulk coolant temperature is 295°C at PWR condition. It can be seen that point

A of each geometry is the place where the highest cladding temperature appears. Figure 2-38

shows that the temperature difference between angle positions of 0° and 60° becomes larger from

2 °C in geometry A to 30 °C in geometry C, and the highest radial cladding surface temperature

occurs at point B.
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(a) Geometry A

(b) Geometry B

(c) Geometry C

Fig. 2-37 Cross-sectional temperature distribution (295°C bulk temperature, PWR condition) of

different geometries
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Fig. 2-38 Circumferential temperature distribution of cladding surface.

Above features can be explained by that the heat from point A is conducted through the longest

distance (larger heat resistance) to transfer to the fluid, thus there is the highest cladding

temperature. At point B, the highest temperature of cladding surface occurs due to the poor heat

transfer that is limited by spatial effect, which is seen in Fig. 2-39 that the turbulence around point

B (red dots) is weaker especially in geometry B and C.
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(a) Geometry A

(b) Geometry B

(c) Geometry C

Fig. 2-39 Cross-sectional liquid turbulent kinetic energy distribution (295°C bulk temperature,

PWR condition) of the different geometries
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Radial void distribution

Void distribution is also influenced by the asymmetry characteristic, and it then determines the

occurrence position and magnitude of CHF. Figure 2-40 illustrates the void distribution of cases at

PWR DNB condition (the outlet of the channel where the DNB firstly occurs). It can be seen that

the highest void fraction emerges near the point B (red dots in Fig 2-40), and is slightly away from

the wall due to the pull of lift force. The results also indicate that the point B is the first dryout

position where CHF occurs. From geometry A to C, the void fraction is more and more unevenly

distributed. Especially in geometry C, the quality of bulk fluid is still low while that of the corner

(near the point B) already reaches to the critical limit (0.82), and it is the main reason that

geometry C has a low CHF.
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(a) Geometry A

(b) Geometry B

(c) Geometry C

Fig. 2-40 Cross-sectional void distribution (295°C bulk temperature, PWR condition) of the

different geometries
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2.5 Summary

Compared with conventional assemblies in LWRs, the tightly packed fuel rods assembly has

much smaller coolant channel area. While it is expected to bring the benefit of high breeding, the

thermal hydraulic issues become more challenging, such as cladding temperature, pressure drop

and CHF. From above investigations, the following conclusions can be drawn:

At the supercritical pressure, geometry B is characteristic of moderated performance in terms

of cladding temperature (MCST or MAXT) and the pressure drop: these assessment parameters of

geometry B are always inclined to approach the lowest values (e.g. MCST of geometry A, MAXT

and pressure drop of geometry C) among the three geometries, the overall characteristics of

geometry B is better than the other two from the viewpoint of attaining broader design ranges

under the given design criteria of MCST, MAXT and pressure drop. At the subcritical pressures,

geometry C is not applicable due to the small CHF that could not satisfy the CHF criterion.

Geometry B is superior to geometry A due to the broader design margins in terms of power,

cladding temperature, CHF and pressure drop.

Although geometry B shows better thermal hydraulic characteristics than the other two

geometries, this study is not intended to show that geometry B is the optimum among all

potential geometries. The optimization of the channel geometry based on B is remained for the

further study. CFD analyses show that the coolant channel geometries should be designed with

considerations of CHF (DNB), pressure drop, MLHGR, MCST, MAXT. This methodology is

applicable for high breeding reactors with tightly packed fuel assemblies at the operating

pressures of Super FBR, PWR and BWR.
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Chapter 3 Core design of breeding BWR with tightly packed

fuel assemblies

3.1 Introduction

High breeding with light water cooling is not easy to be achieved. The main obstacle is the

moderating effect of light water, which softens the neutron spectrum. Decreasing the volume

ratio of coolant to fuel is normally introduced as a way to harden the neutron spectrum and

achieve breeding with light water cooling. Therefore, the tight-lattice assembly was proposed to

design reactors cooled by light water with hard neutron spectrum. However, most of them were

HCLWRs and none achieved high breeding to meet the growth rate of energy demand in

advanced countries as explained in Section 1.2.

With tightly packed fuel assemblies, the number ratio of hydrogen atoms to heavy metal

atoms (H/HM) is significantly reduced to less than 0.1 which is about 1/6 of that of

Reduced-Moderation Water Reactor (RMWR) (HIBI et al., 2001). Super FBR adopts these

assemblies, obtaining high breeding of CSDT, which is less than 50 years (Yoshida et al.,

2014).

The high breeding performance of Super FBR indicates that, application of the tightly packed

fuel assembly on conventional LWR-type reactors, such as BWR-type or PWR-type reactor,

may also be effective in achieving high breeding. Compared with Super FBR, the conventional

LWR-type reactors with technologies which are currently in use are expected to be easier to

implement. When comparing the two main LWR types, BWR-type and PWR-type, BWR-type

gains more advantages on breeding, since the coolant is boiling water that generates larger

amount of void in the reactor core, leading to a harder neutron spectrum. Meanwhile, from the

viewpoint of safety, the negative void reactivity should be satisfied, which is consistent with

conventional LWRs. From the viewpoint of neutron economy, high enrichment should be

avoided as well.

Hence, this study aims to design the BWR-type reactor with the tightly packed fuel

assemblies, which attains both high breeding and negative reactivity.
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3.2 Core design methods

3.2.1 Design goals and criteria

3.2.1.1 Design goals for breeding BWR

The design goals of the breeding BWR core mainly focus on the breeding performance,

which is evaluated by two most important parameters, Fissile Plutonium Surviving Ratio (FPSR)

and Compound System Doubling Time (CSDT). Both the two parameters here are evaluated

with an equilibrium core.

FPSR is usually used for MOX fuel, when the fissile materials mainly consist of 239Pu and

241Pu, other isotopes such as 235U are negligible. The definition of FPSR is given as follows:

(3-1)

where the FP(BOEC) is the Fissile Plutonium (FP) inventory at the Beginning Of the

Equilibrium Cycle (BOEC), the FP(EOEC) is the FP inventory at the End Of the Equilibrium

Cycle (EOEC).

CSDT is different from FPSR, this parameter involves multiple breeder reactors in a system.

It takes into account the process that the breeder reactors in the system produce excess fissile

materials and use them to start up a new breeder reactor via reprocessing and fabrication. The

time required for the system to generate equivalent quantity of fissile materials to double the

capacity of the installed breeder reactors is the definition of CSDT. It assumes that all the

produced fissile materials are utilized to build new reactors as soon as enough excess fuel from

each cycle is accumulated and hence the reactor number is growing. The CSDT can be

calculated by the following equation:

(3-2)

where the Reactor Doubling Time (RDT) is defined as:

(3-3)

and the Ex-core Factor (EF) and operating ratio are given by Eq. 3-4 and Eq. 3-5 respectively:

(3-4)

(3-5)
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where the reactor downtime is preliminarily set to be 30 days which is the same as Super FBR

(Yoshida et al., 2013).

From the above equations, it can be seen that the fissile material lost in fabrication and

reprocessing operations is taken into account. In the current study, to estimate the ex-core fissile

plutonium loss, the half-life of 241Pu, is given as 14.4 years and the ex-core period for fuel

reprocessing and fabrication is considered as 5 years, which is the same as that of RMWR (Hibi

et al., 2001).

To achieve breeding, FPSR should be at least larger than 1.0. As discussed in Section 1.2, to

meet the energy demand of advanced countries, such as G7 member countries, CSDT should be

shorter than 50 years.

Thus, specifically, the design goals are:

1). FPSR is larger than 1.0

2). CSDT is less than 50 years.

3.2.1.2 Design criteria for breeding BWR

It is expected that the high breeding BWR core can be incorporated in the current BWR plant

system, utilizing as much established technologies as possible for the sake of obtaining high

reliability as well as saving the capital cost. Therefore, developing the design criteria basically

follows the track of that for conventional BWRs. Generally, these design criteria include:

Negative coolant void reactivity during cycle

Coolant void reactivity has been a big concern for fast reactor design for a long time. For light

water cooled reactors, the negative void reactivity is especially required since the loss of coolant

accident (LOCA) is a design basis accident (DBA). In fast reactors, coolant voiding hardens the

neutron spectrum and enhances the fast fission, meanwhile increasing the neutron leakage. The

void reactivity depends on which effect is more dominant.

By understanding the above mechanism of void reactivity, several methods have been

proposed to decrease the void reactivity. An effective approach is to reduce the active core height,

which is widely adopted in liquid metal cooled fast breeder reactors (LMFBRs). Short core is in

favor of neutron leakage. Placing void channels in the core is another approach which also

enhances the neutron leakage at void condition. The other method is to apply heterogeneous

blanket layers in the axial direction. The blanket layers absorb the neutrons transporting out from

the seed region rather than letting them leak out of the core. This approach is shown to be

effective in design studies of RMWR (Hibi et al., 2001).
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Placing a solid moderator, such as ZrH1.7, in the core is known as another effective way to

reduce the coolant void reactivity (Jevremovic et al., 1993; Oka and Jevremovic, 1996). By

applying ZrH1.7 in blanket assemblies, neutron spectrum hardening at void condition can be

mitigated, neutrons coming out from voided seed assemblies being slowed down by ZrH1.7 and

then absorbed in the blanket assemblies. However, the solid moderator softens the neutron

spectrum at normal operation condition as well. From the viewpoint of neutronics, it is not in

favor of breeding, thus, the amount of solid moderator should be limited in design of breeder

reactors.

Maximum linear heat generation rate below 44kW/m

As the burnup increase, the fuel pellet will gradually swell and pose stress on cladding, in

extreme conditions, cracking the cladding. Moreover, the stress increases at abnormal

conditions with a temperature rise owing to the different expansion rate of cladding and fuel

pellet. This phenomenon is known as pellet-clad mechanical interaction (PCMI). In the

conventional BWR design, the plastic circumferential deformation of cladding due to PCMI is

limited to be less than 1% at abnormal transients. Correspondingly, the maximum linear heat

generation rate (MLHGR) is restricted to be less than 44kW/m at normal operating condition. It

is also taken as the limitation for the current study.

Minimum critical heat flux ratio over 1.9

At BWR operating condition, the void fraction is normally high and the heat transfer between

cladding surface and coolant depends on liquid film. Critical heat flux (CHF) phenomenon leads

to a sudden decrease of heat transfer coefficient in the two-phase flow owing to the liquid film

dryout, leading to the cladding overheat. Normally, the measure to increase the CHF is to increase

the mass flux, while this measure leads to reduction of the exit quality under a certain power.

From the CFD study in Chapter 2, it is found that coolant channel geometry also significantly

influences the CHF, applying geometry B can increase the CHF from that of geometry A (Guo

and Oka, 2015). Critical condition limit is established in terms of minimum critical heat flux ratio

(MCHFR), as shown in Eq. 3-6:

(3-6)

For development of new fuel assembly (FA) designs, FA specific Critical Power Ratio (CPR)

correlations are not available, since most of them are for bundle geometry. For current channel

geometry, CHFR criterion is used. Taken from the conventional BWR design, MCHFR in the

current study is preliminarily set to be larger than 1.9 (GE, 1973; Todreas and Kazimi, 1999;
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Ishigai, 1999) at normal operating condition so as to prevent the boiling transition condition at the

most adverse transient situations.

Core pressure drop and stability considerations

Narrow coolant channels in tightly packed fuel assembly lead to high pressure drop, resulting

in high pumping power and potential flow instability problem. To adapt this characteristic,

different plant systems from that of conventional BWRs are needed. Pressure drop is not strict

design limit for the high breeding BWR core design, because the high pumping power

requirement can be managed by engineering techniques and the flow instability is able to be

eliminated by applying inlet orifice to increase the pressure drop at the inlet. In addition, high

mass flux also compensates for the flow instability.

3.2.2 Calculation scheme for core design

The flowchart of core calculation scheme is shown as Fig. 3-1. Neutronic calculation is

conducted at first for achieving an equilibrium core, and then thermal-hydraulic calculation is

conducted based on the power distribution from the neutronic calculation. Normally, in light

water cooled thermal reactor designs, the core neutronic calculation is coupled with that of

thermal-hydraulics. But in the current design, the coupling is weak (void reactivity close to 0)

due to small inventory of coolant in the core, the coupling calculation is not is not necessary.

