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Chapter 1. Introduction

The dependence of electricity generation on nuclear energy is quite heavy in Korea and

the heavy dependence eventually raises the issues of the need of efficient utilization of

uranium, which is imported from abroad in Korea, and of spent fuel storage. A fast

reactor is a practical solution to the issues and the Korea Atomic Energy Commission

(KAEC) decided to develop and construct a liquid metal reactor of 150 Mwe. Based on

the KAEC decision, an actual development plan has been being carried out in Korea.

The plan is supposed to eventually introduce a commercial LMR in Korea. Before

developing a full scale commercial reactor, a reactor which works as a bridge to a

commercial reactor is being developed and the reactor under development is named

KALIMER (Korea Advanced Liquid Metal Reactor).

Korea Advanced Energy Research Institute (KAERI) is working for the development of

KALIMER and study has been made on methodology development, experimental

facility set up and design concept development. A comparative study was made for

various possible design alternatives to develop the design concept of KALIMER and the

design concept has been set up in a direction to make KALIMER safer, more economic,

more resistant to nuclear proliferation, and yield less impact on the environment. In

setting up the concept, it was also considered that Korea has achieved a certain level of

technology and experience in PWR but does not have much practical experience in

LMR technology. This report is for the efforts made for the concept study in KAERI and

describes the design concept of KALIMER.

The developed design concept will be used as the starting point of the next development

phase of conceptual design and the concept will be refined and modified in the

conceptual design phase. In the conceptual design phase, system design will be made

mainly for NSSS and the BOP systems physically connected to the NSSS for the next

three years. The phase of conceptual design is planned to be followed by the phase of

basic design of two years, where the remaining systems which are not covered in the

conceptual design will be designed and intensive analysis is planned to be made.

In setting up the design concept, it was planed to build a concept which can be served as

the basic design concept that realizes the KALIMER development goal and serves as the

starting point from which system design optimization and improvement can be made.
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The scope of the work has been set as the NSSS and essential BOP systems. The level

has been set as specifying the frame of the workable system and plant design so that the

KALIMER design direction can be visualized and a starting design concept for the next

phase of the conceptual design can be provided. In checking the workability of the

design, mainly engineering judgement and utilization of analysis results for similar

conditions are made but KALIMER specific intensive analysis and engineering work are

made to the cases where such analysis or work is critically required.

For systems, NSSS and functionally related major BOP are covered. Sizing and

specifying conceptual structure are covered for major equipment. Equipment and piping

are arranged for the parts where the arrangement is critical in fulfilling the foresaid

intention of setting up the KALIMER design concept.

This report consists of 10 chapters. Chapter 2 is for the top level design requirements of

KALIMER and it serves as the basis of KALIMER design concept development.

Chapter 3 summarizes the KALIMER concept and describes the general design features.

The remaining chapters are for specific systems.
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Chapter 2. Top Level Design Requirements
ofKALIMER

KALIMER is to be the first liquid metal reactor in Korea where a commercial liquid

metal reactor is expected to be operated in 2030's[2-l]. Even though Korea has little

experience in LMR, it has successfully achieved self assurance in designing and

manufacturing LWR's through its self reliance program. The Korean nuclear industry

has accumulated a certain level of experience and technology in LWR. Based on this

background, the principal role ofKALIMER has been set as a reactor which provides an

opportunity for Korea to develop its capability to build a commercial LMR through

design development, construction and operation of KALIMER. In this chapter the top

level design requirements of KALIMER to achieve the principal role of KALIMER are

described.

2.1 Role ofKALIMER
The role of KALIMER in the LMR development program in Korea is a bridge

between the current PWR era to the eventual target of a commercial LMR. Through

development, construction and operation of KALIMER the Korea nuclear industry is to

have a step jump in acquiring the required technology and experience for design of a

commercial LMR. KALIMER is a proto-typical reactor.

2.2 Goal ofKALIMER design features
Considering the current status of a LMR in nuclear power generation and the

condition of the Korea nuclear environment, it is required to put emphasis on the

following four aspects in designing KALIMER.

2.2.1 Making KALIMER safer
The safety of a nuclear power plant is generally very important but the safety

becomes much more important in Korea. Since Korea has relatively small land but its

population is large and it has little energy resources, the impact of a nuclear accident

will be very serious not only to the Korea nuclear industry but also to the Korea

economy, and the impact would be more serious in Korea than in other countries. The

requirement to the KALIMER is to make KALIMER safer than the current LWR and

KSNP(Korea Standardized Nuclear Plant).
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2.2.2 Making KALIMER more economical
A liquid metal reactor plant has strong advantages in the efficiency of uranium

utilization and in handling the nuclear waste of high level radioactivity compared to

LWR's, but its high capital cost has become one of the hindrances against its wide

commercial spread. The expected nuclear plant situation in 2030's of Korea requires

introduction of commercial LMR's for a balanced nuclear electricity generation

program[2.1]. To satisfy the national needs in the 2030's, KALIMER should be able to

demonstrate that a commercial LMR will be economically feasible.

2.2.3 Making KALIMER resistant to nuclear proliferation
Another hindrance to the introduction of a commercial LMR is the proneness of

LMR to plutonium which Korea does not have any intention to have, the Korean

government has declared that it will not have any nuclear weapon, but the proneness

has been unfortunately considered to be the subject of an international concern. To

avoid any possible misunderstanding of people inside and outside of Korea on the

KALIMER development and also to contribute to the worldwide realization of nuclear

non-proliferation, KALIMER is to be designed resistant to nuclear proliferation.

2.2.4 Making KALIMER have less impact to the environment
The thermal capacity of a nuclear power plant is generally large and discharges

large amount of heat to the environment. Also nuclear plant discharges high level

radwaste of spent fuel. Both have caused undesirable effects to the environment.

KALIMER should be designed to yield less impact to the environment by reducing

thermal discharge and high level radwaste per electricity generated to the environment.
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2.3 Specific Design Requirements
2.3.1 Generals

Item

Plant power

capacity

Plant design life

time

Specification

150 MWe

30 years

Rationale

The power size is a reflection of many

relevant factors considered. There are

competing factors in deciding the

KALIMER capacity. KALIMER is a

prototypic demonstration reactor toward

a commercial reactor. Demonstrating

KALIMER as a path toward a feasible

commercial reactor requires a larger size

but practical budget planning for

KALIMER construction requires a

smaller size. The capacity of 150 MWe

is evaluated to be the minimum size

technically acceptable for realizing the

main role of KALIMER as a bridge

reactor to a commercial one.

KAEC(Korea Atomic Energy

Commission) also decided that the

capacity of KALIMER is 150 MWe.

Design life time competes against plant

thermal efficiency. High thermal

efficiency means less heat discharge to

the environment. The 30 years of design

life time was selected considering the

time interval between the expected

KALIMER operation date and the first

commercial LMR operation date in

Korea.
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Item

Safety design

philosophy

Seismic design

Fuel type

Core composition

Specification

Emphasis on

inherent safety

mechanism

Design Basis

Earthquakes

- SSE : 0.3g

Safety structures and

equipment are to be

configured on a

seismic isolation bed

Metal Fuel

Uranium core

Rationale

In KALIMER, high emphasis is put on

the public acceptance and plant safety.

Implementing inherent safety

mechanism which relies on neither off-

site support nor active mechanism is

considered to be the best way for

achieving the goal.

SSE design is strengthened considering

the uncertainties of the seismically in

Korea.

Utilization of a seismic isolation system

simplifies seismic design, enhances

structural safety, and reduces

construction cost.

Metal fuel is evaluated to be more

nuclear proliferation resistant, safe and

economic.

It is one of the main policies of

KALIMER not to handle plutonium to

support the international efforts of

nuclear non-proliferation.
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2.3.2 Safety

Item

Accident resistance

Specification

Design

Simplification

Large thermal

capacity of the

primary system

- Pool based PHTS

Diversified core

shutdown

mechanism

-Shutdown rod

system

-GEM

-Ultimate shutdown

system

Rationale

Simplicity is emphasized in all aspects

of design, construction, operation, and

maintenance. Complexity of plant

design has been one of the main sources

for the high capital cost and threat to the

safety of, conventional nuclear plants

and LMR's

Large thermal capacity makes system

transient slower and provides more time

to cope with abnormal events and higher

probability to terminate abnormal events

before their entering into accidents.

PHTS based on a pool satisfies the

requirement.

One of the key factors in securing plant

safety is to make core shutdown highly

reliably when required. At least three

diversified core shutdown mechanisms

are to be used to demonstrate and

achieve a high confidence level of core

shutdown.
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Item

(Accident

relsi stance)

Accident

mitigation

Core damage

prevention

Specification

Core power

reactivity coefficient

Passive safety

mechanism

- Core shutdown

- Decay heat

removal

- Passive Isolation of

IHX from sodium -

water reaction front

Core protection

limits should not be

exceeded for at least

3days, assuming no

operator action for

LDB events

including loss of ac

power.

CDF<

lO^/reactor.year

Rationale

Maintaining the core power reactivity

coefficient negative during all modes of

plant status is crucial in all aspects of

plant safety

Passive mechanism has, in general,

superior reliability in mitigating an

accident.

Long grace time at an accident provides

improved reliability of the plant safety

function, more flexibility in coping with

an accident and also contributes to

forming a favorable opinion for LMR in

Korea.

KALIMER operation is to be realized

in the next century and the CDF, which

is a representative safety level of a

nuclear plant, should be lower in

KALIMER than in currently planned

power reactors of LWR.
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Item

(Core damage

prevention)

Prevention of large

radioactivity

release

Specification

No fuel failure

during licensing

design basis events

Highly reliable and

diversified decay

heat removal

Negative power

reactivity coefficient

Large dose release

rate

< 10"7/reactor.year

- Reliable

containment design

Rationale

Sufficient margin needs to be imposed in

fuel and core design for investment

protection and for reducing the core

damage probability.

Emphasis should be given not only to

safety grade decay heat removal but also

to non-safety grade decay heat removal.

Negative power reactivity coefficient is

crucial also in preventing core damage.

(same rationale as that for CDF)

- Containment is the last barrier to the

radioactivity release and the KALIMER

containment should be designed to

realize the release rate target considering

fuel source strength characteristics.
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2.3.3 Plant performance and investment protection

Item

Plant thermal

efficiency

Plant availability

Plant refueling

cycle

Spent fuel storage

capacity in the

reactor vessel

Specification

Net efficiency

>38 %

(TBD)

Not shorter than 1

year

> = 1 cycle discharge

Rationale

Higher thermal efficiency means higher

utilization of fuel, less fuel cost, less

heat discharge, less discharge of high

level radwaste to the environment and

less environmental impact. Also the high

thermal efficiency of KALIMER offers

and demonstrates advantage of LMR as

a power reactor compared to LWR.

The efficiency of a commercial LMR in

Korea is required to be above 40% and

the KALIMER target of more than 38%

is an interim target toward the target

efficiency of a future commercial LMR.

Even though KALIMER is not a

commercial reactor, a minimum length

of 1 year cycle is required. KALIMER

will be the first LMR in Korea and

easiness of KALIMER operation will

work as one of the principal issues in

forming a favorable opinion for LMR in

Korea.

Capability of storing spent fuel in the

reactor vessel facilitates spent fuel

handling design and handling itself.
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Item

Load rejection

capability

Operation,

maintenance, and

serviceability

Specification

Should be able to

accommodate 100 %

off-site load

rejection without

plant trip.

Minimize the

required number of

operators.

Major equipment

should be

replaceable.

Optimal level of

automation

Automatic

inspection and

diagnosis

Human centered

design

Rationale

The capability of 100 % load rejection

capability is required to mitigate rapid

transients and to relax thermal impact to

plant systems

Minimizing the number of plant operator

achieves simplicity of plant operation

and it eventually yields reduction of

operation cost and possibility of human

error.

Construction of KALIMER requires

heavy investment, and major equipment

governing the plant life time should be

replaceable for investment protection.

Automation improves plant availability

by preventing the intervention of

operators

Automatic inspection and diagnosis

minimize testing and maintenance

errors.

A functional task analysis ensures a

consistent design. VDU(Visual display

Unit)-based design improves human

system interface, thus reduces human

errors.
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Item

Reliance on a

safety grade diesel

generator

Specification

The plant design

should not require

any safety grade

diesel generators.

Rationale

Installing a safety grade diesel generator

is costly and reliance on it violates the

main safety design philosophy of

KALIMER

Reference
2-1 ol -g^Sl,

for Liquid Metal Reactors in Korea),

fl S . # ( A Study on Development Plan

Q?•}^Q5\(K.^NS), 1994. 8
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Chapter 3. General KALIMER Design Description

3.1 Overall description of the KALIMER design concept
KALIMER is a liquid metal sodium cooled fast reactor plant. The major systems of

KALIMER are the reactor, heat transport and related systems, steam generation and

related systems, turbine/generator and related systems, man-machine interface systems,

sodium and cover gas systems, fuel handling system, power transmission and plant

electrical system, and auxiliary systems. In this KALIMER concept design, focus was

made on the nuclear steam supply system and essential BOP (Balance of Plant) systems.

KALIMER has a net electrical rating of 150Mwe and the plant thermal balance was

setup to the electric out put. The required core thermal output is 392 MWth. The plant

system design parameters are based on the electrical rating and core thermal power.

Figure 3-1 shows the KALIMER heat balance and the major thermal hydraulic design

parameters at the normal operation condition.

The PHTS (Primary Heat Transport System) of KALIMER is a pool type and

constructed in a big sodium pool. The design feature eliminates the possibility of

sodium loss by pipe break and provides a large thermal damping of the system which

yields slower transient, longer grace time at an accident, and eventually increases plant

safety. The IHTS consists of two loops and it contributes to the flexibility of plant

operation and increases the reliability of the decay heat removal by the normal

procedures.

The safety systems of KALIMER are based on a passive system and KALIMER does

not require active components in coping with accidents. It improves the reliability of

KALIMER safety function. KALIMER also has other enhanced safety features such as

using metallic fuel, Self-Actuated Shutdown System (SASS), Gas Expansion Module

(GEM) in the core and Passive Safety Decay Heat Removal System (PSDRS).

KALIMER accommodates unprotected anticipated transients without scram (ATWS)

events without operator action, and without the support of active shutdown, shutdown

heat removal, or any automatic system without damage to the plant and without

jeopardizing public safety. Neither operator action nor offsite support is required for at

least three days without violating core protection limits at an accident
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Table 1 summarizes the key design parameters of KALIMER. The major design features

are as follows.

3.1.1 Core Design

The core is fueled with metallic fuel which has a good negative reactivity

characteristics to enhance inherent safety. Several passive and innovative design

features are incorporated in the core design to give inherent passive means of

negative reactivity insertion, and the simplification and compactness inside the reactor

vessel.

The KALIMER core system is designed to generate 392 MWth of power with a 12

months refueling cycle. The core utilizes a homogeneous core configuration with two

driver fuel enrichment (< 20% U235) zones that can allow a compact core and fuel

shuffling. The core, shown in Figure 3-2 consists of 96 driver fuel assemblies, 42

radial blanket assemblies, 6 control rods, 1 self-actuated shutdown system (SASS)

assembly, 6 gas expansion modules, 48 reflector assemblies, 120 shield assemblies, and

60 in-vessel storage spaces in an annular configuration. The in-vessel storage is located

in the stainless steel shielding zone. There are no upper or lower axial blankets

surrounding the core. The reference core has an active core height of 100 cm and a

radial equivalent diameter (including control rods) of 208 cm. The core outer diameter

of all assemblies is 344 cm. The core structural material is HT9 of low irradiation

swelling characteristics.

The base alloy, binary (U-10%Zr) metal fuel is used for the KALIMER as the driver

fuel. The fuel pin is made of sealed HT-9 tubing containing metal fuel slug in columns.

The fuel is immersed in sodium for thermal bonding with the cladding. A fission gas

plenum is located above the fuel slug and sodium bond. The bottom of each fuel pin is a

solid rod end plug for axial shielding.

The driver fuel, blanket fuel, reflector, and shield assemblies use identical structural

components with only the bundle and its mounting grid changing from one assembly

type to the other. The control assemblies use outer hardware (nosepiece, duct and

handling socket) that is identical to that in the other assemblies. Reflector assemblies

contain solid HT9 rods. The absorber assemblies use a sliding bundle and a dashpot

assembly within the same outer assembly structure as the other assembly types. In all

assemblies, the pins are in a triangular pitch array. The bottom end of each assembly is
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formed by the nosepiece which provides the lower restraint function and the coolant

inlet. In fuel, reflector, and shield assemblies, the pin bundle attaches to the nosepiece

with mounting rails. Surrounding the pin bundle and welded to the nosepiece is a

hexagonal cross-section duct. The duct functions to control the coolant flow and isolate

each pin bundle from its neighbors. It is also the structural tie between the top and

bottom end hardware of the assembly.

Preliminary analyses have been performed for the ATWS events in order to evaluate the

inherent passive safety performance and to assess the safety margin of uranium metal

cores. Results show that the temperature limits are met with margins for the core,

which has inherent passive means of negative reactivity insertion, sufficient to place the

reactor system in a safe stable state for these ATWS events without significant damage

to the core or reactor system structure.

3.1.2 Heat Transport System

The heat transport system of KALIMER is designed with the emphasis on

economy, safety and reliability. A superheated steam cycle is implemented to have a

high plant efficiency noting that high thermal efficiency reduces the heat discharge from

the plant, resulting in less impact to the environment. IHTS consists of two loops and

each loop has its own steam generator and related systems. The design feature enhances

plant operation flexibility and safety. Figure 3-3 shows the IHTS configuration. For

safety, a large thermal inertia of the primary system is achieved by using a pool based

primary system. Strong emphasis has been given to the prevention and mitigation of

possible sodium-water reaction events to the IHTS piping routing and SG design. The

system reliability is improved by using electro-magnetic (EM) pumps which do not have

moving parts for both of the primary and intermediate coolant pumping. The low

momentum inertia of the EM pump is compensated for by the coastdown inertia device.

The device stores rotating kinetic energy when the EM pump runs normally but supplies

electricity to the EM pump by converting the stored rotating kinetic energy to electricity

at a pump power supply failure. The operating temperature and component size were

determined to achieve the net plant thermal efficiency of 38.3%.

The feedwater system consists of the main pump, auxiliary pump, flow control valves,

and heaters. Each steam generator has its own main and auxiliary flow control valves

but the two steam generators share the same feedwater pumps. Figure 3-4 shows the

flow diagram of the steam generator and feedwater system.
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3.1.3 Structural design.

KALIMER reactor vessel, which is made of type 316 stainless steel, has overall

dimensions of 17.6 m height, 7.0m diameter, and 5 cm thickness and is composed with a

cylindrical shell with an integral hemiellipsoidal bottom head. The improvement of

safety of the vessel has been achieved with the consequence that the vessel has no

attachments and no penetration other than the core support connections and shipping

restraints. And the thermal liner inside the reactor vessel has been introduced to avoid

the direct contact of hot pool sodium and the reactor vessel wall during the normal

operation. The low operating temperature of the closure head is attained by including the

horizontal layers of stainless steel plates under the closure head. For the structural

simplicity, lower part of the support barrel enclosing core and the upper part of the

support barrel serving as the boundary between the hot plenum and cold plenum are

made as an integral cylindrical structure. Figure 3-5 shows the reactor structures and

components.

The length and diameter of the containment vessel are slightly larger than those of the

reactor vessel. The containment vessel is made of 2.25Cr-lMo steel. The gap between

the containment vessel and the reactor vessel contains argon gas. The containment

vessel transfers heat from reactor vessel to the air flow of PSDRS (Passive Safety Decay

heat Removal System).

The whole reactor building which houses the reactor structures, S/G, other systems, and

components important for safety is constructed on the seismic isolation bed.

3.1.4 Residual Heat Removal

Normally the decay heat is removed by one of the steam generator and condenser.

Since there are two IHTS loops, the normal means of the decay heat removal can be

used even at IHTS piping or SG maintenance. Safety grade heat removal is achieved by

the PSDRS, which consists of the air path around the containment vessel and takes the

decay heat from the reactor pool and discharges the heat to the atmosphere. Also there is

non-safety grade SGACS (Steam Generator Auxiliary Cooling System) to aid the decay

heat removal. The SGACS induces natural or forced circulation of atmospheric air past

the shell side of steam generator.

3.1.5 Fuel Handling Machine

A variable arm pantograph type in-vessel transfer machine (IVTM) is used in

KALIMER to move core assemblies within the reactor vessel. The IVTM is designed to
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have 6 degrees of freedom, that is, the main body rotation, main body vertical

movement, extension/retraction of arm, vertical movement of gripper, gripping fuel

assembly and rotation of the gripper. The IVTM with a single rotation plug covers all

core locations, in-vessel fuel storage locations and the fuel transfer station.

3.1.6 Ultimate Shutdown System

KALIMER design adopts a self-actuated shutdown system (SASS) as an ultimate

shutdown system iocated at the center of the core and the system drops the shut-off rod

by gravity. SASS is a passive reactor shutdown system self-actuated by the natural

physical phenomenon without any external control signals and any actuating power in

the emergency of the reactor. Curie point electromagnet (CPEM) is used as a key

component in SASS, whose saturated magnetic flux density is remarkably reduced at the

curie point of the temperature sensitive material used in CPEM. When the temperature

of the primary sodium goes up to the curie point, CPEM loses its electromagnetic force

which was holding the shut-off rod. Then the shut-off rod with CPEM drops into the

core due to its deadweight. The shut-off rods are designed to be an articulated type for

the easy insertion into the core even when the guide tubes are deformed due to the

earthquake.

3.2 Design Classification of Structures, Components, and Systems
For setting up the safety class classification of the KALIMER structures,

components and systems, the classifications used for the current LWR's, CRBR(Clinch

River Breeder Reactor) and PRISM were investigated. Since there is much difference

between LMR and LWR, the classifications of the two different reactors are also

different from each other. The classification yields big impact on design, safety and cost,

and the classification needs to be compatible with the Korean licencing regulatory rules,

which have not been formulated yet for LMR. The classification has been framed to the

minimum level that is actually required in setting up the KALIMER design concept.

3.2.1 Safety Class Classification
o Nuclear Safety Class Structure, Component, and System

Any structures, components, or systems performing a nuclear safety function are

classified as the (Nuclear) Safety Class and expressed as nuclear safety-related

structures, components, or systems. The nuclear safety function is defined as any

function that is necessary to ensure;

1) The integrity of the reactor coolant pressure boundary

2) The capability to shut down the reactor and maintain it in a safe condition, or
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3) The capability to prevent or mitigate the consequences of plant conditions that

could result in potential off-site exposures that are comparable to the guideline

exposures of KINS (Korea Institute of Nuclear Safety) or USA 10CFR100, whichever is

more limiting.

Reference 3-1 was refered in setting the definition.

In classifying a structure, component, or system in the KALIMER concept study , it is

assumed that any structure, component, or system classified as the (Nuclear) Safety

Class should be designed and manufactured according the rules being applied to the

LWR structure, component, or system classified as the (Nuclear) Safety Class by the

LWR classification [3-1].

Further classification of the Safety Class for KALIMER is to be made with evolution of

the KALIMER design details.

o Non-Nuclear Safety Class Structure, Component, and System

Any structures, systems, and components which do not fall into the above safety class

categories are classified as Non-Nuclear Safety (NNS).

3.2.2 Seismic Classification
Structures, systems, electrical equipment and components which are important to

safety and designed to remain functional in the event of a Safe Shutdown Earthquake

(SSE) are classified as Seismic Category I.

The definition of Safe Shutdown Earthquake (SSE) is the same as that given in

Reference [3-1], and is the earthquake that is based upon evaluation of the maximum

earthquake potential considering regional and local geology and seismology, and

specific characteristics of local subsurface material. SSE is the earthquake that produces

the maximum vibratory ground motion for which nuclear safety-related structures,

systems, and components are designed to perform their nuclear safety function

All components in the Safety Class are Seismic Category I.

Structures, systems and components whose structural failure or interaction could

degrade the functioning of a Seismic Category I structure, system or component to an

unacceptable safety level or could result in an incapacitating injury to an occupant of the

control room aie designated as Seismic Category II and are designed and constructed so
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that the SSE will not cause such failure in a manner that would adversely affect a safety

system. Structures, systems, and equipment which have no enhanced seismic design

requirements in addition to those imposed by industry or building codes are designated

Seismic Category III.

3.3 Seismic Design
The strategy for the seismic design gives effects not only to structure deign but also

to the building arrangement. This section describes the seismic design strategy and

major seismic design features implemented in the KALIMER design concept.

3.3.1 Design and Analysis Input
In designing the safety-related structures, systems, and components, KALIMER

design is made to accommodate seismic loadings produced by two earthquakes; the

operating basis earthquake (OBE) with a zero-period acceleration (ZPA) of 0.1 g and the

safe shutdown earthquake (SSE) having a ZPA of 0.30g. Design response spectra

described in the KINS guide or equivalently US NRC Regulatory Guide 1.60, scaled to

the appropriate ZPA values are to be used.

3.3.2 Seismic Isolation System

3.3.2.1 Principles of Seismic Isolation
The seismic design strategy used is base-isolation. Seismic isolation devices

are introduced to decouple a structural system from ground motion so that the damaging

horizontal components of earthquake ground motions transmitted into the system can be

significantly reduced.

In a fixed base structure, the dynamic behavior is such that accelerations applied at the

base of the structural systems are greatly amplified at the natural frequencies of the

system. For most structural systems these frequencies are in the range of 2 to 8 Hz.

coincide with the predominant frequencies of most earthquakes. As a result, such

structural systems are in resonance with the incoming earthquake excitation, and

undesirable structural amplifications and building and contents damage occurs.

By the introduction of seismic isolation devices between the structure and the ground,

the natural frequency of isolated structure is brought to a range of 0.5 to 0.7Hz, and

dominant resonance responses of a seismically isolated system can be avoided by its

rigid body motion.
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Use of a seismic isolation device makes seismic responses of a structure significantly

reduced and results in enhancement of structural safety and reduction of the

construction cost of a plant.

The long experience with such bearings in Europe, where they have been used to isolate

buildings from ambient ground vibrations, indicates that no appreciable changes in the

rubber properties are to be expected during the operating life of the plant. Thus, it is

foreseen that such isolators would operate during the life of the facility.

To control the relative displacements between the ground and the building and to

attenuate the small component of the earthquake energy which coincides with the

chosen isolator frequency, sufficient damping must be built into the isolators.

In addition to the above two requirements, the isolation system should be stiff enough to

avoid perceptible vibrations under low-level lateral loads, such as wind loads and small

seismic events.

