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요    약    문 

 

한국원자력연구소는 원자력연구개발 중⋅장기 계획에 따라 안전성과 경제성이 

우수한 신형액체금속로인 KALIMER-600의 개념설계를 개발하고 있다. 본 

보고서에서는 KALIMER-600 설계의 핵심 안전개념과 대표적인 ATWS사고, 

격납건물 설계기준사고 및 유로폐쇄사고에 대한 안전해석 결과를 기술하고 

있다.  

 

안전목표를 달성하기 위한 KALIMER-600 설계의 주요 설계특성과 안전 원

칙을 제1장에 서술하였고, KALIMER-600 안전해석을 위한 사건분류 및 안

전성 기준을 제2장에서 논의하였다.  

 

제 3장에서는 KALIMER-600 설계개념의 고유안전성 평가 결과를 기술하였

다. KALIMER-600의 노심과 계통은 원자로 보호계통을 작동하지 않고도 일

련의 설계기준사고에 대하여 뛰어난 안전성능을 가지도록 설계되었다. 보수

적으로 원자로 정지를 고려하지 않는 가상적인 ATWS 사고에 대해 

KALIMER-600의 계통반응을 분석하기 위하여 SSC-K 코드를 사용하여 안

전해석을 수행하였다.  

 

제 4장은 격납용기의 설계와 성능해석을 포함하고 있다. KALIMER-600의 

격납건물 성능해석은 두 가지 허용 기준을 만족해야 한다. 첫 번째는 가능한 

모든 사고에 대해 격납건물 자체의 설계 건전성이 유지되며, 두 번째는 허용 

방사선 선량 기준을 만족함을 보이고 있다.  

 

제 5장에서는 KALIMER-600의 유로폐쇄 해석을 위해 개발된 MATRA-

LMR-FB 코드를 이용하여 6개, 24개, 그리고 54개의 부수로가 막힌 경우에 

대한 해석을 수행하였다.  
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S U M M A R Y 
 

 

KAERI is developing the design concept of a Liquid Metal Reactor, KALIMER-600 
(Korea Advanced LIquid MEtal Reactor) under the Long-term Nuclear R&D Program. 
KALIMER-600 addresses key issues regarding future nuclear power plants such as 
plant safety, economics, proliferation resistance, and sustainability. In this report, key 
safety design features are described and safety analyses results for typical ATWS 
accidents, containment design basis accidents, and flow blockages in the KALIMER 
design are presented.  
 
First, the basic approach to achieve the safety goal and main design features of 
KALIMER-600 are introduced in Chapter 1, and the event categorization and 
acceptance criteria for the KALIMER-600 safety analysis are described in Chapter 2.  
 
In Chapter 3, results of inherent safety evaluations for the KALIMER-600 design 
concept are presented. The KALIMER-600 core and plant system are designed to assure 
benign performance during a selected set of events without either reactor control or 
protection system intervention. Safety analyses for the postulated anticipated transient 
without scram (ATWS) have been performed using the SSC-K code to investigate the 
KALIMER-600 system response to the events.  
 
The objectives of Chapter 4 are to assess the response of KALIMER-600 containment 
to the design basis accidents and to evaluate whether the consequences are acceptable or 
not in the aspect of structural integrity and the exposure dose rate. 
 
In Chapter 5, the analysis of flow blockage for KALIMER-600 with the MATRA-LMR-
FB code, which has been developed for the internal flow blockage in a LMR 
subassembly, are described. The cases with a blockage of 6-subchannel, 24-subchannel, 
and 54-subchannel are analyzed. 
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CHAPTER 1  Introduction 
 
1.1 Safety Objectives and Design Description 
 
1.1.1 Safety objectives 

KALIMER-600 (Korea Advanced LIquid MEtal Reactor) is a liquid metal sodium 
cooled fast reactor with the electricity output of 600MWe and uses U-TRU-10%Zr 
metal fuel. The design concept of KALIMER-600 [1-1] is being developed focusing on 
the four ultimate objectives; sustainability, enhanced safety, competitive economics, and 
proliferation resistance. The safety systems of KALIMER-600 are based on passive 
system and KALIMER-600 does not require active components in coping with the 
design basis accidents. It improves the reliability of KALIMER-600 safety function. 
KALIMER-600 also has other enhanced safety features such as using metallic fuel, the 
ultimate shutdown system (USS), and the Passive Decay heat Removal Circuit (PDRC) 
system. The PDRC substitutes the passive vessel cooling system (PVCS), which has 
been adopted in the design of KALIMER-150. 
 
KALIMER-600 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. 
 
1.1.2 KALIMER-600 design concept 

In the development of KALIMER-600 design concept, a focus has been made on 
the nuclear steam supply system (NSSS) and essential BOP (Balance of Plant) systems. 
Figure1-1 represents the schematic of the KALIMER-600 NSSS and Fig. 1-2 shows the 
layout of the KALIMER-600 system including BOP. None of the PHTS piping and 
equipment is located outside the reactor vessel but they are located inside the vessel. 
Reactor building, which adopts the seismic base isolation system to enhance the 
structural safety as well as the economics, is separated from both the fuel handling & 
storage building and the T/G building. KALIMER-600 has a net electrical rating of 
600MWe and the plant thermal balance was setup to the electric out put. The required 
core thermal output is 1525.3 MWth. The plant system design parameters are based on 
the electrical rating and core thermal power. Fig. 1-3 illustrates the energy balance in the 
KALIMER system. 
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1.1.2.1 Core 

KALIMER-600 uses a radially homogeneous core scheme of a single 
enrichment which does not require the separation of nuclear species during spent fuel 
processing, and the KALIMER-600 is not loaded with any blanket assembly to enhance 
the proliferation resistance. In addition, the excess plutonium production is minimized 
by keeping the core conversion ratio approximately equal to unity. One of the benign 
features of KALIMER-600 is that it has extremely low burnup reactivity swing, thus 
essentially eliminating control rod movement during the full power operation.  

 
The core layout, shown in Fig. 1-4, consists of 114 inner driver fuel assemblies, 114 
middle driver fuel assemblies, 108 outer driver fuel assemblies, 12 control rods, 1 
ultimate shutdown system (USS) assembly self-actuated by a Curie point electromagnet, 
72 reflector assemblies, 78 B4C shield assemblies, 90 shield assemblies, and 114 in-
vessel storages (IVSs). There are no upper or lower axial blankets surrounding the core. 
Each driver fuel assembly consists of 271 rods within a duct. The core has an active 
core height of 100.0 cm. The core structural material is HT9. Its low irradiation swelling 
characteristics permits adequate nuclear performance in a physically small core. Table 
1-1 shows the major design parameters. Table 1-2 and Table 1-3 show the driver fuel 
and control rod data, respectively. The cycle length, core average discharge burn-up and 
breeding ratio are 18 months, about 79 GWd/ton and about 1.0, respectively.  
 
The base alloy, ternary (U-Pu-10%Zr) metal fuel is used for the KALIMER-600 as a 
driver fuel. The fuel pin is made of sealed HT-9M 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 reflector assemblies contain solid 
Inconel-600 rods. The control 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 drawings of the driver fuel assembly and 
driver fuel pin are presented in Figs. 1-5 and 1-6, respectively. 
 
The reactivity and power control rod system consists of two identical clusters. Each 
control rod unit consists of an array of tubes containing B4C and provides two diverse 
scram methods; a gravity-driven rod drop and a powered drive-in. The ultimate 
shutdown system (USS) which drops neutron absorber by gravity is located in the core 
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center as a means to bring the reactor to cold critical conditions in the event of a 
complete failure of the normal scram system and after the inherent reactivity feedbacks 
have brought the core to a safe, but critical state at an elevated temperature. Reactivity 
worths for the BOEC and EOEC are summarized in Tables 1-4. 
 