More details can be found in Section 3.4.5. Hence, a two-step calculation procedure is adopted:

at the first step, the coolant density distribution applied in the nuclear calculation is evaluated by

assuming a uniform core power distribution; at the second step, the evaluated power distribution

from the first step is used to recalculate the coolant density distribution. Then, this distribution

is applied to conduct the second time nuclear calculation. It was found that, the above two

coolant distributions do not significantly differ from each other.
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Fig. 3-1 Flowchart of calculation for core design

3.2.3 Neutronic calculation method

The nuclear design is conducted with SRAC code system (Okumura et al., 2007) developed by

Japan Atomic Energy Agency (JAEA), which consists of several modules to perform the

nuetronic calculations. In the current study, PIJ module is used to calculate the cell depletion and

ASMBURN is used for assembly burnup calculations. The above two calculations are the staged

homogenized procedure for preparation of homogenized macroscopic cross-sections for fuel

assembly. Then, these cross-sections are used in CORBN to conduct the 3-D core burnup

calculations. The overall calculation procedure is shown in Fig. 3-2 (Han, 2010): first, the

cross-sections of the basic fuel cells are calculated by using PIJ (collision probability method)

module in SRAC for a range of burnup steps; then, by using ASMBURN, assembly-wise

cross-sections are prepared based on cell cross-sections from the first step; at last, core calculation

is conducted by using COREBN (Finite Difference Method) on the basis of assembly

cross-sections.
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Fig. 3-2 The calculation procedure of nuclear design (Han, 2010)

Currently, the SRAC 2006 is used for core design with the neutron data libraries JENDL-3.3

(Shibata, 2003), which consists of 107 group neutron cross-sections for more than 300 nuclides.

Above staged calculation procedure has the convenience of describing complicated core

geometries, and this method as well as the code system are wildly used for conceptual design of

various core types.

3.2.3.1 Cell depletion calculation

A cell in the nuclear design of the current study represents a single fuel rod and the surrounding

coolant (or surrounding coolant channels and metal fitting for tightly packed fuel assembly, as

shown in Fig. 3-3 entative and repetitive structure

in the fuel assembly. The spatial and energy distribution of neutron flux within the unit cell can be

calculated by the cell depletion calculation. White or reflective boundary condition is used to

nit cell.
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In the current study, PIJ module is used to perform the cell depletion, which is based on the

Collision Probability Method (CPM) that solves the neutron transport equations (Okumura et al.,

2007). The original 62 fast energy groups and 45 thermal energy groups in SRAC are collapsed to

15 groups for each energy ranges in the output homogenized macroscopic cross-sections of cells.

The effective resonance cross-sections are directly calculated with hyper-fine neutron energy

group by PEACO routine (Okumura et al., 2007).

Fig. 3-3 Unit cell in tightly packed fuel assembly cell depletion calculation

To prepare the macroscopic cross-sections corresponding to different coolant densities (or

coolant temperatures) as well as different fuel temperatures, the branch-off calculations are

performed, in which the macroscopic cross-sections are obtained by using a linear interpolation of

depletion data of the reference case instead of neutronic calculations.

Two depletion methods are used in PIJ module: for seed fuel pins, the constant Linear Heat

Generation Rate (LHGR) is assumed; while for blanket fuel rods, the constant neutron flux is

assumed on account of the considerable change of the LHGR with the increase of burn up, owing

to the buildup of fissile Pu.

3.2.3.2 Assembly depletion calculation

The calculation procedure for assembly depletion is similar to that of cell depletion. The

calculations produce the homogenized macroscopic cross-sections over fuel assembly geometry
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for core depletion calculation, reflecting the heterogeneity caused by different fuel regions,

existence of control rods or other non-fuel materials, and duct wall etc. inside the assembly. The

calculations are performed by ASMBURN module, which is also based on CPM, with input

cross-sections of 30 energy groups from the cell depletion calculations. The output cross-sections

are further collapsed to 10 energy groups, as shown in Table 3-1. Similarly to cell depletion

calculations, branch-off calculations are performed for different coolant densities.

Table 3-1 Neutron energy group structure for core diffusion calculations

Upper energy (eV) Lower energy (eV) Group number

1.00E+07 8.21E+05 1

8.21E+05 8.65E+04 2

8.65E+04 9.12E+03 3

9.12E+03 9.61E+02 4

9.61E+02 1.01E+02 5

1.01E+02 1.07E+01 6

1.07E+01 3.93E+00 7

3.93E+00 1.86E+00 8

1.86E+00 3.42E-01 9

3.42E-01 9.99E-06 10

For one assembly, one set or multiple sets of cross-sections can be prepared for succeeding core

calculation. Each set of cross-sections, known as X-region in SRAC system, depends on the

degree of heterogeneity within the assembly, for instance, the existence of different enrichments

or materials. For example, Fig. 3-4 shows the blanket assembly with ZrH1.7 layers, the

cross-sections of fuel pins adjacent to ZrH1.7 layer would be very different from that of fuel pins

away from that layer, thus they are treated as different X-region (fuel region as indicated in Fig.

3-4), where cross-section set for each being prepared separately.
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Fig. 3-4 Multiple X-regions in one assembly

3.2.3.3 Core depletion calculation

With cross-sections prepared by assembly depletion calculations, the core depletion calculation

is conducted by using the COREBN module, which is based on three-dimensional diffusion

calculation in triangular mesh geometry of CITATION code (Mclane, 1996) using Finite

Difference Method (FDM). One sixth symmetric geometry of the core with rotational boundary

condition is described in the calculation, an example given in Fig. 3-5.

Fig. 3-5 Example of core geometry described in triangular mesh for 1/6 symmetric core

Boundary
Reflector

Seed FA

Blanket FA with ZrH rods
Blanket FA
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In the radial direction, each assembly or reflector is constructed of hundreds of triangle meshes,

while tens of that in the axial direction, because of the large heterogeneity of the core in the radial

direction compared with the relatively small heterogeneity in the axial direction. The tabulated

cross-sections from assembly depletion calculations are used in COREBN module to calculate the

cross-sections at each mesh by using a linearly interpolation method with respect to the burnup,

fuel temperature and coolant density of its belonging fuel element.

Location change of fuel assemblies due to the fuel shuffling is also taken into account. Neutron

flux distribution at each mesh is obtained by solving the neutron diffusion equation of finite

difference scheme and then used to evaluate the power density for each mesh and derive the

three-dimensional core power distribution. However, the fuel-pin wise power density as well as

the power distribution cannot be obtained directly from the mesh power.

3.2.3.4 Pin power calculation

The power distribution obtained from core depletion calculation is based on a homogeneous

cross-section of each X-region (for most cases, one assembly is treated as one X-region), and

cannot take into account the influence of the heterogeneity within the X-region. However, the

local neutron flux and power distribution for each fuel pin within an X-region may differ

significantly from others when the heterogeneity within the X-region is considered.

Hence, the heterogeneity is evaluated by a local Heterogeneous Form Factor (HFF) obtained

from assembly calculation of ASMBURN. Combined with the Homogeneous Power Distribution

(HPD) and Average Power (AP) for each X-region obtained from core calculation, the pin power

can be reconstructed as follows:

(3-7)

Because the triangle mesh and fuel rod do not correspond one-to-one in position, the

triangular interpolation method is used to reconstruct the pin power by correlating the powers of

neighboring three meshes, as shown in Fig. 3-6. Power of each rod is obtained by using equation:

(3-8)

where L is the distance form rod center to mesh center, P is the power.
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Fig. 3-6 Pin power reconstruction

3.2.4 Thermal hydraulic calculation

Coolant channels of the tightly packed fuel assemblies take a small area fraction, below 0.1 as

introduced in chapter 2. From the viewpoint of neutronics, the feedback effect from

thermal-hydraulics is much weaker than that of conventional LWRs. However, the

thermal-hydraulic calculations are still required to evaluate the thermal-hydraulic performances

of the core and to evaluate the satisfaction of design criteria.

The single channel model is employed to conduct the calculations, considering its efficiency

and sufficient accuracy for conceptual design. Several fundamental parameters are evaluated by

the thermal-hydraulic calculations, such as coolant density, exit quality, pressure drop, critical

heat flux ratio (CHFR), mass flux and cladding temperature. A home-made code based on

MATLAB language (Mathworks, 2015) is developed for this purpose. In this chapter, only

steady-state condition is considered.

3.2.4.1 General relations

The single channel model assumes smooth cylindrical tubes. Channel geometry other than

circular is accommodated by using the equivalent diameters.

Some commonly-used relations are shown as following:

mass flux:

(3-9)

equilibrium quality:

(3-10)
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real vapor quality:

(3-11)

where the G is the mass flux (in kg/m2s), the mass flow (in kg/s), A the (cross-sectional)

area (in m2), h the specific enthalpy (in kJ/kg), the saturated enthalpy, the subscript v and l

indicate the vapor and liquid respectively.

3.2.4.2 Axial enthalpy, equilibrium quality and density fields

Either average channel or hot channel is divided into several nodes z (m) in the axial

direction, and for each node the enthalpy hf,m(z) is calculated by using the energy balance:

(3-12)

where the is the linear heat flux (in kW/m) which is function of channel length and

gained from core neutronic calculation.

After the enthalpy field is calculated, the coolant temperature field T(z) is obtained from the

water steam table (Wagner, 1998), and the equilibrium quality field xe(z) can be calculated by

using Eq. 3-10.

The density field (z) is calculated by:

(3-13)

(3-14)

3.2.4.3 Subcooling models

Subcooling models are used for computing the real vapor quality where the local boiling

occurs at the heated surface, while the mean enthalpy of coolant is still less than saturation. The

subcooling is characteristic of existence of non-thermal-equilibrium.

The true quality x(z) is defined according to the EPRI model (Lellouche, 1982) expressed by

hyperbolic functions:

(3-15)

where xd is the bubble departure quality. The location of the void departure point is determined

by using the criteria from the empirical method (Saha and Zuber, 1974):

if Pe < 70,000:

(3-16)
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if Pe > 70,000:

(3-17)

where the Pe is Péclet number, Dh the hydraulic diameter, Cpl the liquid heat capacity.

3.2.4.4 Void fraction models

The vapor volume fraction is computed based on the true quality obtained by method from

above section. Several methods are provided here to correlate the void fraction and true quality.

When no slip between the vapor and liquid phases is assumed, the void fraction can be represent

as following:

(3-18)

known as homogeneous equilibrium model (HEM).

A simple way accounting for the effect of phase slip is to incorporate a slip ratio S in the

HEM model as:

(3-19)

The slip ratio S is defined as the velocity ratio of vapor to liquid phase. In the current study,

the Smith correlation (Smith, 1969) is used to compute the S, described as:

(3-20)

Another void model developed by EPRI (Lellouche, 1982) includes the drift velocity Vgi, the

vapor velocity relative to mean velocity of the mixture, and can be correlated with the subcooled

boiling models. The correlation is:

(3-21)

and the drift velocity Vgi, is expressed as:

(3-22)

where the g is gravitational acceleration, gc = 32.2 is the conversion factor of unit, and the

water surface tension. C0 is a function of pressure and void fraction itself, described as:

(3-23)

(3-24)

(3-25)
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(3-26)

(3-27)

(3-28)

Iteration is necessary to compute the C0.

3.2.4.5 Pressure drop

The total pressure drop in a two-phase flow channel is comprised of three components due to

acceleration, friction and gravity:

(3-29)

where:

(3-30)

(3-31)

It should be noted that if the drift flux model is used, the velocities of vapor and liquid are

different, resulting in a different from that of HEM model.

For single-phase flow, the friction pressure drop can be expressed in a general form:

(3-32)

where is the single-phase friction factor, which is usually expressed by:

(3-33)

For Re < 30,000, the turbulent friction factor for smooth tubes is given by Blasius relation,

where a=0.316, b=-0.25; for 30,000 < Re < 1,000,000, the McAdams relation is used, where

a=0.184, b=-0.2.

For two-phase flow, a general approach to obtain the two-phase friction factor is to define a

multiplier for single phase (liquid phase in this study) which flows at the same mass flux as

the total two-phase flow. Thus, the friction pressure drop for two-phase flow is given by:

(3-34)

The EPRI correlation (Reddy, 1982) is used to compute the two-phase multiplier, where

is given by a function of the flowing quality, mass flux and pressure as:

(3-35)

if P 600 psi,
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(3-36)

if P < 600 psi,

(3-37)

where Pc is the critical pressure, vg is the specific volume of saturated vapor, and vf is the

specific volume of saturated liquid.