3.3.2.2 Design Characteristics of the KALIMER Seismic Isolation System

The ICALIMER seismic isolation system as shown in Figure 3-6 consists of

lower base mat, pedestals, high damping rubber bearings, and upper basemat. The

concrete upper base mat on which whole reactor building is seated is about 40m wide

and about 61m long and 2m deep. The gap between upper and lower basemat is about

2m where about 176 isolators will be installed and maintained. Figure 3-6 shows

schematic of isolation bearing installation. The seismic gap between isolated reactor

building and non-isolated wall is about 1,7m, which will allow no contact even when

subjected to beyond design basis earthquake, for example peak ground acceleration 0.5g.

Isolation bearings of high damping non-linear natural rubber have been selected to

isolate the reactor building. The rubber compounds of the bearing contain a high amount

of filler materials such as carbon black and the filler material achieves a non-linear

behavior which increases the natural rubber's stiffness properties, tear and abrasion

resistance, and damping. The design target and specification for the seismic isolators are

listed in Table 3-2.

The rubber shear modulus varies as a nonlinear function of the shear strain. At low

strains (2%) the shear modulus is as high as, at higher strains (20%) the shear modulus

drops tn 1.5MPa and remains fairly constant beyond this strain level. This lower



stiffness is necessary to achieve effective isolation. Test has also shown that for strains

larger than 300%, the material hardens and the effective modulus begins to increase.

This provides additional safety in the case of earthquakes exceeding the SSE value. The

high rubber stiffness at low strains means that wind loads are adequately resisted by the

isolated system without the use of mechanical fuses designed to break during a strong

earthquake.

Another important feature of these bearings is the provision of sufficient damping to

make additional external damping devices unnecessary. Tests have shown that 12%

damping can be easily achieved for the entire shear strain range up to 100% as listed in

Table 3-3. Another advantage with damping through the use of rubber is that it shows a

complete recovery of its shear strain behavior after cycling. In contrast, external

damping devices rely on permanent plastic formations; thus, they have to be replaced

after a seismic event. Furthermore, rubber-only systems provide the greatest protection

to equipment housed in isolated buildings.

To minimize amplifications in vertical response due to the vertical flexibility of the

isolators, a high vertical to horizontal stiffness ratio is provided. Tests have shown that

bearings with stiffness ratios larger than 1000 can be designed. With stiffness ratios of

this magnitude the vertical frequency is about thirty-two times the horizontal frequency.

Another benefit of the isolators is that they are self centering so that there is no

permanent displacement of the isolated structure. Reduced scale bearings tests indicate

that they could sustain many maximum credible earthquakes and an unlimited number

of smaller events without permanent internal changes. Thus, the system remains

effective in foreshocks, the main event, and aftershocks without the need of adjusting

the system.

3.4 Building Layout

The feature of a fuel handling system is one of the parameters that influence the

reactor and containment structure and the design feature of a fuel handling system is

also bounded by the configuration of the reactor building and fuel handling building.

The building arrangement done in the KALIMER design concept study was focused to

the setting of the design interference related to fixing the NSSS design features of

ICALIMER.
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The key feature of the. building arrangement is to install all the major systems that

contain sodium in a single building and set the building on a flat seismic isolation bed

without having any holes on the seismic bed. This arrangement feature enhances the

structural safety of a plant and simplifies the seismic isolation design. The building on a

seismic bed is constructed practically on the ground level.

Three major buildings are mainly treated in this study. They are the reactor building,

fuel building, and power conversion building. The reactor building houses practically all

the NSSS and connected systems including the steam generators. The building is

constructed on a seismic bed. The fuel building receives and stores both fresh and spent

fuel. Fuel service facility is also located in the building. The power conversion building

houses the turbine generator system, feedwater system, steam/condensate system, main

steam system and related systems

Figure 3-7 shows the arrangement of the three buildings. The fuel building is connected

to the reactor building by a movable overhead bridge.

The front view of the reactor building is shown in Figure 3-8 and 3-9. The building size

is 37m(W) x 61m(L) x 51m(H). At the center of the building, there is the reactor vessel.

The steam generators are located at a side and the SG sodium dump tanks are installed

just below the SG's. There is an insulated catch pan under the dump tank and the catch

pan with a fire suppression deck collects sodium from a spill.

Figure 3-10 shows the side view of the reactor building. Figures from 3-11 to 3-14 are

for the plane section views of the building. Figure 3-12 shows how the travel path of

fuel.

Figure 3-15 is the extension of the building arrangement and shows one of the possible

site layouts. The building numbers in this figure mean the following buildings.

1. Reactor Building : a. Reactor Facility, b. Steam Generator Facility c. Electrical

Equipment Vault d. Sodium Purification Vault /Inert Gas Storage

2. Control Building

3. Radioactive Handling Building :a. Utility Facility b. Radioactive Waste Facility

c. Reactor Maintenance Facility d. Remote Shutdown Facility
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4. Fuel

9. Power Conversion Building

13. BOP Warehouse

14. Maintenance Building

16. Circulating Water Pump House .

17. Condensate Storage Tanks

18. Transformers

20,21,22 Condenser cooling water related facility

24. Switch Yard

Buildings with a number not explained here are miscellaneous buildings such as an

administration facility building.

<Reference>

3-1 ANSl/ANS-51.1, American National Standard Nuclear Safety Criteria for the

Design of Stationary Pressurized Water reactor Plants, 1983
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Table 3-1

Key Design Parameters of KALIMER

OVERALL

Net plant Power, MWe

Core Power, MWth

Gross Plant Efficiency, %

Net Plant Efficiency, %

Reactor

Number of IHTS Loops

Safety Shutdown Heat Removal

Ultimate Shutdown System

Fuel Handling

Seismic Design

CORE

Core Configuration

Core Height, mm

Axial Blanket

Maximum Core Diameter, mm

Fuel Form

Core Enrichments (IC/OC), %

Assembly Pitch, mm

Fuel/Blanket Pins per Assembly

Cladding Material

Refueling Interval, months

PHTS

Primary Sodium Core I/O Temp., °C

Core Total Flow Rate, kg/s

Primary Sodium IHX I/O Temp., °C

Primary Pump Type

Number of Primary Pumps

PHTS Pressure Loss, MPa

150

392

41.5

38.3

Pool Type

2

PSDRS

SASS

Variable Arm Pantograph Type IVTM

Seismic Isolation Bed

Homogeneous

1000

None

3443

U-10%Zr Alloy

15.0/20.0

161.0

2 7 1 / 127

HT9

12

361.4/530.0

1824

529.7/360.0

Electromagnetic

4

0.80

(Table 1. Continues)
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IHTS
IHTS Total Flow Rate, kg/s 1833

IHTS Pump Type Electromagnetic

IHTS Pressure Loss, MPa 0.4

Number of IHX's 4

Number of SG's 2
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Table 3-2

Specification and Design Targets for the KALIMER Laminated Rubber Bearings

Design Vertical Load (Ton)

Effective OD(cm) / ID(cm)

Rubber Thick.(mm)xLayers

Steel Thick.(mm) xLayers

Vertical Stiffness(kgf/cm)

Horizontal Stiffness (kgf/cm)

Prototype LRB

294

120/4

278(9.6x29)

3.2x28

51.6xlO5

3,080

Horizontal Isolated Frequency = 0.5 Hz

Vertical Natural Frequency of Isolated System =

Damping Coefficient = 12 % above,

Max. Shear Strain(%) = 300% above,

Primary Shape Factor(D/4 '«)=31.25,

Secondary Shape Factor(D/nf*) = 4.31

1/4 Scale HLRB

18.4

30/1.9

69.6(2.4x29)

2.3x28

12.9xlO5

770

21 Hz

1/8 Scale HLRB

4.6

15/1.9

34.8(1.2x29)

1.8x28

6.4xlO5

385

Table 3-3

Test Results of Equivalent Damping^) and Stiffness(Keq) for KALIMER Reduced

HLRB
Shear Strain Percent

1/8 Scale

(0.01 Hz)

1/8 Scale

(0.5Hz)

1/4 Scale

(O.OlHz)

1/4 Scale

(0.5Hz)

£»(%)

Keq (kgf/cm)

C (%)

Keq(kgf/cm)

Cw (o/o)

Keq (kgf/cm)

C<7 (O/o)

Keq(kgf/cm)

5 0 %

-

18.0

495.

11.30

1061.

17.0

950.

100%

10.64

395.6

18.0

385.

11.94

775.4

16.0

800.

150%

-

16.5

380.

11.18

736.4

-

200 %

8.91

407.3

-

-

-

300%

8.68

514.5

-

-

-
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Chapter 4 REACTOR CORE

4.1 Summary Description

The KALIMER(Korean Advanced Liquid MEtal Reactor) core system is designed to

generate 392 MWt of power. The core utilizes a homogeneous core configuration that

does not allow fuel shuffling. The core layout, shown in Figure 4-1, consists of 96

driver fuel assemblies, 42 radial blanket assemblies, 6 control rods, 1 self-actuated

shutdown system(SASS) assembly, 6 gas expansion modules(GEM's), 48 reflector

assemblies, 120 shield assemblies, and 60 in-vessel storages(IVS's) in an annular

configuration. The in-vessel storage (IVS) is located inside the stainless steel shielding

zone. There are no upper or lower axial blankets surrounding the core. The center

assembly is the SASS control assembly. The core has two driver fuel enrichment zones.

The inner five rows of the core consist of low enrichment driver fuel assemblies and six

control rods. The driver fuel zones are surrounded by one row of radial blanket

assemblies. The outer radial core section contains one row of B4C shield assemblies,

one row of IVS, and the shield assemblies in the most outer ring. Six GEM's are located

between the high driver fuel enrichment zone and radial blanket zone.

The reference core has an active core height of 100 cm and a radial equivalent diameter

(including control rods) of 208 cm; the height-to-diameter ratio (H/D) for the active core

is 0.481 for all the cores. The core outer diameter of all assemblies is 344 cm. Two

clusters of the control rods are located at the radial distance of 55.8 cm from the center.

The reference core is designed to have high neutron economy with conservative

reactivity coefficients including sodium void worth for metallic fueled core. The core

structural material is HT9, which has low irradiation swelling characteristics. The

characteristics permit adequate nuclear performance in a physically small core.

Reactivity and power are controlled by means of the control rod system in the fuel

region of the core. The control rod system consists of two clusters of the same form.

The control rod clusters are located between the two enrichment fuel zones, each of

which contains three control rods. The control rod clusters are designed so that each

control cluster has a rapid reactor shutdown capability at a rod drop signal as well as for

the two control rod clusters consisting of six control rods to be operated simultaneously

for normal operation control. The control rod design satisfies both the one rod stuck

condition and the unit control rod worth condition against the UTOP accident.
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The design parameters for the core and fuel are given in Tables 4-1 and 4-2,

respectively. The duct pitch is 161.0 cm. The driver assembly includes 271 fuel pins

and has a close-packed lattice ; the pitch-to-diameter ratio (P/D) is 1.19. The fuel form

for the initial core is U-10%Zr binary alloy. The driver fuel and blanket have smeared

densities of 75 % and 85 %, respectively.

Refueling occurs after 12 months of operation at a capacity factor of about 85%, with

one-third of the driver fuel and one-third of the blanket assemblies being replaced

during each outage. The fuel and blanket assemblies are not shuffled but remain in

position for all cycles. Following removal from the core, they decay for one operating

cycle in the in-vessel storage positions. Control assemblies are not rotated or shuffled.

Their lifetime is three operating cycles.

For safety margin in the event of loss of primary coolant flow, gas expansion

modules(GEMs) are included at the periphery of the active core. A gas expansion

module(GEM) has the same external size and configuration as the ducts of the other

core assemblies. The GEMs are hollow assembly ducts, which are open to flow at the

bottom but are closed to flow at the top. The GEMs are filled with vessel cover gas

before insertion into the core, and this gas is compressed as the GEMs are filled with

sodium. With the primary pumps on, the high pressure in the inlet plenum compresses

the gas captured in the GEMs and raises the sodium level in the GEMs to a region above

the active core. When pumping power is lost in the primary system and the pressure

drops, the gas expands.which results in displacing the sodium in the GEMs to a level

below the active core. The resultant void near the core periphery increases neutron

leakage and introduces significant negative reactivity which makes the core subcritical.

and limits the peak temperatures during the loss of flow events.

A self-actuated shutdown system(SASS) comprising an additional core assembly

location as an ultimate shutdown system(USS) is included as a means to bring the

reactor to cold critical conditions in the event of a complete failure of the normal scram

system. The self-actuated shutdown system(SASS) which drops a shut-off rod by gravity

at the sodium temperature above the curie point is located at the core center.

4.2 Fuel System Design

4.2.1 General
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The base alloy, binary (U-10%Zr) metal fuel is a potential start-up for KALIMER

as driver and blanket fuels. Fuel and blanket pins are made of sealed tubing containing

fissile and fertile materials in columns. The fuel is immersed in sodium for thermal

bonding with the cladding. The fuel cladding material is HT9. This ferritic stainless

steel is chosen for its low irradiation swelling characteristics. A fission gas plenum is

located above the fuel slug and sodium bond. At the bottom of each fuel and blanket pin

is a solid rod end plug for axial shielding. Reflector pins are solid steel(HT9) rods. The

shield pins contain a column of boron carbide centered around the core elevation with

gas plena above and below the absorber material. The geometric and environmental

envelops of the core systems do not preclude the possibility of fuel substitution to oxide

fuel. Minor actinides can be included in the recycled transuranic feed in the proportions

present in the source LWR spent fuel.

The fuel, blanket, reflector, and shield assemblies use identical structural components

with only the bundle and its mounting grid changing from one assembly type to the

others. The control assemblies use outer hardware (nosepiece, duct and handling socket)

that is identical to that in the other assemblies. Fuel, blanket, shield, and control

assemblies use sealed tube-type pins to contain the fissile, fertile or absorber materials

and fission products. Reflector assemblies contain solid HT9 rods. The bottom ends of

fuel and blanket pins are solid HT9 rods for lower axial shielding. The absorber

assemblies use a sliding bundle and a dashpot assembly within the same outer assembly

structure as the other assembly types. In all assemblies, the pins are in a triangular pitch

array. The bottom end of each assembly is formed by 33 cm long nosepiece which

provides the lower restraint function and the coolant inlet. In fuel, blanket, reflector, and

shield assemblies, the pin bundle attaches to the nosepiece with mounting rails.

Surrounding the pin bundle and welded to the nosepiece is a hexagonal crosssection

duct. The duct functions to control the coolant flow and isolate each pin bundle from its

neighbors. It is also the structural tie between the top and bottom end hardware of the

assembly. A thickened duct section, the above core load pad, serves to maintain

assembly spacing and prevent core compaction.

4.2.2 Design Basis

4.2.2.1 Functional Requirements

This sub-section describes the functional requirements for the KALIMER fuel

and core subsystems under normal operating conditions. The reactor core subsystem

provides the following functions :
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1) The fuel and core subsystems pluged-in receptacle on upper grid plate shall be able

to withstand the axial load caused by the hydraulic drag of the primary cooling system.

2) The fuel and core subsystem designs shall incorporate means to adjust the assembly

duct pressure drop, to equalize coolant flow rates as required.

3) The fuel and core subsystems must be designed to maintain their integrity during

normal reactor operation.

4) The fuel rod with wire wrap, assembly duct, and related components must be

dimensionally compatible to accommodate fuel expansion due to irradiation.

5) The fuel and core subsystems must be designed to accommodate expected

dimensional changes, such as element swelling and its axial growth, during irradiation.

6) The duct top end shall be compatible with the fuel handling tools, and the bottom

end with the receptacle on upper grid plate.

7) The fuel and core subsystems must be designed to withstand axial compressive

forces caused during loading or unloading of the duct.

8) Generate thermal power through controlled nuclear fission and transfer it to the

liquid sodium of the primary heat transport system.

9) Contain and confine within the core the fissile and fertile materials and the solid

and gaseous fission products that are generated as by-products of the fission process to

prevent excessive contamination of the coolant.

10) In conjunction with the reactor structures, shield permanent structures peripheral

of the core subsystem to prevent excessive nuclear irradiation damage during plant

design life.

11) Support safety goals and requirements through the use of inherent reactivity

feedback mechanisms.

4.2.2.2 System Configuration and Essential Feature Requirements

Configuration and essential features that apply to the reactor core subsystem of

the reactor system are as follows:

1) The fuel shall be a U-Zr metal alloy or a U-Pu-Zr metal alloy.

2) The fertile material shall be U-Zr metal alloy.

3) Each core assembly shall have an individual duct to channel the coolant flow and

provide a degree of isolation of the assembly from adjacent assemblies.

4) Each core assembly shall provide an inlet and outlet nozzle to control the flow into

and out of the assembly using multiple inlets to reduce the probability of a coolant flow

blockage.
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5) The core shall provide a mechanical discrimination mechanism for assembly type

and orifice zone type as required to form the designed core map.

6) The core shall provide near-core radial and axial shielding to limit neutron

activation of in-vessel reactor components and, neutron damage to permanent structures.

7) The reactor core and its supporting elements shall be designed such that it contains

negative feedback mechanisms that will provide negative reactivity to the core in

response to an increase in the temperature of the core structures and/or to the supporting

structures.

4.2.2.3 Performance Requirements
The important performance aspects to be considered in the designs of the driver

and blanket fuels are stability of the fuel rod and assembly-duct in the presence of

swelling, fission-product release behavior, burnup limit, cladding wastage and cladding

deformation. The most important irradiation performance characteristic of metallic fuel

is the diameteral increase of fuel slug resulting from fuel swelling. Since cladding

density does not change significantly as a result of irradiation, a lower smear density of

fuel element shall be considered. The following are the peformance requirements :

1) Thermal conductivity and maximum fuel temperature ; the thermal conductivity of

fuel slug shall be sufficiently high so that in-reactor maximum operating temperatures

will be easily restricted to less than the melting temperature of fuel slug.

2) The temperature at interface between fuel slug and cladding inside shall be

maintainable to less than 700 C under normal operation condition.

3) The fuel slug materials shall be stable thermo-chemically under irradiation, and

shall corrode slowly in the event of a clad defect.

4) The diameteral increase of fuel element shall be compatible with the thermal-

hydaulic requirements, and in any event shall be less than 4 %.

5) Cladding wastage during fuel life in-reactor shall be minimal.

6) The intergrity of fuel elements shall be maintainable up to 16% local-burnup of the

initial material.

7) The fuel assembly duct shall be designed to minimize vibrations which might cause

damage to the fuel assembly ducts themselves or to their flow tubes.

4.2.2.4 Operational Requirements
Following are the core operational requirements:

1) The core system shall be capable of generating 392 MWt at nominal rated conditions.
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2) Operation through Service Level A and B duty cycle events shall not cause more than

0.01% of the pins in the equilibrium core to fail per cycle.

2) The fuel and radial blanket assemblies shall contain and confine the fissile and fertile

materials in the designed positions such that a controlled nuclear fission chain reaction

may be maintained for a period of at least 930 full power days or the equivalent partial

power time without refueling.

3) The requisite number of fuel and radial blanket assemblies shall be removable and

replaceable during the refueling period

4) The core components shall provide and maintain throughout their lifetimes coolant

flow passages for the removal of heat generated by nuclear reactions.

5) Assembly distortion shall be limited such that load limits on the in-vessel fuel

transfer machine are not exceeded during core assembly insertion or removal.

4.2.2.5 Structural Requirements

The core is composed of removable components. The structural design

requirements for these components are determined by cladding and assembly integrity

and duct interaction requirements. These requirements are explicitly embedded within

the operational and reliability requirements. The structural material characteristics are

determined by the Nuclear Systems Materials Handbook and by the Alloy Properties

Databook (HEDL TC-293). Applying these material properties and the appropriate duty

cycle events within the LMR core analytical codes, the prior stated requirements for fuel

failure probability and duct interactions must be satisfied. Appropriate limits to cladding

cumulative damage fraction (CDF), cladding strain, duct dilation and bowing, and

restraint contact forces provide the structural evaluation criteria to assure satisfaction of

the higher level reliability and performance requirements defined in the prior sections.

4.2.3 Description

The core consists of metal alloy driver fuel assemblies, blanket assemblies,

removable radial shield assemblies, and control/shutdown assemblies. Fluence at the

core barrel is limited by the radial shield assemblies which contain steel pin bundles and

by inner fixed radial shielding. The core support structure fluence is limited by steel

shielding in the lower ends of the assemblies. The upper ends of the assemblies also

include shielding to limit the irradiation of the secondary coolant in the IHX.

4.2.3.1 Assembly Design
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The driver fuel assembly consists of 271 pins. The pins contain columns of

mixed U-10%Zr alloy. Figure 4-2 shows sthe overview of the fuel rod design used in

KALIMER. Figure 4-3 shows the KALIMER fuel assembly duct along with key section

views. Neutron and gamma shielding is provided integral with the pin bundle above and

below the core in the form of end plugs and/or fission gas plena. The fuel pins do not

include any axial blanket zones above or below the core. The core is 100 cm tall and the

fission gas plenum is above the core to permit sodium bonding between fuel and

cladding. The fuel smear density is 75%. Table 4-3 lists the key fuel assembly design

parameters along with the volume fractions of fuel, structure and coolant in the core

region of the assembly at a 20 °C (fabrication) temperature.

The blanket assemblies each contain 127 pins also with a long bottom end plug for

lower shielding. The 100 cm tall active region contains depleted U-10%Zr with a smear

density of 85%. The fission gas plenum is above the blanket column and the metal alloy

fuel is sodium bonded to the cladding. The blanket pin bundle has the same overall

length as the fuel pin bundle. Table 4-4 lists the key design parameters and the volume

fractions.

The shield assemblies each contain a bundle of solid HT9 rods. The rod bundle is the

same length as the fuel pin bundle. Table 4-5 lists the key assembly design parameters.

With the exception of the GEMs, the core assemblies use common structural

components with only the assembly internals being changed to form the various

assembly types. The discrimination socket in the bottom of the assembly nosepiece also

changes with assembly type.

All the assemblies use wire wrap pin spacing, the same handling socket design, and

except for the discrimination post, the same nosepiece design. The handling socket

provides inner and top surfaces and radial holes that mate with the refueling machinery

grapple and two outer hexagonal surfaces that form the top load pad and the insertion

clearance for the in-vessel fuel storage hanger restraint. Flow orificing is part of the

receptacle, not the assembly. It is provided by a stack of perforated disks in the lower

portion of the receptacle.

Each fuel and blanket assembly is produced with an individual tag gas mixture in its

pins. The function of the tag gas is to permit identification of an assembly with a leaking

pin through analysis of the reactor cover gas.
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4.2.3.2 Core Restraint

The core support structure provides the restraint of the reactor core assemblies

necessary to maintain them in their prescribed geometry during all modes of reactor

operation. This integrally welded structure is attached to the reactor vessel, also by

welding, to form a rigid radial beam structure. This approach has large design margins

and the added advantage that the consequences of failure in a single member is

negligible. The core support is located in the bottom end of the reactor vessel where the

operating temperatures will be the lowest of the entire system and thermal transients,

because of the distance from their source, will be benign.

The major elements of the core support structure are as follows :

1) The weldment comprised of radial webs and support plates

2) The primary sodium inlet plenum which contains the receptacles for the

subassembly nosepieces

3) The core barrel and the core restraint rings

The core assemblies are held (1) by their nosepieces in the receptacles, and (2) by the

load pads near the top of the assemblies which are surrounded by a core restraint ring

attached to the core barrel. The separation of the assemblies is maintained by an

intermediate plane of load pads at an elevation above the active core. Positioning of the

handling sockets is also maintained by the top load pads. The intermediate load pads

above the core are not restrained by a former ring attached to the core barrel. Thus, the

core assemblies are free to bow as dictated by temperature differences and their

metallurgical condition. Load transfer is through the core assembly load pads to the

former ring and the core barrel.

The core former ring is made of HT9 and is supported horizontally and vertically by the

core barrel. Six equally spaced lugs on the outside of the former ring fit into slots in the

top edge of the core barrel. The ring is held in place by a number of pins installed

through the core barrel. Pin motion, after installation, is prevented by welding.

To provide a close fit of its parts with each other, with the core assemblies, and the core

barrel, the parts of the core restraint hardware will be precision machined. Machining

will be done, if necessary, after the core barrel is welded into the reactor vessel. The

principal parts are to be made from Type 316 stainless steel forgings and plate. Stellite 6
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or chromium carbide and Inconel-718 will be used on wear surfaces and pins as

required.

In the vertical direction, core restraint is provided by the combination of assembly

weight and hydraulic balance. Additionally, backup holddown is provided by nosepiece

seal/lock rings. The lower nosepiece hydraulic seal rings are used to supplement the

normal assembly holddown. The seat which fits into in the nosepiece receptacle has a

conic ramps that the seal rings must be compressed past for assembly removal. The

enhanced friction force generated as the rings slide up the conic sections provides the

supplemental holddown. The nosepiece receptacles are similarly locked into the inlet

plenum upper grid plate to transfer the upward force into the core support structure. The

receptacles are designed with circular sections that fit within an assembly pitch so that

they may be individually removed through the core with a special refueling machine tool

should the sealing surfaces ever be damaged by use.

The inlet plenum, located in the central region of the core support structure and below

the core, receives the primary sodium from the pumps and distributes it to the core via

the nosepiece receptacles. The receptacles are located in a triangular pitch to match the

core array map. The receptacles participate in the core orificing as described in

Paragraph 4.2.3.1. The depth of the inlet plenum is established by the space required for

the inlet piping installation and for the radial flow area necessary to assure uniform flow

distribution to all the core assemblies. This flow distribution is further enhanced by the

design of the receptacles which are necked down on their lower end to increase the

available flow area.

4.2.4 Metal Fuel Performance Characteristics

Metal fuel also shows substantial differences in operating characteristics

compared to the more familiar oxide ceramic fuel. A dominant fraction of the fission

gas generated at low burnups is retained within the metal fuel structure, causing high

volumetric expansion of the fuel due to porosity formation. As a result, metallic fuel

elements are fabricated with large fuel-to-clad gaps (75% smeared density) to allow for

the volumetric expansion of the fuel. When the fuel volumetric expansion reaches 33%

diametral expansion (gap closure), the porosity generated in the fuel has become

primarily interconnected. Once interconnection of the porosity occurs, the fuel no

longer swells at such a high rate because the fission gas now generated is released
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directly to the plenum by means of the interconnected porosity. Further swelling of the

fuel will occur due to solid fission products estimated to be in the range of 1% per atom

percent burnup. Irradiation experience to date appears to indicate that further swelling

of the fuel is primarily accommodated internally in the fuel (hot pressing of fuel pores)

for at least up to 16 atom % bumup, the current data base.

Because of the large initial fuel-to-clad gap required to accommodate the fuel

expansion, metallic fuel is sodium bonded to the cladding. As the fuel swells, the bond

sodium is displaced to the plenum. Sodium and metallic fuel show complete

compatibility so that the potential for cladding dilation due to reaction products is

absent. Only cladding dilation due to fuel cladding mechanical interaction of creep due

to the internal hydrostatic gas pressure is present.