1.1.2.2 Primary and intermediate heat transport systems 

The primary heat transport system (PHTS) mainly delivers the core heat to the 
intermediate heat transport system (IHTS) and IHTS works as an intermediate system 
between PHTS where the nuclear heat is generated and the steam generator system 
(SGS) where the heat is converted to steam. The steam generator is a once-through type 
with helical tube utilizing a superheated steam cycle. The schematic of the PHTS is 
found in Figure 1-1 and Figure 1-7 indicates the reactor internal structure in which the 
PHTS is located. The reactor core, the primary coolant pumps and the intermediate heat 
exchangers (IHXs) are immersed in a large volume of sodium in the primary pool. The 
PHTS is a pool type system and this feature provides large thermal inertia of the 
primary system. A vertical wall, called reactor baffle, divides the primary pool into hot 
and cold pools. The large thermal inertia enhances the plant safety. IHTS consists of two 
loops and each loop has its own steam generator and related systems. Strong emphasis 
has been given to prevention and mitigation of the possible sodium-water reaction 
events to the IHTS piping routing and SG design.  
 
Reactor structures mainly consisting of reactor vessel, containment vessel, reactor head, 
reactor internal structures, and reactor support structure comprise reactor coolant system 
and connected systems, as shown in Fig. 1-7. The reactor vessel is the container and the 
support for the reactor core, primary sodium and reactor internal structures. The 
containment vessel assures that the reactor core will not be uncovered and core cooling 
can be accomplished even if the reactor vessel leaks. The reactor vessel and the 
containment vessel have no attachments and no penetration to improve safety other than 
the core support structure. The reactor head is the common closure for both reactor 
vessel and containment vessel and provides a cold deck during refueling and 
maintenance. The reactor internal structures provide mainly the reactor core support, 
primary sodium flow paths, shielding, seals and restraints for the primary pumps and 
IHXs. Elevation and coolant volume of the compartments of reactor vessel are indicated 
in Fig. 1-8.  
 
The cold sodium is pumped from the cold pool to the core inlet plenum by the primary 
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pumps, and then through the core and into the hot pool. Elevation differences feed the 
hot sodium into the inlet of the IHXs, past the tube bundle and into the cold pool. The 
only primary piping used is from the discharge side of the pump to the core inlet plenum. 
 
1.2  KALIMER-600 Approach to Safety 
 
1.2.1 Safety design philosophy 

The KALIMER-600 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. KALIMER-600 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 vessel boundary, and the containment. 
 
The first level of safety is the inherent and basic design characteristics. This level 
focuses on reliable normal operation, and accident prevention through the features of 
the plant design, construction, operation and maintainability. This also 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 component failures may occur during the 
plant design life. Examples of the limiting features used in KALIMER-600 are as 
follows: 

1)  Seismic isolators to protect the safety grade equipment against earthquake   
challenges, 

2) Use of two primary pumps; the failure of any one of them will not seriously 
degrade the core flow, and 

3) Use of two intermediate heat transport system (IHTS) loops; the loss of either 
loop, by sodium leakage for example, will not be common cause for failure of the 
heat removal capability via the IHTS, thus reducing the temperature increase of 
the primary sodium on the IHTS failure.  

 
The third level focuses on the protection against anticipated events and unlikely events. 
The reactor shutdown system, actuated by the reactor protection system (RPS), and 
residual heat removal system (RHRS) provide high reliability protection functions.  
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The fourth level safety limits the core damage at given failure or late response of the 
reactor shutdown system. This level of safety comprises the built-in inherent safety 
features 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 that 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 margins to accommodate the pressure loads 
from a hypothetical energetic severe accident and the core retention plate, designed to 
retain whole molten core, is also 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 against a reactor head seal failure 
that leads to the release of all of the fission gases as a result of hypothetical energetic 
beyond design basis events.  
 
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. 
 
1.2.2 Safety design requirements 

 To achieve the design objective for its safety, enormous efforts are devoted to the 
accident resistance, accident mitigation, core damage prevention, and prevention of 
large radioactivity release.       
 
For the accident resistance, the simplicity is emphasized in all aspects of design, 
construction, operation, and maintenance. The 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 as well as LMRs. The design is simplified and PHTS is put into the large 
pools to make it resistant to accidents as shown in Fig.1-1. The possibility of sodium 
loss by pipe break is eliminated and the large thermal capacity of the pool makes system 
transient slower and thus provides more time to cope with abnormal events and higher 
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probability to terminate the abnormal events before their entering into the accidents. 
One of the key factors in securing plant safety is to make the core shutdown highly 
reliable when required. At least three diversified core shutdown mechanisms are to be 
used to demonstrate and achieve high confidence level of the core shutdown. 
Maintaining the core power reactivity coefficient to be negative during all modes of 
plant status is crucial in all aspects of plant safety.  
 
For accident mitigation, passive mechanism has, in general, superior reliability in 
mitigating an accident. In addition, long grace time at an accident provides improved 
reliability of the plant safety function, and more flexibility in coping with an accident, 
and, therefore, contributes to forming a favorable opinion for KALIMER-600. A key 
factor in securing the plant safety is to make the core shutdown highly reliable. In this 
regard, it adopts the diversified core shutdown mechanism, i.e. the shutdown rod system, 
and USS. The diversified core shutdown mechanisms are considered to achieve high 
confidence level of the core shutdown. Especially, the USS located at the center of the 
core, is a self-actuated shutdown system and drops the shut-off rod by gravity. The USS 
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 the USS, 
whose saturated magnetic flux density is remarkably reduced at the curie point of the 
temperature-sensitive material used in CPEM. When temperature of the primary sodium 
goes up to the Curie point, CPEM loses its electromagnetic force that holds the shut-off 
rod. Then 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. 
 
For damage prevention, the CDF (Core Damage Frequency), which is a representative 
safety level of a nuclear plant, should be lower in KALIMER-600 (10-6 per reactor year) 
than in currently planned power reactors of LWR. Sufficient margin needs to be 
imposed in the 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 also crucial in preventing the core damage.  
 
For prevention of large radioactivity release, containment is the last barrier to the 
radioactivity release and the KALIMER-600 containment should be designed to realize 
the release rate target considering the fuel source strength characteristics. A large 
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radioactivity release is prevented by limiting large dose release rate lower than 10-7 per 
reactor year. 
 
1.2.3 Inherent core safety mechanism 

 The KALIMER-600 design highly emphasizes on the inherent safety, which 
maintains the core power reactivity coefficient to be negative during all modes of the 
plant status and under accidental conditions as well. The reactivity feedback 
mechanisms consist of Doppler, thermal expansion of the fuel and coolant, thermal 
bowing of the core, thermal expansion of the core structure and core support structure, 
and thermal expansion of the control rod driveline. These effects result from either the 
law of nature, or both the law of nature and core design. The summary of reactivity 
worth for KALIMER-600 core is provided in Table 1-4. 
 
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 the 
core power level and is a practically instantaneous indicator of the power excursion. 
Doppler feedback removes the reactivity as the temperature rises and can thus help limit 
the extent of the power-increase excursion. As the fuel temperature drops with the 
power reduction, Doppler adds reactivity and tends to increase the core fission power. 
 
The metallic fuel expands significantly as it heats. The fuel thermal expansion is also a 
fast feedback mechanism. The radial fuel slug expansion is accommodated within the 
pin and the fuel bundle lattice and does not affect the reactivity. Then the axial 
expansion is controlled by the expansion of the cladding, since the metallic fuel has 
little strength. Axial fuel expansion increases the core height and does affect the 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 the fuel temperature increase. 
 
The 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 leads to the increased leakage of neutrons from 
the core because there are fewer sodium atoms to scatter them back into the core. 
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Reduced neutron collision with the sodium atoms also tends to harden the neutrons 
energy spectrum, but the feedback effects from the hardened spectrum are small 
compared to absorption and leakage effects. The reduced neutron collision with the 
sodium atoms also tends to harden the neutrons energy spectrum. For a small LMR, the 
neutron leakage effect is more dominant than the neutron spectrum hardening. For the 
KALIMER-600 reactor, the hardened spectrum neutrons created in the center of the 
core are unable to escape from the core, but the feedback effects from the hardened 
spectrum are small compared to absorption and leakage effects.  
 