3.2.4.6 Radial heat transfer models

The overall radial heat transfer models include the fuel rod heat conduction model and the

heat transfer model from cladding wall to coolant. Fuel rod heat conduction model includes heat

conduction in pellet, gap conductance between the pellet surface and the cladding inner surface,

and heat conduction from inner surface to outer surface of the cladding. The calculation is

conducted on the two-dimensional geometry, as shown in Fig. 3-7. The computational domain is

comprised of 1/12 fuel rod and 1/6 coolant channel boundary. Adiabatic boundary condition is

applied on the cutting edges, and the convection boundary condition is applied on the edge of

coolant channel. The fuel pellet, cladding and the gap between the former two are divided into

several meshes (triangle meshes for fuel and cladding, rectangle meshes for gap).

Fig. 3-7 Radial heat transfer model of fuel rod

The heat balance at steady-state for fuel meshes is given as a form of Poisson equation:

(3-38)

where qv is volumetric heat generation rate, the thermal conductivity of fuel. The thermal

conductivity is expressed as function of temperature (Ishiwatari, 2006):
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(3-39)

For meshes of gap and cladding, the heat balance is given by:

(3-40)

The gap conductance and thermal conductivity of the cladding are 0.44 W/m K and 15.67

W/m K, respectively in this study.

For adiabatic boundaries, the boundary condition is given by:

(3-41)

while for the convection boundary, the boundary condition is given by:

(3-42)

where is the heat transfer coefficient on the cladding surface, is the cladding surface

temperature and is the bulk temperature of coolant.

For the coolant flow in the BWR core, the heat transfer from cladding wall to coolant is

related to both single-phase and two-phase flows. In the single phase region, the Dittus-Boelter

correlations are the most commonly used for turbulent flows:

(3-43)

where Nu is the Nusselt number, the Rel is the single-phase Reynolds number and Pr is the

Prandtl number. All fluid properties are obtained at the mean bulk temperature.

For two-phase flow region, the heat transfer coefficient ( ) is commonly expressed as the

sum of contributions from nucleate boiling ( ) and convection ( ):

(3-44)

A wildly used correlation of this form is from Chen (1966), which has a modified

Dittus-Boelter correlation as the convection part :

(3-45)

The F factor is given by:

(3-46)

where is given by:

(3-47)

The nucleate part is given by:
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(3-48)

where:

(3-49)

(3-50)

S is the suppression factor expressed as a function of the total Reynolds number:

(3-51)

where .

Chen s correlation covers the entire range of saturated boiling region and also can be

extended to subcooled boiling region with x substituted for xe.

3.2.4.7 Critical heat flux

Critical heat flux (CHF) is the phenomenon that the heat transfer of two-phase flow

significantly deteriorates, resulting in a drastic increase of temperature on the cladding surface

and possibly leading to a failure of cladding. At BWR working condition (high quality), CHF

occurs as the form of dryout , which indicates that the liquid film disappear at the end of

annual flow due to evaporation, as shown in Fig. 3-8.
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Fig. 3-8 Dryout in two-phase flow (Todreas and Kazimi, 1999)

In the current study, the Shah s correlation (Shah, M.M, 1987) was used to estimate the CHF

( ) values due to its wide applicable range, especially for small diameter tubes. Zhang et al.

(2006) investigated several CHF correlations for application on small-diameter tubes (0.33< Dh

<6.22mm) at various boundary conditions, and concluded that Shah s correlation showed good
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agreements against experimental data. For conceptual design, it is expected that Shah s

correlation could provide adequate accuracy. The equations are given by:

(3-52)

where L is the channel length, is the parameter:

(3-53)

while , n = 0,

if :

(3-54)

This correlation was originally developed for round tubes, but in case of geometry other than

round but close to, the geometrical effect is approximately accounted by equivalent hydraulic

diameter.

3.3 Fuel assembly design

Unlike with thermal LWRs, the tight fuel lattice is commonly used in assembly design of fast

breeder reactors. The triangular lattice arrangement intrinsically gives rise to the higher fuel

volume fraction than a square lattice with the same fuel pin pitch. In fast reactors cooled by light

water, this lattice arrangement is adopted to minimize the fissile inventory by reducing the

neutron leakage and maximize the fuel volume fraction to harden the spectrum.

In conventional triangular lattice, the fuel pins are separated by a spiral wire wrap or grid

spacers

pins. Metal fitting is used to interlink the fuel pins, axially penetrated by coolant channels in the

center. The configuration of the tightly packed fuel assembly is used for both seed and blanket

assemblies.

3.3.1 Seed assembly

Seed assembly is comprised of MOX fuel pins with rod diameter of 11 mm. The MOX fuel is

made of spent LWR fuel, assuming the isotope composition of 238Pu / 239Pu / 240Pu / 241Pu / 242Pu =

0.4 % / 51.3 % / 37.8 % / 6.5 % / 4.0 %. The isotopes of fissile plutonium take the weight fraction

of 57.8 % among all the plutonium. The density of MOX pellet is assumed to be 95 % of the

theoretical density. The cross and radial sectional views of seed assembly are shown in Fig. 3-9.



123

The detail design parameters are summarized in Table 3-2, which are based on the design of

Super FBR (Yoshida et al., 2013).

Fig. 3-9 Configuration of the seed assembly

Table 3-2 Design parameters of the seed assembly

Assembly type Seed

Number of fuel rods per assembly 547

Outer diameter of fuel rods (cm) 1.1

Cladding thickness (cm) 0.08

Pellet diameter (cm) 0.928

Gap between clad and pellet (cm) 0.006

Gap between fuel rods (cm) 0.0

Fuel assembly pitch (cm) 26.1

Gap between fuel assemblies (cm) 0.1

Channel box thickness (cm) 0.2

Number of coolant channels per assembly 1092

Coolant to fuel volume ratio (Vm/Vf) 0.136

Coolant channel geometry B

Cladding material Zircaloy-4 Alloy

Enrichment zoning is applied in both radial and axial directions with the purpose of power

peaking suppression. The radial power peaking usually appears at peripheral fuel pins when three
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seed assemblies are neighboring with each other or when faced to ZrH1.7 pins of the blanket

assembly. Thus, enrichment of peripheral pins is reduced to suppress the peaking. In the axial

direction, the power peaking occurs in the middle if the enrichment distribution is uniform. By

decreasing the enrichment of the middle region fuel, the peaking can be effectively suppressed.

Blanket layers fueled with depleted UO2 are placed at the top and bottom of the MOX fuel region,

aiming to absorb the neutrons leaking out from MOX fuel region so as to improve the breeding.

Learned from CFD analysis, geometry B (explained in Chapter 2) is taken as the channel

geometry, which is beneficial to cope with the thermal hydraulic challenges, such as high

cladding temperature, high pressure drop and low CHF, which are usually faced in seed

assemblies. Unlike in Super FBR, the cladding material is made of Zr alloy. Compared with Super

FBR, the cladding temperature in BWR-type reactor is lower, owing to the lower coolant

temperature, so that the Zr alloy can be applied with the purpose to improve the neutron economy.

3.3.2 Blanket assembly

Two kinds of blanket assemblies are utilized in the current study, and both are fueled with

depleted UO2. They are with and without ZrH1.7 rods respectively, as shown in Fig. 3-10 (left

side). ZrH1.7 rods have the same diameter as UO2 fuel rods, two layers of ZrH1.7 being nested in

the blanket assembly, providing moderation at void condition. The cross-sectional views of

blanket assemblies are shown in Fig. 3-10 (right side). The design parameters are summarized in

Table 3-3, which are also based on design of Super FBR (Yoshida et al., 2013).

By referring to the CFD analysis results (Section 2.4.4.2), geometry A is taken as the coolant

channel, because the thermal hydraulics in blanket channels are not as challenging as those in

seed assemblies. Meanwhile, volume fraction of coolant with geometry A is smaller than that

with geometry B, which is in favor of breeding.
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Fig. 3-10 Configuration of blanket assemblies

Table 3-3 Design parameters of blanket assemblies

Assembly type Blanket with ZrH1.7 Blanket without ZrH1.7

Number of depleted UO2 fuel rods per

assembly

457 547

Outer diameter of fuel rods (cm) 1.1 1.1

Cladding thickness (cm) 0.08 0.08

Pellet diameter (cm) 0.928 0.928

Gap between clad and pellet (cm) 0.006 0.006

Gap between fuel rods (cm) 0 0

Fuel assembly pitch (cm) 26.1 26.1

Gap between fuel assemblies (cm) 0.1 0.1

Channel box thickness (cm) 0.2 0.2

Number of coolant holes per assembly 1092 1092

Coolant to fuel volume ratio (Vm/Vf) 0.085 0.085

Coolant channel geometry A A

Cladding material Zircaloy-4 Alloy Zircaloy-4 Alloy

Number of ZrH1.7 rods 90 0

3.4 Core design parameters survey

The design of breeding BWR core is developed based on Super FBR core design, since there

are many characteristics in common from the viewpoint of neutronics. To achieve the design
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goals of breeding, dependency of core characteristics on the performance of breeding and

negative reactivity is investigated. The investigations are based on the design experience of Super

FBR. For the following studies, neurotic calculation is not coupled with thermal hydraulic

calculation on account of the small coolant volume in tightly packed fuel assembly, and the core

power is assumed to be the same as Super FBR without considering the thermal-hydraulic limits

for the purpose of qualitative comparison.

3.4.1 Core loading pattern

The core loading pattern has significant impacts on breeding and negative void reactivity,

which have been studied in detail by Yoshida and Oka (2014) in designing Super FBR. In their

study, three types of core loading patterns were investigated, as depicted in Fig. 3-11. The seed

assemblies were arranged in scattered, annular and radiating patterns with uniform enrichment

zoning. All the blanket assemblies contain two layers of ZrH1.7 rods (as shown in Fig. 3-10). The

active core height is 4.4 meters with 40 cm axial blankets at both ends. The results are

summarized in Table 3-4, which indicates that the radiating core has the best performance on

FPSR among the three, while that of negative void reactivity is not as good as the other two. The

highest breeding of the radiating core is mainly resulted from its relatively smaller number of seed

assemblies compared with annular core and lower enrichment of plutonium compared with the

scattered core.

Fig. 3-11 Three types of core loading patterns studied for Super FBR (Yoshida and Oka, 2013)



127

Table 3-4 Core design parameters and characteristics of Super FBR (Yoshida and Oka, 2013)

All the above cores achieved negative void reactivity by applying large number of blanket

assemblies with ZrH, which, however, was not favorable for improving breeding, because it

softened neutron spectrum.

In this study, based on the radiating core, the dependency of FPSR on the number of blanket

assemblies containing ZrH1.7 was investigated. Cores with different number fractions of blanket

assemblies with ZrH1.7 rods to seed assemblies (72/72, 60/72, 24/72) are analyzed, as shown in

Fig. 3-12. The results are summarized in Table 3-5. It is seen that, compared with the Super FBR,

the void reactivity of breeding BWR design of this study becomes worse, especially at the EOEC,

while the breeding is improved due to hardening of the neutron spectrum by reducing amount of

ZrH1.7.

Fig. 3-12 Core loading patterns of breeding BWR with different number of assemblies with ZrH1.7
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Table 3-5 Core design parameters and evaluated characteristics of breeding BWR

3.4.2 Number of ZrH1.7 layers

ZrH1.7 rods play a key role in achieving negative void reactivity. Hence, the sensitivity related

to the amount of ZrH1.7 is investigated. ZrH1.7 rods are arranged in circular layer form in the

blanket assemblies, surrounded by UO2 pins to avoid high power peaking in the neighboring seed

assembly.