Metallic fuel has a much higher thermal conductivity than ceramic fuel. However, as

fission gas porosity is generated within the fuel, the thermal conductivity is degraded

due to the porosity. Just before interconnection of the porosity occurs, the fuel thermal

conductivity is a minimum. It is presently estimated that the minimum fuel thermal

conductivity is 50% of the pre-irradiation value. Once interconnections of the porosity

occurs, the thermal conductivity of the fuel is improved due to ingress of sodium into

the pores. It has been observed that 20% of the pores become filled with sodium and it

is estimated that the fuel thermal conductivity is 70% of the pre-irradiation value.

Metallic fuel also exhibits several phenomena which are presently not well

characterized. Zirconium migration, fuel-cladding eutectic formation, and axial

expansion due to irradiation are three such phenomena. In metallic fuel containing

zirconium, the Zr is observed to rapidly redistribute during irradiation. With respect to

steady-state thermal performance, this redistribution has a negligible effect on the fuel

center temperature. The primary effect of the redistribution is to change the solidus

temperature of the fuel. After redistribution, the portion of the fuel which is enriched in

Zr will have a higher solidus temperature than that for the nominal fuel composition,

while the portion of the fuel depleted in Zr will have a lower solidus temoperature than

that for the nominal fuel composition.

Since metallic fuel can become metallurgically bonded to the cladding, fuel/cladding

mechanical interaction may occur through diffusional processes. With respect to HT-9

cladding, carbide depletion at the inner surface of the cladding is observed indicating

diffusion of carbon to the fuel. Other interstitials such as O and N also migrate from the

4-10



cladding to the fuel. The diffused interstitials then react with the Zr in the fuel. While

the carbon depletion from the HT-9 should cause relatively little change in elastic

properties, considerable softening (i.e., decreased resistance to creep and plastic flow) in

the depleted zone should occur if grain growth accompanies the carbon loss. Only a

limited HT-9 database is available for estimating the depth of the depleted zone with

time.

Fuel and cladding constituents diffusion also forms a Fe-U eutectic alloy system. In

transient tests where molten fuel occurs, the fuel is observed to react with the cladding

to form a low melting eutectic. For normal realtor operation where liquid fuel is not

present, there appears to be a fuel-cladding eutectic threshold temperature (704 °C)

below which no eutectic formation occurs and only solid state diffusion of fuel into the

cladding is observed. The rate of diffusion penetration appears to be in the range of 0.5

mil/year.

Axial expansion of metal fuel occurs during irradiation. This has two separable effects

on core reactivity. First, it reduces fuel density which degrades the core internal

conversion resulting in a more negative burnup reactivity swing. This has been

compensated for by increasing the fuel column length. Second, the reduced fuel density

causes a loss in core reactivity.

4.2.5 Analytical Methods and Design Evaluation

4.2.5.1 Fuel Lifetime

Three aspects of fuel pin lifetime performance are critical in the conceptual

design of a metal-fueled core. The first aspect is the normal operating cycle cladding

creep performance. The other two are aspects of transient creep behavior during the

short-term peak transient temperature and the long-term hold at PSDRS (Passive Safety

Decay Heat Removal System) operation conditions or other elevated temperature

conditions. During the very short-term peak thermal conditions, the primary failure

mode is rapid thermal stress rupture of the HT9 cladding due to its low creep strength at

elevated temperatures. For this situation, the cladding temperature limit is 788 °C. For

the long term soak at elevated temperatures, the cladding failure mechanism is creep

rupture in weakened cladding where the effective cladding thickness has been reduced

by formation of a low strength, low melting point eutectic of fuel and cladding. The

temperature of the fuel/cladding boundary is limited to 704 °C during the soak to

preclude extensive eutectic formation. In any case, the probability of cladding failure is
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a question of time-at-temperature and the combined steady state and transient cladding

damage must be evaluated by appropriate predictive codes, such as MACSIS. These

detailed pin evaluations have not yet been performed for the reference metal core,

however there is confidence in the fuel performance expectations due to the experience

and data base of Argonne National Laboratory. Key aspects of the state-of-metal fuel

knowledge may be summarized as follows:

1) 18 U-Pu-Zr fueled pins have been irradiated in EBR-II to burnups of 4.0-5.6 %

peak linear power levels were about 33 kW/m and peak cladding temperatures ranged

from 600-400 °C . All pins performed satisfactorily.

2) One U-Pu-7r fueled pin has been irradiated successfully to 12.5 at.% bumup in CP-

5.

3) Many thousands of EBR-II MK II driver pins, containing U-Fs fuel have been

irradiated. About 800 achieved burnups above 10 at.%, and 30 attained 18.5 at.%. Pin

failures were benign and no fuel losses were observed in RBCB operation.

4) The constitution of U-Pu-Zr alloys, including solidus and liquidus temperatures,

and eutectic temperatures with austenitic steels, is reasonably well understood.

5) Operational transients imposed on the EBR-II core (with MK II U-Fs pins) had no

detrimental effects, and caused no apparent degradation of post transient steady state

performance.

6) All have attained high burnup, with the peak exceeding 16 at.%, and none

exhibited cladding breaching. The results from these and the IFR-1 tests of full-length

clearly demonstrated that full-length metallic fuel pins possess excellent high-burnup

potentials.
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4.3 Nuclear Design

4.3.1 Design Basis

The following requirements guide the nuclear design of the core:

1) The reactor power shall be 392.0 MWt.

2) The peak linear power shall be less than 400 W/cm.

3) The peak fast fluence shall be less than 4.0 x 1O23 n/cm2.

4) The refueling interval shall be 12 months.

5) The fuel form for the startup core shall be U-Zr binary

6) Satisfy inherent safety requirements, principally through inherent control of power

by reactivity feedback within the core, such that acceptable fuel design limits are not

exceeded for the defined Beyond Design Basis Accidents.

4.3.2 Nuclear Design and Analysis Methodology

4.3.2.1 Neutronics Cross Section Generation

All the nuclear design and evaluation were performed with the nuclear

calculation module packages in the K-CORE System, shown in Figure 4-4. The K-

CORE System is an interactive, integrated modular program and is under development

by FCAERI to provide major data linkage among the principal core design modules,

specifically for the core design and analysis computation needs.

The evaluation process is initiated by the generation of regionwise microscopic cross

sections, based upon the self-shielding f-factor approach. An 80-group neutron cross

section library version KAFAX(KAERJ FAst XS)/F22 were prepared for general

applications, based on the JEF-2.2 evaluated nuclear data files using the data processing

module. This version of the KFS(Korean Fast Set) contains infinite dilute cross sections

for various temperatures and Bondarenko self-shielding f-factors.

Regionwise microscopic cross sections are generated by utilizing the effective cross

section generation module and the preprocessed 80-group data library. The effective

cross section generation module provides multigroup cross section libraries in a format

that can be directly applicable to discrete ordinates(Sn) approximation and diffusion

calculations in the flux solution module. The data processing in this module includes

resonance and spatial self-shielding corrections, reactor and cell flux solutions, and

cross section group collapsing. Resonance self-shielding calculations for each region

are based upon the Bondarenko f-factor approach using narrow resonance(NR)
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approximation. Heterogeneous self-shielding is obtained for a cylindrical heterogeneous

cell configuration, based upon the multiregion equivalence theory approach. Finally,

cell homogenization over each region is performed to obtain the cross section data for a

typical homogenized mixture. The fluxes used for the cell homogenization are obtained

from the cell flux calculation using the transport theory. Neutron spectra for collapsing

the cross section data to fewer group libraries are typically obtained from one-

dimensionaJ reactor flux solution calculations for several radial and axial models as

desired. The preprocessed 80-group library was generated using a fixed library neutron

spectrum typical of a fast reactor. To account for the difference in neutron spectra

between the base library and the reactor of interest, elastic scattering correction is

applied to correct the slowing down of neutrons and to improve the accuracy of the

predicted neutron spectra.

Table 4-6 shows the group structures for the 80 and 9 group libraries, respectively. The

9 group cross section library is used for all basic neutronic computations in the K-CORE

System. The reference regionwise temperatures used in the data processing calculations

are taken from the core thermal-hydraulic analysis for the steady-state full-power

operating condition.

Cell calculations were also carried out with elevated temperatures to generate fuel cross

sections for calculating the Doppler effect. A set of cross sections was also generated

for the sodium void reactivity calculation by removing all sodium from fuel or blanket

assemblies.

43.2.2 Flux Solution and Burnup Calculations
All fuel cycle calculations were carried out with the neutron flux and burnup

calculation module consisting of a three-dimensional flux solution module and a fuel

cycle analysis module. The 9 group cross section library was used for all basic

neutronic computations.

Flux solution calculations were performed using the hexagonal-z geometry, and the

coarse-meshed nodal diffusion theory approximation to neutron transport. 12 energy

groups were used for all neutronic computations. For an equilibrium core, the fuel cycle

computations for the operating interval were performed by a burnup calculation in

which the regionwise fluxes and fuel cross sections were taken from converged

beginning-of-cycle(BOC) and end-of-cycle(EOC) flux solutions and interpolated for
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several burnup substeps within the cycle. A well converged fuel cycle mass balance

solution was obtained by successive iterations of the flux solution and fuel management

calculations.

4.3.2.3 Control Rod Worth Calculation

Control rod worth calculations were carried out with 9 group cross sections in

the nodal diffusion theory approximation calculations with three-dimensional

hexagonal-z geometry. The total worths of 6 control rods can be obtained from the k-

effective calculations in a sixty-degree sector of the core layout by taking advantage of

the one sixth symmetry. On the other hand, the interaction factors which reflect the

control rod shadowing or anti-shadowing effect for the cases involving one single rod

withdrawn, stuck, or scrammed can only be obtained by carrying out the k-effective

calculations in a full core. Various control rod worth characteristics are determined by

the identified k-effective differences.

4.3.2.4 Reactivity Coefficients

Calculations of various reactivity feedback coefficients and neutron kinetics

parameters are performed utilizing a series of the neutron flux solution calculations, and

data manipulations, with 9 neutron energy groups, in the finite difference solution with

hexagonal-z geometry. The reactivity coefficients are determined by the results from

direct flux computations for the unperturbed and perturbed systems. These reactivity

coefficients include uniform radial and axial expansions.

Doppler coefficients (Tdk/dT) are given by

Tdk/dT = [k(T2) - k(T,)] / ln(T2/T,),

where T2 and Ti are the temperatures of the cross section sets used in the flux

calculations. Normally Doppler calculations are performed for various fuel zones to

separate the Doppler coefficients for the driver fuel and radial blanket.

Uniform axial and radial expansion coefficients (Hdk/dH and Rdk/dR, respectively) for

constant material mass are computed by uniformly increasing the core size by a constant

fraction (e.g., 10 percent) without changing the material mass. That is, material isotopic

number densities are reduced accordingly to reflect the core size change. Then,
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Hdk/dH = klaxial expanded) - k(reference), and

fractional axial expansion

Rdk/dR = k(radial expanded) - k(reference).

fractional radial expansion

These two expansion coefficients represent the total reactivity effect when expanding

the core size, and include two effects of opposite sign - a positive leakage feedback due

to the reduction of neutron leakage from the increase of core size and a negative density

feedback due to the reduction of fuel densities. From these two coefficients, the leakage

components of the expansion coefficients can be derived as follows (using the

relationship with the density such as dr/r = - dH/H - 2 dR/R):

(Hdk/dH)lcakage = (Hdk/dH)total + (rdk/dr). and

(Rdk/dR)ieakagc = (RdkAIR)total + 2(rdk/dr).

When coupled with the linear thermal expansion coefficients for the fuel, cladding and

grid plate, these expansion coefficients can then be used to calculate the reactivity

feedback effects due to the core expansion as the core temperature changes.

Sodium void reactivity can be computed in several ways. The first alternative is to

perform a direct flux calculation by voiding the sodium in the core regions of interest

using the sodium-voided cross sections. This method is the most accurate method of

predicting the void worth, but the computational cost is substantially high. The second

alternative is to use the sodium density coefficients from the first-order perturbation

calculations and then estimate the effect of sodium voiding. This approach generally

does not accurately predict the sodium void reactivity, because it does not take into

account the effect of the spectral hardening when the sodium is voided, and the first-

order-perturbation theory may not be applicable to such a large change in the sodium

density. Thus, this approach is only used as a first-order estimation. The third

alternative is to use the exact perturbation method to obtain the spatial distribution of

void worth. The exact perturbation approach requires a perturbed adjoint flux solution

in addition to the reference(unperturbed) forward flux solution and, therefore, is more

expensive than the first-order approximation. This method is considered the best

compromise between accuracy and calculational expense. The direct flux solution
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approach based on 9 group cross sections and hexagonal-z geometry is basically used to

compute the sodium void worth in the K-CORE System.

The sodium void worths indicated in this report represent the estimated reactivity effect

of voiding, from top to bottom, of all high powered (fuel and blanket) assemblies in an

active fuel region. This is perceived to be the most likely event if core voiding were to

occur and therefore was chosen as the reference scenario for void worth calculations.

Partial assembly voiding of only the active fuel region or positive worth sections would

increase the positive sodium void reactivity worth somewhat, depending on the core

height and the presence of axial blankets. On the other hand, voiding of non-fuel

assemblies, especially the interior control rods, adds substantial negative reactivity from

the increased neutron leakage.

4.3.2.5 Decay Heat Evaluation

Decay heat calculations are required to generate the decay power information

for the core transient analysis and for assembly heat loads during refueling. The decay

calculations are initiated by the generation of regionwise total neutron fluxes and the

effective one-group neutron cross sections for the uranium and plutonium isotopes.

These cross sections are condensed from the results of the multigroup neutronics

calculations so that consistent results of power and fuel burnup between the core

neutronics analysis and irradiation calculations would be attainable. In general, the

reactor core is divided into several regions such as driver fuel(low enrichment zone,

high enrichment zone, etc.) and radial blanket. Then, the irradiation and decay

calculations are performed for all regions with their respective loaded mass, flux, cross

sections, and fuel lifetime. Finally, the total decay power curves can be obtained by

summing up the decay power from all contributing regions.

For the fuel region with an n-cycle lifetime, a total of n cycles of irradiation and decay

calculations are performed for the charged fresh fuel element composing of heavy metal

and structural material. Each cycle consists of an irradiation period and a shutdown

period for refueling and maintenance, consistent with an assumed plant capacity factor.

Similar calculations are performed for other core regions with their respective loaded

fuel mass, flux level, neutron cross sections, and fuel lifetime. Finally, the total core

inventories at BOEC and EOEC are obtained by summing up the results from each

bumup cycle and for each core region, and then decay calculations are carried out for a

decay time period of up to five years to generate the decay heat curves. Decay power
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informations for the core, individual assemblies, and in-vessel spent fuel storages are to

be determined later.

4.3.3 Nuclear Performance Evaluation

4.3.3.1 Uranium Startup Transition to Equilibrium Cycle

From the core design and core neutronics point of view, the final goals for the

uranium startup core option shall be to maintain the core layout and the assembly and

pin designs unchanged throughout the peroid of transition from the uranium startup to

equilibrium cycle. However, for the first several cycles after the uranium startup, a

transition shall be determined to attain equilibrium uranium cycle without fissile

feedstock produced during the cycle(back-end fuel cycle).

The impact of the transition option from the uranium startup to equilibrium uranium

cycle is given in Tables 4-7 and 4-8(TBD). The core neutronics issues involve adequacy

of core static performance(power peaking, burnup reactivity swing, core mass flow and

balance, adequacy of control rod worth) and inherent safety performance(impact of

changing reactivity feedback coefficients and burnup control swing) throughout the

entire transition to the equilibrium cycle.

4.33.2 Core Neutronics

Core neutronic results and principal nuclear performance parameters predicted

for the uranium and equilibrium cores are listed in Table 4-7. The average breeding

ratios for two cores are predicted to be about 0.67. This fissile consuming characteristcs

result in net fissile losses from 326.6 kg to 297.0 kg per cycle. The feedstock heavy

metal for fresh fuel fabrication is assumed to be only fresh U-Zr binary alloy fuel. The

peak linear powers obtained for two cores are below the design criteria limit 400 W/cm.

The reduction in the power peaking factors from BOC to EOC indicates that flatter

power distributions have been achieved. The peak fast fluences are lower than the

design criteria limit 4 x 1023 n/cm2 for two cores.

Table 4-9 summarizes the reactivities at the startup core. Major reactivity effects

resulting from sodium voiding, Doppler broadening, uniform expansions are included.

For transient analyses of the core at beginning and end of equilibrium cycle reactivity

coefficients shall be determined, based on major reactivity worths.

4.3.3.3 Control System Reactivity Worth
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The reactivity control system serves operational and public protection functions.

Inherent core reactivity control and natural circulation cooling by PSDRS also serve to

protect public safety. The control and shutdown system has sufficient worth at any time

in the reactor cycle to shut down the core from any operating condition, and to maintain

subcriticality over the full range of temperatures expected during shutdown. Diversity

in the shutdown function is provided in each drive unit. Each unit provides two diverse

scram methods; a gravity-driven rod drop and a powered drive-in. Shutdown

redundancy is provided by designing each absorber bundle with sufficient worth to shut

down the reactor from hot, full power condition to cold, zero power condition with the

remaining five rods withdrawn to the normal full power operating position.

The reactivity elements that the control rods compensate for include:

- burnup reactivity swing and its uncertainty

- temperature defect (operating to refueling temperature) and its uncertainty

- criticality prediction uncertainty

- fissile enrichment uncertainty

- fuel management uncertainty

- shutdown margin.

The first two reactivity elements are defined in the followings.

Bumup Reactivity Swing

The burnup reactivity swing is determined by the core neutronic performance and the

number of refueling batches and interval. The core neutronic performance determines

the core breeding ratio and thus the change in reactivity of the core as fuel is burned in

one area of the core and bred in another. The number of batches and the refueling

interval determine how the total burnup shift is subdivided into the equilibrium cycle

burnup.

Temperature Defect

The temperature defect of the core is the change in reactivity caused by the temperature

change of the core. This reactivity change is caused by core geometric distortions and

atomic density changes resulting from thermal expansion and by the Doppler effect due

to fuel temperature change. The control reactivity must compensate for the net positive

reactivity during shutdown arising due to the Doppler effect, radial and axial core

compaction, and sodium density change.
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The reactivity requirement for the control system is estimated based on the KALIMER

nuclear analysis and the estimates for uncertainty magnitude of the above reactivity

elements. Due to the state of insufficient knowledge about the core during conceptual

design, these uncertainties are large, especially in those dealing with calculated core

parameters. In setting the shutdown reactivity requirement, it is prudent to include these

large uncertainties to assure that the absorbers will have ample worth. The large

uncertainties are not, however, representative of the state of knowledge about a core that

has already been operated or is a replicate of one that has been operated. Smaller

uncertainties are appropriate for a core that has been tested and is thus "known" with the

resulting reduction in calculational uncertainties. Such reduced uncertainties are

appropriate for consideration in the potential reactivity worth of a rod withdrawal event

in the Nth core.

The control and shutdown system worth requirements are identified in Table 4-

10(TBD). The reactivity uncertainties are considered as statistically independent and

are added together as the square root of the sum of the squares of the individual

uncertainties. The reactivity requirement calculated for the shutdown system must be

satisfied with the highest worth control element pulled out of the core. This condition

will be referred to as operation with (N-l) rods.

Table 4-11 estimates the maximum BOEC and EOEC reactivity that could be inserted

into the core by a single rod runout(TBD). In this table, the calculation assumes that a

single rod is fully withdrawn from the core and the remaining five rods remain in place.

The worth of a single rod scramming while the remaining rods remain at the critical

position is also shown in Table 4-11.

4.4 Thermal and Hydraulic Design

Core steady state thermal-hydraulic performance includes: (i) coolant flow

distribution to the assemblies and (ii) core coolant and component temperatures

distributions.

Sodium flow is distributed to the assemblies with the overall goal of equalizing pin

cladding damage accumulation and thus pin reliability. In practice, initial orificing

analysis attempts to equalize peak pin cladding midwall temperature in all assemblies.
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Hot channel factors are included in temperature predictions to account for core design,

analysis, fabrication and operational uncertainties and variations. Two-sigma

uncertainty factors based on CRBR analyses are employed.

The saturation temperature of sodium at the depth of the core is greater than 954°C with

the pump pressure off and greater than 1065cC with the pumps on. So 954°C is used as

the conservative limit for this parameter.

The flow orificing design is made using a PC spreadsheet software and calibration

factors based on prior detailed analyses.

At later core design stages, core thermal-hydraulic modeling will be performed using

detailed bundle subchannel model codes, SLTHEN or COBRA-K. These codes provide

temperature maps for all pins in all assemblies and thus facilitate core-wide failure

probability sutdies. These codes have been resevered for calibration use and may only

be exercised once during the entire conceptual design phase of a project. It is expected

they will form the licensing data basis and will be extensively used during preliminary

and final design phases.

4.4.1 Core Orificing
Coolant flow control, i.e. orificing flow restrictions, are located in the

inlet/orificing modules into which the assemblies are inserted at the lower, nospiece end.

Thus it is associated with a core location and not with a particular assembly.

In the orficing, reflectors, shields and IVS were not considered for orificing because

their flowrates are small and the powers do not change significantly through their life

time to complicate their orificing. The reflector, shield and IVS orificing represents an

average group assembly and will be expanded later with better gamma heating

calculations into individual assembly orificing and thus increase the total number of

orifice groups.

Leakage around inlet module and assembly nosepiece seal rings is assumed to be 1.5%

of primary flow. Thus 1.5% of primary flow is not distributed in the initial orificing

analysis.
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Every assembly in the range of 3% power difference is put in the same group. And the

separate orificing groups are maintained for each assembly type, even where flows are

virually identical. This results in a conservative estimate of the number of orifice

groups that will be required during final design.

17 flow orifice groups are currently specified for the reference metal core. 10 groups

orifice the fuel assemblies which remain in the same core location for their full lifetime.

The shuffled radial blanket assemblies utilize 4 orifice groups. The six control

assemblies and the USS assembly use a single orifice group each. Both the control and

USS assemblies have sliding rod bundles and are subject to a minimum flow that

maintains turbulent flow cooling during a scram drop. The minimum flow is 1.42 kg/s

(11,250 lbm/hr).

An orifice group for GEMs to the high pressure coolant plenum with no orificing

restriction and serves as the sodium inlet and outlet connection which activates the

GEM reactivity feedback upon loss of pumped flow. Table 4-12 details the core

orificing design by orifice group.

4.4.2 Core Temperatures

Temperatures are computed by adding relevant temperature rises to the assembly

inlet temperature. Each temperature rise is computed from energy input, heat capacity,

thermal conductivity and heat transfer coefficient.

The key peak core temperatures for each orifice group are listed in Table 4-13. Key

parameters are shown for the peak power pin of each orifice group and compared to the

appropriate limits. The cirteria used for steady-state thermal performance are the same

as for design basis events. Given the core power distribution and total flow rate, the

equalized cladding midwall temperature is about 654°C for fuel and blanket assemblies.

The maximum +2 sigma cladding temperature is limited to ensure adequate fuel

lifetime.

The limit to the nominal peak assembly outlet temperature is set to limit thermal aging

effects in the UIS structures and the striping potential limit is set to limit thermal fatigue

effects in the UIS. The peak thermal striping potential is the possible difference in

assembly coolant discharge temperatures of adjacent assemblies. The low powers in the

control and USS assemblies permit use of the minimum flow. These assemblies have a
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low outlet temperature. As a result, the control assemblies and their immediate

neighbors set the maximum thermal striping potential.

The peak fuel surface temperature is limited to 704°C to avoid liquefaction of a low

melting temperature alloy formed by inter-diffusion of cladding iron and fuel uranium

and plutonium. Liquefaction greatly accelerates cladding internal wastage rates and

shortens pin lifetime. The calculated peak fuel centerline temperature indicates there is

a substantial margin against fuel melting.

4.5 Reactivity' Control and Shutdown System

Reactivity control and shutdown system has two different types. One is active

control and shutdown system(motor driven), and the other is passive reactor shutdown

system(by gravity).

The active reactivity control and shutdown system consists of six drive assemblies

which are used for power control, bumup compensation and reactor shutdown in

response to demands from the plant control or protection systems. It deploys in

response to loss of electrical power signals from the reactor protection system or signals

from the plant control system.

For the passive reactor shutdown KAL1MER adopts a self-actuated shutdown

system(SASS) as an ultimate shutdown system which comprises one ultimate shutdown

assembly in the core which drop shut-off rod by gravity. The self-actuated shutdown

system(SASS) is a passive reactor shutdown system self-actuated by the natural physical

phenomena without any external control signals and any actuating power in the

emergency of the reactor. Curie point electromagnet(CPEM) is to be used as a key

component in SASS, whose saturated magnetic flux density is remarkably reduced at the

curie point of the temperature sensitive material used in CPEM. When the temperature

of the primary sodium goes up to the curie point, CPEM loses its electromagnetic force

to exert the shut-off rod. Then the shut-off rod with CPEM drops into the core due to its

deadweight. The shut-off rods are designed to be an articulated type for the easy

insertion into core even when the guide tubes are deformed due to the earthquake.

The control rod unit consists of the drive mechanism, the driveline, the absorber bundle,

and absorber channel. Each of these is described in the followings.

4-23



4.5.1 Drive Mechanism

The drive mechanism is mounted on top of the reactor vessel closure and controls

axial motion of the absorber bundle in the core. It affects control rod insertion,

withdrawal, and scram release.

4.5.2 Driveline

The driveline connects the drive mechanism to the absorber bundle. The driveline

passes down through a shroud tube in the upper internal structure, which provides

driveline alignment, support, and coolant flow from the reactor outlet.

4.5.3 Ultimate Shutdown System

KALIMER design adopts a self-actuated shutdown system (SASS) as an ultimate

shutdown system located at the center of the core, which drops shut-off rod by gravity.

SASS is a passive reactor shutdown system self-actuated by the natural physical

phenomenon without any external control signals and any actuating power in the

emergency of the reactor. Curie point electromagnet (CPEM) is to be as a key

component in SASS, whose saturated magnet flux density is remarkably reduced at

Curie point of the temperature sensitive material used in CPEM. When the temperature

of the primary sodium goes up to the Curie point, CPEM loses its electromagnetic force

which was holding the shut-off rod. Then the shut-off rod with CPEM drops into the

core due to its dead weight. The shut-off rod are designed to be an articulated type for

the easy insertion into the core even when the guide tubes are deformed due to the

earthquake.

4.5.4 Absorber Bundle

The absorber bundle is a closely packed array of tubes containing boron carbide

pellets. The tubes, referred to as "pins", are each helically wrapped with wire and

bundled into a triangular pitch, hexagonal pattern. The wire wrap maintains pin spacing

so that coolant may circulate freely through the absorber bundle. The bundles are

contained in thin hexagonal ducts that channel coolant flow through them and protect

the pins from damage as they are slid into and out of the core within outer fixed ducts.