The radial power profile across the core gives a tendency of temperature decrease 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. Since the duct 
region is heated and bowing is in and above the core and 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 growth in the volume and outer surface area of the active 
fuel region of the core is not only to increase the parasitic neutron captures in the extra 
coolant with the core volume but also to increase the loss of neutrons from the core 
region through the surface area. Both effects lead to removal of the reactivity from the 
core.  
 
Thermal bowing is a rapid feedback mechanism because the ducts are subject to neutron 
and gamma heating and because heat removal from the fuel by the sodium 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 gets small, the bowing feedback decreases. 
Under nature circulation conditions in the primary loop, all the assemblies will tend to 
get 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 
(1) the assembly internal power and flow distributions, (2) the intra-assembly heat 
transfer, and (3) the flow distribution in the interstitial region (the sodium between the 
assemblies). But it is difficult to accurately calculate the bowing effect. KALIMER-600 
uses the limited free bow restraint system and the load pads are placed in such a manner 
as to assure a negative contribution during power production. 
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Radial thermal expansion of the core support structure is a slow feedback mechanism. It 
is a result of both the laws of nature and the particular core design. It causes negative 
feedback for temperature increases by the combination of increased core volume 
captures and increased core surface leakage. The feedback is slow because the hot fuel 
must increase the cladding temperature first 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. The radial dimension of the core is determined largely by 
the assembly spacing. The spacing is determined by the grid plate at the bottom of the 
core and by two sets of load pads above the core, 
 
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 the 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 mid-plane, which by itself gives a negative feedback. When the thermal 
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 
traducing the net negative feedback. 
 
The feedback mechanisms have magnitudes and timing sufficient to control the range of 
the unprotected core power and temperature excursions. The sources of these excursions 
are reactivity insertion and loss of cooling events. During the reactivity excursion event, 
the initial increase in the 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. Since the initial power peak is limited by the fuel thermal 
effects, the increasing temperatures reach the core structures, core support structures, 
and control driveline. The additional negative feedback from the structural expansions 
tends 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 
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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 the fuel integrity criteria appropriate for longer intervals. 
 
During loss of cooling events, uncooled sodium re-enters the core and begins to heat the 
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 temperature to less than that of boiling 
and to satisfy the 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 the equilibrium is established 
at the reactor bulk temperature that produces sufficient thermal expansion feedbacks to 
offset the fuel thermal feedback the core is at decay power level and 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 the core power generation and primary 
loop heat removal capacity. 
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Table 1-1  Major Design Parameters of KALIMER-600 

 
OVERALL 
Net plant Power, MWe                               600 
Core Power, MWt                            1525.3 
Gross Plant Efficiency, %              41.9 
Net Plant Efficiency, %                             39.3 
Reactor                                           Pool Type 
Number of IHTS Loops                    2 
Safety Shutdown Heat Removal            PDRC 
Seismic Design     Seismic Isolation Bearing 
 
CORE 
Core Configuration                       Homogeneous 
Core Height, mm                                        1000 
Axial Blanket Thickness, mm                          0 
Maximum Core Diameter, mm                   5003  
Fuel Form           U-Pu-10% Zr Alloy 
Feed Driver Fuel TRU Enrichment             14.35 
Assembly Pitch, mm                                  178.78 
Fuel Pins per Assembly                                271 
Cladding Material                                        HT9M 
Refueling Interval, months                             18 

 
PHTS 
Reactor Core I/O Temp., 0C            370.4 / 545.0 
Total PHTS Flow Rate, kg/s              6862.1 
Primary Pump Type                         Mechanical 
Number of Primary Pumps                      2 
  
 
 
IHTS  
IHX I/O temp., 0C                         320.7 / 526.0 
IHTS Total Flow Rate, kg/s                    5813.1 
IHTS Pump Type              Electromagnetic 
Number of IHXs                     4 
Number of SGs                     2 
 
 
 
Steam System 
Steam Flow Rate, kg/s          664.67 
Steam Temperature., 0C                           503.1  
Steam Pressure, MPa                                16.5 
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Table 1-2  Design Parameters of Driver Fuel Assembly 
 

ASSEMBLY DATA 
Hot condition

Number of Pins (Moderators) per Assembly 271 271 

Fuel Smeared Density(%) 75.0 75.0 

Duct Material HT9M HT9M 

Duct Wall Thickness(mm) 3.70 3.72 

Duct Outer Flat to Flat (mm) 174.78 175.90 

Duct Inner Flat to Flat (mm) 167.38 168.45 

Active Length (cm) 100.00 105.00 

Fuel Element Length (cm) 370.49 377.28 

Gap Distance between Ducts (mm) 4.00 3.80 

Assembly Lattice Pitch (mm) 178.78 179.70 

Assembly Area (cm2) 276.81 279.66 

Upper Gas Plenum(/Na Filled) Length (cm) 156.25 25.00 157.45 25.19 

Upper End Plug (cm) 2.54 2.56 

Lower End Plug and Shielding (cm) 111.70 112.27 

462.00 469.38 

PIN DATA

Fuel Type U-Pu-10%Zr U-Pu-10%Zr

Fuel Fabrication Density (%TD) 100.0 100.0 

Cladding Material HT9M HT9M 

Pin Overall Length (cm) 370.49 377.28 

Pin Outer Diameter (mm) 8.50 8.55 

Pin Inner Diameter (mm) 7.44 7.49 

Cladding Thickness (mm) 0.53 0.53 

Fuel Slug Diameter (mm) 6.44 7.49 

Fuel Cladding Gap (mm) 0.50 0.00 

Pin Pitch (mm) 10.00 10.06 

Pin P/D Ratio 1.176 1.176 

Wire Wrap Diameter (mm) 1.40 1.41 

Wire Wrap Pitch (cm) 19.31 19.43 

Bond Na Na

Cold condition

Overall Assembly Length (cm)
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Table 1-3   Design Parameters of Control Rod 
 

 
 

ASSEMBLY DATA Cold condition Hot condition

Pins per Assembly 61 61 

Duct Material HT9M HT9M 

Duct Wall Thickness(mm) 3.70 3.72 

Duct Outer Flat to Flat (mm) 174.78 175.90 

Duct Inner Flat to Flat (mm) 167.38 168.45 

Active Length (cm) 100.00 105.00 

Fuel Element Length (cm) 370.49 377.28 

Gap Distance between Ducts (mm) 4.00 3.80 

Assembly Lattice Pitch (mm) 178.78 179.70 

Assembly Area (cm 2 ) 276.81 279.66 

Slider Outer Flat to Flat (mm) 159.88 160.90 

Slider Wall Thickness (mm) 2.30 2.31 

Slider Inner Flat to Flat (mm) 155.28 156.28 

Overall Assembly Length (cm) 462.00 469.38 

PIN DATA 

Pin Material B4C B4C 

B-10 Enrichment in Boron (wt.%) 19.8 19.8 

Pellet Fabrication Density (%TD) 92.0 92.0 

Pellet Smeared Density(%TD) 78.0 78.0 

Bond Material Helium Helium

Cladding Material HT9M HT9M 

Pellet Stack Length (cm) 104.65 109.88 

Pin Outer Diameter (mm) 18.25 18.36

Pin Inner Diameter (mm) 15.41 15.55

Cladding Thickness (mm) 1.42 1.43 

Pellet Diameter (mm) 13.61 15.50

Pellet-Cladding Diametral Gap (mm) 0.90 0.00 

Wire-Wrap Pitch(mm) 25.00 25.16

Wire Diameter(mm) 1.000 1.006
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Table 1-4  Summary of Reactivity Worths  
 