The tentative cores used to conduct this sensitivity study are based on deign of the Super FBR,

denoted as CORE A to CORE D. Figure 3-13 shows the blanket assemblies with different number

of ZrH1.7 layers adopted by these cores. The major core design parameters are summarized in

Table 3-6. The core loading pattern is shown in Fig. 1-13, which contains 162 assemblies with

seed assemblies radially arranged. Geometry A (described in Chapter 2) is applied as the coolant

channel geometry for all assemblies. All claddings are made of stainless steel. An average coolant

density of 0.248 g/cc, which equals to that of Super FBR, is assumed uniformly distributed

throughout all the channels.
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Fig. 3-13 Blanket assemblies with different number of ZrH1.7 layers
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Table 3-6 Design parameters of CORE A, B, C and D

Core CORE A CORE B CORE C CORE D

Number of seed assemblies 97

Number of blanket assemblies

(without ZrH1.7 / with ZrH)

162 (144 / 18)

Total number of rods in an

assembly

397

Number of ZrH1.7 rods per

assembly (number of layers)

90(2) 236(3) 156(4) 180(5)

Assembly pitch (cm) 34.4

Fuel rod diameter (mm) 17

Assembly wall thickness (mm) 2

Assembly gap (mm) 2

Power(th) (MW) 1310

Average coolant density (g/cc) 0.248

EFPD* (day) 550

* EFPD: effective full power days

Figure 3-14 and Fig. 3-15 show the influence of the amount of ZrH1.7 on breeding (FPSR) and

void reactivity, respectively. The result indicates that the FPSR decreases with the increase of

amount of ZrH1.7 owing to the softening of neutron spectrum. The void reactivity is not greatly

improved by increasing the ZrH1.7. Therefore, by considering both above factors, it is not

necessary to apply ZrH1.7 more than two layers.
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Fig. 3-14 Dependence of FPSR on ZrH layer number

Fig. 3-15 Dependence of void reactivity on ZrH layer number

3.4.3 Plutonium enrichment in seed assembly

Plutonium enrichment is one of the most important parameters of reactor design with MOX

fuel. It not just concerns the fuel inventory of the core, but also significantly affects the breeding

performance of a breeder reactor, as indicated by the definition of CSDT. The influence of

plutonium enrichment on void reactivity is also necessary to be investigated on account of safety.
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The reference core basically is the same as CORE A but with smaller fuel rod diameter as well

as the assembly size to achieve better void reactivity, denoted as CORE E. The average plutonium

enrichment in seed assembly is gradually increased form 27.5% to 30.5%. Other major

parameters of the core are summarized in Table 3-7. The core loading patterns is the same as

CORE A, which is shown in Fig. 1-13.

Table 3-7 Design parameters of the reference core (CORE E)

Number of SD* 97

Number of blanket assemblies (without ZrH1.7/with ZrH) 162(144/18)

Number of fuel rods in SD / BL1 / BL2* 397/307/397

Assembly pitch (cm) 24.7

Fuel rod diameter (mm) 12

Assembly wall thickness (mm) 2

Assembly gap (mm) 2

Power(th) (MW) 1310

Average coolant density (g/cc) 0.248

EFPD (d) 550

*SD = seed assembly

BL1 = Blanket assembly with ZrH1.7 rods

BL2 = Blanket assembly without ZrH1.7 rods

The dependency of breeding and void reactivity on plutonium enrichment are shown in Fig.

3-16 and Fig. 3-17 respectively. It is seen that both the breeding performance (FPSR and CSDT)

and void reactivity become worse with the increase of plutonium enrichment. Meanwhile, from

the viewpoint of economy, plutonium enrichment should be minimized on the premise of

maintaining criticality, which is consistent with the requirement of improving breeding and void

reactivity.
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Fig. 3-16 Dependency of breeding on Pu enrichment

Fig. 3-17 Dependency of void reactivity on Pu enrichment

3.4.4 Average burnup of seed assembly

Average burnup of seed assembly is another major concern of reactor design. For breeder

reactors at constant power, higher burnup leads to a longer operating cycle length, which is an

influential parameter in definition of CSDT. Its dependency on breeding and void reactivity are

investigated based on CORE E by increasing the average burnup from 39.8 MWd/tHM to 53.1

MWd/tHM. The results are shown in Fig. 3-18 and Fig. 3-19. It is shown that the breeding
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performances are enhanced with the increase of burnup, while void reactivity becomes worse

owing to the fissile plutonium built up with a larger burnup. Appropriate burnup should be

determined with the purpose of obtaining high breeding under the negative void reactivity

criterion.

Fig. 3-18 Dependency of breeding on burnup

Fig. 3-19 Dependency of void reactivity on burnup
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3.4.5 Influence of coolant density

In the current study, the neutronic performance and characteristics of the core is not expected to

be significantly affected by the coolant density, since the coolant volume is very small compared

with conventional LWRs. However, quantitative evidence is necessary to support this

expectation.

Hence, in order to investigate the influence of coolant density, thermal hydraulic calculations

are conducted separately to provide three coolant density distributions corresponding to different

mass fluxes in average channel with the same power. The coolant density distributions are shown

in Fig. 3-20. It is seen that the differences among different mass fluxes are not so large, and the

average coolant densities are 0.318 g/cc, 0.413 g/cc and 0.479 g/cc. Based on these distributions,

core calculations are then conducted. The results of FPSR, void reactivity and criticality are

shown in Fig. 3-21, Fig. 3-22 and Fig. 3-23, respectively, where the reference core is CORE E

with uniform coolant density distribution with average density of 0.248 g/cc. It is seen that the

different coolant average densities as well as distributions cause little impact on all above

parameters. Hence, the coupling calculation between the neutronics and thermal hydraulics is not

so necessary.

Fig. 3-20 Coolant density distributions with different mass fluxes
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Fig. 3-21 FPSRs with different coolant density distributions arising from different mass fluxes

Fig. 3-22 Void reactivity with different coolant density distributions arising from different mass

fluxes
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Fig. 3-23 Criticality with different coolant density distributions arising from different mass fluxes

3.5 Breeding BWR core design

The breeding BWR core design is developed from the reference core (CORE E) by

understanding the characteristics revealed from Section 3.4. The major core design parameters

are summarized in Table 3-7. The core loading pattern as well as the shuffling scheme of seed

assemblies are shown in Fig. 3-24. Several aspects of improvement are made in order to achieve

the design goals.
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Fig. 3-24 Core loading pattern and shuffling scheme of breeding BWR core design (1/6 core)

Under the BWR operating condition, the cladding temperature is much lower compared with

that of Super FBR owing to the relatively low coolant temperature. Thus, the stainless steel

cladding previously used in Super FBR is not necessary. From the viewpoint of neutron economy,

the zirconium alloy is much better on account of a smaller neutron absorption cross-section. By

using Zr-4 alloy cladding, the average Pu enrichment in seed assemblies reduce by 2% (from 29.5%

to 27.5%).

Compared with Super FBR, the LHGR of BWR is relatively lower owing to the CHF limitation.

The breeding performance, especially the CSDT, strongly depends on the core power, as shown in

Fig. 3-25, which is obtained based on design of CORE E with fixed burnup of 65.1 MWd/tHM. It

is seen that the CSDT decreases with the increase of core power. To achieve the CSDT less than

50 years, the core thermal power should at least be larger than 1000 MW for CORE E. However,

by considering the CHF criterion, for coolant channel in assemblies with 12 mm diameter fuel

rods, the core power is limited to less than 600 MW.
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Fig. 3-25 CSDT vs. core power for CORE E

Learned from CFD analysis results in Chapter 2, compared with original coolant channel

geometry, which is geometry A, geometry B has lager CHF and leads to lower pressure drop and

cladding temperature. Three cores with different design scheme of coolant channel geometry are

proposed: one is the reference core with geometry A adopted for all coolant channels, which is

CORE E; CORE F is the core with geometry B adopted for all coolant channels; CORE M is the

core with mixed use of the channel geometries, using geometry A for channels of blanket

assemblies and geometry B for that of seed assemblies.

The evaluated breeding, void reactivity and criticality are shown in Fig. 3-26, Fig. 3-27 and Fig.

3-28, respectively. It can be seen that CORE M is greatly superior to the others in terms of lower

void reactivity, comparable breeding and higher k-eff, which implies that a smaller plutonium

inventory is required.
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Fig. 3-26 FPSRs of cores with different design scheme of coolant channels

Fig. 3-27 Void reactivity of cores with different design scheme of coolant channels

CORE E CORE F CORE M

CORE E CORE F CORE M
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Fig. 3-28 K-eff at EOEC of cores with different design scheme of coolant channels

One approach to increase the core power is to reduce the fuel rods diameter and increase the

number of fuel rods while keeping the core size fixed. Hence, the dependency of core power on

the fuel rods diameter is investigated. Super FBR is regarded as the reference core. By keeping the

assembly size the same as much as the Super FBR, the fuel diameter is reduced while the number

of fuel rods is increased. Figure 3-29 shows the relationship of the fuel rods diameter, the number

of fuel rods for an assembly and the assembly heated perimeter Dheated (defined as the product of

rods number and rod perimeter). Based on the principle of maintaining the assembly size, it is

seen that the number of fuel rods and assembly heated perimeter generally increase with the

decrease of rod diameter. With the decrease of fuel rod diameter, the channel size also becomes

smaller due to geometric similarity, leading to smaller CHF and higher pressure drop. Figure 3-30

shows the average LHGR in seed assembly and pressure drop (when G = 10000 kg/m2s) at

different rod diameters. The total core power depends on the average LHGR in seed assembly and

the number of fuel rods per assembly. Figure 3-31 shows the core power versus rod diameter. It

can be seen that core power tends to increase with the decrease of fuel rod diameter, but not

monotonously. This is because the number of fuel rods does not increase monotonously since size

of the assembly is fixed. The 11mm diameter of fuel rod is relativity good to increase the core

power meanwhile maintain a comparable size as Super FBR. Thereby, the core power is increased

to be around 826 MW form core E(< 600MW).
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Fig. 3-29 Fuel rod diameter vs. rods number and assembly heated perimeter

Fig. 3-30 Fuel rod diameter vs. average LHGR in seed assembly and core pressure drop

Fig. 3-31 Core power vs. fuel rod diameter
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In addition, it is found that the local power peaking is another restriction to power increase. For

a core with blanket and seed assemblies radially arranged, the power peaking usually appears at

the peripheral rods in seed assemblies facing blanket assemblies, where the local spectrum is

softer. Enrichment zoning by placing lower enrichment fuel rods in the periphery of seed

assemblies can effectively manage the local power peaking. A comparison of local power peaking

between before and after enrichment zoning is shown in Fig. 3-32, which indicates that the power

peaking is greatly reduced by enrichment zoning so that the core thermal power can be further

increased from 826MW to 1010MW.

Fig. 3-32 Local power peaking comparison between before and after enrichment zoning

Overall, the core performance is summarized in Table 3-8. It indicates that the design goals are

accomplished, meanwhile satisfying all the design criteria.
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Table 3-8 The core design parameters and characteristics of the high breeding BWR

Core parameters

Number of Seed assemblies 97

Number of blanket assemblies (without ZrH/with ZrH) 162(144/18)

Number of fuel rod in a SD*/BL2*(ZrH)/BL1* 547 / 457 /547

Core height (m) 2

Core equivalent diameter (m) 4.3

ZrH volume fraction in a BL2(ZrH) assembly (%) 3.6%

Assembly pitch (cm) 26 .1

Fuel rod diameter (mm) 11

Cladding material Zr Alloy

Coolant channel geometry B(SD), A(BL)

Ave. Pu enrichment (wt%) 27.5

Operating cycle length (d) 700

Ave. discharge burnup (seed) (GWd/tHM) 48.25

Fuel batch (Seed/Blanket) 4/1

Mass flux in hottest channel (kg/m2s) 9,950

Power(th) (MW) 1,017

Average exit quality (%) 0.226

Maximum cladding temperature in Seed (BOEC/EOEC) (°C) 307.2 /306.1

Maximum cladding temperature in Blanket (BOEC/EOEC) (°C) 293.4/296.2

Void reactivity (BOEC/EOEC) (%dk/k) -0.29/-0.49

MCHFR (BOEC/EOEC) 1.9/1.9

FPSR 1.061

CSDT (y) 41.6

*SD = seed assembly

BL1 = Blanket assembly with ZrH1.7 rods

BL2 = Blanket assembly without ZrH1.7 rods

3.6 Consideration of stability

Although the current core design is for a BWR-type reactor, it mainly serves the purpose of

achieving high breeding, which means that this reactor core will not be completely compatible
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with the current BWR system. However, engineering issues should also be addressed in order to

further develop the concept in future. One of the major concerns of the current design concept is

the high core pressure drop, which may introduce stability issues.

Various instabilities may exist in a reactor system. Generally, there are five types of major

instabilities in a BWR system (Ikeda et al., 2007): channel instability, regional instability, core

instability, Xenon instability and plant instability.

The channel instability mainly indicates the oscillation of coolant density wave in a boiling

channel, and excitation of the channel instability can be suppressed by increasing the inlet

pressure drop with inlet offices. In addition, the high mass flux in the current core design also

helps to suppress this instability.

Core instability and regional instability are kind of coupled neutronic-thermal-hydraulic

instabilities. Due to the application of tightly packed fuel assembly, there is a weak coupling

between thermal hydraulics and netronics in the current core design, which is shown in Section

3.4.5. The neutronic feedback is small (void reactivity < 1 %dk/k) compared with conventional

BWRs. Therefore, these instabilities are not expected to be limiting the design concept. It has

been shown in RMWR (Hu, 2007), which is another BWR-type reactor with tight lattice fuel

assembly, that the decay ratio for both coupled out-of-phase and in-phase stabilities are well

below the criterion.