The outer duct is hexagonal, having dimensions identical to the adjacent fuel

assemblies. The rigid bundle and inner duct transmit high insertion forces, if needed for

powered scram drive-in.
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The absorber bundle is contained fully within the control assembly at all times. Its

movement in and out of the active core region regulates reactivity. Its stroke is about

100 cm(details are TBD) from full insertion to full withdrawal. During shutdown when

the absorber bundle is disconnected, the control drive stroke is about 130 cm(details are

TBD) so that the CRDL may withdraw from the control assembly and park far enough

above the core to permit rotation of the closure plug for refueling. For recoupling after

the absorber bundle is released from the driveline, the opening or nozzle at the top of the

assembly aligns and guides the driveline into reengagement with the absorber bundle.
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4.6 Core Safety

4.6.1 Safety Design Philosophy

KALIMER is designed in accordance with a defense-in-depth safety philosophy

that utilizes multiple fission product barriers to prevent the release of radioactivity to the

environment, and multiple levels of safety to protect these barriers and reduce the

consequences of their failure. While this philosophy is similar in principle to the safety

philosophy of other nuclear power plants, the safety philosophy of KALIMER has taken

advantage of the advanced defense-in-depth safety concepts which emphasize inherent

safety and use of design features, such as seismic isolators, that reduce the challenges to

the fission product barriers and safety systems.

KALIMER has three fission product barriers to physically prevent the release of fission

products to the outside environment. These are the fuel pin cladding, the primary

coolant boundary, and the containment. The following discussion addresses the multiple

levels of safety employed in KALIMER to protect each of the above barrier.

The first level of safety is the inherent and basic design characteristics. This level

focuses on reliable normal operation, and accident prevention through features of the

plant design, construction, operation and maintainability. This includes reliability

enhancement through redundancy, vigorous quality assurance, testability, inspectability,

and simplified fail safe system designs.

The second level of safety limits the challenges to the above barriers recognizing that

external challenges, e.g., earthquakes, and components failures may occur during the

plant design life. Examples of the limiting features used in KALIMER are:

1) Seismic isolators to protect the safety grade equipment against earthquake

challenges,

2) Use of four primary pumps; the failure of any one or two of them will not

seriously degrade the core flow, and

3) Use of two IHTS loops; the loss of either loop, by sodium leakage for example,

will not be a common cause for failure of the heat removal capability via the

IHTS, thus reducing the temperature increase of the primary sodium on IHTS

failures.
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The third level of safety protects the fuel cladding, recognizing that more serious

accidents than above may occur despite the care taken in design, construction, and

operation associated with the first two levels of safety. This third level focuses on the

protection against anticipated events and unlikely events. The reactor shutdown system,

actuated by the reactor protection system, and residual heat removal systems provide

high reliability protection functions.

The fourth level of safety limits core damage given failure or late response of the

reactor shutdown system. This level of safety comprises the built-in inherent safety

features like the GEMS and negative temperature and power reactivity coefficients of

the reactor to limit the power increase.

The fifth level of safety focuses primarily on extremely unlikely events which may lead

to core meltdown. This level ensures that the released fission products and molten fuel

remain confined within the reactor vessel. To accomplish this level of protection the

reactor vessel head is designed with enough margin to accommodate the pressure loads

from a hypothetical energetic severe accident and a core retention plate, designed to

retain a whole molten core, is included within the vessel.

The sixth level of safety provides further protection to the public by ensuring that the

off-site doses are too low to require any evacuation even under extreme assumptions

that are beyond the design basis of the reactor vessel head. This is accomplished by

ensuring the leak tightness of the outer containment assuming a reactor head seal failure

that leads to the release of all of the fission gases and up to TBD kgs of primary sodium

as a result of hypothetical energetic BDBA.

The seventh level of safety provides the overall protection that ensures that even if the

previous levels of safety fail to perform as expected, the risk to the public health and

safety remains acceptably low.

4.6.2 Inherent Safety Mechanisms

Inherent reactivity control relies on the core reactivity feedback mechanisms.

They consist of (a) Doppler, (b) thermal expansion of the fuel and coolant, (c) thermal

bowing of the core, (d) thermal expansion of the core structure and core support

structure, and (e) thermal expansion of the control rod driveline.
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Doppler is the direct result of the laws of nature. As the fuel temperature rises, the

capture of neutrons in non-fission events by the fuel increases. This has the effect of

removing active neutrons from the core and reducing reactivity. Doppler feedback is

also the fastest acting feedback mechanism. Fuel temperature is instantly affected by

core power level and is a practically instantaneous indicator of power excursions.

Doppler feedback removes reactivity as the temperature rises and can thus help limit the

extent of power-increase excursions. As the fuel temperature drops with the power

reduction, Doppler adds reactivity and tends to increase the core fission power.

Fuel thermal expansion is also a fast feedback mechanism. Radial fuel slug expansion is

accommodated within the pin and the fuel bundle lattice and does not affect reactivity.

Axial fuel expansion increases the core height and does affect core reactivity, primarily

by increasing the core surface area and neutron leakage. While the geometric change

also affects neutron captures within the core, the overall effect is a rapid negative

reactivity feedback contribution from an increase in fuel temperature.

Thermal expansion of the sodium coolant also produces a reactivity feedback effect. The

thermal expansion of the sodium results in fewer sodium atoms being within the core so

fewer neutrons are parasitically captured by the coolant - a positive reactivity feedback

effect. Off-setting this effect is increased leakage of neutrons from the core because

there are fewer sodium atoms to scatter them back into the core. Reduced neutron

collisions with the sodium atoms also tends to harden the neutron energy spectrum, but

the feedback effects from the hardened spectrum are small compared to absorption and

leakage effects. For a sodium-cooled, mixed plutonium-uranium core, the net feedback

effect from coolant thermal expansion is positive.

Thermal bowing of the core assemblies is a result of both the laws of nature and the

design of the core and restraint system. The radial power profile across the core results

in a typically decreasing temperature in the radial direction. The side of the assembly

duct facing the core center is hotter than the side away from the core center, so that the

differential thermal expansion of the duct tends to cause the assembly to take a shape

that is convex to the core centerline. Interactions between adjacent assemblies and the

core restraint boundaries force the core to deflect outward and spoil the neutronic

efficiency of the core. Because the duct region being heated and bowing is in and above

the core and because the duct is thin and has a small heat capacity, bowing feedback

tends to occur within a few seconds of the start of the transient. The effect of such a
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growth in the volume and outer surface area of the active fuel region of the core is to

increase the parasitic neutron captures in the extra coolant within the core volume and to

increase the loss of neutrons from the core region through the surface area. Both effects

lead to removal of reactivity from the core. Thermal bowing is a rapid feedback

mechanism because the ducts are subject to neutron and gamma heating and because the

sodium removing heat from the fuel has very little transit time between the heat source

and the duct wall. Bowing is not dependent on the absolute temperature but on the radial

temperature gradient across the core. Thus as the power level decays and the gradient

drops, the bowing feedback decreases. Under natural circulation conditions in the

primary loop, all the assemblies will tend to have equal temperatures and thus there

would be little bowing feedback. The radial temperature gradient across the duct that is

the cause of bowing would be determined by a) the assembly internal power and flow

distributions, b) the intra-assembly heat transfer, and c) the flow distribution in the

interstitial region (the sodium between the assemblies.)

Thermal expansion of the core structures results in a slower feedback mechanism. Like

bowing, thermal expansion is the result of both the laws of nature and the particular core

design. It causes a negative feedback for temperature increases by a combination of

increased core volume captures and increased core surface leakage. The feedback is

slow because the hot fuel must first heat the cladding and then the coolant, the coolant

must then transport the heat to the load pad planes and heat the ducts/load pads. The

heat capacities of the materials and the sodium transit times thus cause the feedback to

be delayed by roughly a minute.

Radial thermal expansion of the core support structure is a slow feedback mechanism.

As the temperature of the coolant returning to the core inlet plenum rises, the core

support structure heats and expands radially. The resulting spreading of the core leads to

a negative reactivity feedback.

Thermal expansion of the control rod driveline results in a slow effect on the core

reactivity. While the laws of nature are again the root cause of the feedback, the

particular reactor structural design is the primary determinant in the magnitude, timing

and sign of the net feedback from this mechanism. During a temperature increase

transient, the hot sodium discharged into the reactor upper plenum heats and extends the

length of the driveline. The expansion will cause the control absorber bundle to move

toward the core midplane, which by itself gives a negative feedback. When the thermal
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transients which the core and control drive support structures are experiencing are

considered, the net feedback may be either positive or negative depending on the

particular transient. In general, as the structures separating the control drives and the

core support structure (i.e., the vessel) become hotter, the core tends to move away from

the drives, pulling the absorber from the core, increasing core reactivity, and thus

reducing the net negative feedback.

The feedback mechanisms have magnitudes and timing sufficient to control a range of

unprotected core power and temperature excursions. The sources of these excursions are

reactivity insertion and loss of cooling events. During a reactivity excursion event, the

initial increase in core power is limited by Doppler and fuel expansion feedbacks so that

the total energy generated can be dissipated to the coolant with sodium temperature

below boiling and with cladding and fuel temperatures that satisfy short term fuel

integrity criteria. As the initial power peak is being limited by fuel thermal effects, the

increasing temperatures reach the core structures, core support structures, and control

driveline. The additional negative feedback from the structural expansions tend to

reduce the core power level until a new equilibrium is established with the core stably

critical at a higher power level than the core had prior to the reactivity insertion event

but at lower level than the peak achieved, while fuel temperature feedbacks

predominated. The fuel and cladding temperatures achieved during the new higher

power equilibrium must satisfy fuel integrity criteria appropriate for longer intervals.

During a loss of cooling event, uncooled sodium re-enters the core and begins to heat

core structures, core support structures, and the driveline. The resulting thermal

expansions tend to reduce core power as the coolant and core heat up. The rate of core

power drop must be sufficient to limit coolant temperatures to less than boiling and to

satisfy acceptable fuel performance limits. With dropping fission power, the fuel cools

and contracts. Doppler and fuel axial contraction produce positive reactivity feedbacks

that slow the rate of neutronic shutdown. After equilibrium is established at the reactor

bulk temperature that produces sufficient thermal expansion feedbacks to offset the fuel

thermal feedbacks, the core is at decay power level and an elevated temperature.

Depending upon the relative magnitudes of the structural and fuel feedbacks, the core

may be either stably critical or subcritical. After an extended period, thermal equilibrium

will be established between core power generation and primary loop heat removal

capacity.
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Table 4-1

Core Design Parameters

Core Thermal Output (MWt)

Core Mixed Inlet/Outlet Temperature (°C)

Total Flow Rate (kg/s)

Plant Capacity Factor (%)

Core Configuration

Active Core Height(cm)

Core Diameter(cm)

Axial Blanket Thickness (cm)

392.0

361.4/530.0

1823.7

(TBD)

Homogeneous

100.0

344.3

0.0

Fuel Form U-10%Zr Binary Alloy

Number of Core Enrichment Zones

Fuel Enrichment;

Inner Core (w/o %)

Outer Core (w/o %)

Number of Assemblies in Core

Low Enrichment Driver Fuel

High Enrichment Driver Fuel

Radial Blanket

GEMs

Control Rod

SASS

Reflector

B4C/Radial Shield

IVS

Total

Refueling Interval (months)

Refueling Batches;

Driver Fuel

Radial Blanket

Breeding Ratio (MOEC)

Bumup Reactivity Swing (% delta k/ kBEOc )

Sodium Void Reactivity (pcm)

2

15.0

20.0

30

66

42

6

6

1

48

120

60
379

12

3

3

0.676

0.273

-1,527
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Average Fuel Burnup (MWD/kg) 28.0

Peak Fuel Bumup (MWD/kg) 47.3

Average Linear Power for Driver Fuel(BOEC)(W/cm) 151.9

Peak Linear Power (W/cm) 234.6

Peak Fast Neutron Fluence (E>0.1 MeV) (x 1023 n/cm2) 1.434

Cladding Material HT9
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Table 4-2

Fuel Design Parameters

Duct Pitch(mm)

Duct Gap(mm)

Duct Wall Thickness(mm)

Pins per Fuel Assembly(Driver/R.Blanket)

Pin Outer Diameter(Driver/R.Blanket)(mm)

Pin P/D Ratio(Driver/R.Blanket)

Upper Fission-Gas Plenum Length(/Na Filled)(cm)

Core Structural Material

161.0

4.0

4.0

271/127

7.4/12.0

1.19/1.08

150 0/25.0

HT9

Volume Fractions^0/.))

Inner/Outer Driver Fuel

Fuel Slug

Coolant(including Bond)

Structural Material

Radial Blanket

Fuel Slug

Coolant(including Bond)

Structural Material

Control Rod

Pin Material(80% enriched B4C)

Coolant

Structural Material

Radial Shield(/with B4C Shield)

Pin Material(smeared)(/90% enriched B4C)

Coolant

Structural Material

30
45

24

.04
i.38

.58

45.70

34

20

36.

35.

28

75.43/58.

15.12/17.

9.44/24.

.24

.06

07

92

.01

10

.54

35
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Table 4-3

Reference Core Fuel

ASSEMBLY DATA:

ASSEMBLY DUCT PITCH (mm)

DUCT MATERIAL

DUCT GAP (mm)

DUCT WALL THICKNESS (mm)

DUCT OUTER FLAT TO FLAT (mm)

DUCT INNER FLAT TO FLAT (mm)

OVERALL ASSEMBLY LENGTH (cm)

BUNDLE FLOW AREA (cm2)

PINS PER ASSEMBLY

PIN SPACER

PIN PITCH (mm)

FUEL SLUG HEIGHT (mm)

UPPER GAS PLENUM HEIGHT (mm)

UPPER SHIELDING (mm)

LOWER SHIELDING (mm)

161.0

HT9

4.0

4.00

157.0

149.0

450

71.0

271

STRAIGHT START WIRE WRAP

8.8

100

150

100

100

PIN DATA:

FUEL TYPE

PIN OVERALL LENGTH (mm)

PIN OUTER DIAMETER (mm)

PIN INNER DIAMETER (mm)

CLADDING MATERIAL

CLADDING THICKNESS (mm)

FUEL SLUG DIAMETER (mm)

U-10%Zr

365.0

7.4

6.34

HT9

0.53

5.5

REFERENCE CORF, FUEL

FUEL-CLADDING INTRGRATED DIAMETAL GAP(mm) 0.86

FUEL FABRICATION DENSITY (%TD) 100.0

FUEL SMEAR DENSITY (%TD) 75.0

WIRE WRAP DIAMETER (mm) 1.4

WIRE WRAP PITCH (mm) 20.32

BOND Na
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Table 4-4
Reference Core Blanket

ASSEMBLY DATA:

ASSEMBLY DUCT PITCH (mm)

DUCT MATERIAL

DUCT GAP (mm)

DUCT WALL THICKNESS (mm)

DUCT OUTER FLAT TO FLAT (mm)

DUCT INNER FLAT TO FLAT (mm)

OVER ALL ASSEMBLY LENGTH (mm)

BUNDLE FLOW AREA (cm2)

PINS PER ASSEMBLY

PIN SPACER

WRAP

PIN PITCH (mm)

BLANKET HEIGHT (mm)

UPPER PLENUM HEIGHT (mm)

UPPER SHIELDING (mm)

LOWER SHIELDING (mm)

PTN DATA:

FUEL TYPE

PIN OVERALL LENGTH (mm)

PIN OUTER DIAMETER (mm)

PIN INNER DIAMETER (mm)

CLADDING MATERIAL

CLADDING THICKNESS Cmm̂ l

161.0

HT9

4.00

4.00

157.0

149.0

450.0

48.0

127

STRAIGHT START WIRE

13.0

100

150

100

100

DEPLETED U-10%Zr

365.0

12.0

10.92

HT9

0.54

REFERENCE CORF. BLANKET

FUEL SLUG DIAMETER (mm) 10.06

FUEL-CLADDING INTRGRATED DIAMETAL GAP(mm) 0.86

FUEL FABRICATION DENSITY (%TD) 100.0

FUEL SMEAR DENSITY (%TD) 85.0

WIRE WRAP DIAMETER (mm) 0.95

WIRE WRAP PITCH (mm) 30.0

BOND Na
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Table 4-5

Reference Core Shield

ASSEMBLY DATA:

ASSEMBLY DUCT PITCH (mm)

DUCT MATERIAL

DUCT GAP (mm)

DUCT WALL THICKNESS (mm)

DUCT OUTER FLAT TO FLAT (mm)

DUCT INNER FLAT TO FLAT (mm)

OVERALL ASSEMBLY LENGTH (mm)

PINS PER ASSEMBLY

PIN SPACER MECHANISM

PINS PITCH (mm)

161.0

HT9

4.00

4.00

157.0

149.0

450

61

NONE

18.85

PIN DATA:

OVERALL LENGTH (mm)

MATERIAL (SOLID ROD)

PIN DIAMETER

PIN P/D RATIO

365.0

HT9

18.80

1.002
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Table 4-6

Neutron Energy Group Structure for Cross-Section Data

80 Groups

Group

No.

1

2

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Upper E.

Boundary

(MeV)

2.0000+1**

1.6905+1

1.4918+1

1.3499+1

1.1912+1

1.0000+1

7.7880+0

6.0653+0

4.7237+0

3.6788+0

2.8650+0

2.2313+0

1.7377+0

1.3534+0

1.1943+0

1.0540+0

9.3014-1

8.2085-1

7.2440-1

6.3928-1

5.6416-1

4.9787-1

4.3937-1

3.8774-1

3.0197-1

2.3518-1

1.8316-1

1.4264-1

1.1109-1

Group

No

41

42

43

44

45

46

47

48

49

50
51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Upper E.

Boundary

(MeV)

1.5034-2

1.3268-2

1.1709-2

1.0333-2

9.1188-3

8.0473-3

7.1017-3

6.2673-3

5.5308-3

4.8810-3

4.3074-3

3.8013-3

3.3546-3

2.9604-3

2.6126-3

2.3056-3

2.0347-3

1.7956-3

1.5846-3

1. 3984-3

1.2341-3

1.0891-3

9.6112-4

7.4852-4

5.8295-4

4.54O0-4

3.5358-4

2.7536-4

1.6702-4

9 Groups

Group

No

1

2

3

4

5

6

7

8

9

Upper E.

Boundary

(MeV)

2.0000+1

6.0653+0

1.3534+1

4.9787-1

1.8316-1

6.7379-2

2.4788-2

9.1188-3

3.3546-3

1.3888-10*
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30

31

32

33

34

35

36

37

38

39

40

8.6517-2

6.7379-2

5.2475-2

4.0868-2

3.1828-2

2.8088-2

2.6058-2

2.4788-2

2.1875-2

1.9305-2

1.7036-2

70

71

72

73

74

75

76

77

78

79

80

1.0130-4

6.1442-5

3.7267-5

2.2603-5

1.3710-5

8.3153-6

5.0435-6

3.0590-6

1.1254-6

4.1399-7

1.5230-7

1.3888-10*

* Lower Energy Boundary

*• read as 2.0000 x 10"
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Table 4-7

Core Nuclear Performance Parameter for Transition Option from the

Uranium Startup to Equilibrium Core

Average Breeding(Conversion) Ratio

Refueling Interval (months)

Burnup Reactivity Swing(% delta k /kBorc)

Average Fuel Burnup (MWD/kg)

Driver Fuel (Inner)

Driver Fuel (Outer)

Radial Blanket

Peak Fuel Bumup (MWD/kg)

Driver Fuel (Inner)

Driver Fuel (Outer)

Radial Blanket

Feed Fuel Enrichment (Inner/Outer) (%)

Fissile Inventory at BOC (kg)

Supplied Fissile U (kg/cycle)

Total Fissile Gain (kg/cycle)

Average Power Density (W/cc) at BOC

Driver Fuel (Inner)

Driver Fuel (Outer)

Radial Blanket

Average Linear Power for Driver Fuel

(W/cm)

BOC

EOC

Peak Linear Power (W/cm)

Inner Fuel

Outer Fuel

Radial Blanket

Power Peaking Factor for Driver Fuel

BOC

EOC

Startup

0.662

12

0.264

13.66

11.52

0.42

16.16

18.48

0.75

15.00/20.00

1749.07

967.69

-326.63

263.4

210.0

12.6

152.7

152.3

214.7

231.1

58.7

1.749

1.729

Equilibrium

0.676

12

0.273

27.98

21.58

0.96

47.30

38.41

1.77

15.00/20.00

1711.28

917.22

-297.05

263.4

210.0

12.6

151.9

151.6

217.8

234.6

59.2

1.787

1.765

Peak Neutron Flux (10 x 1015 n/cm2 s)
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Startup Equilibrium

Peak Fast Fluence (1023n/cm2)(MOFX)

Driver Fuel (Outer)

Radial Blanket

Peak Fast Fluence (1023 n/cm2) (MOEC)

Driver Fuel (Inner)

Driver Fuel (Outer)

Radial Blanket

2.350

1.212

1.417

1.295

0.626

2
1

1

1

0

.378

.226

.434

.307

.632
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Table 4-8 Inherent Safety Performance for Transition Option from the Uranium Startup

to Equilibrium Core(TBD)
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4-9 Summary of Reactivities

DC <Trik/ri*n

(pcm)

Power Defect

(cold to hot)

-2,945

Doppler Effect

Inner Driver Fuel

Outer Driver Fuel

Radial Blanket

Total

-0.00326

-0.00259

-0.00005

-0.00588

-336

-267

-5

-608

Total Expansion

Effect

-1,128

Sodium Void Effect

Inner Driver Fuel

Outer Driver Fuel

Radial Blanket

Total

1

-1228

-216

-1527

Control Rod Worth

One Cluster (3

Rods)

Total (6 Rods)

Interaction Factor

-8186

-18,135

1.108

GEM

USS

-905

-3656
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Table 4-10

Core Control/Shutdown System Worth Requirement (TBD)
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Table 4-11

Control Rod Worth (TBD)
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Orifice

Zone No.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Table 4-12
Coolanl

Type of

Assembly

inner fuel

inner fuel

inner fuel

inner fuel

outer fuel

outer fuel

outer fuel

outer fuel

outer fuel

outer fuel

radial blanket

radial blanket

radial blanket

radial blanket

control rod

USS

GEM

t Orificing

Number of

Assemblies

6

6

6

12

18

6

12

12

6

12

12

6

12

12

6

1

6

Asseml

Flow Rate (

18.9

18.2

17.7

16.8

26.2

17.8

16.5

14.9

12.8

12.1

2.1

2.5

2.4

2.2

1.4

1.4
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Table 4-13

Assembly Peak Coolant and Fuel/Blanket Pin Temperatures (2 sigma)

Orifice

Group

Centerline

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Assembly

Type

LIMIT (fuel)

inner fuel

inner fuel

inner fuel

inner fuel

outer fuel

outer fuel

outer fuel

outer fuel

outer fuel

outer fuel

LIMIT (other)

radial blanket

radial blanket

radial blanket

radial blanket

control rod

USS

GEM

Peak

Assembly

Outlet

593

593

591

590

587

538

584

580

577

560

557

593

540

500

493

486

409

385

Peak

Therma

Peak Peak

1 Cladding Fuel

Striping

190

190

33

172

169

115

166

62

98

100

100

190

98

57

100

100

172

190

(C)

654

654

654

654

654

654

654

654

654

654

.

654

654

654

654

-

-

Midwall

704 1

663

662

662

661

663

663

661

661

660

660

.

655

655

655

655

-

-

<

,000

728

718

713

704

734

733

711

701

676

673

.

624

625

624

623
-

-

Peak

Fuel

Surface
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Figure 4-2 Overview of Fuel Rod Design used in KALIMER
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Figure 4-4 K-CORE System



CHAPTER 5. REACTOR STRUCTURE SYSTEM

5.1 Summary Description
5.1.1 Reactor Structure System

ICALIMER is a pool-type liquid metal reactor. A summary description of the

entire reactor structure system is given here as an introduction to more detailed

description and evaluation of the primary heat transport system (PHTS) that is

contained within the reactor vessel. The reactor structure, shown in Figure 5.1 and

Figure 5.2, consists of the containment vessel, reactor vessel, reactor closure head,

intermediate heat exchangers (IHX), electromagnetic (EM) pumps, control rod drives,

reactor internal structures, the support structure, and IHTS piping.

The reactor vessel and containment vessel are attached to the reactor closure and are

the major components of the reactor enclosure which provides the container and

support structure for the reactor core, primary sodium, and structures within. The

reactor vessel performs its support and container functions during all temperature,

pressure, and load variations which occur during the operating lifetime. The reactor

and containment vessels and the closure are designed and constructed to the

requirements of the ASME B&PV Code, Section III. The reactor vessel has no

penetration and no attachments other than those for connecting the core support

structure to the hemiellipsoidal bottom head and those used as temporary shipping

supports. The reactor vessel is suspended from the closure. The closure is supported

on the containment vessel flange, which in turn is supported from the reactor support

structure.

The dimensions of the reactor and containment vessel are sized not only to hold the

core and perform as a reactor system but also to have sufficient surface area to

transfer decay heat by natural circulation of air. The chrome-moly containment vessel

is about 737cm in outer diameter and about 1777.5 cm long and the reactor vessel,

whih is slightly smaller than the containment vessel is constructed of Type 316

stainless steel.

Reactor Structure Support - The reactor structure is supported by twelve radial

support arms welded to the containment vessel flange. The support arms rest on

Lubrite plates which are anchored to a circular recessed steel ledge embedded in the

Head Access Area (HAA) floor adjacent to the reactor structure. The Lubrite plates

permit radial thermal displacements while providing vertical support. Lateral seismic
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restraint is provided by the close fit of the support arm bolts within the radially slotted

holes in the arms..

The radially slotted holes allow the support arms to move radially, relative to the

stationary anchor bolts, as the top end of the reactor structure cycles through its

temperature range. The attachment is designed to resist reactor structure motions and

accelerations relative to the support ledge occurring during seismic events.

EM Pumps - There are four EM pumps located in the annulus between the reactor

vessel and the support barrel. Each pump takes the low pressure sodium from the cold

pool at the bottom end and delivers high pressure sodium at the top end. The high

pressure sodium from the pump outlet is ducted to the pump bottom end ty a

downcomer at the center of the pump and then to the core inlet plenum by a short

elbow.

Intermediate Heat Exchanger - There are four intermediate heat exchangers (IHX) in

reactor structure. The four IHX's are located in the annular region between a support

barrel and the reactor vessel wall. All components of the IHX are constructed of

austenitic stainless steel.

Control Rod Drives - There are six control rod drive (CRD) assemblies to regulate

power, compensate for burnup, scram the reactor, and hold it subcritical during

refueling. Each CRD consists of a drive mechanism, driveline, absorber bundle, and

the absorber channel

In-Vessel Transfer Machine - A in-vessel transfer machine (IVTM) is mounted on the

rotatable plug which is centered within the reactor closure.