 

 
 

 

 

 

 

Parameters BOEC EOEC 

Fuel temperature (Doppler) Coefficient (dρ/dT) -0.01324T-1.14 -0.01269T-1.14

Sodium flooded   

Axial expansion coefficient ((dk/k)/(H/dH),pcm/%) 

    Fuel  -198 -197 

    Fuel+Structure -106 -100 

Uniform radial expansion coefficient   

    (dk/k)/(R/dR) (pcm/%) -512 -513 

    (dk/dT (x1.0E-6) (1/K) -7.3053 -7.3263 

Sodium void effect (pcm, $)   

    Inner Driver 1578(4.42$) 1623(4.58$) 

    Middle Driver 888(2.49$) 888(2.51$) 

    Outer Driver 27(0.076$) 31(0.088$) 

    Total Driver 2519(7.06$) 2565(7.25$) 

Control rods (pcm, $)   

    Inner rods 2772(7.76$) 2838(8.02$) 

    Outer rods 2099(5.88$) 2037(5.75$) 

    Inner+outer rods 5100(14.29$) 5095(14.39$) 

USS (pcm, $) 744(2.08$) 807(2.28$) 

βeff 0.00357 0.00354 

 



15 

Fig. 1-1  Schematic of KALIMER-600 System 
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         Fig. 1-2  Layout of KALIMER-600 System 
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Fig. 1-3  Energy Balance of KALIMER-600 
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• Net Efficiency   = 39.34%



18 

 
 
 
 
 

703Total

90Shield

114IVS

78B
4
C Shield

72Reflector

1USS

12Control rod

108Outer Driver

114Middle Driver

114Inner Driver

Fig. 1-4  KALIMER-600 Core Configuration  
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Fig. 1-4 Driver Fuel and Blanket Design 
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Fig. 1-5  Driver Fuel Assembly (not updated) 



20 

한
국
원

자
력
연

구
소

김
 경

 군

이
 병

 운

황
  
  
 완

이
 동

 욱

Fig. 1-6  Driver Fuel Pin (not updated) 
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Fig. 1-7  Schematic of Reactor Internal Structure 
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Fig. 1-8  Dimension of KALIMER-600 PHTS 
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CHAPTER 2.  Event Categorization and Safety Criteria 
 
All conceivable challenges to safety systems to perform their safety functions are 
considered as candidates of Design Basis Events (DBEs). Specifically the initial events 
of interest are those postulated sequences that challenge and have definable impact on 
the design of safety-related components or systems, which are associated with reactor 
shutdown, shutdown heat removal, and control of radiological releases. Among these 
initial events, one or more events may clearly dominate or envelope other events, and 
some events may be eliminated because of its small probability of occurrence. The 
reduction in the list of events from the initial to final selection occurs as the KALIMER-
600 design and safety evaluation mature. 
 
The initial step toward DBE selection is the establishment of a complete set of event 
trees. The initial basis for this is the set of generic initiating events and event trees 
developed for KALIMR-600 and other liquid metal reactors over the past years. The 
event trees are subsequently to be modified and refined in parallel with more specific 
development of the KALIMER-600 design concept. 
 
Specific selection criteria of the DBEs are: 

1) Event sequences with frequency greater than 10-7 must be within the DBE 
envelope. 

2) Within the DBE envelope, events of greater severity must have lower frequency. 
 
2.1  Event Categorization 
 

A set of event categories corresponding to events that must be used for system 
design and containment performance, need to be defined. Events to be included in these 
categories are selected deterministically, supplemented by the insight gained from the 
PRA. A spectrum of accidents beyond the traditional LWR DBE envelope is considered 
for the KALIMER-600 design.  
 
Safety related transient events are grouped into four categories of events based on their 
probability of the event's occurrence: (1) Infrequent Events (IEs), (2) Unlikely Events 
(UEs), (3) Extremely Unlikely Events (XUs), and (4) Residual Risk events. The first 
and second categories, corresponding to the Light Water Reactor (LWR) traditional 
design bases events, consist of events which are considered in evaluating and analyzing 
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the design of the subsystems and components of the nuclear steam supply system 
(NSSS). The third category includes a portion of the LWR traditional BDBEs that are of 
such low probability that they are normally precluded from direct consideration in 
conjunction with the design requirements. However, the KALIMER-600 top-level 
requirements require a subset of BDBEs, namely Bounding Events (BEs), to be 
accommodated without loss of reactor integrity or radiological release. 
 
Table 2-1 provides definitions of the event categories to be used in conjunction with the 
numerical frequency ranges. Each event belongs to one of four categories based upon its 
nominal frequency as a criterion. The dividing line between DBEs and BDBEs is the 
frequency of 10-7 per plant-year. Consideration of such a spectrum of accidents ensures 
that the advanced designs comply with the Safety Goal [2-1] and Severe Accident 
Policies [2-2] of U.S. NRC. The radiological consequence limits associated with the 
categories are also presented in Table 2-1. Description of each event category is 
presented below.  

 

2.1.1 Infrequent event (IE) 
 This category of events is equivalent to the current anticipated operational 

occurrences (AOOs) class of events considered for LWRs. The frequency range for 
these events is approximately 10-2 per plant-year, or greater, which corresponds to the 
frequency of events that may be expected to occur one or more times during the life of 
the plant. These events are analyzed in a manner similar to the analysis for LWRs to 
demonstrate compliance with Appendix I of U.S. 10 CFR Part 50 [2-3] and U.S. 40 
CFR Part 190 [2-4]. 
 
2.1.2 Unlikely event (UE) 

 This category of events is equivalent to the current DBE category for LWRs and 
is selected consistent with the selection of an LWR DBE envelope. Specifically, UE 
would be selected using traditional engineering judgment complemented by PRA 
method, that includes individual internal events down to a frequency of approximately 
10-4 per plant-year. 10-4 is based upon ensuring that any event expected to occur over the 
lifetime of a postulation of reactors is included. UE includes a traditional selection of 
design-basis external events. UE is subject to the single-failure criterion and other 
traditional conservatisms. Events within this category should be analyzed in a 
conservative manner. 
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2.1.3 Extremely unlikely event (XU) 

The final category of events, XU, corresponds to those severe events beyond the 
traditional DBE envelope. This category of events is an off-normal condition of such 
extremely low probability that no events in this category are expected, but represent 
limiting cases of failure that are identified as design bases. The events in this category 
are selected using engineering judgment, complemented by PRA. XU includes internal 
events (less likely initiating events plus multiple failure event sequences) down to a 
frequency of approximately 10-7 per plant-year. The identification and use of XU is 
consistent with the U.S. NRC's Severe Accident Policies [2-2] and was justified for the 
PRISM design [2-5].  
 
This category for advanced reactors includes, using engineering judgment, additional 
Bounding Events (BEs) to account for plant-specific uncertainties. Selected BEs in the 
stage of design concept development of the KALIMER-600 are presented in Fig. 2-1. In 
selecting the events to be included in XU, the KALIMER-600 design has to be 
specifically reviewed to identify those events that have the potential for large release, 
core melt, or reactivity excursion to ensure that adequate prevention or protection is 
furnished for these events. XU events except BEs should be analyzed on a best estimate 
basis, rather than on a known conservative basis as would be done for UE events. 
 
2.1.4 Bounding event selection 

 A portion of the traditional beyond design basis events (BDBEs) is of such low 
probability (less than 10-6/yr) that they are normally precluded from direct consideration 
in conjunction with the design requirements. However, the KALIMER-600 top-level 
requirements require a subset of BDBEs, namely bounding events (BEs), to be 
accommodated without loss of reactor integrity or radiological release. This requirement 
complies with the 1986 Advanced Reactor Policy Statement of the U.S. NRC [2-6]. 
Although the selected bounding events are not rigorously quantified in terms of 
probability, a judgment is to be made that their probability could reasonably be in the 
lower range of XU (~10-7/yr), as shown in Table 2-1.  
 