Xenon instability mainly exists in large-size thermal reactors, but in fast reactors Xenon effect

is not important, and it is not necessary to be considered in the current core.

Plant stability strongly depends on the plant control systems, and can be managed with

appropriate control system design.

3.7 Summary

The high breeding BWR core with tightly packed fuel assemblies is proposed in this chapter.

The core design is accomplished step by step by conducting the parameter sensitivity study,

such as adjusting the core loading patterns and analyzing the influence of coolant density

distributions with thermal hydraulics calculations. Although the similarity exists between the

high breeding BWR core and Super FBR core, difference in the thermal hydraulic

characteristics give rise to different criteria, such as CHF, MLHGR and pressure drop, and

increasing core power becomes the major design consideration for improving the CSDT.

From the sensitivity study, it is found that the breeding performance is better with lower

plutonium enrichment and higher burnup. For attaining negative void reactivity, it is preferable
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to lower the enrichment and the lower the burnup. In addition, the calculation results indicate

that the coolant density change does not significantly affect the neutronics due to the small

inventory of coolant.

It is found that the CSDT is mainly limited by the Linear Heat Generation Rate (LHGR),

while the LHGR is mainly limited by the CHF and power peaking factors. To increase the

LHGR, CHF is increased by applying geometry B (triangular with round corners) instead of

geometry A (circular) in seed assemblies. It is also found that keeping the geometry A in blanket

assemblies to maintain the breeding ability is feasible, because the LHGRs of blanket

assemblies are low. The power peaking factor is suppressed by enrichment zoning in both radial

and axial directions. The pressure drop is higher than that of conventional BWRs due to

application of narrow coolant channels. Resulting flow instability may be managed by applying

orifices at the inlet in order to decrease the effect of the pressure drop change in the coolant

channel on the stability.

The final breeding BWR core design achieves a CSDT of 41.6 years, while all the design

criteria, with respect to Maximum Linear Heat Generation Rate (MLHGR), Minimum Critical

Heat Flux Ratio (MCHFR) and negative void reactivity, are satisfied. For the first time, the

breeder reactor concept with light water cooling has been shown to achieve high breeding. The

role of nuclear power may be greatly enhanced for countries with advanced nuclear

technologies and infrastructures, such as some of the G7 members, if high breeding with light

water cooling can be achieved.

Stability analysis of the current design will be remained for future study, and it may be worth

further developing the concept to high breeding BWR with larger power and lower pressure

drop.
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Chapter 4 Safety analysis of Super FBR

4.1 Introduction

Supercritical pressure light water cooled Fast Breeder Reactor (Super FBR) is the first reactor

that adopts the tightly packed fuel assembly for high breeding. Essentially, it is a type of

supercritical pressure water cooled reactor (SCWR) with once-through direct cycle (there is no

recirculation of the coolant in the core and the entire coolant is fed to the turbine). The

cross-section of this assembly is shown in Fig. 2-1. It is characterized by the special

configuration of fuel rods and coolant channels: the fuel rods are closely packed without gap

and the coolant channel is tangent to the surrounding fuel rods, the space among them being filled

with the metal fitting that is the same material as cladding. The coolant to fuel volume fraction is

dramatically reduced to 0.085 compared with 0.82 of the conventional BWR and 0.17 of

RMWR as described in Section 1.5.2. This fuel assembly enables designing of a high breeding

water cooled reactor with hard neutron energy spectrum.

Super FBR adopts the once-through direct cycle just as Super LWRs and Super FRs, and the

plant system is almost the same. However, the volume fraction of the coolant is smaller than that

of the Super FR. It makes the pressure be more sensitive to the core heat up. The coolant

channels are physically separated from each other and cross flow cannot be formed. The special

layout of coolant channels and fuel rods gives rise to different cladding temperature distribution

from that of conventional fuel assembly. The above mentioned characteristics would influence

the safety performance, especially for Super FBR on account of its small flow rate and once

through direct cycle (Yoshida and Oka, 2013). Therefore, it is necessary to clarify the safety

characteristics of Super FBR at accidents and abnormal transients.

4.2 Core characteristics of Super FBR

Although the neutron energy spectrum is hardened by adopting the tightly packed fuel

assembly, the negative coolant void reactivity is ensured by applying ZrH rods in part of the

blanket assemblies and elaborately arranging the core loading pattern. This is extremely

important for inherent safety. The major parameters of the assembly and the core designs are

summarized in Table 4-1 and Table 4-2, respectively. Three kinds of assemblies are

heterogeneously arranged in the core, and they are seed assembly, blanket assembly and blanket

assembly with ZrH1.7 rods. The assembly and core geometry are shown in Fig. 1-12 and Fig. 1-13,
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respectively. The enrichment zoning is applied on seed assemblies in order to suppress the axil

power peaking, and the axial power profiles are shown in Fig. 4-1.

Fig. 4-1 Axial power profile of seed and blanket assembly in Super FBR at BOEC

Table 4-1 Design specification of the tightly packed fuel rods assembly (Yoshida et al., 2013)

Channel box thickness [cm]

Gap between fuel assemblies [cm]

0.2

0.1

Fuel assembly pitch [cm] 24.66

Outer diameter of fuel rods [cm] 1.2

Cladding thickness [cm] 0.0873

Pellet diameter [cm] 1.0124

Gap between clad and pellet [cm] 0.0065

Fuel rod pitch [cm] 1.2

Gap between fuel rods [cm] 0

Diameter of coolant channel [cm] 0.1856
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Table 4-2 Core design parameters and characteristics (Yoshida et al., 2013)

Reactor thermal power [MW]

Core height [m]

1156

2.0

Core equivalent diameter [m] 4.12

Number of Seed/Blanket assemblies 97/162

Fuel batch (Seed/Blanket) 4/1

Operating cycle length [d] 550

Core operating pressure [MPa] 30

Core pressure drop [MPa] 1.6

Inlet temperature [°C] 385

Average outlet temperature [°C] 440

Average coolant density [kg/m3] 248

Maximal Cladding Temperature (MCT) [°C] 654

Discharge burnup (Seed) [GWd/t] 48.7

Void reactivity (BOC/EOC -0.70/-0.37

FPSR 1.026

CSDT [y] 43

Compared with the previous Super FR core designs (Yoo et al., 2006; Liu and Oka, 2013), the

current design mainly serves the purpose of high breeding and some parameters are very different

such as the inlet and outlet temperatures, the proportion of seed and blanket assemblies and the

core pressure. While the coolant flow scheme is similar to other one pass Super LWR core designs

(Wu and Oka, 2014) and Super FR core designs (Liu and Oka, 2013), and it is illustrated in Fig.

4-2: the coolant flows through the downcomer and fills the bottom dome, then flows upward via

the fuel channels. Then, the coolant is mixed in the upper plenum, and finally comes out from the

hot-leg. Compared with Super FRs (Ikejiri et al., 2010; Liu and Oka, 2013), although the coolant

channels of tightly packed fuel assembly are designed with smaller cross section and smaller

hydraulic diameter, the core is efficiently cooled by increasing the rated coolant flow rate and

increasing the heat transfer coefficient. For instance, the average flow rate per given thermal

-upward two- 5 kg/s/MW, while that of

the current study is 1.3kg/s/MW.
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Fig. 4-2 Coolant flow scheme

4.3 Plant and safety system

The plant and safety system of Super FBR are almost the same as those of Super LWRs and

Super FRs (Ishiwatari et al., 2003; Ishiwatari et al., 2005a) due to the similar thermal-hydraulic

characteristics, as shown in Fig. 4-3. However, it is very different form BWRs mainly because

of no separations of water and steam (single phase flow) and no coolant recirculation. As it is

single phase flow, the water level does not exist. There is no recirculation of coolant in the core

and the entire coolant is fed to the turbine. Hence, as long as the coolant flow in the core is kept,

-through direct

that the core depressurization can induce the coolant flow and cool the core. Two aspects are

essential to sustain the coolant flow rate in the core and described as followings:
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Fig. 4-3 Plant and safety system (Oka et al., 2010)

To maintain the coolant supply from cold-leg

At normal operation conditions, two turbine driven Reactor Coolant Pumps (RCPs) provide the

main coolant feedwater flow. When the coolant flow from RCPs is reduced, coolant flow is

supplied by high pressure turbine-driven Auxiliary Feedwater System (AFS) and the

motor-driven Low Pressure Core Injection system (LPCI) from cold-leg depending on the level of

abnormality. Operations of both of them assume a delay time of 30 s from the signal released to

reach the full capacity, which is due to the time requirement of actuation of the emergency diesel

generators.

To maintain the coolant outlet open at hot-leg

The main steam isolation valves (MSIVs), the main stop valves, the turbine control valves

(TCVs) and the turbine bypass valves (TBVs) are designed to guarantee the coolant outlet open

at the hot-leg. In order to cope with the closure of these valves, in total of 8 units of Safety

Relief Valves (SRVs) are provided to keep the coolant outlet open as well as to prevent the

reactor over pressurization. They also function as the Automatic Depressurization System (ADS)

to depressurize the reactor under certain reactor conditions. During the depressurization, the

coolant flow is induced through the core.

To shut down the reactor, two independent shut down systems are provided in the current

design: 1) the reactor can be shut down manually or automatically by insertion of all control rods.
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Delay time of 0.55 s is assumed after the scram signal release; 2) In addition, the standby liquid

control system (SLCS) is equipped as the backup.

Table 4-3 summarizes the actuations and capacities of the Super FBR safety system which is

derived by reference to that of Super FRs, because of the similar coolant flow system and

thermal-hydraulic characteristics. To deal with the higher system pressure in Super FBR (30

MPa at normal operating condition) compared with that in Super FRs (25 MPa), auctions related

to pressure are proportionally increased with the operating pressure except the ADS auction

pressure which is kept the same at 23.5 MPa to prevent unnecessary depressurization.

Table 4-4 shows how the levels of abnormalities correlate with the safety system actuations,

which is the same as in Super FRs. The detailed explanations of the design method and logic

can be found in the previous work (Ishiwatari et al., 2005a).
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Table 4-3 Safety systems and actuation conditions (Oka et al., 2010)

Safety system Actuation conditions

Reactor scram system Pressure high (31.2MPa) MSIV closure (90%)

Pressure low (28.8MPa) Reactor coolant pump trip

Reactor power high

(120%)

Condensate pump failure

Reactor period short (10s) ECCS start-up

Loss of offsite power Drywell pressure high

Turbine control valve

quickly closed

Earthquake acceleration

large

AFS (auxiliary feedwater system)

(4% of rated flow×3 units)

(turbine-driven)

Main coolant flow rate low (20%)

RCP trip or loss of offsite power

Condensate pump trip

Turbine control valves quickly closed

Main stop valves closure

MSIV closure (90%)

SRV (safety relief valve)

(20% of rated flow×8 valves)

Open (MPa) Close (MPa) Number

31.44 30.24 1

31.68 30.48 1

31.92 30.72 3

32.16 30.96 3

ADS (automatic depressurization

system)

Pressure low (23.5 MPa)

MSIV (main steam isolation valve) The same as ADS actuation conditions

LPCI (low pressure core injection)

(12% of rated flow×3 units)

The same as ADS actuation conditions
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Table 4-4 Levels of abnormities and actuations (Oka et al., 2010)

Flow rate low (feedwater or main steam)

Level 1 (90%) Reactor scram

Level 2 (20%) AFS

Level 3 (6%) ADS/LPCI system

Pressure high

Level 1 (31.2 MPa) Reactor scram

Level 2 (31.44 MPa) SRV

Pressure low

Level 1 (28.8 MPa) Reactor scram

Level 2 (23.5 MPa) ADS/LPCI system

4.4 Analysis methods

4.4.1 Code system

In the past study, the SPRAT and SPRAT-F code systems were developed and validated for

the safety analysis of Super LWRs and Super FRs by Okano et al. (1996), Ishiwatari et al.

(2005a, 2005b), Oka et al. (2010), Ikejiri et al. (2010, 2011) and Li et al. (2013). Based on their

studies, the current SPRAT code system is developed and modified in order to deal with the

higher system pressure and heat transfer in the tightly packed fuel assembly. It incorporates

basic models involving mass, energy and momentum conservations, heat transfer and point

kinetics model for core power evaluation, as shown in Fig. 4-4.

Fig. 4-4 Basic models in SPRAT code system
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4.4.1.1 Computational models for supercritical pressure and blowdown phase at

subcritical pressure

SPRAT code system is used for accidents and transients analysis at supercritical pressure as

well as the blowdown phase of these events. The flow scheme and the system nodalization in

the SPRAT code are shown in Fig. 4-5.