Core Support Structure - The core support structure provides the restraint of the

reactor core assemblies necessary to maintain them in their prescribed geometry

during all modes of reactor operation. This integrally welded structure is attached to

the reactor vessel shell, also by welding, to form a rigid radial beam structure. The

core support is located in the bottom end of the reactor vessel where the operating

temperatures will be the lowest of the entire system and thermal transients, because of

the distance from their source, will be benign.

The inlet plenum, located in the central region of the core support structure and

below the core, receives primary sodium from four pipes and distributes it to the cere
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via the nosepiece receptacles. There are 379 receptacles (one for each core assembly).

These are located in a triangular pitch to match the core array map. The receptacles

participate in the core orificing. The depth of the inlet plenum is established by the

space required for the inlet piping nozzle forging welds and the volume necessary to

assure uniform flow distribution to all the core assemblies. This flow distribution is

further enhanced by the design of the receptacles which are necked down on their

lower end to increase the available flow volume.

Support Barrel - The support barrel is the structural member extending vertically

upward from its attachment at the core support structure to the upper regions of the

reactor hot plenum. It has a 384 cm outside diameter and is 5.0 cm thick. The function

of the support barrel is to provide a base of support for all the reactor internal

components including the core. It also serves as the boundary between the reactor hot

plenum and cold plenum regions and thus provides both thermal insulation and low

pressure separation between these regions.

Fixed Shielding - Radiation shielding is provided within the reactor to limit the

activation of secondary sodium flowing through the IHX, to limit the activation of

impurities in the air flowing through the PSDRS, and to provide a radiation

environment that accommodates the various neutron flux monitors. A small portion of

this shielding also provides required irradiation protection for the support barrel

structural welds near core region.

Reactor Vessel Liner and Separation Plate - The reactor vessel liner provides steady

state and transient thermal protection for the reactor vessel and forms a portion of the

pressure boundary between the hot (outlet) plenum and the cold (inlet) plenum

regions within the reactor. This boundary is completed by the separation plate which

spans the gap between the liner and the support barrel. The thermal liner provides

support for the horizontal baffle which forces thermal stratification in the upper

volumes of the cold pool and thus minimize heat transfer between the hot and cold

pools.

In-Vessel Fuel Storage - Spent fuel assemblies are stored in 60 in-vessel storages

located at the core level during reactor operation to allow them to decay to the power

level sufficiently low as to permit "dry" handling and ex-vessel storage. This allows

use of simpler equipment for fuel removal from the reactor, for fuel transfer between

on-site buildings, and for spent fuel storage.
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Upper Internals Structure - The upper internals structure (UIS) will be attached to a

rotating plug installed on the reactor closure head and hung down into the reactor

pool. Its bottom end will be located 5.0cm above the top of the core assemblies during

power operation. During refueling it will be dislocated by the rotating plug in order

for the in-vessel transfer machine(IVTM) to access the core. The principal functions

satisfied by the UIS are: (1) lateral support of the control rod drivelines, (2) protection

of the drivelines from sodium flow induced vibration, and (3) support of the above

core instrumentation drywells.

5.2 Reactor Vessel, Containment Vessel and Closure Head

5.2.1 Design Basis

5.2.1.1 Functional Requirements

1) The reactor vessel shall support the reactor core, reactor internal structures, and

provide the primary boundary for the primary sodium coolant and its cover gas.

2) The reactor vessel and closure head shall provide mechanical support for various

components, including those of primary heat transport and reactivity control

subsystems.

3) The containment vessel shall provide a barrier to the release of radioactive

material in the event of a leak in the reactor vessel. The net volume of the space

formed by the containment vessel and reactor vessel gap shall be sufficiently small so

that subsequent to a reactor vessel leak it shall maintain the primary sodium level in

the reactor vessel at an elevation that will allow natural circulation of the sodium for

cooling the reactor core.

4) A service life of 30 years shall be used as a basis for the reactor vessel,

containment vessel, and closure head based on KALIMER design duty cycles.

5) The containment vessel, at its top flange, shall be the support point for the entire

reactor structure through its structure interfaces with the reactor closure and the

reactor structure support arms welded to the containment vessel flange.

6) The reactor vessel and closure head shall provide a hermetically sealed

containment boundary around the primary system fluids.

7) The reactor vessel, closure head including the rotating plug and the reactor

structure supports shall limit vertical displacement of the center of the UIS plug to

less than a deflection limit when the static loads of normal operation are applied.

8) Closure head shall provide a thermal barrier for easy access during reactor

operation.

9) Easy repair and maintenance.

5.2.1.2 Structural Requirements
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The reactor vessel, containment vessel and closure head shall be designed to

withstand all of the pressures, temperatures, and forces which are likely to be imposed

on them. The design conditions shall umbrella all of the respective service conditions.

Evaluation for structural adequacy shall include duty cycle events and the Operating

Basis Earthquake and Safe Shutdown Earthquakes. The design of the vessels and

closure head shall accommodate all fabrication, handling, transportation, and

installation loads.

Design Conditions

The loading conditions to be taken into account in designing the vessels and closure

head shall include but not be limited to the following: internal and external pressure,

weight of the component and its contents, superimposed loads from other

components, vibration and seismic loads, reactions at supports, temperature effects,

irradiation effects, and the effects of the sodium environment.

Seismic Criteria

The reactor vessel, containment vessel and closure head shall be capable of

withstanding the effects of the Operating Basis Earthquake (OBE) without loss of

capability to remain functional (availability requirement) and to withstand the effects

of the Safe Shutdown Earthquake (SSE) without loss of capability to perform their

safety functions (safety requirement).

Appropriate analyses are required, using the ground motion inputs below, to define

the specific design loads and accelerations for the containment vessel, reactor vessel,

and closure.

(a) OBE Conditions

• The OBE horizontal and vertical maximum ground accelerations are O.lg and

0.067g respectively. The OBE response spectra shall be scaled from the SSE

response spectra.

(b) SSE Conditions

• The SSE horizontal and vertical maximum ground accelerations are 0.3g and 0.2g

respectively

Design Criteria

Design of the reactor vessel, containment vessel and closure head including the

rotating plug shall conform to the ASME B&PV Code, Section III, Subsections NCA

and NB and for the vessels, also NH.
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Establishment of the limiting values for design stress intensity shall include

allowances for any known or predictable degradation of mechanical properties that

may occur as a result of irradiation, stress at service temperatures and changes in

material properties over the design life. The vessels and closure head shall be

designed as Seismic Category I structures.

5.2.1.3 Material Requirements

The materials of construction of the reactor vessel, containment vessel and

closure head shall be selected on the basis of performance in fast reactor and liquid

sodium environments.

1) The effects of environmental conditions such as neutron radiation exposure,

temperature, and sodium shall be included in determining the allowable value of

material properties.

2) Appropriate heat treatments and processes shall be utilized during component

fabrication to minimize sensitization.

5.2.1.4 Instrumentation

1) The reactor enclosure head shall provide temperature sensing devices to allow

verification that elements of the closure are operating within prescribed temperature

limits.

2) The reactor closure head shall provide access for instrumentation.

5.2.2 Design Description

5.2.2.1 Reactor Vessel

The reactor vessel (shown in Figure 5.1) is the immediate support and

container for the primary sodium and the reactor internal structures. The core support

structure makes direct welded connection near the bottom head of the vessel. Other

than the core support connections and shipping restraints, the vessel has no

attachments and no penetrations. The weight loads of the reactor internal structures

are transferred to the reactor vessel through the core support attachment. The vessel

carries those loads and the weight of contained sodium in tension up to its integral

connection with the reactor closure head.

A cylindrical shell with an integral hemiellipsoidal shell (the bottom head) makes up

the reactor vessel. Significant dimensions and some relevant design data are given in

Table 5.1. Construction of the reactor vessel shall meet the requirements of Section III

NB and NH of the ASME B&PV Code for Class ] components. Service conditions of

the reactor vessel are TBD.
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Under abnormal conditions the reactor vessel is subjected to temperatures higher than

427°C and ASME Code Subsection NH is therefore applicable for design. During

normal operation, however, the 530°C reactor outlet sodium wets only the vessel

liner; whereas the sodium wetting the vessel is at a level approximately 500 cm lower

and a temperature much lower than the reactor outlet sodium temperature.

The drawn-down level between the vessel liner and the reactor vessel reduces

temperature differences along the length of the vessel and greatly lessens concerns

about creep damage and deformations in the vessel wall.

The overall dimensions of the reactor vessel were established with consideration of

the sizxs of the equipment to house, requirements for sodium level, PSDRS surface

area, and refueling operations. The dimensions are given in Table 5.1.

5.2.2.2 Containment Vessel

Several functions influence the design of the containment vessel. The

containment vessel is classed as a nuclear component governed by the requirements of

Section III of the ASME B&PVC. Possible service as a container for leakage of

sodium from the reactor vessel means that the containment vessel could be subjected

to temperature higher than 427°C, which is not permitted by ASME Code Class MC.

Therefore the containment vessel is designed to meet the rule of Subsection NB of

Section III and Subsection NH. For its radiant heat transfer function in the PSDRS, its

construction will include special measures to provide surfaces with emissivities that

meet design requirements. The containment vessel flange is part of the support

structure for the reactor structure. The load of the structure is transferred through the

flange to the reactor structure support system. The compression load on the

containment vessel flange is beneficial to maintenance of the seal between flange and

closure.

Dimensions and other design data for the containment vessel are listed in Table 5.2.

The containment vessel length is slightly greater than that of the reactor vessel, and

like the reactor vessel, provides the required PSDRS heat transfer surface area. The

length and diameter also limit the volume between the containment vessel and reactor

vessel. With the volume limitation, sodium leakage from the reactor vessel will not

lower the sodium level sufficiently to prevent continuance of flow into the IHX's and

retention of the core cooling circuit.
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containment vessel flange and the reactor closure head. The bottom head of the

containment vessel is hemiellipsoidal with contour like the head of the reactor vessel.

5.2.2.3 Closure Head

The closure head is the top head of both the reactor vessel and the

containment vessel, and is a major element of the containment boundary. It is

designed to operate at comparatively low temperatures (90C-150C). The low

operating temperature is attained by inclusion in the design of horizontal layers of

stainless steel plates (Insulation and Shield Plates) under the closure head and

sustained by the closure head.

The main structural plate of the closure is 30 cm thick ana 737 cm in diameter. At its

outer edge it rests on, and is fastened and sealed to, the wide top flange of the

containment vessel. There are penetrations at the closure head and the equipment for

which the penetrations are made are, in general, supported by the closure head. The

closure head is designed for the normal and seismic loads applied to it by its own

weight, the applied equipment loads, and attached shield weights, in combination with

the cover gas pressures and service conditions.

A thin layer of thermal insulation covers the top surface of the closure. All structural

parts of the closure, other than bolting, are constructed of Type 304 stainless steel.

The choice of bolting materials depends on function and environment, but is, in

general, high alloy steel. The material for non-structural parts depends on function and

environment.

The functions of the closure require that it be considered a Class 1 nuclear component

governed by the requirements of Section III of the ASME B&PVC. The application of

Subsection NH or the related code cases for elevated temperature construction is not

necessary, however, so design and construction will be in accordance with Subsection

NB.

5.2.3 Compliance With Codes and Standards

The reactor vessel, containment vessel, and closure head are under the

jurisdiction of the ASME Code, Section III, for Nuclear Power Plant Components and

shall be designed to accommodate the load combination prescribed therein without

producing total combined stresses in excess of those allowed by the Code.

5.3 Reactor internal Structures

5-8



shall be designed to accommodate the load combination prescribed therein without

producing total combined stresses in excess of those allowed by the Code.

5.3 Reactor Internal Structures
5.3.1 Design Basis

5.3.1.1 Functional Requirements
1) Provide in-vessel structural support for the core, reactor instrumentation, and

primary heat removal system equipment.

2) Provide flowpath for the primary sodium inside the reactor vessel for both forced

and natural circulation cooling of the core.

3) In conjunction with the reactor vessel, containment vessel, closure head, and

PHTS, provide shielding to limit the activation of secondary sodium passing through

the intermediate heat exchanger (IHX) and ambient air passing through PSDRS.

4) In conjunction with the reactor vessel, containment vessel, closure head, and

PHTS, limit the irradiation levels within the reactor closure head access area such as

to permit personnel access during reactor operation.

5) Provide thermal baffles to protect structures and minimize heat losses between hot

and cold plena within the reactor.

6) Provide an upper internal structure to support the control rod driveline shroud

tubes, and above core instrumentation.

7) Provide for the distribution of coolant to individual core assemblies and near core

structures as appropriate.

8) Provide features and/or devices to prevent the fluid forces from levitating core

assemblies.

9) Limit, in conjunction with the reactor vessel, closure head and supports, the

horizontal seismic deflection and acceleration to within the capability of the control

rod drive and the structural and functional limits on the core assemblies.

10) Provide natural circulation flow paths to assure adequate and predictable operation

of the PSDRS during all duty cycles.

11) A service life of 30 years shall be used. Those items which cannot be reasonably

expected to last the 30-year life of the plant shall be either sufficiently redundant or

easily replaceable such that plant availability is not adversely affected. .

12) In conjunction with the reactor vessel support and the reactor vessel, limit the

maximum vertical core deflection relative to the reactor closure to a certain value

during SSE.

5.3.1.2 Structural Requirements
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The reactor internal structures shall be designed to withstand all of the

pressures, temperatures, and forces to which they are subjected. Evaluation for

structural adequacy shall include duty cycle events and OBE and SSE. The design of

the reactor internal structures shall include all fabrication, handling, transportation,

and installation loads.

Design Conditions

The loading conditions to be taken into account in designing the reactor internal

structures shall include but not be limited to the following: internal and external

pressure, weight of the component and its contents, superimposed loads from other

components, vibration and seismic loads, reactions at supports, temperature effects,

irradiation effects, and the effects of the sodium environment.

Seismic Criteria

The internal structures shall be capable of withstanding the effects of the Operating

Basis Earthquake (OBE) without loss of capability to remain functional (availability

requirement) and to withstand the effects of the Safe Shutdown Earthquake (SSE)

without loss of capability to perform their safety functions (safety requirement).

Appropriate analyses are required, using the ground motion inputs below, to define

the specific design loads and accelerations for the reactor internal structures.

(a) OBE Conditions

• The OBE horizontal and vertical maximum ground accelerations are O.lg and

0.067g respectively. The OBE response spectra shall be scaled from the SSE

response spectra.

(b) SSE Conditions

• The SSE horizontal and vertical maximum ground accelerations are 0.3g and 0.2g

respectively

Design Criteria

Design and construction of core support structures and designated reactor internal

structures shall conform to the ASME B&PV Code, Section III, Subsection NG and

Code Case N-201.

Establishment of the limiting values for design stress intensity shall include

allowances for any known or predictable degradation of mechanical properties that

may occur as a result of irradiation, stress at service temperatures and changes in

material properties over the design life. The reactor internal structures shall be

designed as Seismic Category I struciuies.
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5.3.1.3 Material Requirements
The materials of construction of the reactor internal structures shall be

selected on the basis of performance in fast reactor and liquid sodium environments.

Constituent elements whose transmutations have long half-lives shall be controlled to

minimize their impact.

1) The effects of environmental conditions such as neutron radiation exposure,

temperature, and sodium shall be included in determining the allowable value of

material properties used in the design of system components.

2) Material surface in contact with the liquid sodium coolant shall be austenitic

stainless steel unless other materials must be used for strength or wear resistance.

3) Sunaces that experience relative motion during operation, installation, or removal

shall be made of suitable material combinations or shall be provided with hard-

surfaced regions to provide adequate wear properties and to preclude galling or

seizing.

4) Appropriate heat treatments and processes shall be utilized during fabrication to

minimize sensitization of stainless steel components.

5.3.2 Design Description
The principal function of the reactor internal structures is to provide the

mechanical support and restraint of the reactor core. These structures also participate

in providing restraint for the primary components, providing control and direction of

the primary coolant within the reactor system, and supporting the in-vessel shielding

necessary for biological protection. Those components that comprise the reactor

internal structures are schematically shown on Figure 5.1. Except in the few cases

indicated below, all the internal structures are fabricated from austenitic stainless

steel, thus eliminating concerns over oxidation, differential thermal expansion,

dissimilar metal welds and post-weld heat treatment.

5.3.2.1 Core Support Structures
The core support structure provides the restraint of the reactor core assemblies

necessary to maintain them in their prescribed geometry during all modes of reactor

operation. This integrally welded structure is attached to the reactor vessel shell and

bottom head, also by welding, to form a rigid radial beam structure. This approach has

large design margins and the added advantage that the consequences of failure in a

given member is negligible. The core support is located in the bottom end of the

reactor vessel where the operating temperatures is the lowest of the entire system and

thermal transients, because of the distance from their source, will be negligible.
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The core support function is subdivided into lateral and vertical restraint. Each sub-

function is provided in a different fashion by the core support structures. For lateral

restraint, the core assemblies are held (1) by their nosepieces in the receptacles, and

(2) by the load pads near the top of the assemblies which are surrounded by a core

former ring attached to the support barrel. The separation of the assemblies is

maintained by an intermediate plane of load pads at an elevation above the active

core. Positioning of the handling sockets is also maintained by the top load pads. The

intermediate load pads above the core are not restrained by former rings attached to

the support barrel. Thus, the core assemblies are free to bow as dictated by

temperature differences and their metallurgical condition. Load transfer is through the

core assembly load pads to the plate segments and then to the former ring and the

support barrel.

The inlet plenum, located in the central region of the core support structure and below

the core, receives primary sodium from four pipes and distributes it to the core via the

nosepiece receptacles. There are 379 receptacles (one for each core assembly). These

are located in a triangular pitch to match the core array map. The receptacles

participate in the core orificing. The depth of the inlet plenum is established by the

space required for the inlet piping nozzle forging welds and the radial flow area

necessary to assure uniform flow distribution to all the core assemblies. This flow

distribution is further enhanced by the design of the receptacles which are necked

down on their lower end to increase the available flow area.

Structurally, the inlet plenum is comprised of two horizontal flat plates, a large

diameter cylinder, and six small diameter tie rods. These components form a can-like

volume. The upper plate is connected to the lower plate through the six tie rods and

the perimeter cylinder that carry the pressure loads tending to separate the plates. All

of the vertical loads from the core assemblies are carried, through the receptacles to

the lower grid plate. The upper grid plate serves to accurately position the receptacles

and also participates in sealing the annulus around each of the receptacles. The lower

plate is supported from the vessel by eight radial plate beams.

5.3.2.2 Support Barrel

The support barrel is the structural member extending vertically upward from

its attachment at the core support structure to the upper regions of the reactor hot

plenum. It has a 384 cm outside diameter and is 5.0 cm thick. The function of the

support barrel is to provide a base of support for all the reactor internal components. It
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also serves as the boundary between the reactor hot plenum and cold plenum regions

and thus provides both thermal insulation and low pressure separation between these

regions. Lower part of the support barrel provides lateral support to the core. The core

lateral loads are transmitted to the support barrel through the upper grid plate at the

core inlet plenum and through the core former ring at the top load pad elevation as

described in Section 5.3.2.1. The support barrel also provides:

1) Lateral support of the near core fixed radiation shielding;

2) Lateral and vertical support of the separation plate and reactor vessel thermal

liner; lateral support of the EM Pump's and IHX's through the separation plate;

3) Support of the B4C IHX shielding;

4) Support of the horizontal baffle.

Structural interfaces associated with each of the above functions are discussed below

with the specific components.

5.3.2.3 Fixed Shielding

Radiation shielding is provided within the reactor to limit the activation of

secondary sodium flowing through the IHX, to limit the activation of impurities in the

air flowing through the PSDRS, and to provide a radiation environment that

accommodates the various neutron flux monitors. A small portion of this shielding

also provides required irradiation protection for the support barrel structural welds

near the core region.

5.3.2.4 Reactor Vessel Liner and Separation Plate

The reactor vessel liner provides steady state and transient thermal protection

for the vessel and forms a portion of the pressure boundary between the hot plenum

and the cold plenum regions within the reactor. This boundary is completed by the

separation plate which spans the gap between the liner and the support barrel. The

thermal liner provides support for the horizontal baffle which force thermal

stratification in the upper volumes of the cold pool and thus minimize heat transfer

between the hot and cold pools.

The vessel liner is a cylindrical member located 2.5 cm inside the reactor vessel. It is

provided with slots at its top end that under normal operating conditions are always

above the sodium level. During reactor operation these slots are approximately 20 cm

above the hot pool sodium level and the cold pool communicates freely with the

annulus between the liner and the reactor vessel. The free surface of the sodium

within the inner annulus formed by the vessel and the liner will be approximately 500

cm below the hot pool free surface due to the IHX primary pressure drop. This causes
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the portions of the reactor vessel adjacent to the hot pool to be exposed to cover gas

thus helping to insulate the vessel and minimize steady state heat losses to the

PSDRS. The liner also isolates the reactor vessel from rapid temperature changes in

the hot pool sodium that result from duty cycle events, thus minimizing the thermal

loading on the vessel, its attachment to the reactor closure, and to the containment

vessel.

The bottom end of the liner is welded to horizontal separation plate. The separation

plate has a number of circular penetrations that allow the IHX's and the primary

pumps to pass through while providing a lateral seismic support for these components.

During events requiring PSDRS for total heat removal, the reactor resident sodium

will heat up, expand, and flow through the liner slots. Since the pumps are .lot

operating in this event, the sodium level will be the same on both sides of the liner.

Some of the hot pool sodium bypasses the inoperative IHX's and is cooled through the

reactor vessel wall. The cooled sodium sinks to the bottom of the vessel where it is

drawn into the pump intake and directed back to the core to complete the circuit.

5.3.2.5 IHX Seals and Supports

The support and the seals for the Intermediate Heat Exchanger (IHX) are

located at the separation plate and in the reactor closure head. The vertical support of

the 1HX occ :rs at the reactor closure head. The lateral support is provided at the

reactor closure head and at the separation plate.

The separation plate, in addition to separating the reactor hot and cold pools, acts as

the vertical support for the reactor vessel liner and the annular horizontal baffle.

5.3.2.6 Ln-Vessel Fuel Storage

Provisions are made within the reactor vessel for storage of spent fuel

assemblies during reactor operation to allow them to decay to power levels

sufficiently low as to permit "dry" handling and ex-vessel storage. This is done to

simplify the equipment used ex-vessel to remove fuel from the reactor system,

transfer it between on-site buildings and to store it. Spent fuel, including failed fuel, is

stored within the in-vessel storage for a period of one refueling outage.

5.3.2.7 Hot Pool Thermal Insulation

Insulation is provided between the reactor's hot pool and cold pool to reduce

the amount of energy bypassing the IHX's. This insulation, which is comprised of

various components, is typically used primarily to satisfy some other function.
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Basically the insulation is formed by the support barrel and IHX shielding attached to

the support barrel and by the horizontal baffle.

5.3.2.8 Instrumentation and Equipment Support

The reactor structures provide mechanical support for in-vessel sensors and

equipment items that are required by other systems. This support for instrumentation

is primarily in the form of drywells with the actual instrument being provided by the

requesting system. For other equipment, space in the reactor and penetrations through

the closure head and UIS plug are provided. The instrumentions supported by the

reactor structures are as follows,

o Core outlet temperature measurements

o Sodium level measurements

o Reactor vessel Na leak detector,

o Neutron flux monitors

o Delayed neutron detector -

o Fission gas monitors

o Initial fill equipment

o Core inlet temperature and pressure

5.3.2.9 Upper Internals Structure

The upper internals structure (UIS) will be attached to a rotating plug installed

on the reactor closure of the reactor closure head and cantilevered downward into the

reactor hot pool. Its bottom end of shroud tube will be located 5.0 cm (TBD) above

the top of the core assemblies during power operation. The principal functions

satisfied by the UIS are: (1) lateral support of the control rod drivelines, (2) protection

of the drivelines from sodium flow induced vibration, and (3) support of the above

core instrumentation drywells.

Shroud Tubes - There is one shroud tube assembly for each of the six control rod

drivelines. Each assembly consists of an upper SS-316 tube, a lower Inconel Alloy

718 tube, and an internal bushing. The tubes are sized and located such that the

drivelines pass through the center of the assemblies without contacting the tubes

except over a region near mid-elevation where the close fitting guide bushing is

located. Inconel Ailoy 718 was selected for the bushing because of its mechanical

wear properties. It was selected for the lower tube to sustain the thermal striping and

thermal shock conditions existing near the core outlet.

5-15



Instrumentation Drvwells - There are twenty drywells routed from the top of the

rotating plug to the region directly above the reactor core. These pass through and are

supported by the UlSand are evenly distributed so as to provide information on the

various core region.

UIS Structures - The principal structural member of the UIS is the 140 cm in outer

diameter SS-316 cylinder that extends down to approximately 90 cm above the core

outlet. The cylinder's wall thickness of 2.5 cm was selected to assure adequate

resistance to seismically induced displacements thus satisfying requirements on the

motions of the control rod drivelines relative to the core. Additional stiffness for the

cylinder is obtained from the three horizontal plates that are welded to its walls. The

bottom end of the structure is provided with two liners that prote:t it from the thermal

environment at the core outlet. The outermost liner is made from Inconel Alloy 718

and is used for thermal striping protection. The second SS-316 liner, in conjunction

with outer liner is used to insulate the structure against rapid temperature changes

occurring during scram transients.

5.3.3 Compliance With Code and Standards

Core support structures and other reactor internal structures that are stipulated

to be under the jurisdiction of the ASME Code, Section III, for Nuclear Power Plant

Components, shall be designed to accommodate the load combination prescribed

therein without producing total combined stresses in excess of those allowed by the

Code. For elevated temperatures, Code Case N-201 will apply.
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Table 5-1

Reactor Vessel Design Data

Vessel Outer Diameter

Vessel Shell length

Main Cylinder Wall Thickness

Bottom Head Thickness

Construction Material

Design Temperature

Design Pressure

702.0 cm

1680 cm

5.0 cm

5.0 cm

Type 316 Stainless Steel

530 °C

0.25 MPa

Table 5-2

Containment Vessel Design Data

Vessel Outer diameter

Vessel Length

Main Shell, Including Top Flange and Bottom Head

Main Cylinder Wall Thickness

Bottom Head Thickness

Construction Material

Design Temperature

Design Pressure

737.0 cm

1777.5 cm

2.5 cm

2.5 cm

2-l/4Cr-lMo Low Alloy Steel

TBD

0.25 MPa
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Chapter 6. Heat Transport and Connected System Design

The heat transport and connected systems in KALIMER mainly consist of the primary

heat transport system (PHTS), intermediate heat transport system (IHTS), sodium water

reaction pressure relief system (SWRPRS), and steam generator and feedwater system

(SGFWS). The PHTS is a pool based system and transports the nuclear heat from the

core to the IHX's. The heat transported to the IHX is then transported to the SG by the

IHTS, which is based on loops. In the SG and feedwater system, steam is generated

from the heat transported by the IHTS and sent to the turbine. The SWRPRS mitigates a

possible sodium-water reaction event at the SG. This chapter describes the design

concept of the heat transport and connected systems. The overall heat transport

conditions of KALIMER are summarized in Table 6-1.