A set of BEs are included in the XU category for the KALIMER-600 design in order to 
account for uncertainties in design and reliability acknowledging the difficulty in being 
able to identify, particularly at the stage of design concept development, all failure 
modes of a system or component. The major sources of uncertainty affecting the event 
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selection are limitation of performance and reliability data for the critical systems, 
mainly the PDRC and the negative reactivity feedback mechanism.  
 
2.1.5 Residual risk event 

 The probability of a severe core accident is less than 10-7 plant year. The 
probability is so low that the events fall into a residual risk classification. This is an off-
normal condition of such extremely low probability that no events are considered in this 
category to be credible. However, these events may have potential consequences that 
merit their consideration in the design. 
 
2.2  Safety Criteria 
     
The defense-in-depth approach evaluation is applied to the KALIMER DBEs. 
Conservative calculations are used to predict the plant response during the postulated 
DBEs. Also, for each event category, a single limiting event whose postulated 
consequences envelope all of the others in that category, is selected.  
 
This evaluation uses four sets of acceptance criteria: reactor shutdown, shutdown heat 
removal, radiation exposure to the plant personnel and offsite radiological dose. The 
acceptance criteria are based on the premise that if appropriate fuel design and coolable 
geometry limits are not exceeded and if radiological releases are limited so that the dose 
guidelines presented in 10CFR100 are not exceeded for the suitable source terms at the 
postulated site, then the public health and safety are adequately protected. 
 
The acceptance criteria are based on physical phenomena that govern safety and 
reliability. The key phenomena-based criteria for MF, IE, and UE are presented in Table 
2-2. The currently accepted temperatures corresponding to Table 2-2 for normal 
operation and design basis transients are summarized in Table 2-3, where the 
temperature limits for core outlet coolant, cladding, subchannel coolant, and fuel are 
presented, respectively. It should be emphasized that the values in Table 2-3 may change 
as the KALIMER design progresses, but they may be warranted to accounts for design 
changes, additional design detail, and experimental results for metallic fuel irradiation. 
 
 
In the PRISM Pre-application Safety Evaluation Report [2-5], NRC has provided the 
following top-level requirements for accommodated beyond design basis events: 
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o no core melting (but limited, local fuel melting is acceptable provided it can  
  be shown that it does not lead to a positive reactivity addition) 
  o no significant positive reactivity feedback 
  o no potential for large radiological release. 
 
In order to insure that the top-level requirements for unprotected events are met, 
conservative safety criteria are defined for KALIMER-600: 
  o a limited number of cladding failures and no propagation of failures  
  o maintenance of primary boundary integrity 
  o no sodium boiling 
  o no positive reactivity addition from fuel movement. 
 
Based on current knowledge of irradiated metallic fuel behavior, temperature limits are 
set to insure those safety criteria. Table 2-2 and 2-3 include the safety criteria and 
current temperature limits used for BEs, in which the temperature limits are dependent 
on the specific fuel and cladding compositions and are subject to revision as additional 
experimental test data become available. The temperature limits may be modified 
somewhat over time, but the phenomenological safety criteria are not expected to 
change.  
 
(1) Average core exit temperature limit 

Reactor structural integrity is essential to assure core cooling and reactivity 
containment. Quantification of structural integrity uses the ASME Pressure Vessel Code 
methodology and criteria. The ASME Code specifies a single creep-fatigue damage 
limit for the entire component life. Translating this limit into separate temperature limits 
for different operation levels requires apportionment of the damage limit into allowable 
damages for the individual operation levels. The loading and time evaluations for 
projected event scenario are based on the simplified KALIMER-150 analysis as shown 
in Table 2-4. Considerable conservatism is included in the damage apportionment and 
the component environmental conditions. Core mixed average outlet temperature limits 
are established as a convenient simplification during the phase of design concept 
development. As the design progresses, detailed structural analyses will be performed 
and the structural limits for each ASME code service level will be used later. The Level 
D limits for the core average outlet temperature in Table 2-5 are used to insure structural 
integrity during ATWS events. 
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(2) Peak clad temperature limit 
In addition to low irradiation swelling, the HT9 material must exhibit adequate 

residual ductility after irradiation and some reduction of strength due to aging. To 
protect against failure due to ductility exhaustion, a normal operation thermal creep 
strain limit of 1% is set in conjunction with the other criteria. The desired burn-up rate is 
achieved when the total mechanical strain of the clad is less than 3%, which includes the 
thermal creep strain of less than 1%. Fig. 2-2 is a calculation result illustrating a creep 
strain as a function of temperature at the mid-wall cladding at the end of equilibrium 
cycle (EOEC) condition. The total creep strain exceeds the 3% limitation when 
temperature reaches above 640 oC in Fig. 2-2. For normal operation cladding loading, 
the cumulative damage function (CDF) value is limited to less than 0.001 to empirically 
assure a low probability of cladding failure. Fig. 2-3 is the CDF calculation result as 
varying the operating temperature at the EOEC condition. The CDF exceeds the 
limitation of 0.001 when the cladding temperature becomes higher than 635 oC in Fig. 
2-3. Therefore, the 635 oC is conservatively selected as the peak clad temperature for 
MF events. 
 
According to HT9 experiment, the cladding integrity rapidly deteriorates with drastic 
decrease of creep resistance due to the stress exponent increases as operating 
temperature exceeds 650 oC at 40 MPa. The cladding strain depends on material 
property, fuel composition, and operating condition such as temperature, pressure and 
neutron flux. It was calculated that the allowable holding times at 650 oC are 240 and 
4000 hours for 80 and 40 MPa, respectively. The current limiting peak clad temperature 
for IE events is conservatively assumed 650 oC based on 80 MPa. 
 
During normal and DBE transients, cladding temperatures must remain below the 
melting temperature of the U-Pu-Fe alloy formed by fuel and cladding interdiffusion. It 
is known that the threshold temperature of eutectic melting for the cladding is 700 oC at 
the fuel-cladding interface. Below 700 oC, the eutectic formation is limited to a solid 
diffusion process, and cladding degradation is extremely slow. The local cladding inner 
surface temperature (fuel surface temperature) must remain below the minimum fuel-
cladding liquid phase formation temperature for UE. 
 
A limited cladding failure without failure propagation is allowed for XU events. 
Cladding rupture is the principal fuel failure mechanism that release fission products 
and fuel into the coolant. Considering cladding wastage and the transient temperature 
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history, cladding creep rupture is the appropriate mechanistic criterion applied to 
quantify the cladding integrity criterion. The fuel-cladding attack is limited to less than 
10% of the cladding wall thickness in order to limit the strength degradation and the 
amount of fuel liquefied for XU events in Table 2-2.  
 
The inner diameter wastage from molten fuel-cladding alloy attack at different cladding 
fuel-cladding interface temperature conditions was calculated with considering the 
actual time history in Fig. 2-4. The HT9 alloy has significant degradation in creep 
strength at elevated temperatures. The wastage rate drastically increases if the fuel-
cladding interfacial temperature exceeds 790 oC for short term period. Fuel pin at 790 
oC cladding temperature fails by creep rupture in about 1080 seconds (0.3 hours). For 
the current phase of design concept development, a simplified temperature limit of 790 
oC is selected to preclude early cladding rupture. Short term excursions above the alloy 
solidus do not result in cladding failure and are permitted if the cladding thinning is 
limited to 10%. 
 
(3) Peak coolant temperature limit 

Damage to reactor vessel or internal structures must be avoided to protect the 
containment and to insure the cooling safety functions from energetic events. Protection 
of the reactor structures is provided by limiting the potential for the ATWS event to 
progress into energetic events. Because U-Pu fueled KALIMER has a positive coolant 
voiding reactivity coefficient over much of the active core length, significant boiling 
must be avoided. Local boiling in the core also results in an increased cladding failure 
rate as cladding and fuel-cladding interface temperature increase. 
 