Fig. 4-5 Calculation model and nodalization in SPRAT code

Fuel channels in Super FBR core are modeled by the representative seed and blanket channels.

Both fuel channels are further divided into a hot channel and an average channel. The hot

channels represent the hottest channels in seed and blanket assemblies, where the Maximum

Cladding Temperatures (MCTs) occur. The calculation scheme is the same as the previous study

as shown in Fig. 4-6 (Sutanto, 2014).
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Fig. 4-6 Calculation scheme of SPRAT code (Sutanto, 2014)
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4.4.1.2 Computational models for reflooding

Reflooding is the consecutive phase after blowdown during abnormal events. After 30s delay

time of the LPCI actuation signal is released, after 30 s delay, coolant is injected in the core from

the coolant line. Figure 4-7 is a schematic diagram that indicates the reflooding phase, and its

computational scheme is shown in Fig. 4-8. The calculation starts at the time when the

downcomer is filled and coolant flow begins to enter the fuel channels. The whole process is

performed at the containment pressure. The quench front velocities in the fuel channels are

finished when the water levels in all fuel channels reach to the top.

Fig. 4-7 Reflooding model
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Fig. 4-8 Calculation scheme of reflooding (Sutanto, 2014)

4.4.2 Mass, energy and momentum conservation models

The current code system adopts node junction model for mass and energy conservation

calculations. The governing equations for mass conservation is given by:

(4-1)

The energy conservation equation is:

(4-2)

where:

: density (kg/m3)

G: mass flow (kg/s)
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t: time (s)

z: axial position (m)

h: enthalpy (J/kg)

lf: mesh height (m)

A: surface area of fuel pin (m2)

: heat flux (W/m2)

The momentum conservation equation is given for each node k as following:

(4-3)

where is the momentum for node k,

the pressure drop. The total for seed or blanket channel is comprised of pressure drop due to

friction, acceleration, gravity and orifice. The friction pressure drop for supercritical flow has the

same form as that of single-phase flow, while Blagius correlation (Blagius, 1913) is used to

compute the friction factor, given as:

(4-4)

The calculation of the next two terms (acceleration and gravity) can be referred to section

3.2.2.5, while the only difference is that supercritical flow is regarded as single-phase flow. The

pressure drop due to orifice is given by:

(4-5)

where Kori is the orifice coefficient, vi is the fluid velocity.

4.4.3 Heat transfer models

Heat transfer models are mainly account for the heat transfer from fuel to coolant in the radial

direction, while in the axial direction because node number is so large that the temperature

difference between adjacent nodes in the solid computational domains (fuel and cladding) are

relatively small and ignorable, thus the axial heat transfer for these domains are ignored.

In the radial direction, the fuel rod region is resolved by using a 2-D numerical approach in

order to accurately represent the characteristics of the heat transfer. Considering the symmetry,

1/12 of one fuel rod and 1/6 of one coolant channel are taken as the computational domain as

shown in Fig. 4-9.
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Fig. 4-9 Radial heat transfer model of fuel rod

The heat balance at transient conditions is varying with time, and it is given as:

(4-6)

where qv is volumetric heat generation rate as a function of time , the thermal conductivity

of fuel, is density, is heat capacity and T is temperature. Conductance of the gap and

thermal conductivity of the cladding are the same as those described in Section 3.2.4.6, and that

of cladding is assumed to be 20 W/m K for stainless steel.

For adiabatic boundaries, the boundary condition is given by:

(4-7)

while for the convection boundary, the boundary condition is:

(4-8)

where is the heat transfer coefficient on the cladding surface, the cladding surface

temperature and the bulk temperature of coolant.

In the safety analysis, the flow condition is much more complicated than that of core design

depending on the abnormal events. First, the pressure condition could change from supercritical

pressure to subcritical pressure, therefore, the coolant flow may be more than one physical state,

such as liquid single-phase, two-phase and vapor single-phase; second, normally, the flow

direction in the core is upward, but in case of some events, such as LOCA, the flow direction

may reverse to downward.
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For heat transfer of supercritical flow, Watts correlations are used to compute the Nusselt

number (Nu), which are commonly used for heat transfer calculation in Super FR (Oka et al.,

2010), given as:

For upward flow:

Normal heat transfer:

(4-9)

Deterioration heat transfer:

(4-10)

For downward flow:

(4-11)

(4-12)

(4-13)

(4-14)

(4-15)

(4-16)

where Nuv is the Nusselt number without buoyancy effect, Pr the Prandtl number, the

C w

and b indicate the wall and bulk fluid respectively.

For heat transfer at subcritical pressure, the following correlations are used and summarized

in Table 4-5. More details can be referred to Yi (2004).
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Table 4-5 Heat transfer correlation at subcritical pressure (Yi, 2004)

4.4.4 Models for blowdown and reflooding

Blowdown phase may occur at break of inlet or outlet pipes and in case of ADS acuation. The

equilibrium critical flow model (Lahey and Moody, 1993) is used to estimate the critical flow at

the break or ADS outlet. When the output fluid is superheated vapor, the critical flow rate is

estimated by:

(4-17)

where:

(4-18)

in case of two-phase flow condition, the critical flow rate is given by Moody (1965):

(4-19)

et al., 1974) is used:

1

0

2

0

00 2
P

P

P

P
TCG cvcv

P

1

0
1

2
PPcr

0

1
2{ 1 }

1cr e g e f
e e

g f

G h x h x h
x x



165

, (4-20)

, (4-21)

For reflooding calculation, the quench front velocity is computed according to

(Owen and Jones, 1981):

(4-22)

where is the cladding thickness, the heat transfer coefficient at quench front taken from

Yamanouchi to be a constant value of 5e-4 W/m2K, is the Leidenfrost temperature equal to

100°C.

4.4.5 Neutronic calculation model

The point kinetic model is used for evaluation of core power at transient over short time

period, including six groups of delayed neutrons and two group approximation equations for

decay heat, conservatively, which gives 20 % higher than that given by the ANS model (ANS,

1971). To obtain the neutron density and delayed precursor concentrations, the following

equations are solved:

(4-23)

(4-24)

The decay heat is computed based on the two group approximation:

(4-25)

The total core power then is given by:

(4-26)

where n(t) is the neutron density, Q is the total reactor power, Qo is the conversion factor for

thermal power, Ci is the delayed neutron density for group i, is reactivity, j is fraction of

decay heat for group j, i is decay constant of delayed neutron for group i, is delayed neutron

fraction, is prompt neutron generation time.

During the core power calculation, two main kinds of feedback reactivity are considered,

namely the feedback from the average coolant density change and fuel temperature change

(Doppler effect).

cvPPG 00
5100133.12 cv satP P

satsatcr PPG 0
5100133.1295.0 cv satP P
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4.5 Plant dynamics and control system design for Super FBR

In addition to safety system, control systems with respect to pressure, power, and outlet

coolant temperature are also of key elements for both normal operation and transient conditions.

The control systems for Super FBR are designed as the same way as Super FRs (Oka et al.,

2010) as shown in Fig. 4-10 and the descriptions are given in the following sections.

Fig. 4-10 Control system for Super FR (Oka et al., 2010) and Super FBR

4.5.1 Control system of Pressure

The TCVs are used to maintain the turbine inlet pressure by regulating the valve opening. The

TCV opening ratio is proportional to the deviation between the pressure setpoint

and actual steam pressure with lead-lag compensation (Oka et al., 2010). The control

equations are:

(4-27)

where is rated opening of TCVs (100%), is the signal for TCV opening (%), is

the lead time, is the leg time, and K is the gain (MPa) that connects the pressure deviation

with the valves opening. and are determined to be 2 s and 5 s, respectively, by referring
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to BWRs. K is the main design parameter. Sensitivities related to K and system pressure are

analyzed by decreasing the setpoint of steam pressure by 1% (from 30 MPa to 29.7 MPa), as

shown in Fig. 4-11 and Fig. 4-12. The results indicate that K range from 0.2 to 0.5 is able to

stabilize the pressure. Thus, K is determined to be 0.4MPa.

Fig. 4-11 Steam pressure response with different gain (K) ranging from 0.2 to 0.5

Fig. 4-12 Steam pressure response with different gain (K) ranging from 0.6 to 0.8
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4.5.2 Control system of main steam temperature

The main steam temperature is maintained by controlling the feedwater flowrate (Oka et al.,

2010). In the system of Super FRs, a Proportional-Integral (PI) controller (Franklin et al., 1994)

is applied. For Super FBR, a Proportional-Integral-Derivative (PID) controller is used. The

feedwater flowrate is obtained based on the following equations:

(4-28)

where is additional amount of flowrate outputted by coolant pumps, , , are the

proportional coefficient, integral time and differential time in PID controller respectively,

is the deviation between setpoint and actual values of steam temperature. , and are

determined to be 120, 10s and 0.001s respectively. Figure 4-13 shows a comparison between PI

controller and PID controller used for the system of Super FBR. The calculation is conducted by

increasing the setpoint by 1%(from 445°C to 449.5°C). The result indicates that the PID

controller can stabilize the main steam temperature faster than original PI controller.

Fig. 4-13 Comparison of PI controller (original) and PID controller for main steam temperature

control

Stationary point of PID

controller

Stationary point of

original PI controller
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4.5.3 Control system of reactor power

Control rods system is used to control the reactor power. By regulating the control rods speed

and position, the reactor power can be stabilized. The following equations are used to determine

the control rods speed :

(4-29)

where is the maximum speed determined by driven system, e is the deviation (%)

between the actual power and setpoint, and b is the maximum deviation (%) for proportional

control. is taken from PWRs and is determined to be 1.9 cm/s due to similarity in control

rod driven system of Super FBR and PWR. The maximum deviation, b, is determined by

sensitivity analysis where the setpoint of power is decreased by 5 % from the rated power

(100%). The responses of the core power and main steam temperature are shown in Fig. 4-14

and Fig. 4-15, respectively. By considering overshoot and settling time of these parameters, b is

determined to be 40%.

Fig. 4-14 Core power response with different maximum deviation (b)
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Fig. 4-15 Main steam temperature response with different maximum deviation (b)

4.6 Selection of abnormal events and safety criteria

In the past study (Ishiwatari et al., 2005b), the abnormal events selection and classification of

Super LWRs and Super FRs were studied in detail by reference to those of LWRs, sodium cooled

reactors and gas cooled rectors. The accidents and transients analyzed in the current study are

selected from those of Super LWRs and Super FRs and summarized in Table 4-6. They are mainly

with respect to the abnormality of reactivity, pressure, coolant flow and inadvertent start or

malfunction of core cooling system at supercritical-pressure condition.

The safety criteria in the present study are developed based on the previous study for Super FRs

(Ishiwatari et al., 2005b). In order to maintain the integrity of fuel rods and pressure boundary, the

limitations for fuel pellet enthalpy increase, Maximal Cladding Temperature (MCT) and maximal core

pressure are proposed:

1) The criteria of MCT for stainless steel cladding are 1260°C and 850°C for accidents and transients

respectively; during accidents, oxidation of cladding is expected to be the limiting failure mode; 1260°C

is used for accidents criterion, which is referred to the criterion temperature for LOCA in the early US

PWRs with stainless steel cladding (Oka et al., 2010). 850°C is the transient criterion for Super LWR

with cladding (stainless steel) thickness of 0.63mm (Yamaji et al., 2006), considering the buckling

collapse as the most limiting failure mode. In the current design, although the cladding thickness is 0.873

mm, but the system pressure is 5MPa higher that of previous reactors (25MPa), thus this criterion



171

temperature is tentative, and detailed value will be studied in future. It is worth to note that 1260°C and

850°C are the criteria for Maximum Cladding Surface Temperature (MCST) in the past studies, and

conservatively, the same values are used for MCT.

2) The maximal allowable pellet enthalpy increase are 230cal/g and 170cal/g for accidents and transients,

respectively. Both values are taken from that of LWRs to prevent the melting of pellet centerline and

maintain the cladding strain within the elastic region (plastic strain < 1%).

3) The maximal allowable pressure are 36.3MPa for accidents and 34.65MPa for transients, which are

105% and 110% of the maximum pressure of normal operation (33 MPa) respectively, considering using

the theology from modern Ultra-Supercritical boilers (Viswanathan, 2006).