6.1 Primary Heat Transport System

6.1.1 Introduction

The heat transport and power generation systems for KALIMER are similar to a

typical pool-type liquid metal reactor. Heat is removed from the reactor core by the

primary heat transport system (PHTS), transferred to the intermediate heat transport

system (IHTS) via the intermediate heat exchanger (IHX), and then transferred to the

turbine generator system via the steam generator system (SGFWS).

The PHTS sodium flow path is contained within the reactor vessel. Sodium is routed

through the reactor core, hot pool, shell side of the IHX, cold pool, pumps, pump

discharge piping, and core inlet plenum.

Flow paths in the PHTS are identified in Figure 6-1. The Sodium from the hot pool

enters and flows through the four IHX's where it is cooled. The sodium exits the IHX at

its base and enters the cold pool. From there, the cold pool sodium is drawn through the

fixed shield assemblies into the pump inlet nozzle. The four EM pumps draw the cold

pool sodium from the inlet nozzle and discharge it into the core inlet plenum through

the piping connecting the pump outlet chamber to the plenum. The sodium is then

heated as it flows upward through the core and back into the hot pool.

Major system design parameters for the PHTS are summarized in Table 6-2.

6.1.2 Design Basis
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The PHTS transfers the heat generated at the reactor core to the IHTS sodium

through the intermediate heat exchanger (IHX). The PHTS provides a primary sodium

flow circulation for controlling reactor temperature conditions within limits which

preclude damage to the reactor vessel, fuel, and reactor internals during normal and

upset operating conditions. Specific requirement includes:

1) The PHTS system shall be located within the boundaries of the reactor system.

2) The IHX's shall be designed to have primary sodium on the shell side to

minimize the resistance of the flow path between the hot and cold pools.

3) The vertical support of the IHX's shall be from the top of the reactor vessel

closure.

4) The primary pumps and the IHX's shall be designed to be replaceable for the case

of component failure.

5) Components of the PHTS shall be designed to minimize radiation rates to

ALARA requirements.

6) The PHTS shall be designed to the thermal hydraulic design conditions shown in

Table 6-3.

7) The PHTS shall have the capability for heating the reactor sodium to hot standby

temperature using the coolant pump power.

8) During normal plant operations, including refueling, the minimum temperature of

the sodium in the PHTS shall be 190 °C.

9) The layout of the PHTS shall be such that the primary circuits have

approximately equal transport times and pressure losses for any closed flow

circuit.

10) Leakage of primary sodium into the intermediate sodium loops shall be precluded

by the 1HX barrier. In addition, in the event of a leak, the leak shall be only from

the IHTS to the PHTS.

11) The primary flow rate shall have sufficient coastdown characteristics to provide

adequate core cooling at a pump power interrupt.

12) The primary flow path shall be maintained in an event of a reactor vessel leak to

the containment vessel.

13) The PHTS equipment and flow path shall be configured so that the natural

circulation through the core can be sufficiently formed to satisfy the fuel design

limit at a PHTS pump failure.

14) As the normal means of removing the core decay heat, PHTS shall have in

conjunction with 1HTS and steam generating system the capability to remove the

core decay heat continuously without elevating the pool temperature above the
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nomal operation temperature when the PHTS coolant pumps are operable.

6.1.3 Design Description

6.1.3.1 Flow Path

The PHTS sodium flow path is contained within the reactor vessel. Sodium is

routed through the reactor core, the hot pool, the shell side of the IHX, the cold pool, the

pumps, the pump discharge piping and the core inlet plenum.

Flow paths in the PHTS are identified in Figure 6-1. Sodium from the hot pool enters

and flows through the four IHX's where it is cooled. The sodium exits the IHX at its

base and enters the cold pool. From there, cold pool sodium is drawn through the fixed

shield assemblies around the core assembly into the pump inlet nozzle. The four EM

pumps intake the cold pool sodium from the inlet chamber and discharge it into the

core inlet plenum through the piping connecting the outlet chamber to the plenum. The

sodium is then heated as it flows upward through the core and back into the hot pool.

Annular center type EM pumps are adopted for the primary pump to simplify the in-

vessel piping arrangement and sodium flow path.

Entrainment of the cover gas in the inlet sodium of the IHX shell side is minimized by

reducing sodium velocity, using the IHX inlet shapes perforated around the IHX's outer

wall, and maintaining sufficient hydraulic submergence from the hot sodium free

surface. Entrainment of the cover gas in the primary EM pump inlet sodium, also, is

minimized by maintaining large hydraulic submergence from the cold sodium free

surface in the reactor vessel annulus gap between the vessel liner and reactor vessel

wall.

The relative elevations and locations of the reactor core and the IHX tube bundle are

arranged to promote natural circulation in the heat transport system in the event of loss

of all electrical power to the pumps. The appropriate thermal-hydraulic center difference

between the IHX tube bundle and the core is given to assure adequate decay heat

removal by natural circulation. The operational sodium level is maintained at

sufficiently high to cover the IHX inlet region in the hot pool in the event of reactor

vessel leak to the containment vessel. Also the gap distance between the reactor vessel

and the vessel liner is minimized so that the natural circulation flow path through the

core can be assured in the event of the reactor vessel leak.
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Insulation between the reactor's hot and cold pools is provided to reduce the amount of

energy bypassing the IHX's. This insulation consists mainly of components which also

serve other functions, such as the support barrel, the vessel liner, the seal plate, and the

above core fixed shielding.

Preliminary sodium inventory in the PHTS is estimated about 360 ton.

6.1.3.2 Primary EM Pump

Four submersible EM pumps circulate primary sodium through the reactor. Each

pump is approximately 1.2m diameter and 6.25 m long annular center type. The pumps

are installed through penetrations in the fixed portion of the closure into an annular area

above the core assembly shared with the intermediate heat exchangers. The primary

sodium which is cooled by flowing through the IHX passes around the fixed core radial

shield region in the lower plenum of the reactor vessel and then is drawn to the pumps

via the inlet nozzles beneth the pumps.

Sodium enters through a large annular opening at the bottom of the pump. Within the

pump, the sodium converges to the tapered inlet section of the pump duct where the

velocity increases to the design velocity of approximately ] 5 m/sec through the

remaining length of the pump duct. The sodium discharge at the top of the pump passes

radially inward into a plenum from which it is piped to the core inlet structure. Each

pump has an about 0.4 m discharge line which passes from the top to the core inlet

plenum through the central region of the EM pump.

The pump is self-cooled and the heat generated by the electrical loss in the stator coil is

transferred to the surrounding sodium. Most of the heat is transferred through the inner

duct wall into the pumped sodium since this path provides the best thermal coupling to

the heat source. The rest of the heat is transferred radially outward through the stator

support cylinder. Since all of the heat loss is transferred into the primary sodium coolant,

the adverse effect on overall plant efficiency is minimized.

EM pump coastdown flow is provided from the coastdown inertia device, which is

using a flywheel as coastdown energy, upon loss of the normal power supply.

Major design parameters for the primary EM pumps are summarized in Table 6-4.
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6.1.3.3 Intermediate Heat Exchanger
There are four cylindrical shaped intermediate heat exchangers (IHX) in the

PHTS along with four EM pumps. The IHXs transfer heat from the primary radioactive

sodium to the intermediate non-radioactive sodium. The IHX is a counterflow shell and

tube type unit with a vertical orientation in the reactor vessel. The design arrangement

provides for downflow of the cooled (primary) sodium and upflow of the heated

(intermediate) sodium to enhance natural circulation for reactor decay heat removal. The

four IHXs are located above the reactor core assembly in the annular region between the

reactor support barrel and the reactor vessel wall. All components of the IHX are

constructed of Type 304 stainless steel. The geometry specification for the IHX is

shown in Table 6-5 and the thermal-hydraulic performance characteristics are

summarized in Table 6-6, respectively.

As shown in Figure 6-2, the IHX design consists of an upper and lower tubesheet

separated by straight tubes, with a central downcomer and riser for incoming and

outgoing intermediate sodium, respectively. The IHX cross section is a circular shape

and the number of the IHXs was selected to minimize the radial space between the

support barrel and reactor vessel.

Each IHX is rated at 98.7 MWt for a total rating of 394.8 MWt. The IHX is designed to

operate in the vertical position within the primary sodium pool. It is supported by, and

hangs from, the reactor vessel top head.

Primary sodium from the hot pool enters the IHX at an elevation just below the upper

tubesheet and flows downward through the IHX on the shell side. The primary sodium

flows around and through the tube support plates into a plenum below the lower

intermediate sodium channel head. This lower plenum has one outlet nozzle where the

primary sodium exits into the cold pool. Normal sodium level difference between the

hot and cold pools is set at about 5.0 m considering the shell side pressure drop of the

IHX and prevention of the cover gas entrainment.

The upper tubesheet is fixed and supported from the riser cylinder, intermediate sodium

upper channel, and outer shell. The lower tubesheet is floating and supported by the

tubes to relax the thermal load between the IHX tube bundle and shell structure.

The tube bundle for each IHX contains 3060 straight tubes, 12.7 mm OD x 0.71 mm
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wall thickness. The tubes are arranged on a 18.42 mm triangular pitch. The tubes will be

end-welded to the tubesheets and then explosively expanded into the tubesheet holes.

The safety objectives of the 1HX are to isolate radioactive primary sodium from

intermediate sodium and to provide a mechanical barrier to the transport of radioactive

sodium out of the containment boundary. A zero leak rate for the IHX tubes is specified

in the IHX design. The mechanical integrity of the IHX tubes at a sodium-water reaction

event is protected by the SWRPRS.

The tube side, which is the high pressure intermediate sodium side, of the IHX is

designed for 2.2 MPa for normal operation and is designed to withstand without breach,

for at least an hour under ASME Level D faulted conditions of 7 MPa. This design

pressure is sufficient to withstand the pressure resulting from sodium-water reactions

caused by low probability multiple tube failures of the steam generator or failures of the

sodium-water reaction protection system. The IHX tube provides the pressure boundary

separation of the equipment classes, and the shell side and the tube itself of the IHX are

classified as a safety grade and the tube side as a non-safety grade according to the

classification of Section 3.2.1.

6.2 Intermediate Heat Transport System

6.2.1 Introduction

The intermediate heat transport system (IHTS) transfers reactor-generated heat

from the PHTS to the steam generator system. The IHTS performs this function during

normal power operation, shutdown, and transient conditions.

The IHTS consists of two loops and each loop mainly consists of two IHX's, one EM

pump, and a steam generator. The IHTS loop is thermally coupled to the reactor PHTS

by the intermediate heat exchangers and to the steam generator system by a steam

generator. The non-radioactive sodium of the IHTS loop is circulated by an

electromagnetic pump located in the cold leg of the loop and transports heat from the

IHX's to a steam generator. The IHTS piping extends from the IHX tube side (IHTS)

outlet nozzles to the steam generator shell side inlet nozzle and from the steam

generator shell side outlet nozzle to the IHX tube side (IHTS) inlet nozzle. Thermal

expansion and/or contraction of the sodium in the loop is accommodated by the

expansion regions in the steam generators and the sodium level control system.
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Since the IHTS has two loops, the normal means of decay heat removal which uses

the PHTS-IHTS-Steam Generating System path becomes very reliable and it enhances

plant safety. Also the design feature reduces the frequency of PSDRS decay heat

removal operation. The reduction of the PSDRS operation frequency reduces the

adversary thermal transient effects to equipment life time since the operation of PSDRS

results in making the equipment in the reactor vessel to stay in a very high temperature.

The IHTS also includes the sodium drain piping, the sodium-water reaction pressure

relief subsystem, and vent piping from the steam generator. The sodium-water reaction

pressure relief subsystem provides pressure relief and gas venting capability to mitigate

the effects of tube failure in the steam generator. The IHTS piping 'S covered by guard

piping within the head access area to mitigate the effects of sodium leak. The entirety of

the IHTS is not classified as safety-grade except the IHX, IHTS isolation valves, and

rupture disks in the SWRPRS.

Major system design parameters for the IHTS including the intermediate EM pump are

summarized in Table 6-7.

6.2.2 Design Basis

The IHTS transfers reactor generated heat including decay heat from the IHX of

the PHTS to the steam generator system under all normal and upset operating conditions.

Specific requirement includes:

1) The IHTS shall provide capability for drain of the sodium coolant except IHX

inventory.

2) The IHTS shall prevent over-pressurization at a sodium-water reaction so that the

mechanical integrity of the IHX is not damaged.

3) Provisions shall be provided to assure the mechanical integrity of the IHX tube

as the containment boundary integrity against a possible sodium-water reaction

event.

4) The IHTS shall be capable of maintaining the sodium coolant at a minimum of

190 °C during normal plant operations, including refueling whose operating

temperature is 200 °C.

5) The IHTS shall include vent piping to provide a positive vent from the steam

generator or other IHTS high points to other system(s).

6) The IHTS shall be operable without reactor trip during normal operation with

an isolation valve malfunction( e.g. inadvertent actuation of valve closing).
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7) As the normal means of removing the core decay heat, IHTS shall have in

conjunction with PHTS and steam generating system the capability to remove the

core decay heat continuously without elevating the pool temperature above the

nomaJ operation temperature when the IHTS coolant pumps are operable.

8) Piping construction materials for the IHTS piping wetted by sodium or sodium

vapor shall be Type 304 or 316 austenitic stainless steel.

9) All materials for the IHTS piping are specified to minimize corrosion and erosion

and ensure capability with the environment. The piping and fittings which make

up the loops are of Type 304 SST. Type 316 SST can be used for high strength

needs.

6.2.3 Design Description

6.2.3.1 IHTS Piping

In KALIMER, there are two IHTS loops and each IHTS loop consists of two

IHX, one SG. one EM pump, and pipings as shown in Figure 6-3. All major

components, auxiliary piping, and interconnecting services are located in the reactor and

SG complex. Figures 6-4 and 6-5 show the vertical and horizontal arrangements of

IHTS, respectively. The hot and cold legs from the T-branch pipes to the IHXs are four

0.35 m lines with the isolation valves outside the containment. The remaining hot and

cold leg piping from the T-branch to the steam generator is two 0.5 m lines. The hot leg

sodium exits the two IHXs in 0.35 m lines (one from each IHX) and goes into one hot

leg in 0.5 m through the hot leg T-branch pipe, and directly into the SG top nozzle in the

upper head, dispersing over the SG tubes, out the bottom head of the SG, to an

intermediate EM pump in one 0.5 m line, and back to the IHXs in two separate 0.35 m

lines through the cold leg T-branch pipe. The cold leg T-branch pipe in the down stream

of the EM pump is provided to split the cold sodium flow equally into two flows. Using

the hot and cold legs T-branch piping, the IHTS piping system is simplified in

arrangement, compartment, support structure, and sodium fire protection system, etc.

The compact piping arrangement has significant margin to accommodate piping stresses

during an unlikely sodium-water reaction (SWR) and therefore reduces the overall

probability of a steam/sodium interface from challenging the IHX primary coolant

boundary. The IHTS pipe layout is also designed to accommodate the thermal expansion

of components and pipes and the relative movement of the seismically isolated reactor

structures. The structural design parameters of the IHTS piping are shown in Table 6-8.
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All IHTS piping and components, including the sodium dump tank (SDT), are thermally

insulated and trace heated. The thermal insulation of IHTS piping and components is

designed to limit the surface temperature of the insulation to 60 °C at rated power

operation or hot functional testing with an ambient temperature of 40 CC.

The vertical arrangement of IHTS piping is designed to prevent the steam sodium

reaction from a steam generator tube failure from being forced through the IHTS sodium

inlet into the IHX. To assure the integrity of the IHX tube, an isolation valve is installed

for each IHTS line at the location outside of and very close to the containment. The

isolation valve, as an additional provisions, prevents moving of the sodium-water

reaction front into the IHX and isolates the primary containment from the sodium water

reaction. The primary containment boundary in the IHTS consists of the IHX tube

barrier and the IHTS piping up to the containment wall, located inside containment.

The relative elevations and locations of the IHX tube bundle and the steam generator

module are arranged to promote natural circulation in the heat transport system in the

event of loss of all electrical power to the pumps even though the decay heat removal by

the IHTS natural circulation is not designed to be a safety related function for the

licensing purpose. The appropriate thermal-hydraulic center difference between the IHX

tube bundle and the inlet of the steam generator module is given to assure adequate

natural circulation as an auxiliary decay heat removal means.

The intermediate EM pump located between the steam generator and the IHXs is

positioned below the sodium free surface of the steam generator for the convenience of

initial sodium filling and operation of the pump. The distance between the steam

generator outlet nozzle to the EM pump inlet chamber is maximized to protect the EM

pump in the event of a steam generator tube rupture.

In the IHTS non-radioactive sodium is circulated and the leak from the primary to the

intermediate side is prevented by the higher operating pressure of the intermediate

system. In KALIMER design, the IHTS arrangement maintains at least 0.1 MPa greater

than the PHTS within the IHX due to the sodium hydrostatic head provided by the

higher elevation of the intermediate loop.

Thermal expansion and/or contraction of the sodium in the IHTS loop is accommodated
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by cover gas spaces in the steam generator and the sodium level control system. In

KALIMER design, the cover gas spaces in the steam generators are also designed to

mitigate pressure spikes at a steam generator tube rupture event instead of using an

additional surge tank in the loop and it simplifies system design and arrangement, e.g.

reducing the number of component and structures, etc.

Preliminary sodium inventory in the IHTS except the steam generator is estimated about

21 ton per loop.

6.2.3.2 IHTS Isolation Valves
On each of the 0.35 m hot leg and cold leg pipes, safety grade isolation valves

are installed immediately outside the containment. The isolation valves can be closed to

isolate the IHXs from the SGS in the unlikely event of a sodium water reaction in the

SG and are an integrated part of the containment boundary.

The primary containment boundary in the IHTS consists of the 1HX tube wall and the

IHTS piping up to the containment wall located inside containment. The isolation valve

for each piping gives an active backup function and a defense-in-depth concept for the

containment boundary integrity. An expansion tank and connected piping system on the

IHX side of the isolation valves is installed to accommodate temperature changes with

the valves closed.

The KALIMER system is designed against possible inadvertent actuation of valve

closing. Since there are two symmetric flow paths through IHX 's for each IHTS loop,

inadvertent closure of one of the four valves does not block the IHTS flow path

completely and the rector power can be gradually reduced without reactor trip.

6.2.3.3 Intermediate EM Pump
Two self-cooled, double stator EM pumps, one for each of the 0.5 m cold legs,

are provided for the IHTS sodium circulation. The design of the pumps is similar to

the primary EM pump design except the flow path inside the pumps. However, they are

larger in diameter to accommodate the higher flow rate, 916.5 kg/sec versus 456 kg/sec,

and slightly shorter with fewer poles because of the lower developed head requirements,

0.4 MPa versus 0.8 MPa.

The arrangement of the IHTS EM pumps is shown in Figure 6-4. Each IHTS pump is
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installed in a shell with inlet piping at the bottom and outlet piping at the top. The net

positive suction head (NPSH) on the IHTS pumps can be assured by controlling the

cover gas pressure in the steam generator head. The two IHTS loops operate in parallel

and can be controlled independently to produce the desired pressure and IHTS flow rate.

The pump is self-cooled and the heat generated by the electrical loss in the stators is

transferred to the IHTS sodium. Most of the heat is transferred through the duct wall to

the pumped sodium since this path provides the best thermal coupling to the heat source.

The rest of the heat from the outer stator is transferred radially outward through the

outer shell of the pump. Since all of the heat loss is transferred to the IHTS coolant, the

adverse effect on the overall efficiency is minimized.

Major design parameters for the intermediate EM pump are also shown in Table 6-7.

6.3 Steam Generating System

The steam cycle of KALIMER is based on a Benson cycle for system design

simplicity. The steam generating system consists of the following subsystems and a

component.

o Steam generator

o SG auxiliary water tank

o Main and auxiliary feedwater systems

o SG leak detection system

o SG water dump system

6.3.1 Design Basis

The bases of the steam and feedwater system are as follows.

1) It shall have the capability produce the required superheated steam for normal

operation and in-house load operation.

2) It shall be able to able to discharge the decay heat and cool down the PHTS and

IHTS to refueling temperature of 200 °C with required pump operation.

3) The steam generator design shall support the function of SGACS (Steam

Generator Auxiliary Cooling System).

4) Any type of the decay heat removal functions by the steam and feedwater system

is not a safety related function.

5) It shall be able to blow down the steam/water side of the steam generator rapidly

to mitigate the consequence of and terminate a sodium-water reaction event.
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6) It shall have the. capability to isolate the steam generators from the main steam

system and feedwater system.

7) For plant availability and investment protection, the steam generators design

shall have adequate heat transfer area margin.

8) It shall be able to detect leak in the steam generators early enough to effectively

terminate the leakage sequence.

9) It shall have the capability to support plant operation without having SG dryout

more than 30 minutes at an event of total loss of feedwater flow.

10) The steam generators shall have the internal structure to facilitate the

suppression of the move of the sodium-water reaction products/front to the IHX.

6.3.2 Design Description

6.3.2.1 Steam Generator and Feedwater System

There is one steam generator at each IHTS loop and the steam generator converts

subcooled water fed by the feedwater system to superheated steam. It is a hellical coil

type and 1HTS sodium flows in the shell side and the water/steam flows in the tube side.

The steam generator is designed for 198.3 MWt and generates steam of the flow rate of

87.7 kg/sec. The pressure and temperature of the steam at the SG outlet are 15.5 MPa at

483 °C. The design data are summarized in Table 6-9.

The steam generator consists mainly of the helical coil tube bundle, feedwater inlet tube

assembly, steam outlet tube assembly, sodium inlet distribution assembly and cover gas

space at the top section. Also there are additional nozzles for sodium drain and refill.

The steam generator major construction material is 2-1/4 Cr-1 Mo steel. The overall size

of the steam generator is 21 m in height and 2.9 m in diameter. The thickness of the

shell is 55mm. The steam generator is vertically located and supported to expand and

contract freely. An outline drawing of the steam generator is shown in Figure 6-7.

The tubes are grouped into two and each group of the tubes are welded to its own inlet

and outlet tubesheets. The tubesheets are arranged in a 180° configuration at the

feedwater inlet tube assembly and steam outlet tube assembly. The tubesheet diameter is

0.65 m and thickness 80 mm. The lubesheet also has 40 mm height spigots and the

spigot outside diameter is almost same as the tube diameter. The thermal and physical

properties of the spigot is almost similar to the tube properties.

The tube bundle consists of heat transfer tubes. To minimize the number of the welding
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points between a tube and tubesheet, a helical coil tube with long length is preferred

with its limit of 130 m. Through an optimization process, the number and length of the

tubes are determined to be respectively 120 and 99m, which includes the required heat

transfer area margin of 20%. The outside diameter is 27 mm and wall thickness is 3.5

mm. Its effective length is 99 m and the bundle height is 9.5 m. The tube bundle

longitudinal tube pitch is 50 mm and transverse pitch is 45 mm with the tube pitch angle

of 5.5°. The bundle support is a vertical type which extend to the entire height of the

bundle. The tubes are fastened by tube vibration supports that are located between the

tube bundle and tubesheet. The tube bundle supports are fastened together by bolting to

grip each row of tubes. The space between the inner and outer shrouds will be designed

so that it does not allow significant sodium bypass flow. There are no flow baffles in the

bundle but the helical coil configuration promotes both longitudinal and cross flows.

The sodium enters at 502 °C and flows downward in the shell side. The mass flow rates

of sodium and water are 917 kg/sec and 87.7 kg/sec, respectively at the full load

operating condition. The sodium enters via a 0.5 m inlet nozzle and is uniformly

distributed into the shell cross section area of the steam generator via the distributor at

the upper shell and stabilized in the upper sodium pool. The sodium flows down the

tube bundle at a velocity limit 2 m/sec and heats the steam/water in the tubeside. Finally,

the sodium is collected at the lower plenum through the lower part of tube bundle

support and leavs the steam generator via the nozzle at the bottom of the steam

generator.

The feedwater at 230°C enters the SG via two inlet nozzles of 0.25m diameter and flows

upward in the tube side. While flowing through the tube, the water is heated and

converted to superheated steam and exits the steam generator.

The feedwater consists of two trains. One is for the startup and decay heat removal

operation modes and the other is for the normal operation mode as shown in Figure 6-6.

Each train has its own pump and flow control valve. The two steam generator share the

same feedwater pumps even though they have their own feedwater flow control valve.

The feedwater piping is a 0.3 m diameter line and it is divided into two smaller pipe

lines of 0.25 m just in front of the steam generator. The divided lines are connected to

the steam generator inlet nozzle for the tube side.

During the startup operation mode, the auxiliary feedwater pump is used. The feedwater

6-13



from the pump is diverted to the auxiliary water tank, mixed with the recirculation flow

from the steam generator, and then enters to the steam generator by the recirculation

pump. When the steam generator starts to generate steam, the generated steam is sent to

the condenser until the steam condition and flow rate become sufficient enough to be

sent to the turbine generator. During the normal operation mode, the valve after the

recirculation pump is closed and the opening of the valves at the top of the auxiliary

water tank is adjusted so that the minimum flow rate of steam enters the tank and

supports maintaining the tank water temperature to a certain level. At a failure of the

main feedwater pump, the auxiliary feedwater and recirculation pumps are automatically

started and delivers water to the steam generator so that the steam generator power can

be gradually reduced. At simultaneous loss of the main and auxiliary pumps, the water

of the auxiliary water tank is automatically delivered to the steam generator either by the

recirculation pump or gravitation force to prevent SG tube dry out. The tank is sized to

be able to supply the required water for at least 30 minutes. In the core decay heat

removal opeartion during plant shutdown, the circuit for the startup operation mode is

also activated. Having two types of the feedwater pumps makes the feedwater flow

control easier and the normal decay heat removal means more reliable.

The steam flows from the two steam generators merges at the common steam header

and then are sent to the turbine generator.

At a sodium-water reaction event, the water side of the affected steam/feed water system

is isolated by closing the isolation valve on the feedwater and main steam lines. Possible

pressure buildup is relieved by the PORV at the main steam line and the water dump

system. The SG isolation and water dump mitigate and terminate the sodium-water

reaction event.