The temperature limit for a criterion of no coolant boiling in the core is the coolant 
saturation temperature. The peak subchannel coolant temperature including 
uncertainties must be less than the local saturation temperature. Since the saturation 
temperature depends on pressure condition, the peak coolant temperature limit needs to 
be determined depending on core flow conditions. During events with natural 
circulation, which means the primary pumps do not operate to pressurize the core, the 
pressure at the core top is 0.1677 MPa and the corresponding saturation temperature is 
940 oC. During full core flow events with the primary pumps operating, the pressure is 
0.1677 Mpa and the corresponding saturation temperature is 1055 oC.  
 
The criterion of no coolant boiling in the core is the same for MF, IE, UE, and XU 
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events; however, the ATWS (in the XU category) transients are evaluated on a nominal 
basis. 
 
(4) Peak fuel temperature limit 

Experiments have demonstrated that extensive fuel melting does not affect the 
basic pin failure mechanism. Based on the metal fuel tests, centerline fuel melting, even 
extensive melting exceeds 80% of a given cross-section, is not a problem and does not 
result in pin failure. Fig. 2-5 illustrates the U-Pu-Zr fuel melting temperature as a 
function of Pu contents. 
 
During normal operation and DBE transients, the peak fuel temperature, including 
uncertainties, must remain below the fuel melting (solidus) temperature considering 
local constituent migration. Zirconium migration creates a depleted region within fuel 
and blanket in which the fuel melting temperature is degraded. The currently assumed 
temperature limit for this criterion is 955 oC. 
 
More permissive but still conservative criterion is adequate for XU events. Even though 
centerline molten fuel under overpower transients does not contribute to cladding failure, 
limitation of the amount and time duration of molten fuel is given by that less than 50% 
of pin cross-sectional area is melt during less than 2 minutes. Because the principal 
issue with centerline fuel melting is the possible separation of fission gas bubbles from 
the molten fuel which would result in fuel compaction and possible positive reactivity 
addition. Equivalent fuel temperature greater than 1070 oC for less than 2 minutes 
eliminates the potential of fuel motion reactivity effects.  
 
It is noted that fuel melting temperature is well above the minimum temperature of fuel-
cladding liquid phase formation, except for the condition of extremely high coolant 
temperature. 
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Table 2-1 

KALIMER-600 Event Categorization and Evaluation Criteria 
 

Evaluation Criteria Event 

Category   

 

Frequency 

range 

(per reactor 

year) 

(Note 1) 

Core 

Conditions

Structural 

Limits 

Radiation Exposure 

to Plant Personnel 

Offsite 

Radiological 

Dose 

Moderate 

Frequency 

Events (MF) 

 

F ≥ 10-1 

 

Table 2-2

ASME Code 

Service Level 

A 

USA 

10CFR20 

USA 10CFR50

Appendix I 

 

Infrequent 

Events 

(IE) 

 

10-1 >F ≥ 10-2 

 

Table 2-2 

ASME Code 

Service Level 

B 

 

USA 

10CFR20 

 

USA 10CFR50

Appendix I 

Unlikely 

Events 

(UE) 

 

10-2 >F ≥ 10-4 

 

 

Table 2-2

ASME Code 

Service Level 

C 

USA 

10CFR20 

10 % of 

10CFR100 

(Note 2) 

Extremely 

Unlikely 

Events (XU) 

 

10-4 >F ≥ 10-7 

 

 

Table 2-2

ASME Code 

Service Level 

D 

less than 

whole body 5 rem 

inhalation 30 rem 

skin 75 rem 

USA 

10CFR100 

(Note 2) 

Residual 

Risk Events 

(RE) 

 

F < 10-7 

 

NA 

 

NA 

 

NA 

 

100% of USA 

10CFR100 

Note 1: Event frequencies are nominal values. 

Note 2: For relaxation of emergency planning requirements, doses should be lower. 
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Table 2-2.  Basis of Temperature Limit 
 

 

 

 

 

 

 

 

 

 

 

Table 2-3.  Temperature Limit 
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Max. Stress, Creep Rupture 

Time, Service Level D

Avg. Core Exit 
Temperature

Pump on Pump off
Peak Cladding Temperature

Peak Coolant 
Temperature

fuel solidustemperature

Peak Fuel Temperature

Fuel melting limited to 
< 50% for less than 2 min.

Limit for insuring burn-up 
goal

Prevention of rapid cladding 
integrity degradation

Threshold temperature of 
eutectic melting

- 10% cladding thinning
- Thermal creep strength limit
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Event Category
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≤1
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Avg. Core Exit 
Temperature

Temperature Allowance 
time (hours) Pump on Pump off

Peak Cladding 
Temperature

Peak Coolant 
Temperature

955

Peak Fuel 
Temperature

635 ≤38,000

650 ≤240

700 ≤1.2

790 ≤0.3

Temperature Allowance 
time (hours)

Event Category

Moderate Frequency Events

Infrequent Events

Unlikely Events

Extremely Unlike Events

540 ≤280,000

600 ≤1,000

1055 940

1055 940 955

650 ≤30 1055 940 955

700
760

≤1
≤5 1055 940 1070

Avg. Core Exit 
Temperature

Temperature Allowance 
time (hours) Pump on Pump off

Peak Cladding 
Temperature

Peak Coolant 
Temperature

955

Peak Fuel 
Temperature

635 ≤38,000

650 ≤240

700 ≤1.2

790 ≤0.3

Temperature Allowance 
time (hours)
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Table 2-4. Determination of Core Exit Coolant Temperature Limits 
for Design Basis Duty Cycle Events 

 

 
                          Maximum Allowable Hold Time          Temperature Limit 
                                    (Hours)                          (°C) 
  

Moderate Frequency Events: 

    Bulk Temperature                  300,000                         535 

    UIS Bottom Striping Coolant  

    Temperature Limit (∆T)                                             130 

 

Infrequent Events: 

    Bulk Temperature                   50,000                         550 

    Bulk Temperature                    3,000                         580 

    Bulk Temperature                    1,000                         600 

 

Unlikely Events: 

    Bulk Temperature                      30                         650 

 

Extremely Unlikely Events: 

    Bulk Temperature                       5                         700 

    Bulk Temperature                       1                         760 

 

Note :  

The coolant temperature and hold time limit is determined based on the expected stress 

and the expected minimum stress-to-rupture value given in ASME Code Case N-

201-4. 

The maximum allowable hold time should be apportioned properly to the different 

service levels with a margin to accommodate differences between the early analyses 

and the detailed analyses of the final design. 

Maximum temperature difference between hot pool and cold pool is 144°C. 

Maximum temperature difference between hot pool and cover gas is 130°C. 

The short spikes of high temperatures in transient events are not included due to 

negligible creep-rupture effects. 
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Table 2-5 
Acceptance Criteria for Shutdown Heat Removal 

 
Service Level “A” Limits: Service Level A limits result when the normal heat transfer 

system is operating to remove reactor shutdown decay heat. 
The resulting temperatures and loadings are considered 
normal. The reactor core cladding temperature limit shall 
maintain the fuel life design margin. The PHTS and IHTS 
temperature limits shall be less than, or equivalent to their 
design temperature which results in no damage to systems or 
components. 

 
Service Level “B” Limits: Service Level B limits apply to anticipated events (IEs). The 

reactor core cladding temperature shall limit fuel damage to a 
reduction in fuel design margin only and does not affect the 
fuel design life. The PHTS and IHTS temperatures shall 
result in no reduction in component/structure design 
capability and no inspection required for re-operation. 

 
Service Level “C” Limits: Service Level C limits apply to UEs. The reactor core 

cladding temperature shall limit fuel damage to a few failures. 
A core unload, inspection and some replacements may be 
required. No permanent damage to the reactor vessel or 
internals shall result. The PHTS and IHTS temperatures shall 
not result in coolant boundary failure; however, potential loss 
in design life may occur and inspection/repair may be 
required for re-operation. 