Table 4-6 Accidents and transients analyzed in the present study (Ishiwatari et al., 2005b)

Classification Event number Initiating events Sequence of abnormality

Accidents

A1 Total loss of feedwater flow RCP trip (2/2) at 0s

A2 Reactor coolant pump seizure RCP stop (1/2) at 0s

A3 CR* ejection at full power Ejection of a CR cluster with maximum

reactivity

Transients

T1 Loss of feedwater heating Feedwater heater (1/8) stop at 0s

T2 Inadvertent start-up of AFS Auxiliary feedwater system starts at 0 s

T3 Partial loss of reactor coolant

flow

RCP trip (l/2) at 0s

T4 Loss of offsite power Turbine trip at 0s, RCP trip (2/2) at 10s

T5 Loss of turbine load without

turbine bypass

Turbine trip at 0s, Bypass failure, RCP trip

(2/2) at 10s, turbine bypass valve close

T6 Loss of turbine load with

turbine bypass

Turbine trip at 0s, Bypass failure, RCP trip

(2/2) at 10s, turbine bypass valve open

T7 Uncontroled CR withdrawal at

normal operation

Withdrawal of a CR cluster with maximum

reactivity

T8 Main Coolant Flow Control

System Failure

Signal of maximum flow rate injection

T9 Pressure control system failure Signal of maximum valve opening

T10 MSIV closure All MSIV closing in 3s, RCP trip (2/2) at

10s
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*CR: Control Rod

4.7 Events analysis

All events at both the beginning of the cycle (BOC) and the end of the cycle (EOC) are

analyzed. Qualitatively, for each event, the results of BOC and EOC show the same

time-dependent behavior; while quantitatively, there are small differences due to the changes of

some core parameters such as power distribution, burnup and coolant temperature distribution. In

Sections 4.7.1 and 4.7.2, only the results of BOC are discussed while the results are summarized

in Section 4.9 for both BOC and EOC. By referring to the safety analysis of BWR, the control

system is assumed to be out of action during the accidents but functional during the abnormal

transients.

4.7.1 Analyses of accidents

4.7.1.1 Total loss of feedwater flow

The safety analysis results of the total loss of feedwater flow accident is shown in Fig. 4-16. At

the beginning of this accident, all the reactor coolant pumps (RCPs) are tripped. The feedwater

flow (main coolant line flow rate) is assumed to be linearly reduced to zero in 5 s. At 0.5 s, by

detecting the feedwater flow rate lower than 90% of the rated value, the safety protection system

shuts down the reactor, and the power continuously decreases to the decay heat level within 3 s.

Due to the absence of the control system, the core pressure slowly decreases for the first 5 s

with the decrease of feedwater flow rate and power. The decrease of core flow rate (seed flow rate

and blanket flow rate) is mitigated to some extent by the pressure decrease and the core heat-up

that both lead to coolant expansion in the core. Thus, at 5s, the flow rates in both seed and blanket

channels are still higher than 50%, although that of the main coolant line is already decreased to

0%.

When the pressure is lower than 23.5MPa, the ADS and LPCI are actuated. By inducing a

strong outlet flow via the ADS, the flow rates in fuel channels immediately increase (in order to

clearly show the behavior of power and flow rate in the first few seconds, the scale in Fig. 4-16

from 150% to 950% (the y-axis on the left hand side of the figure) are cut off) to about 1200 % of

the rated value and MCTs rapidly decrease.
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Fig. 4-16 Plant behavior during total loss of feed water flow

Figure 4-17 shows the behavior of MCTs including that of the following reflooding phase. Two

units of LPCI start to supply coolant at 42s. The result indicates that in a few seconds from the end

of depressurization, the MCTs rapidly increase due to the decrease in coolant flow as well as the

release of the stored heat from the fuel pallets. After reflooding for 60s, MCT of seed assembly

begins to decrease. The MCT of seed channel is at the peak of 691°C in the reflooding phase,

which is well below the criterion (1260°C).
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Fig. 4-17 MCTs during total loss of feed water flow

4.7.1.2 Reactor coolant pump seizure

At the beginning of this accident, one of the two RCPs immediately stops. Consequently, the

main coolant line flow rate suddenly decreases to 50% of the rated flow. The result is shown in

Fig. 4-18. The scram signal is released at 0

beginning, core pressure decreases due to the step decrease of flow rate, although the core heat-up

slightly mitigates the effect. After scram, as the power rapidly decreases, the decrease of pressure

continues due to the mismatch between flow rate and power. Meanwhile, decrease of pressure

results in an expansion of coolant which slightly raises the core flow rate. MCTs increase during

the first 2 s due to the high power to flow rate ratio, and then they start to decrease when the power

is further decreased.

When the core pressure decreases to 23.5MPa (at 7.5s,), the ADS and LPCI signals are released.

During the depressurization, large amount of flow rate is induced in the core, thus the MCTs are

further decreased along with the rapid drop of pressure. After the depressurization, LPCI provides

the coolant supply in the longer term.
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Fig. 4-18 Plant behavior during reactor coolant pump seizure

The MCT

Section 4.6.1.1), as shown in Fig. 4-19. The difference is that the peak of MCT (695.5°C)

appears in the blowdown phase.

Fig. 4-19 MCTs during reactor coolant pump seizure
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4.7.1.3 Control rod ejection

This accident causes the large and fast reactivity insertion. Initially, a control rod cluster with

assumed maximum reactivity worth of 1.1 dollars is ejected out of the core with a velocity of 9500

m/s (Ishiwatari, 2005). This assumption comes from that of Super FR and is subject to future

studies with control rod design. In this event, the feedback effect of coolant density is

conservatively neglected, while the Doppler feedback effect is taken into account. Figure 4-20

shows the simulated plant behavior. The large positive reactivity insertion gives rise to the power

soaring up. Scram signal is released with a delay time of 0.55s after the safety system detects the

effect.

Meanwhile, due to small volume fraction of coolant, the core heat-up leads to the rapid

increases of the core pressure and MCTs. After scram, along with the core cooling down (which

means both the MCTs and the coolant temperature decrease), the core pressure decreases (still

higher than the critical pressure of 22.1 MPa) and the core flow rates temporarily exceeds the

rated values because of the coolant expansion around the pseudo-critical point (374 °C, 22.1

MPa), where the water density varies greatly with temperature as shown in Fig. 4-21.

Fig. 4-20 Plant behavior during control rod ejection
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Fig. 4-21 Water density variation with temperature at supercritical pressure

At 75s, ADS and LPCI are actuated when the pressure is lower than 23.5 MPa. Large core flow

rate is introduced by actuation of ADS, which rapidly decreases the core pressure. After

depressurization, reflooding progresses and MCTs are further decreased after 170s as shown in

Fig.4-22. The MCT (917.8°C) appears at the beginning of this event, which is still well below the

criterion (1260°C). The peak fuel enthalpy is 137.5 cal/g at 1.5 s, and it is also below the criterion

(230 cal/g).
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Fig. 4-22 MCTs during control rod ejection

4.7.2 Analysis of transients

4.7.2.1 Loss of feedwater heating

At the beginning of this event, the inlet coolant temperature drops by 55°C due to the loss of

one feed water heater. The coolant density increases in the main coolant line which leads to a

decrease of the flow rate in fuel channels. This is one of the characteristics of the once-through

direct cycle without recirculation. Because of the flow rate decrease, the core experiences a short

term heat-up at the beginning, which causes the power to decrease due to the voiding in the core

and the MCTs to increase due to the mismatch of power and flowrate. After the high density

coolant flows into the fuel channels, the positive reactivity is induced. Therefore, the core power

increases again as well as the MCTs. At the same time, in order to mitigate the core heat-up,

temperature controller increases the main coolant line flow rate, and then the MCTs begin to

decrease. Scram signal is released at 10

MCTs are further decreased as shown in Fig. 4-23.
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Fig. 4-23 Plant behavior during loss of feedwater heating

4.7.2.2 Inadvertent startup of AFS

events lead to positive

reactivity insertion at the beginning of the event. Difference is that the reactivity insertion in this

event is due to the injection of low temperature (30°C) feed water at 12% of rated flow from AFS.

Responses of the safety systems and behaviors of the main parameters are similar to

4-24.
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Fig. 4-24 Plant behavior during inadvertent startup of AFS

4.7.2.3 Partial loss of feed water flow

At the beginning of this event, one RCP is tripped with a coast-down time of 5 s, thus the

feedwater flow rate linearly decreases to 50 % of the rated flow in 5 s. The scram signal is released

MCTs increase because of

the higher power to flow rate ratio, then the reactor shuts down and they decrease as well. With

the decrease of flow rate, pressure deceases at the beginning, and then the pressure controller

closes the TCVs to a lower position, thus the pressure remains stable above 27 MPa as shown in

Fig. 4-25.



181

Fig. 4-25 Plant behavior during partial loss of feed water flow

4.7.2.4 Loss of offsite power

At the begining, the motor-driven condensate pumps are tripped and the TCVs are quickly

closed with the immediate opening of the TBVs. In the meantime, the reactor is shut down and

reactor power quickly decreases at the beginning as shown in Fig. 4-26. AFS signal is released by

of coolant

supply to deaerator. The core flow rate oscillates due to the TCVs closeure and action of control

systems, and at 10s, it decreases to 0%.

Before 20s, relatively high core flow rate lowers the MCTs down, however, with decrease in

flow rate, the MCTs rise again. Over a longer term, they are finally dcreased by coolant supply

from AFS. Pressure decreases at the beginning due to reactor scram, then it remains stable by the

pressure controller.
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Fig. 4-26 Plant behavior during loss of offsite power

4.7.2.5 Loss of turbine load with bypass valves open

The plant behavior of this event th events

are initiated by instantaneous turbine trip and the reactor isolation (closures of TCVs

accompanied by opening of TBVs, reactor scram and actuation of AFS).

4.7.2.6 Loss of turbine load without bypass valves open

Except that the TBVs fail to open, this event is similar to the previous ones (Section 4.6.2.4 and

4.6.2.5). The presssure rises at the beginning due to closure of the outlet of the coolant flow, and

then the SRVs open to mitigate the pressure increase and it leads to the oscillation of both the

pressure and the flow rates because of the SRVs opening and closing. The behavior of MCTs is

,

because the power to flow ratio behaves similarly to those due to functioning of the reactor scram,

SRVs, and AFS. The MCTs are finally decreased by AFS. The result is shown in Fig. 4-27.
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Fig. 4-27 Loss of turbine load without bypass valves open

4.7.2.7 Uncontroled CR withdrawal at normal operation

The control rods cluster with maximum reactivity worth of 1.1 dollars is assumed to be

both the doppler and coolant density feedbacks are considered in this event. Result is shown in

Fig. 4-28. By contrast, the lower velocity of control rods withdrawal leads to a milder increase of

power. The MCTs and pressure rise at the beginning, and then the temperature controller supplies

more feedwater flow to mitigate the core heat-up.

By detecti am signal is released at 25 s followed by the

decrease of MCTs and pressure. The peak enthalpy of the fuel pellet is 97.6 cal/g at 23.1s which is

much lower than criterion of 170 cal/g.
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Fig. 4-28 Plant behavior during uncontroled CR withdrawal at normal operation

4.7.2.8 Main Coolant Flow Control System Failure

Due to the malfunction of the feedwater control system, the flow rate in the main coolant line is

assumed to gradually increase to 138% of the rated flow at the beginning. The increase of the flow

rate gives rise to high average coolant density in the core, which then leads to the power increase.

Due to the power control system, the power is finally regulated to as that of the normal operation.

The MCTs decrease from the beginning because of the high feedwater flow rate. The result is

shown in Fig. 4-29.
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Fig. 4-29 Plant behavior during feed water flow rate control system failure

4.7.2.9 Pressure control system failure

The malfunction of pressure control system assumes that the TCVs progressively open to 130%

of the rated opening. As a result, the core pressure slowly decreases. When the pressure is lower

than 28.8MPa, the power decreases due to the scram actuation. On the other hand, the pressure

decrease in return leads to the increase in the core flow rate by the coolant expansion around the

pseudo-critical point.

ding temperatures are always below the

initial values. When the pressure is reduced to 23.5MPa, ADS and LPCI are actuated so as to cool

the core over a longer term as shown in Fig. 4-30 and Fig. 4-31.
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Fig. 4-30 Plant behavior during pressure control system failure

Fig. 4-31 MCTs during pressure control system failure

4.7.2.10 MSIV closure

In this event, all of the MSIVs are assumed to be closed, which makes the core behavior similar
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4.8 Characteristics of radial temperature distribution

Figure 4-32 shows the steady state radial temperature distribution of the hottest cross-section in

which the MCT is located. It can be noted that the MCT appears at the position where it is the

furthest from the coolant channel in cladding. Thus, there is the largest heat resistance and it leads

to the MCT.