6.3.2.2 SG Leak Detection System

The SG leak detection system detects a water-to-sodium leak and makes

mitigating actions be taken. Detection is basically made in two methods. One is by

detecting the presence of hydrogen. Micro- and small scale leakages are detected by

monitoring the sodium at the SG sodium outlet and also the cover gas. The other

method is by detecting the acoustic signal from the leakage and subsequent chemical

reaction.

6.3.2.3 SG Water Dump Subsystem
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There is one SG water dump system for each of the two steam generating

systems. Each water dump system consists of water dump piping and a water dump tank.

The water dump tank is installed near the steam generator. It accepts and stores the

water from the SG. Blowdown of the SG is accelerated by quick opening of the PORV

at a large sodium-water reaction event. The water dump valve exhaust to the water

dump tank, where the water is temporarily stored and the flashed steam is vented to the

atmosphere. Later, when the IHTS loop is ready for operation, the water from the dump

tank will be drained, either for reuse or for disposal, thus making the water dump system

available for future use.

6.4 Sodium Water Reaction Pressure Relief System

The SWRPRS relieves the SG pressure at a large sodium-water reaction event and

it consists of the SWR product dump tank, SWR product separator, rupture disc and

piping. Each steam generator has its own SWRPRS and the SWRPRS's are indenlical.

A rupture disk is installed at the piping which is located at the bottom of the SG.

Excessive pressure in the SG will burst the rupture disc, dumping sodium and reaction

products to the SWR product dump tank, gaseous reaction products and some entrained

sodium is directed to the SWR product separator where the entrained sodium is removed.

The gaseous products are then directed to the stack where an igniter may be installed.

At a large sodium-water reaction event, the sodium slugs are dumped to the dump tank

through the rupture discs. The dumping of the sodium slugs can be accelerated rapidly

by the hydrogen gas pressure resulting from the sodium-water reaction.

The dump tank is also used for the steam generator make-up and overflow of sodium

during normal operation. Therefore, the dump tank is normally contained with fresh

sodium about 0.5 m in depth for make-up and for protection from thermal shock in case

of quick hot sodium dump. The dump tank is always controlled at 200 °C as same as

other sodium piping system. The dump tank can accommodate the SWR products and

all sodium of IHTS except IHX and its volume is 190 m3. The dump tank is also

connected to the IHTS sodium purification system.

When a large scaie SWR event occurs in an upper part of the steam generator tube

bundle, its adverse effects to the IHX become potentially more serious than at the case

of the reaction event at a lower part of the steam generator tube bundle. To facilitate the
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sodium slug dumping at the reaction event case, there is an axial flow path at the center

of the steam generator. The flow path makes direct and free connection between the

upper and lower parts of the tube bundle and serves as the path for the sodium slugs

from the reaction from the upper region of the tube bundle to the lower part of the SG at

an event of the SWR at the upper bundle region. Because of the presence of the center

axial path, the sodium slugs bypass the narrow flow path through the tube rows of the

bundle which has high flow resistance and move to the bottom region of the SG. Then

the slugs are easily dumped to the dump tank without moving to the IHX side.
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Table 6-1

Overall KALIMER Plant Conditions

Net Plant Power, Mwe 150.0

Turbine Output, MWe 162.6

Core Power, MWt 392.0

Gross Plant Efficiency, % 41.5

Net Plant Efficiency, % 38.3

PHTS Type Pool Type

Number of IHTS Loops 2

Table 6-2

PHTS System Design Parameters

Core Exit Temperature, °C 530.0

Core Inlet Temperature, °C 361.4

Core Total Flow Rate, kg/sec 1823.7

IHX Primary Side Inlet Temperature, °C 529.7

IHX Primary Side Outlet Temperature, °C 360.0

Normal Operation PSDRS Heat Loss, MWt 0.60

Table 6-3

Component Code and Standards

PHTS component

IHX ASME Section III, Class 1,

NB 3200 & Code Case N47

EM Pump Primary Boundaries ASME Section III, Class 1,

Code Case N47
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Table 6-4

Primary EM Pump Design Parameters

Inlet Temperature, °C

Total Flow Rate (4 Pumps), kg/sec

, mVsec

Pump Type

Required Power (4 Pumps), Mwe

Pump Efficiency, %

Developing Head, MPa

360.0

1823.7

2.107

Annular Center

3.4

50

0.80

Table 6-5

KALIMER IHX Design Data

Tube Rundle

TubeO.D. (mm)

I.D. (mm)

Number of Tubes

Pitch Length (mm)

Arrangement

Bundle O.D. (m)

I.D. (m)

Bundle Height (m)

12.7

11.28

3060

18.42

Triangular

1.14

0.35

5.864
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Table 6-6
1HX Performance Specification

(per IHX)

Thermal Duty, MWt

LMTD, °C

UA Total, MW/°C

Primarv Sodium (ShelF) Side

Flow Rate, kg/sec

Inlet Temperature. °C

Outlet Temperature, °C

Pressure Drop, kPa

Intermediate Sodium ("Tube") Side

Flow Rate, kg/sec

Inlet Temperature, °C

Outlet Temperature, °C

Pressure Drop, kPa

98.7

27.0

14.62

456.0

529.7

360.0

<27.5

458.25

333.7

502.0

130.0

Table 6-7

IHTS System Design Parameters

IHTS Type Loop Type

Number of 1HX per IHTS Loop 2

Total Flow Rate (2 Loops), kg/sec 1823.9

, mVsec 2.101

Intermediate Pump Inlet Temperature, °C 333.0

Required Pumping Power (2 Pumps), Mwe 1.68

Intermediate Pump Efficiency, % 50

Intermediate Pump Developing Head, MPa 0.40
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Table 6-8

Structural Design Parameters for 1HTS piping

IHX to Steam Generator

(Hot leg)

Steam Generator to Pump

(Cold leg)

Pump to lHX(Cold leg)

Design

Pressure

(Mpa)

2.2

2.2

2.2

Design

Temperature

(IK)
530

395

395

Faulted

Pressure

(MPa)

7.0

7.0

7.0
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Table 6-8

General Design Requirements of Steam Generator

Number of Steam

Generator

Design

Location

Design Requirement

o Two steam generators for two intermediate loop

o Design Life : 40 years

o Accommodation of plant duty cycle events

o Inspectable during the operation

o Maintainable and repairable instruments and valves

o Rail Shippable

o Economical

o Seismic isolation

Table 6-9

SG Thermal Performance Design Data

o Thermal Rating

o Steam Temperature

o Steam Pressure

o Sodium inlet/outlet temperature

o Feedwater Temperature

o Tube ODrThickness

o Tube Effective Length

o Number of Tubes

o Tube Transverse Length

o Tube Axial Length

o Tube Angle

o Bundle Height

o Pressure Drop in the tube

o Water Mass Flow Rate / Unit

o Sodium Mass Flow Rate / Unit

o Shell Height/Diameter

o Dry Weight

198.3 MWt

483.2 °C

15.5 MPa

502/333 °C

230 °C

27/3.5 mm

99m

120

50 mm

45 mm

5.5°

9.5 m

<2 MPa

87.7 kg/sec

916.5 kg/sec

21/2.9 m

177 ton
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Chapter 7. Engineered Safety Features

7.1 Residual Heat Removal
The reactor core generates decay heat after a reactor trip and proper means for

removal of the decay heat need to be provided to avoid the threat to the mechanical

integrity of the core and system components. The reliability of the decay heat removal of

a plant has been one of the major issues on plant safety. Since LMR is operated at low

pressure, the operation of RHRS (Residual Heat Removal System) does not require a

preparatory step in LMR not like as LWR and RHRS operation can be started directly

when it is needed. This feature of LMR makes decay heat removal design simpler and

more reliable.

In KALIMER, there are three different methods of decay heat removal. One of them is

designed as the safety grade and the others as the non-safety grade. The system of the

safety grade removal is PSDRS (Passive Safety Decay heat Removal System) which

utilizes the natural convection between the containment vessel and surrounding air. The

systems for the non-safety grade removal are the heat transport system of the normal

power operation and SGACS (Steam Generator Auxiliary Cooling System). Figure 7-1

shows the systems available for decay heat removal in KALIMER.

During power operation, the heat generated from the core is removed by the normal heat

path of PHTS -IHTS -Steam Generating System. When the reactor is tripped, the decay

heat removal is normally made by the path that is the same as the one for normal power

operation mode except that the steam bypasses the turbine and is dumped to the

condenser or atmosphere. When the normal means of the decay heat removal is not

available, then the PSDRS of the safety grade heat removal is utilized in KALIMER.

SGACS is used to support the normal decay heat removal and PSDRS.

7.1.1 Non-safety Grade Decay Heat Removal

7.1.1.1 Normal Means of Decay Heat Removal
Decay heat removal is normally made by the heat path of PHTS -IHTS -Steam

Generating System -Condenser. For the decay heat removal mode operation, the coolant

flows of PHTS and IHTS are driven by the pony pump circuits which are parts of the

main coolant EM pumps. The normal path is the best path in removing decay heat but it

requires availability of many equipment and systems including the IHTS. However,
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inspection and maintenance work on plant equipment are generally done during a

refueling shutdown period when a decay heat removal system needs to be operated

continuously. Especially a steam generator is one of the components that require

frequent maintenance work and the normal decay heat removal path may not be

available if there is only one IHTS loop in a plant. KALIMER has the IHTS of two

loops and the normal deacy heat removal path can be still used with the remaining loop

even though maintenance work is done on a steam generator or IHTS loop. This design

feature of KALIMER makes the decay heat removal more reliable and reduces the

frequency of the use of the safety grade decay heat removal system, PSDRS. Reduction

of the use of PSDRS also reduces possibility of adversary thermal effects to the

components which are exposed to the high temperature sodium for a long time since the

normal means does not elevate the pool sodium temperature.

7.1.1.2 Steam Generator Auxiliary Cooling System

In addition to the normal heat removal means, KALIMER is equipped with

another non-safety grade back up heat removal system, SGACS (Steam Generator

Auxiliary Cooling System). As shown in Figure 7-1, the SGACS structure is relatively

simple and consists of the steam generator, shroud surrounding the SG shell, and

damper. A fan can be installed to the SGACS if required. SGACS is installed at each

steam generator. The SGACS removes heat from the steam generator and delivers it to

the air flowing through the annular gap between the shroud and SG shell either by

natural circulation or forced convection. The heated air exits the SGACS at the top and

is discharged to the atmosphere. The damper at the SGACS exit is closed during normal

power operation to block the undesirable heat loss by SGACS. For decay heat removal

operation, the damper is opened and air is freely induced through the annulus at the

bottom of the steam generator. The SGACS is a redundancy system for decay heat

removal. The key features of SGACS are as follows.

- Non safety related system

- Air flow control

- Operator action is required to initiate heat removal.

- Natural convection or forced air draft

7.1.2 Safety Grade Decay Heat Removal

7.1.2.1 Design Bases

1) Its operation shall not require neither operator action nor any active component

action.

7-2



2) It shall have sufficient decay heat removal capability so the fuel limits are not

violated for the all modes of plant operation.

3) It shall not cause heat loss more than 0.5 % of the core thermal power during normal

power operation of the plant.

4) It shall be designed as a nuclear safety class system.

5) Its operability shall be monitored continuously.

7.1.2.2 Description of PSDRS

The safety grade decay heat removal system of KAL1MER is PSDRS (Passive

Safely Decay heat removal System). Its structure is simple and it consists of the

containment vessel, collector cylinder, air flow stacks, and related instrumentations. The

structure of PSDRS is shown in Figure 7-2 and 7-3. PSDRS removes decay heat from

the core passively.

The heat from the core is transported to the reactor vessel by the natural circulation in

the reactor pool. The reactor vessel is mainly cooled by radiation heat transfer to the

containment vessel which surrounds the reactor vessel with a gap. Then the containment

vessel is cooled by the air flowing through the gap formed by the containment vessel

and collector cylinder which is a cylinder with open ends and forms flow channels for

the incoming cold and outgoing hot air. The air is drawn from the stack inlets which are

located at the top of the reactor building, and heated passing through the gap. The heated

air is discharged to the atmosphere through the stack outlets. The air flow is induced by

the air density difference between the hot and cold air channels. There are no active

control devices. The stack inlets and outlets are installed at the top of the reactor

building to prevent blockage of the inlet and outlet by foreign obstacles.

There are four air inlet ducts for PSDRS and the ducts of a rectangular shape are equally

sized as lm by 2m. The four inlet ducts merge to a single annular channel at the tope of

the containment vessel. The area of the air flow path of PSDRS remains constant in the

containment vessel region. The channel area of the incoming cold air is 10.9 m2 and that

for the out going heaced air is 5.0 m2.

The 0.15m gap between the reactor vessel and containment vessel is filled with argon.

The gap size is set to make the IHX remain fully covered by the hot pool sodium at an

unlikely event of a reactor vessel leak. When a leak occurs in the reactor vessel , the

primary sodium level is decreased only about 1.4m and the IHX inlet is sufficiently
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covered by sodium so that the heat flow path can be maintained. The core is located

much below the IHX and is, as a matter of course, also fully covered by sodium. An

optimum size needs to be determined for the hot air channel. The gap size, which is the

distance between the containment vessel and the collector cylinder, determines the

channel size. When the gap is decreased, there may be a tendency of increase in the air

velocity and heat transfer coefficient. However, decreasing the gap also introduce

performance penalties since the flow area decreases at the gap decrease and the air flow

resistance also increases sharply with increased velocity. Since there are opposite effects

at the gap size change, there exists an optimum gap size. The hot air channel gap was

decided as 0.2m through an preliminary optimization analysis.

The system is designed to function continuously even at a normal power operation

condition to eliminate any active action for initiation of its operation and there is

constant heat loss. The PSDRS is sized at the decay heat removal operation condition

where the pool sodium temperature is elevated. The reactor system is designed to

minimize the heat loss during normal power operation. To reduce the heat loss during

normal power operation of the plant, the effective heat transfer area of the reactor vessel

inside is passively controlled. During normal operation of the plant, the PHTS pumps

run and the sodium level in the gap between the reactor vessel liner and reactor vessel is

lowered about 5m as describe in Section 5.2.2.1. By the reduction of the sodium level,

the portion of the reactor vessel contacting the sodium decreases and the effective heat

transfer area becomes reduced. It causes reduction of the heat loss by PSDRS during

normal operation. In an accident condition, however, the pumps are stopped and the

pool temperature increases. The pool temperature increase causes expansion of the

sodium volume and the hot pool sodium level increases. The hot pool sodium overflows

the reactor vessel liner which normally separates the hot pool sodium from the reactor

vessel. Then the reactor vessel becomes to contact the hot pool sodium directly and the

heat transfer to the reactor vessel is enhanced. The level difference between the top of

the reactor vessel liner and the hot pool sodium level at normal operation is carefully set

to achieve the function described above. The inherent radiation heat transfer

characteristics of the relation between the heat transfer rate and temperatures of the heat

exchanging surfaces also make the heat loss during normal operation smaller.

When the normal decay heat removal means is not available, the decay heat is removed

by PSDRS and PSDRS has sufficient heat removal capacity to meet the shutdown heat

removal need. The major design parameters of PSDRS are summarized in Table 7-1 and
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the key features of PSDRS are as follows;

- Safety-related system

- Operates by inherent heat transfer processes

- Completely passive operation

- No operator action is required (The system is always under operation.).

- Self regulating heat removal capacity

The capacity increases with temperature following an emergency event.

7.1.2.3 System Performance

The analysis of the PSDRS performance was done with the code, PARS

(Performance Analyzer for RHR System), which has been developed by KAERI. It

seeks a solution to the energy conservation and pressure head balance equations using a

finite difference numerical algorithm. Analysis was made on the heat loss at normal

power operation and maximum heat removal capacity. In the analysis, the initial air

temperature was assumed to be 50C and the air flow path resistance used are listed in

Table 7-2.

In the heat loss analysis, the reactor vessel temperature was conservatively assumed to

be equal to the core outlet sodium temperature, which is 53OC, The analysis results

show that the heat loss through PSDRS is about 1.1MWt at normal operation, which is

less than 0.3% of the core power. The air temperature at the exit of the hot air channel

is about 95C and the air mass flow rate is 17 kg/sec.

In order to calculate the maximum heat removal capacity through PSDRS, it is

conservatively assumed that the hot pool sodium temperature is 640C which is quite

below the fuel design limit temperature of Section 4.2.5.1 at a condition like PSDRS

operation. The cold pool sodium temperature is assumed to be lower than the hot pool

temperature by 60C. The heat removal capacity through PSDRS is conservatively

calculated to be 2.5MWt and the heat corresponds to the core decay at 20 hours after

a reactor trip. Since KALIMER has a pool type PHTS and has a large thermal damping

capacity, the excess decay heat, which will be present up to the initial 20 hours after a

reactor trip, will be safely absorbed by the large thermal damping capacity.

The air temperature at the exit hot air riser is about 150C and air mass flow rate is 20.9

kg/sec.
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7.2 Containment

The containment system is designed to provide a leak-tight boundary that will

contain the accidental release of core fission products and primary coolant so that the

dose guidelines of the Korean Institute of Nuclear Safety are not exceeded. The

containment is designed to withstand the static and dynamic loads resulting from a

primary-sodium leak accident.

The containment system for the KALIMER design is not the conventional containment

structure used at contemporary nuclear reactors. The containment boundary is composed

of a containment vessel surrounding the reactor vessel connected to a low-leakage

pressure-retaining containment dome above the reactor vessel head as shown in Figure

7-2. This provides a low-pressure/low volume controlled leakage barrier around the

primary system, and represents a departure from current design practice on LWR's and

previous sodium-cooled reactor designs. Even beyond design basis events do not

challenge the containment integrity due to the inherent negative feedback mechanisms

of the core. Reduction of construction cost can be achieved through the adoption of a

small containment vessel and dome, which can be manufactured at the factory.

The KALIMER containment design is conceptual in nature and improvements of the

design should be realized through the careful considerations of the design of the primary

sodium purification system, passive residual heat removal system, and ex-vessel fuel

transfer system.

There are also a number of general safety questions of which resolution will help to

provide assurance that the KALIMER containment will function in a manner required to

meet the safety goal. Safety questions include the containment configuration during

maintenance and refueling operation, material performance characteristics for the

containment vessel, and the fuel behavior and fission product transport during abnormal

operations and core upset events. Resolution of these potential issues can be achieved

through the design optimization and the use of test results.
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Table 7-1

PSDRS Design Parameters

R/V diameter, [m]

R/V heat transfer height, [m]

R/V thickness, [m]

C/V thickness, [m]

C/C thickness,[m]

(include insulator)

Thermal conductivity of R/V, [W/m2-K]

Thermal conductivity of C/V, [W/m2-K]

Emissivity of R/V and C/V surfaces

Air inlet Temperature,[ C]

No. of air inlet

No. of air outlet

Gap size of air riser, [m]

Gap size of air downcommer,[m]

6.92

12.7

0.05

0.03

0.08

23

30

0.65-0.85

50

4

4

0.2

0.2

R/V : Reactor Vessel , C/V : Containment Vessel, C/C : Collector Cylinder
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Table 7-2

Air Flow Path Values for the PSDRS Performance Analysis

Location

Air inlet(4)

Chimney Downcommer

90* Turn (o Cold Plenum

Cold Plenum

90" Turn to Downcommer

Downcommer

180° Turn to Hot Air Riser

Hot Air Riser

90' Turn to Hot Plenum

Hot Plenum

90° Turn to Chimney Riser

Chimney Riser

Air outlet

Corss sectional area

[m21

8

8

8

8

8

10.9

10.9

5

7.2

7.2

7.2

7.2

7.2

Length

[ml

.

15

-

2

_

12.7

0.8

12.7

.

2

15

-

Form loss

Coefficient [-]

0.6

_

1

-

1.2

4.7

_

1.2

1

.

0.6
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Chapter 8. Sodium and
Cover Gas Management Systems

8.1 Summary

Liquid sodium is used as coolant in KALIMER. The sodium and cover gas

management systems are responsible for the sodium and cover gas qualities. The

systems should be designed to be safe, economic, and easily controlled for the stable

operation.

The sodium and cover gas management systems deal with the processing of primary and

intermediate sodium, and the distribution of cover gas in the plant. It covers also the

purity monitoring of the sodium and the inert gases. The systems interface with other

KALIMER systems, and include the following major subsystems :

- Sodium receiving and transfer subsystem

- Intermediate sodium processing subsystem

- Primary sodium processing subsystem

- Helium distribution subsystem

- Argon distribution subsystem

- Nitrogen distribution subsystem

8.2 Sodium Management System

The sodium management system receives, transfers, and purifies sodium and is

composed of the necessary equipment and facilities to receive, purify, and transfer the

plant sodium. The sodium required in KALIMER is provided by a sodium tank car or

sodium drum.

The sodium in the IHTS is purified continuously by the intermediate sodium processing

subsystem (ISPS). KALIMER has two ISPS for IHTS/steam generators. The ISPS is

composed of an EM pump and a cold trap. There is one intermediate cold trap for each

ISPS loop. The cold trap is cooled by air and consists of a shell-and-tube economizer

located above a crystallizer tank As shown in Figure 8-1, the ISPS tank takes sodium

from the steam generator cold leg. The EM pump takes suction from the ISPS tank,

circulates the sodium through the cold trap and returns it to the steam generator hot leg.

Each IHTS loop is provided with a separate and independent purification system. The

ISPS cold trap system continuously purifies IHTS sodium. If necessary, ISPS purifies
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the sodium in the SG SDT (sodium drain tank). The ISPS tank takes sodium from the

SDT , purifies it , and returns it to the SDT as shown in Fig 8-1.

The primary sodium processing subsystem (PSPS) purifies primary sodium during a

reactor refueling shutdown period. The PSPS is under seismic category 1 and is

designed to treat primary sodium in the PSPS vault situated adjacent to the reactor

vessel during refueling operation. The capacity of PSPS is such that the entire PUTS

sodium can be processed at least once every 24-hours period.

The system is composed of the following components.

- Sodium EM pump

- Cold trap

- Nitrogen supply tank

- Nitrogen blower

- Air blower

- Siphon tank

The cold trap in the PSPS vault is cooled by nitrogen gas and the resulting hot nitrogen

gas is cooled by air in nitrogen to air cooler. The cold trap operation parameters are

decided from the impurity concentration which is measured by a plugging temperature

indicator (PTI).

The impurity concentration of the plant sodium should be carefully monitored by the

PTI and chemical analysis to maintain a proper purity level. The PTI for the PHTS

sodium is located in the PSPS vault and the PTI for the IHTS sodium is located in the

steam generator facility. In addition to continuous monitoring by the PTI of ISPS,

impurity in sodium is to be sampled and chemically analyzed. The reactor sodium

sample station is located in the primary sodium equipment vault in the reactor building

and the IHTS sodium sample stations are located at ISPS. Transfer of sodium out of the

intermediate system to a tank car or to drums for disposal is done by ISPS EM pump.

8.3 Cover gas management system

The cover gas management system deals with supplying of inert gases to the points

of usage throughout the KALIMER plant, and withdrawing of contaminated gases

through its vacuum facilities. The cover gas management system transfers contaminated

gases to the radwaste facility. In the boundaries of sodium and cover gas, vapor traps are
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installed to remove sodium vapor from the discharged gas. Three kinds of gases are used

in KALIMER : helium, argon, and nitrogen. Helium is used for reactor cover gas, in the

fuel cycle facility, and by the fuel handling equipment since helium has good thermal

conductivity and is light enough to confine sodium vapor.

Argon is used for cover gas for the IHTS and fills the annulus space between the reactor

vessel and containment vessel. Nitrogen gas is used for control and mitigation of

sodium-water reaction in the steamgenerator, and as the coolant in the primary sodium

processing subsystem.

Cover gase is stored as liquid, and vaporizers and pressure reducing valves are equipped

to distribute the gases. Incoming gas and plant cover gases are to be analyzed. To obtain

gas samples, sampling equipment is installed at pertinent points. Argon and nitrogen

storage tanks are located in the same area near the reactor building.

The helium gas distribution subsystem consists of the helium supply, vacuum pump

with a receiver tank, vapor traps, helium storage tank, and necessary piping and valves.

This subsystem also receives recycled helium from gaseous radwaste and controls the

flow and pressure of the helium cover gas for the reactor. Double isolation valves are

installed to the piping that penetrates the reactor containment.

The helium gas in the reactor is treated during a refuelling period with the following

procedures:

o Evacuate the reactor vessel to the receiver tank

o Fill the reactor vessel to atmospheric pressure with clean helium

o Connect the external primary sodium purification system

o Clean up the receiver tank helium with a charcoal bed and transfer it to the

storage tank

o Recover the tag gas from the storage tank helium and transfer clean helium to

the recycle tank

o Analyze the cover gas of the recycle tank and transfer the cover gas to

radwaste system if it is not usable

Argon storage tank for the IHTS is located near the steam generator facility. The tank is

equipped with the fill and vent lines, pressure relief valves, and liquid-level meter.
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Nitrogen is supplied to the steam generator in the case of sodium-water reaction and to

the SWRPRS to purge the system of gaseous reaction products. The liquid nitrogen

storage tank is located in the same area as the liquid argon storage tank.
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Chapter 9. Fuel Handling and Storage System

KALIMER fuel handling and storage system (FHSS) provides the services for

handling all core assemblies and related equipment at the reactor site. Core assemblies

are defined as fuel, radial blanket, control, gas expansion module(GEM), and shield

assemblies. Fig.9.1 shows the schematic diagram of KALIMER fuel handling and

storage system (FHSS).

FHSS consists of the following facilities

• New core assemblies receiving, inspection and storage facility

• Spent core assemblies cleansing facility

• Spent core assemblies storage facility

• Core assemblies transfer facility

9.1 Design Bases

9.1.1 Functional Requirements
The primary functions of the FHSS are as follows:

1) Receive, inspect, store and prepare new core assemblies for insertion into the

reactor.

2) Transfer core assemblies between buildings (e.g., reactor and fuel building).

3) Transfer core assemblies between the core and in-vessel storage or transfer positions.

4) Provide cleansing and temporary storage for spent core assemblies before transfer to

the fuel facility, co-located or off-site if required.

5) Prepare spent core assemblies for shipment to off-site fuel facility if needed.

9.1.2 Design Requirements
1) The minimum design refueling interval shall be 12 months. All refueling, planned

maintenance, and inspections requiring plant shutdown shall be accomplished during

the planned shutdown period every twelve months.

2) The FHSS shall be designed for 30-year life. Systems and components that cannot

achieve 30-year lifetime shall be designed to satisfy the requirement by means of

maintenance, replacement, or redundancy; and shall not impact the plant availability

requirement.

3) The FHSS shall be capable of replacing the core assemblies, including the fuel,

blanket, radial shield, GEM and control rods.
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4) The FHSS shall be capable of accessing to all the core assemblies locations by

combination of the IVTM and rotating plug installed on reactor closure.

5) Refueling shall be accomplished with the primary coolant at 200°C and the reactor

cover gas at atmospheric pressure.