 
Service Level “D” Limits: Service Level D limits apply to XUs. The reactor core 

cladding temperature limit shall maintain a coolable core 
geometry and the bulk sodium temperature shall remain 
below boiling. The PHTS and IHTS temperature limits shall 
not result in coolant boundary failure. Structural integrity is 
maintained to provide the SHRS safety function. Protection 
of public health and safety is required but plant restart is not 
mandatory. 
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Fig. 2-1  KALIMER-600 Event Categorization 
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              Fig. 2-2  Calculated total creep strain of the clad at EOEC 
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Fig. 2-4  Penetration rate of clad 
 

 

 

Fig. 2-5  Fuel melting temperature limit 
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CHAPTER 3.  Accident Analysis of ATWS 
 
This chapter presents inherent safety evaluations for the KALIMER-600 design concept. 
The KALIMER-600 core and PHTS is designed to assure benign performance during a 
selected set of events without either reactor control or protection system intervention. 
Based on their very low probability of occurrence these events are designated as BEs 
and are included in the design process to assure public safety. Several key DBE with 
failure-to-scram events, called as ATWS in the BE category, are analyzed for safety 
evaluation of the KALIMER-600 design.  
 
The ultimate means of protection of public safety from the consequences of postulated 
ATWS are the inherent negative reactivity feedback resulting from increase of the 
reactor system temperature, and the passive heat removal by PDRC. Analyses of the 
selected ATWS are conducted to assure that these inherent features are effective in the 
KALIMER-600 design. The events considered are: Unprotected control rod withdrawal 
(UTOP), Unprotected loss of heat sink (ULOHS), Unprotected loss of primary flow 
(ULOF).  
 
The passive safety of the KALIMER-600 for the UTOP, ULOF, and ULOHS has been 
evaluated with the system-wide transient and safety analysis code, SSC-K version 1.3 
[3-1]. The heat removal through the PDRC is modeled by the independent PDRC model. 
The SSC-K code employs a two dimensional hot pool model [3-2] for analyzing the 
complicated thermal mixing and stratification phenomena in the hot pool. This model 
greatly improves the code capability to model the reactivity feedback due to the control 
rod drive line expansion. The other reactivity feedback mechanisms from core radial 
expansion, fuel axial expansion, Doppler, and coolant void are also reasonably modeled 
in the code. 
 
3.1  SSC-K Code 
 
3.1.1 General description of SSC-K 

   The SSC-K [3-1] system analysis code has been developed by Korea Atomic 
Energy Research Institute (KAERI). The SSC-K code features a multiple-channel core 
representation coupled with a point kinetics model with reactivity feedback. It provides 
a detailed, one-dimensional thermal-hydraulic simulation of the primary and secondary 
sodium coolant circuits, as well as the balance-of-plant steam/water circuit. The SSC-K 
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code was used for assessment of the inherent safety features in the KALIMER-600 
design concept. The role of SSC-K aims at not only extensive analysis capability and 
flexibility, but also efficiently fast running enough to simulate long transients in a 
reasonable amount of computer time. The code thus becomes capable of handling a 
wide range of transients, including normal operational transients, shutdown heat 
removal transients, and hypothetical ATWS events. The SSC-K code is currently being 
used as the main tool for system transient analysis in the KALIMER development 
project. 

 
The SSC-K is based on the methods and models of SSC-L [3-3], as its parent code, 
which was originally developed at Brookhaven National Laboratory to analyze loop-
type liquid metal reactor transients. Because of the inherent difference between the pool 
and loop designs, major modification to the SSC-L has been made in order to analyze 
the thermal hydraulic behavior within the pool-type reactor. Now, the SSC-K code has 
the capability to analyze both LMR designs, loop and pool type reactors. Additional 
developments in the SSC-K code include models for reactivity feedback effects for the 
metallic fuel. Also the two-dimensional hot pool model has also been employed into 
SSC-K for analyzing the thermal stratification phenomenon in the hot pool. The control 
system model in SSC-K is flexible enough to handle any control system. For code 
maintenance and readability, SSC-K was converted to FORTRAN 90 free form and the 
use of standard FORTRAN 90 has enhanced code portability. The SSC-K code is 
available and maintained in a PC/Windows environment.  
 
3.1.2 Pool thermal hydraulic model 
     The SSC-K code simulates multiple heat transport system modules and associated 
controllers. A full plant model for SSC-K is used to represent KALIMER-600 as shown 
in Fig.3-1 in which several major components are represented. The PHTS is represented 
by the reactor vessel flow passages, the primary pump, and the shell side of the IHX. 
And the IHTS is represented by the tube side of the IHX, piping, the shell side of the 
steam generator (SG), and the intermediate pump. 
 
A major modification of SSC-K has been made in order to analyze the thermal 
hydraulic behavior within the pool [3-4]. In KALIMER-600, both the hot and cold pools 
have free surfaces and there is direct mixing of the coolant with these open pools prior 
to entering the next component. Therefore, at least two different flows would have to be 
modeled to characterize the coolant dynamics of the primary system. The flow from the 
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pump to core inlet plenum would respond to the pump head and losses in that circuit. 
The pump inlet pressure can be obtained by calculating the elevation head for the cold 
pool sodium level. It is obtained by solving coupled differential equations derived by 
mass and momentum conservation at the core inlet plenum.  
 
Pipe rupture can only happen in the pump discharge line to the reactor. When a pipe 
break occurs, an additional equation is needed to describe the break flow. The external 
pressure for the break corresponds to the static head of the cold pool. This pressure acts 
as the back pressure opposing the flow out of the break. The IHX flow is determined 
from the level difference between the two pools, losses and gravity gains in the IHX. 
 
For the reactor, several channels are used to represent the drivers, the control assemblies, 
the reflector region, the shield assemblies, in-vessel storage assemblies (IVS) and a hot 
driver assembly. The SSC-K core region is divided into parallel channels, as shown in 
Fig. 3-2, and each one represents a subassembly or a group of similar subassemblies. 
The whole length of a subassembly, from coolant inlet to coolant outlet, is represented 
by a channel. Usually an average rod within a subassembly is modeled, but it is possible 
to represent a hot subassembly instead. Typically, ten nodes are used to represent the 
active core, and two nodes for the gas plenum and lower blanket, respectively, in the 
axial direction. Figure 3-3 shows the radial and axial slice of a fuel channel used for 
temperature calculation. Each axial segment is divided radially into several sections that 
represent fuel, gap, clad, sodium coolant, and structure sections. Thermal expansions are 
accounted for in the fuel and clad, but those of the coolant channel flow area or the 
structures are not considered for the steady-state and transient calculations. Thermal 
power generation is represented by point neutron kinetics and decay heat equations. A 
specified fraction of the total reactor power is generated in fuel, cladding, blanket and 
sodium. The axial variation of power generation is determined with an input axial power 
profile. 
 
The flow splits among the channels are adjusted at each time step to account for the 
friction factor and pressure drop changes. Friction factors in the hydraulic equations are 
continuously updated. They account for the transition from laminar to turbulent flow in 
all parts of the sodium system. Reverse flow in the channels can be handled. Natural 
circulation also takes into account thermally driven density changes in all parts of the 
primary, intermediate and water/steam loops with elevation changes. 
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When reactor scram occurs, the heat generation is reduced almost instantaneously while 
the coolant flow rate follows the pump coastdown. This can result in a situation where 
the core flow is colder than the bulk hot pool sodium. This temperature difference leads 
to stratification when the flow momentum is not large enough to overcome the negative 
buoyancy force. The two-zone model employed in the original SSC-L code has been 
modified as shown in Fig. 3-4. The hot pool is divided into two perfectly mixing zones 
determined by the maximum penetration distance of the core flow. The time rate change 
of energy in the pool is added to energy balance equations in the SSC-K code to make 
conservation.  
 