Fig. 4-32 Radial temperature distribution of the hottest cross-section at normal operation

From the above analysis of accidents and trasients, it is seen that the MCT behavior with time

can be divided into two phases in these events. The fist phase is characterized by the first sharp

decrease of MCTs caused by reactor scram or flow rate increase at the begining of the events;

the second phase is from the end of the fist phase and can be identified by two phenomena

depended on events: 1) the MCT total loss of feed water

flow , or 2) slowly and monotonically decrease Partial loss of feed

water flow

The radial temperature distribution of fuel rod is much different between the two phases.

Figure. 4-3

first phase, and Fig. 4-34 shows that in the second phase. By contrast, it is seen that the

temperature distribution maintains a larger degree of nonuniformity in the first phase, while in
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Feed water flow rate control system failure ) the distribution quickly

becomes uniform. At normal operation (or the begining of each event), the cladding temerpature

distribution is more uniform than that of fuel, and the nonuniformity in fuel pellet is mainly

because of the relatively low thermal conductivity of the fuel pellet. Although the heat

conductivity of cladding is much higher, the temperature distribution is still more nonuniform

than that of conventional cladding, owing to the special geometry. The temperature distributions

in both fuel pellet and cladding become uniform after reactor scram due to the release of heat

storage with the decrease of heat flux. In some cases, release of the stored heat from fuel pellet

leads to a fast increase of MCT, for instance,as shown in Fig. 4-17 (from 11s to 15s).

Fig. 4-33 Radial temperature distribution in the first phase of "total loss of feedwater flow"
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Fig. 4-34 Radial temperature distribution in the second phase of "total loss of feedwater flow"

4.9 Summary

The results of the peak value of MCT and peak pressure for all the selected accidents and

transients at both BOC and EOC are illustrated in Fig. 4-35 and Fig. 4-36 respectively. It can be

clearly seen that all the criteria for cladding temperature and core pressure are satisfied, which

indicates that the current safety system is capable to protect the reactor well . However, it should

be noted that further research is necessary regarding design criteria, which have been tentatively

adopted from previous works (Ishiwatari, 2005a; Ikejiri, 2010; Li, 2013; Sutanto, 2014) as well

as some scenarios and design parameters which may have large sensitivities on fuel integrities.

maximal MCT and peak pressure are higher than those of other events. Some parameters, such as

control rod worth may have high sensitivity on the plant behavior and its influence should be

(Ikejiri et al., 2010). On account of the small coolant volume, the pressure and MCTs are more

sensitive to the change of coolant temperature and flow rate arising from the core heat-up by the

large reactivity insertion.
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Fig. 4-35 Summary of Peak values of MCT during abnormal events

Fig. 4-36 Summary of peak core pressures

It is concluded that the present core and system design of Super FBR satisfy all the safety

criteria at the accidents and transients at supercritical pressure at both BOC and EOC. The
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analysis of LOCA (loss of coolant accident) and the ATWS (anticipated transient without scram)

are remained for further study.
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Chapter 5 Conclusions

Designing the Fast Breeder Reactors (FBRs) cooled by light water is of great advantages over

that cooled by liquid metal on account of its reliability and low capital cost, yet it has been

challenging for decades. In the earlier studies, the reactors developed with tight fuel rod lattice

achieved high conversion ratio of close to 1.0 or slight breeding but still are not able to attain

the goal of high breeding that achieves CSDT of less than 50 years. That is, high breeding which

enables fast installation of the FBR system at a rate comparable to the growth rate of energy

demand in advanced countries such as the G7 members (1.4 % / year). The FBRs cooled by light

water that achieved high breeding would greatly enhance the role of LWR in terms of providing

reliable, low-cost and sustainable energy for the future. The current study addresses

development of concept of the high breeding by light water cooling with tightly packed fuel

assemblies, including the analysis of thermal hydraulic characteristics of the narrow coolant

channels, the designing of the high breeding core and the safety analysis.

The channel geometry is one of the most important design considerations for the tightly

packed fuel assembly concept. By using the CFD analyses, the thermal hydraulic characteristics

of three representative channel geometries, which are selected based on the values of ratio of

hydraulic diameter to channel area, are understood. Geometry B (triangle with round corner) is

demonstrated to be superior to other geometries at all evaluated pressure conditions, owing to its

broader thermal-hydraulic design margin in terms of achievable power, cladding temperature

and pressure drop. The superiority of geometry B is benefited from its appropriate match

between the hydraulic parameter and channel area. Efficiency of the cooling depends both on

channel area and hydraulic diameter. The small channel area of geometry A leads to high MCT

while the small hydraulic diameter of geometry C leads to high MCST. In contrast, geometry B

is moderate with respect to these parameters. Also, pressure drop (which is not a design criterion,

but is still an important design parameter) is sensitive to channel area. The design range can

only be determined by satisfying both MCT and MCST criteria. Hence, geometry B leads to

broader design range in terms of achievable power, cladding temperature and pressure drop. In

practical applications, both geometry A and B are applicable for tightly packed fuel assembly in

high breeding Super FBR, PWR and BWR, while geometry C is not suitable for PWR and

BWR, because its CHF is too small and the required steam quality cannot be attained.

With the new findings from CFD analysis, both geometry A and B are adopted as coolant

channels for designing a high breeding BWR core with tightly packed fuel assemblies. Geometry
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A is beneficial to breeding form the viewpoint of neutronics and geometry B is favorable with

respect to the thermal hydraulic design margins. Hence, geometry A and B are applied as coolant

channels in blanket and seed assemblies, respectively. From sensitivity studies, it is found that,

lower enrichment is better for achieving both breeding and negative void reactivity, and higher

burn up is better for breeding but worsens the negative void reactivity coefficient towards positive.

The design area in terms of above factors is clearly understood. Finally, it is found that the Linear

Heat Generation Rate (LHGR) is the main limitation to improve the breeding. Application of

geometry B and enrichment zoning in both radial and axial directions effectively suppress the

power peaking factors and increase the core power. The final core design eventually achieves a

CSDT of 41.6 years meanwhile satisfies all the design criteria that include negative void reactivity,

MCHFR > 1.9 and MLHGR < 44kW/m. Possibility of high breeding with BWR condition has

been shown for the first time

The safety characteristics of Super FBR with tightly packed fuel assemblies are clarified. The

safety and plant system is designed in the same way as Super FRs while operated at a higher

system pressure of 30 MPa. The actuation pressure for reactor scram is proportionally increased

to shut down the reactor duly in abnormalities, while the actuation pressure of ADS is remained

slightly above the critical pressure (22.1MPa) to avoid unnecessary system depressurization.

Compared with Super FRs, application of tightly packed fuel assembly makes Super FBR more

sensitive to core heat-up initiation events, and the variation in core pressure and cladding

temperature are larger when a positive reactivity is inserted. The most important event is found

to be the accident control rod ejection rather than total loss of feedwater flow which is the

one in Super FRs. It is mainly because of the small fraction of coolant volume. With the

improved plant and safety system, all the safety criteria are satisfied in the safety analysis of

Super FBR for selected accidents and transients.

Thus, the present study has shown the core designs and safety of the high breeding fast

reactors cooled by light water. The potential of achieving high breeding with light water cooling

has been shown for the first time in the world.
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Nomenclature

A Area (m2)

Projected area (m2)

C Drag coefficient

Specific heat (J/g· )

d Diameter(m)

dgp Gap between pellet and cladding (m)

Dh Hydraulic diameter (m)

Dheated Heated diameter (m)

f Volumetric force vector

Single-phase friction factor

Drag force from cell i to cell j (N)

Lift force from cell i to cell j (N)

Turbulent dispersion force from cell i to cell j (N)

Virtual mass force from cell i to cell j (N)

G Mass flux (kg/m2·s)

Gcr Mass flux of critical flow (kg/m2·s)

g Gravitational acceleration (m/s2)

h Enthalpy (J)

Heat transfer coefficient [W/(m2°C)]

Heat transfer coefficient for two phase flow [W/(m2°C)]

Enthalpy with bulk temperature(J)

Enthalpy with wall temperature(J)

I Turbulence intensity (%)

Vapor contact area fraction

Kori Orifice coefficient

Heat conductivity (W/m·K)

Thermal conductivity with bulk temperature (W/m2·K)

Thermal conductivity with wall temperature (W/m2·K)

Thermal conductivity of fuel pellet (W/m·K)
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Thermal conductivity of cladding (W/m·K)

Heat conductivity of gas filled in the gap (W/m·K)

K-EFF Effective multiplication factors

K-INF Infinite multiplication factor

L Length (m)

Mass flowrate(Kg/s)

n Neutron density

Nusselt number

Nuv Nusselt number without buoyancy effect

P Pressure (MPa)

Pc Critical pressure (MPa)

Pset Setpoint of pressure

Pe Péclet number

Pr Prandtl number

Total heat generated by the fuel pellet (J)

Linear heat rate of fuel (kW/m)

Heat flux (kW/m2)

Heat density(J/m3)

Radius (m)

Re Reynolds number

S Slip ratio

t Time (s)

T Temperature (ºC)

Bulk temperature (ºC)

Wall temperature (ºC)

Fuel cladding temperature (ºC)

Fuel pellet temperature (ºC)

u Velocity (m/s)

u* Friction velocity (m/s)

Vgi Drift velocity (m/s)

True quality

Equilibrium quality

Bubble departure quality
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Greek letters:

Void fraction

Layer averaged vapor volume fraction

Bubble volume fraction

Critical vapor volume fraction

Near wall layer thickness (m)

Cladding thickness (m)

Angle (°)

Two-phase multiplier

Viscosity ( )

Density (kg/m3)

Coolant density with wall temperature (kg/m3)

Coolant density with bulk temperature (kg/m3)

i Decay constant of delayed neutron for group i

y+ Non-dimensional wall distance

Axial calculation mesh height (m)

P Pressure drop

AAP Average assembly power (W)
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Abbreviation

ABWR Advanced Boiling Water Reactor

ADS Automatic Depressurization System

AFS Auxiliary Feedwater System

ATWS Anticipated Transient Without Scram

BOC Beginning of Cycle

BOEC Beginning of Fuel Equilibrium Cycle

BOL Beginning of Life

BWR Boiling Water Reactor

CFD Computational Fluid Dynamics

CHF Critical Heat Flux

CHFR Critical Heat Flux Ratio

CPM Collision Probability Method

CR Control Rod

CST Cladding Surface Temperature

CSDT Compound System Doubling Time

DBA Design Basis Accident

DNB Departure from Nucleate Boiling

ECCS Emergency Core Cooling System

EF Ex-Core Factor

EOC End of Cycle

EOEC End of Equilibrium Cycle

FA Fuel Assembly

FDM Finite Difference Method

FP Fission Plutonium

FPP Fossil-Fuel Fired Power Plant

FPSR Fissile Plutonium Surviving Ratio

GFR Gas-Cooled Fast Reactor

GIF Generation International Forum

HEM Homogeneous Equilibrium Model

HD Hydraulic Diameter

HFF Heterogeneous Form Factor
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HPD Homogeneous Power Distribution

HPLWR High Performance Light Water Reactor

HPP Homogeneous Pin Power

JAEA Japan Atomic Energy Agency

LFR Lead Cooled Fast Reactor System

LHGR Linear Heat Generation Rate

LOCA Loss of Coolant Accident

LMFBR Liquid Metal Cooled Fast Breeder Reactors

LPCI Low Pressure Coolant Injection

LWR Light Water Reactor

MCHFR Minimum Critical Heat Flux Ratio

MCST Maximum Cladding Surface Temperature

MDHFR Minimum Deterioration Heat Flux Ratio

MDNBR Departure from Nucleate Boiling Ratio

MLHGR Maximum Linear Heat Generation Rate

MOEC Middle of Equilibrium Cycle

MOX Mixed Oxide Fuel

MSIV Main Steam Isolation Valve

MSR Molten salt reactor system

PCMI Pellet-cladding mechanical interaction

PI Proportional-Integral controller

PID Proportional-integral-derivative controller

PIJ Collision probability calculation module

PWR Pressurized water reactor

RCP Reactor Coolant Pump

RDT Reactor Doubling Time

RMWR Reduced-Moderation Water Reactor

RPV Reactor pressure vessel

SCWR Supercritical water cooled reactor

SCRELA Supercritical-pressure Light Water Reactor LOCA analysis

SFR Sodium-cooled fast reactor

SRV Safety Relief Valve

SS Stainless steel
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SLCS Standby Liquid Control System

SPRAT Supercritical Pressure Reactor Accident and Transient

Super LWR Super light water reactor

Super FR Super fast reactor
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