6) The FHSS shall be capable of starting refueling 2 days after reactor shutdown and

completing refueling within the refueling shutdown period.

7) Failed fuel assemblies will require no special handling. Failed fuel assemblies will

be stored in the reactor for one fuel cycle before transfer to the fuel facility.

8) The control system for each FHSS component shall be designed as an integral

segment of the overall reactor refueling control system. All FHSS components shall be

capable of being activated by manual control as a backup mode.

9) Control of the refueling operations shall be provided. Information and data shall be

provided to the Plant Control System for monitoring of the refueling operations in the

control center.

9.1.3 Structural Requirements

The structural design of FHSS shall be based on the following:

1) The safety related systems for the FHSS shall be designed to be operable during an

operating basis earthquake (OBE), and shall be able to be safely shut down during a safe

shutdown earthquake (SSE).

2) A design factor of 1.5 shall be applied to the normal expected load (force)

capabilities of the handling equipment to account for possible increased requirements.

Safety factors shall be applied to the design factored loads.

3) Design of the FHSS shall be based on the design and normal steady-state operating

conditions and design events.

4) The seismic category for subsystems and components is Category II and the method

of analysis is Static Analysis Method.

5) The seismic response spectrum to be used for seismic analysis of the FRSSS shall be

the building response at the location of the component support.

6) FHSS equipment shall be designed with sufficient compliance, tolerance and lead-in

(combined with the lead-in of the component to be grappled) to permit grappling and

insertion without excessive side loads considering the misalignments between

components

9.1.4 Safety Requirements

The FHSS shall satisfy the safety criteria as follows:
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1) The safety class and corresponding codes and standards for FHSS equipment and

facilities shall be determined based on their safety significance. The regulatory

guide(draft) to be developed in KINS(Korea Institute of Nuclear Safety) or ANSI/ANS

54.6 Standard, "LMFBR Safety Classification and Related Requirements," should be

used as a guide in establishing these requirements.

2) The FHSS design shall limit radiation exposure to the USA 10CFR20 limits and

ALARA (As Low As Reasonably Achievable) principle during normal operation and

anticipated events.

3) The passive barrier between spent fuel handling operations and the environment shall

be designed to reliably maintain its leak-tight integrity during normal operations and in

accident situations. Radiation detectors shall be provided to detect significant

radioactivity leakage through this barrier. Multiple seals with leak monitoring in the seal

space shall be used for critical sealing functions.

4) The FHSS shall be designed to maintain fuel in a safe condition during and after all

plant design basis accidents and following postulated evacuation of refueling personnel.

5) Fuel handling equipment shall be designed to preclude dropping fuel elements. The

requirements in the US NRC Standard Review Plan, Section 9.1.4, "Fuel Handling

System," and NRC Branch Technical Position APCSBP-1, "Overhead Crane Handling

Systems for Nuclear Power Plants," shall be used where applicable.

6) Hard stops shall be provided at the end of the motions of transfer machines to prevent

collision of the transfer machine with other objects.

9.1.5 Instrumentation and Control Requirements

1) All functions performed by the FHSS shall be controlled and monitored by an

integrated overall refueling control system designed to support both normal and

infrequent fuel handling operations.

2) Local control consoles shall be provided for the purpose of checkout, maintenance, or

emergency operation of the FHSS components. These consoles shall be either located

on the equipment or nearby where the operation can be directly viewed or viewed with

TV.

3) The refueling control system shall be capable of accepting and implementing a

refueling plan and of accepting changes to the plan during the course of normal

refueling operations.

4) A detailed refueling procedure for use by the operating personnel shall be prepared. It

shall consist of all moves performed under automatic or manual control during the
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refueling operation and shall include specific reactor core positions and storage

positions.

5) Failure of any automatic control equipment (e.g., the computer) shall not prevent

refueling from proceeding. All control functions using computers, including sequence

control and inventory control, shall also be provided with manual control backup.

9.2 System Description

9.2.1 Summary Description

The fuel handling and storage system (FHSS) provides the means of transporting,

storing and handling core assemblies, including fuel, radial blanket, control, GEM and

shield assemblies, within the KALIMER plant. Design of the FHSS is based on all core

assemblies handled having identical handling sockets at their upper end and identical

lengths. The system consists of the facilities and equipment needed to accomplish the

normal scheduled refueling operations and all other functions incident to the handling of

core assemblies. The new fuels and spent fuels storage facilities of FHSS shall be

located within the Fuel Building(FB).

FHSS consists of the following facilities

• New core assembly receiving, inspection and storage facility

• Core assembly transfer facility

• Spent core assembly cleansing facility

• Spent core assembly storage facility

• Fuel exit port and plug

Figure 9-1 depicts the arrangement of the FHSS.

New core assemblies are received and stored in Fuel Building (FB). The new core

assemblies are inspected prior to the loading into reactor core. The inspected new fuels

are transfered to Reactor Building(RB) by cask with transporter. The cask with

transporter is then connected to fuel transfer station inside the reactor. The new fuels

are moved to fuel transfer station by a loading mechanism in the cask. The new fuels in

the fuel transfer station are moved to in-vessel storage(IVS) by a fuel transfer arm, then

loaded at the designated site in the core by a in-vessel transfer machine(lVTM).

Spent fuels are moved to IVS and stayed for one(l) fuel cycle for the decay heat

removal , then moved to FB by the reverse method of the new fuels handling. In FB,
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the spent fuels are cleansed to remove the sodium on the surface of the fuels and then

temporarily stored before shipping for the reprocessing.

9.2.2 New core assembly receiving, inspection and storage facility

The FHSS has the fuel storage facilities such as new fuel storage, spent fuel

storage and temporary storage facility.

The FHSS shall satisfy the following specific requirements on fuel storage:

1) New fuels shall be dry stored in the storage racks. Prior to transfer to and insertion

into the reactor, the assemblies will be visually inspected and preheated.

2) The FHSS shall be designed to be able to examine shipping containers externally for

evidence of damage.

3) The FHSS shall be designed to perform standard inspection of new core assemblies

and nonstandard inspection of core assemblies for which defects are observed during

the standard inspection.

4) New core assemblies such as control rods, and radial shields shall have a "hands on"

inspection facility located in the receiving area. The receiving area shall have storage

space for incoming new core assembly containers.

5) The FHSS shall be capable of receiving, storing, and transferring fuel handling

operations while the plant is at full power.

6) Inventory monitoring and safeguard control for special nuclear materials shall be

provided at all times and locations at the reactor site.

New core assemblies are received from either truck or rail shipment. Therefore a proper

access area for the transportation should be provided. Upon the receipt of new core

assemblies, shipping containers shall be at first examined externally for evidence of any

damage during the transportation. Then a standard inspection shall be performed as

listed below.

1) Verify assembly identification by means of visual and mechanical examination of the

assembly serial number and coding, respectively. Verify proper discriminator socket

geometry, using "go/no go" gages.

2) Visually verify absence of dents, nicks, and gouges, especially in the areas of: (1)

hexagonal load pad corners, (2) inlet nozzle, (3) piston rings, (4) discriminator socket,

and handling socket interfaces.

3) Visually examine the internals of the outlet and the inlet nozzle to verify the absence

of foreign objects or material.
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4) Visually examine shipping shock indicators.

5) Visually examine core assembly duct for travel-induced bow or deformation.

6) Inspect control rods for free operation of neutron absorber column with friction force.

A nonstandard inspection shall be performed when defects are observed during the

standard inspection.

1) Photograph surface defect.

2) Perform selected dimensional inspection of external features(i.e., outside diameter or

distance across hexagonal flats) at any axial location. This inspection shall be performed

using general-purpose tools and gauges available commercially.

Unacceptable core assemblies shall be dispositioned as determined by applicable quality

assurance procedures; however, no additional FHSS equipment shall be rovided for this

purpose.

New fuels are then stored in storage racks until loaded into core.

9.2.3 Core assembly transfer facility
The FHSS is equipped with some transportation components such as fuel transfer

cask, in-vessel transfer machine(IVTM), fuel transfer arm and the cask transporter (CT).

The FHSS shall satisfy the following specific requirements on fuel transportation:

1) Transfer operations between the reactor and fuel building(FB) shall take place only

when the reactor is shut down. Transfer operations within FB facilities may be

performed at any time.

2) The transfer of core assemblies between the reactor and FB shall be done with the

fuel transfer cask.

3) The transfer shall not contaminate the RB during normal refueling.

4) The CT shall provide a method of supporting and mating the cask between the gate

valves of the cask and the adapter on the fuel exit port.

5) The FHSS shall provide a means of transferring the casks for replacing:

a. Control rod drive assemblies

b. IVTM
c. Intermediate heat exchangers (IHX)

d. EM pump

e. Miscellaneous components and special tools

6) Proper space shall be provided for rest of the cask and CT in FB or RB.
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7) All FHSS transfer machines shall be designed to limit the maximum push and pull

forces to prevent damage to core assemblies, the transfer machines or other components

under unusual handling operations.

8) All FHSS transfer machines shall be designed to limit maximum handling speeds for

new and spent core assemblies in order to prevent possible damage during normal

handling.

9) All FHSS transfer machines shall be designed to minimize the impact load when

seating a core assembly by using some damping mechanisms.

10) All FHSS transfer machines shall have electrical or mechanical interlocks that

prevent release during normal preparation of a grappled core assembly until the

assembly is seated.

11) All FHSS core assembly transfer machines shall include an over speed control and

fail-safe brake on the hoisting systems.

Core assembly transfer facility is composed of several components as follows:

• Cask

• Cask transporter

• IVTM

• IVS

• Fuel transfer station

9.2.3.1 Cask

Cask is used to transfer six fuel assemblies. The structure has a composite wall

cylindrical structure consisting of concentric steel, depleted uranium, B4C in a copper

matrix (75% Cu) for the biological shielding.

Within the cavity of cask is a six-location carousel that is motor driven to position each

of the locations. Cask is equipped with a gate valve for the sealing of cover gas during

the fuel handling.

9.2.3.2 Cask Transporter

Cask transporter is a mobile, self-propelled rail transporter that moves a cask

containing new or spent fuels. The cask is raised and lowered to mate the gate valve

with the fuel transfer station by a hydraulically operated system on the cask transporter.

9.2.3.3 IVTM
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The in-vessel transfer machine(IVTM) is used to handle core assemblies in the

sodium-filled core of the reactor. The main duties of the IVTM are to move the core

assemblies to in-vessel storage(IVS) which is located at the outer layer of the core, to

reshuffle the core if needed and to move the core assemblies to the fuel transfer station

located at the higher elevation than the core at least by one fuel assembly length. The

IVTM is designed to be a pantograph type machine installed on a rotating plug. The

rotation of the rotating plug and the expansion/ retraction of the pantograph can make it

possible for IVTM to cover whole core. The IVTM is also designed to have a

telescoping function to move the assemblies to the fuel transfer station. The IVTM is

permanently installed in reactor unless otherwise required to remove for the

maintenance (see Figure 9-2).

The machine is designed in two parts, upper and lower parts (see Figure 9-3). The

upper part (drive section) is basically a electrical drive mechanism for operating the

lower part in vessel. It contains electric motors, speed reducers, gears, torque limiting

clutches, emergency hand operators and other components necessary to provide control

and instrumentation. The IVTM is designed to have 6 degrees of freedom; rotation and

vertical movement of main body, horizontal movement of the pantograph, rotation and

vertical movement of gripper, gripping action. The lower part (structure section of

pantograph mechanism) immersed in the sodium in reactor vessel is positioned on the

desired location in the core. The IVTM gripper shall be able to rotate core assemblies

for alignment into core position.

The IVTM shall be firmly footed on the adjacent core assemblies in order not to

transmit the reaction force to the pantograph during withdrawal for the full length of the

fuel assembly.

Position accuracy of the machine is essential and is provided by the instrumentation

system. The instrumentation system will provide continuous position indication for the

station control room of all machine movements.

9.2.3.4 IVS

Spent fuel requiring cooling in excess of the FHSS cooling capability shall be

stored within the reactor under sodium for one fuel cycle of 12 months.

In-vessel storage(IVS) is prepared for the temporary dwelling of the spent core

assemblies to remove the decay heat. The spent core assemblies are stored in IVS for
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one(l) fuel cycle before moving to the spent fuel storage facility in FB. IVS is located

at the outermost layer of the core except shielding layer as shown in Figure 9-2. The

number of storage cell in IVS is at least more than the number of spent fuel assemblies

to be replaced in one refueling operation.

9.23.5 Fud transfer station

A fixed fuel transfer position shall be used to transfer fuel between the reactor

vessel and the fuel transfer cask.

The fuel transfer station is a temporary waiting station for new or spent core assemblies

before moving to IVS or cask. It is located inside of the reactor vessel at the higher

elevation than the core by at least one core assembly length. One cell to be commonly

used for the new fuel and spent fuel (see Figure 9-2) is designed. The new fuels in the

cask will be moved to reactor upper deck and inserted into the fuel transfer station one

by one. Each new fuel is transferred to IVS cell and then loaded at the designated site

by IVTM. The spent fuels are handled in the reverse way. The conceptual diagram for

new and spent fuel transfer path is shown in Figure 9-4

9.2.4 Spent core assembly cleansing facility
Spent core assemblies are moved to fuel building(FB) stored in the cask. In FB,

the spent core assemblies shall be cleansed before the storage in spent core assembly

storage facility.

Argon gas and steam mixture can be used for the cleansing. The steam in the mixture

reacts with the sodium on the surface of the core assemblies and the argon gas blows out

the products of the sodium-water reaction.

9.2.5 Spent core assembly storage facility
The FHSS storage facilities shall provide, or other supporting system shall provide,

cooling of core assemblies to limit their steady-state temperatures to an acceptable value.

The cleansed spent core assemblies are moved to the spent core assembly storage

facility to be temporarily stored before shipping to a offsite facility.

A proper cooling system for the spent core assemblies shall be provided.
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9.2.6 Fuel exit port and plug

The fuel exit port (Reactor System) in the reactor closure is fixed to the deck. For

refueling, an adapter with a gate valve will be mounted on the port onto which is mated

the cask (with gate valve) for the exchange of core assemblies.

The port is plugged and sealed during reactor operation. For refueling, this plug is

unfastened and hoisted into a cask by the plug hoist and the cask removed from the deck

and temporarily stored. The plug hoist is driven from outside of the cask.
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Chapter 10. Man-Machine Interface System(MMIS)
and Electrical Systems

10.1 Man-Machine Interface System (MMIS)

10.1.1 Description
Man-Machine Interface System (MMIS) of KALIMER includes the monitoring

systems, control systems, protection systems, data handling system, and transmission

networks. It utilizes highly reliable redundant digital equipment and reliable power

supplies. MMIS has four levels such as :

• L3 : Human System Interface (HSI) level.

• L2 : Supervisor and Manager (S&M) level.

• LI : Distributed Module (DM) level.

• L0 : Sensor and Actuator (S&A) level.

These levels in MMIS form a typical levelized architecture of a digital I&C system by

means of distributed networks from the sensors and actuators to the HSI. Sub-systems

are integrated into one unified cooperative architecture in MMIS. (Refer to Fig. 10-1)

10.1.1.1 Human System Interface (HSI) level
The main features of HSI in MMIS are workspace modules which are dedicated

to each operating crew, and a large screen display which provides an abstracted

overview of the operating status for a common base of monitoring and decision-making

of operating crews. The workspace module has a sit-down type console on which touch

screens and panels are mounted. All information items are accessible through the

console within minimum navigation manipulations. Many operator-supporting functions

are provided to operating crews, especially, for diagnosis of plant and planning of their

actions. Direct manipulation soft-controls for most control tasks are provided to

operator through the common touch screens and panels on the console. Although one

workspace module is capable enough to cope with all operating situation, there are

redundant modules that have exactly the same hardware and software in hot stand-by

condition during the operation. All the modules are equally connected to the multiple

networks which transfer signals and control.

10.1.1.2 Supervisor and manager level

The supervisor and manager level , i.e. L2 includes supervisory functions, i.e.

supervisors, and plant management functions, i.e. managers.
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Supervisors for almost every operating modes such as the startup, shutdown, and low

power operation are provided in order to reduce the operator's work load. Non-safety

Control systems in LI are supervised and actuated automatically as the servants of a

supervisor. Supervisors have fault tolerant architectures and are connected through

redundant networks for improving reliability. Most functions are performed by

automated logic without human interventions. However, selected steps such as

triggering a start-signal for moving to the other operation mode are designed in human-

paced manner, and actuated manually for operator confirm and surveillance prior to

plant operating mode change. The operations from low power to 100% power are fully

automated, and capable of load-following when required. Supervisors have two main

functions such as observation of the plant status and governing the component control

systems. State observation function provides the capability to observe plant status using

the sensor signals of process variables and status of component controller. Governing

function performs high level controls such as the re-calculation of set points and the

generation of sequence logic starting signals according to the observed plant status.

Managers support the operating crews in the various diversified plant operating tasks

such as inspection, surveillance and test, fuel management, routine reporting of

parameters and systems, and others. Managers have the specific control servants and

supporting functions for integrating the information related.

10.1.1.3 Distributed Module(DM) level

The control systems in MMIS are mostly modularized and standardized.

Distributed Module level (LI) includes non-safety control systems, the digital protection

system, and monitoring systems for safety and non-safety.

10.1.1.3.1 Non-safety control systems

Non-safety control systems are separated from the digital protection system.

They utilize a micro-processor based digital control system such as distributed control

system in order to improve availability and minimize the operation and maintenance

cost. They actually control the sub-systems in KALIMER. The closed loop control, open

loop control, and sequential control (on/off control) are automatically performed after

having received control commands from L2, i.e. Supervisor and Manager level. The

control system consists of reactor control system, intermediate flow control system,

steam generator and re-circulation control system, feed-water flow control system,
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turbine generator control system and condensate flow control system, etc..

10.1.1.3.2 Digital protection system

Digital protection system is a safety-grade digital system which protects

KALIMER for safety and investment. The protection system shall monitor key plant

parameter and, based on those parameters, determine whether the reactor must be

shutdown. The digital protection system consists of safety-related digital system and

employs quad redundant and fault tolerant features for achieving very high reliability.

The protection hardware and software logic is duplicated in each of four identical

sections following the same quad redundant scheme. Each section is electrically and

physically isolated including sensor, cabling, and electrical logic. The protection system

has self-diagnostic, on-line self testing, periodic functional testing, reconfiguration after

failure detection, and automatic bypass. The two-out-of-four logic is used for reactor

protection in order to improve plant availability in avoiding spurious trip in case of

sensor failure.

10.1.1.3.3 Instrumentation and monitoring systems

Instrumentation and monitoring systems include both safety and non-safety

instruments which monitor KALIMER. The non-safety instruments are modularized.

They have various system specific functions such as self-diagnostic, on-line testing,

periodic functional testing, reconfiguration after failure detection, and automatic bypass.

The safety monitoring system also has the same functions including signal validation for

obtaining highly reliable data after accidents. The hardware for safety monitoring

systems is duplicated in each of identical sections, and isolated electrically and

physically in order to satisfy the regulation requirements.

10.1.1.4 Data management and network system

The systems of all levels are connected through network instead of point-to-

point communication for reducing the cost of the cabling and reliable data transmission.

The network system is hierarchically distributed from sensor to human system interface

as following:

• L3 network : networking with workstations of HSI systems

• L2 network : supervisory control complex network

• LI network : control complex network

• protection network : network dedicated to the protection signals and control

The LI, L2, L3 network systems are classified non-safety and redundant architecture
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and use industrial standardized protocols. The systems of each level are connected

through dedicated network and the data communication between upper and lower level

is provided. The quad redundant reactor protection system is connected through

protection network. The protection network also consists of redundant features and non-

safety standard. Communication with reactor protection system and non-safety system is

via optically isolated device for electrical isolation. Separated networks transmit control

and data signals between two systems in two different levels. Multiplexing of plant

signals and the use of fiber optic data highways give a basic structure for implementing

a distributed control system into MMIS.

10.1.2 Characteristics of the applied techniques

10.1.2.1 Systems approach and MMIS concept

MMIS includes the instrumentation and control (I&C) systems and related

elements such as operating crews, procedure, training, and others in KALIMER. The

MMIS is more than the name of I&C system that is an aggregated set of the instruments

and controls of the sub-systems in KALIMER. Systems approach supporting MMIS

concept is adopted for obtaining an integrated design package of I&C and others. MMIS

concept that was originally introduced to the new utility requirement for the advanced

light water reactor (ALWR) has a key role for the design process of MMIS as well as the

design itself. The concept defines MMIS as a separated system rather than an

aggregation of each sub-systems1 I&C in KALIMER, and focuses to the optimality of

MMIS in the aspect of the overall plant operation as well as human factors. Therefore,

the scope of MMIS design includes more than I&C hardware and software.

10.1.2.2 Enhanced HSI

The HSI is designed in task-oriented manner, and supports an efficiently

allocated human tasks. It has drastically enhanced features by in-cooperating advanced

interface devices. The HSI

• in-cooperates the human factor principles established for advanced HSI design,

• integrates NSSS and BOP systems into one unified design,

• reduces the potential for human errors that could affect safety and availability,

• lessens the operator's work load in both cognitive and physical aspects, and

• is based on the pre-defined requirements.

The HSI facilitates all the information accessible operating crews and other personnel in

KALIMER without multiple navigation, and provides operator supporting functions,

especially, for diagnosis of the plant, planning and management of various plant tasks.
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Direct manipulation concept is implemented through the soft-controls touch screens and

panels on the console for most control tasks. Another interface for safety-controls

separated from the common interface for non-safety controls minimizes the possible

influence to safety.

10.1.2.3 Automation of non-safety controls

Many high level controls and management functions are added over the

Distributed Module level (LI) which is a actual control level. The level L2 of MMIS has

several unique functions for supervisory systems and management systems in order to

reduce the operator's work load and enhance the operability and effectiveness of

KALIMER. They are separated supervisors for high-level controls including automatic

start-up, shutdown, and load-maneuvering, and managers for supporting the operating

crews in the various diversifying works such as inspection, surveillance and test, fuel

management, and others. Supervisors and managers do not have their own control

systems, but coordinate related sub-functions of monitoring and controls in the lower

level.

10.1.2.4 Levelized architecture and distributed networks

MMIS has a typical distributed control system architecture with four separated

levels. At the initial conceptual design phase, function analysis and allocation of MMIS

is carefully performed in iterative manner until an optimal architecture is obtained. After

the initial design of a functional and network structure, each sub-system can be

developed under the its own supervision to the simple and slim module.

10.1.3 Approach and methods

The approach to the development of MMIS for KALIMER is significantly

different from the previous I&C systems for LWR applications in Korea. A set of design

requirements for MMIS is derived by the extensive analysis of the system, the functions,

and the tasks from the early stage of the design. The analysis includes the operating

experiences as well as the regulatory issues such as post-TMI concerns and USI/GSI.

MMIS has an optimized level of automation through the trade-off studies on function

allocation. The optimized function allocation allows a high level automation of

modularized sub-systems and an efficient Human System Interface (HSI).

MMIS focuses to the improved safety and availability by reducing the potential for

human error through the well-supported interfaces and well-balanced automation,
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improving the reliability of safety systems through segmentation, separation, diversity,

fault tolerance, and signal validation.

The design includes a simulator based development process and integrated verification

and validation activities. The requirements for MM1S will be verified in parallel with

every design processes, and validated by the formal verification and validation(V&V)

activities. This approach includes a formal planning and management of a V&V team

and a program as a major design elements that satisfies the new regulations on human

factors engineering, software V&V, and digital l&C systems.

The distributed network architecture and a digital protection system enhance the cost

effectiveness of MM1S by the reduced design, construction, and O&M cost. The cost

reductions in design come from utilization of commercial off-the-shelf equipment,

flexible software-based design, and structured design program management. The cost

reductions in construction also come from use of multiflexing and standardized

equipment that is a modular factor)' tested commercial products, and reduced

construction schedules. O&M cost will be reduced significantly by self-testing

equipment and various plant manager functions that replaces most local operators and

coordinate the related sub-control modules.

10.2 Electrical Systems

10.2.1 Description

The function of the electrical systems is to export all available power generated

by the plant and supply adequate auxiliary power to operate the electrical loads required

during all modes of operation.

Electrical systems consist of the main generators, the unit station service transformers,

the common station service transformers, the batteries, and the electric distribution

system. Under normal operating conditions, the main generators supply electrical power

through isolated-phase buses to the main (set-up) transformers and unit station service

transformers. During plant start-up and shutdown, auxiliary power is supplied from the

startup station service transformers.

The plant distribution system receives AC power from the two independent preferred

(off-site) power circuits and distributes it to both safety-related and non safety-related

load in the plant. The vital AC and DC control power distribution system connect 125V
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batteries, AC inverter with their respective safety-related load. The 125V DC

distribution system is safety-related system which receives power from independent

battery chargers and 125V DC batteries and distributes it to safety-related load.

10.2.2 Off-site Power System

The off-site power system consists of preferred and secondary power sources

from the utility distribution network.

• Each of the two off-site power circuits has sufficient capacity, is continuously

energized and available to supply the plant safety loads within a few seconds

following a accident to assure that core cooling and vital safety functions are

maintained.

• The two off-site power circuits (not including the switchyard) are designed to be

physically independent so as to minimize the likelihood of their simultaneous

failure under operating and postulated accident and environmental conditions.

Preferred electric power to the emergency buses and to start up and shut down the

generating units in KALIMER it supplied by two physically and electrically independent

connections from switchyard to the onsite elecirical distribution system.

10.2.3 On-site Power System

10.2.3.1 AC power system

The on-site AC power system consist of 13.8kV, 4.16kV, 480V and 220V

system for each power block and for common station service system.

• The on-site power systems are designed to provide sufficient capacity to assure

that acceptable fuel design limits as a result of anticipated operational

occurrences.

• The on-site power systems shall be designed to perform their safety functions

assuming a single failure.

• The on-site power systems are capable of performing their safety functions

assuming a single failure.

• The on-site power system are located within category I structures so that they are

protected froM natural phenomena.

• The on-site power systems are designed to permit appropriate surveillance,

periodic inspection, and testing of important areas and features to assess the

continuity of the system.

• The vital batteries have adequate capacity without chargers to provide the

necessary DC power to perform the reguired safety function in the event of a
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postulated accident in the unit, assuming a single failure.

The on-site AC power system is a class IE system which consists of: (1) the stand-by

AC power system, and (2)the 120V vital AC system. The safety function of the stand-by

AC power system is to supply power to permit functioning of the safety components and

system. The safety function of the 120V vital AC system is to supply power

continuously to reactor protection, instrumentation , and control system.

10.2.3.2 DC power system

The vital 125V DC control power system is a class-IE system whose safety

faction is to provide control power for engineered safety features equipment, emergency

lighting, vital inverters, and other safety related DC powered equipment for the entire

plant.
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