In the SSC-K code, the two-dimensional pool model [3-2] has been developed to 
calculate the coolant temperature and velocity profiles in the hot pool. The governing 
equations for conservation of mass, momentum, energy, and both turbulent kinetic 
energy and the rate of turbulent kinetic energy dissipation for the κ-ε turbulence model 
are made in a generalized coordinate system. The SIMPLE [3-5] algorithm is used for 
pressure-velocity coupling. After validation of the stand-alone version of the two-
dimensional pool model against the sample problem, it is coupled into the SSC-K code 
[3-6]. The two-dimensional hot pool model was used for the present analyses. 
 
3.1.3 Reactivity models for a metallic fueled core 
     The SSC-L code was originally developed to analyze oxide fuel LMRs. To 
facilitate modeling of the metal fuel used in KALIMER-600, several modifications have 
been made [3-7, 3-8]. For neutronic calculations, SSC-K uses point kinetics equations 
with detailed reactivity feedback from each channel. Reactivity effects are required both 
for transient safety analysis and for control requirements during normal operation. 
Reactivity changes are calculated for control rod scram, the Doppler effect in the fuel, 
sodium voiding or density changes, fuel thermal expansion, core radial expansion, 
thermal expansion of control rod drives, and vessel wall thermal expansion. Figure 3-5 
shows the components of reactivity feedback considered in the KALIMER-600 core. 
Recently, the reactivity change due to the thermal expansion of control rod drive line 
has been improved to take into account the temperature distribution in the hot pool [3-9]. 
This modification was evaluated to describe the reactivity change more realistically than 
the earlier versions when it is compared to the reactivity model in other code such as 
SASSYS-1. 
 
SSC-K uses a decay heat treatment similar to that normally used for delayed neutron 
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precursors. Up to six decay heat precursor groups are used, each with its own yield and 
decay constant. 
 
3.1.4 Passive decay heat removal circuit (PDRC) system model 
 

In KALIMER-600, the safety related PDRC system provides sufficient decay heat 
removal (DHR) capability during the abnormal condition such as the loss of heat sink 
accident, and it relies exclusively on natural convection heat transfer i.e., natural 
circulation on the sodium side and natural draft on the air side. This is one of the 
remarkable design changes from the KALIMER-150, which adopts PVCS(Passive 
Vessel Cooling System) as an ultimate heat sink to remove the decay heat during a heat-
up accident [3-10, 3-11]. PDRC system [3-12] comprises independent two loops, and 
each loop is equipped with one sodium-sodium decay heat exchanger (DHX), one 
sodium-air heat exchanger (AHX) and the heat removing sodium loop connecting DHX 
with AHX. DHX extracts the heat by passing the sodium through its shell side, under 
the situation where the hot pool sodium overflows into the cold pool due to sodium 
expansion. Meanwhile, its shell side is empty during normal operation and, thus, 
radiation heat transfer is dominant. A sodium-to-air exchanger, AHX releases the 
absorbed energy by DHX to atmosphere in a way of air natural circulation in the shell 
side. The tubes inside AHX take a shape of helical coil to enhance the heat transfer in 
the similar way as that of EFR. Figure 3-6 shows the configuration and decay heat 
removal process of PDRC system in KALIMER-600. 
 
The previous version of SSC-K [3-1] was not capable of simulating the passive decay 
heat removal systems. Therefore, an independent module of PDRC are developed and 
tested for the design of KALIMER-600. The developed module [3-13] is integrated with 
the SSC-K code for the safety analyses of KALIMER-600.  
 
3.1.4.1 Governing Equations  
 
3.1.4.1.1 Momentum Equations 
 
The PDRC may be briefed by a closed circuit with heat absorption and release as shown 
Figure 3-6. The integral momentum equation can be described under an assumption of 
incompressible flow inside the circuit, i.e.  
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where CA , ( / ) frP z− ∂ ∂ , and ( / )KP z− ∂ ∂  are flow area, friction pressure drop, and the 

pressure drop due to geometric form loss, respectively. 
 
The Eq. (3-1) may be written numerically as described in SAS2A [3-14] based on Fig. 
3-7 in the form of; 
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where 
bP   =  Pressure at the beginning junction for the flow calculation (AHX inlet 
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pressure), 
tP   =  Pressure at the last junction (Same as bP  in a closed loop). 

 

Fiction factor, f , is given by 
1
30.0055 0.55(Re)f

−
= + , 64 / Ref =  for turbulent 

and laminar flows, respectively [3-3]. The Eq. (3-2) is applied to both sides of DHX and 
AHX primary sides. 
 
The air flow in the AHX shell side is obtained from the balance between the pressure 
drop induced by the flow resistance (wall friction and form loss) and air head difference 
between atmosphere and the AHX shell side. The air density difference is given by 
 

,{ ( ) }gr atm a in aiP g dz H T dz gρ ρ ρ∆ = = ⋅ − ⋅∫ ∫                    (3-8) 

 
Here, H denotes the AHX vertical height, and atmρ  refers to the atmospheric air 

density and it is set constant. Since the air temperature varies passing through its flow 
path, the air density in the channel is integrated along the channel to account for the 
temperature effect. The pressure drop can be expressed with the wall friction and form 
loss, i.e., 
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                         (3-9) 

 
Here, om&and aA  represent the air flow and air channel flow area. In addition, if , 

iz∆ , hD , ,or ik are friction factor, node size, hydraulic diameter, and form loss 

coefficient for each node, respectively. if  is given by the correlation on ‘In-line Tube 

Bundle.’[3-15] 
 
3.1.4.1.2 Energy Equations 
 
As usually assumed in energy equation, the changes in the sodium potential and kinetic 
energy changes are ignored. The energy equation for both DHX and AHX Tube sides is 
expressed with the tube side mass flow obtained from Eq. (3-2) referring Fig. 3-8 as 
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following form,  
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& ,                (3-10) 

 

is obtained. iT  denotes the sodium temperature in a volume node, and jT  is that at a 

junction. The present model defines the volume temperature as 10.5 ( )i j jT T T += +g . 

The term of iT
t

∂
∂

 in Eq. (3-10) is approximated with 1jT
t
+∂

∂
 for numerical convenience. 

A heat structure is radially represented with a single wall temperature. The Aoki’s 
correlation, employed for Nu (Nusselt Number) in SSC-L [3-3], is used to get the heat 

transfer coefficient in the tube side, ih , i.e.  
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For the shell side, a similar energy equation used for the primary side is driven as 
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where 2,iT  denotes volume averaged temperature in a node, and 2jT  represents 

junction temperature. The flow rate is reversed direction to the primary flow. The 
volume-averaged temperature is also given by arithmetic average of two junctions 

defined for a node, i.e. 2, 2 2 10.5 ( )i j jT T T += +g . 2,iT
t

∂
∂

 in Eq. (3-12) is also 

expressed into 2jT
t

∂
∂

 for numerical convenience. ih  and oh  are the heat transfer 
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coefficients in the tube and shell sides, respectively. The same correlation of Eq. (3-11) 

is applied for oh . In case the DHX shell side would be dry as depicted in Fig. 3-7, the 

radiation coefficient rh  replaces oh , and the thermal baffle surface temperature is 

used instead of 2, jT  in Eq. (3-10). The previous correlation [3-11] for rh  is also used 

in this equation. rh  is expressed with integrated heat resistance; 
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               (3-13) 

 
This equation is further simplified by  
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Here, wbR  and wR  are the thermal resistances for the DHX hole baffle inner wall and 

DHX wall itself. 12cvh  in Eq. (3-13) represents integral effects of gas conduction and 

convection in the space between the DHX hole baffle inner wall and DHX wall. At 

present time it should be provided by users. 12ε  in Eq. (3-13) and (3-14) is defined as  
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where wbε  represents emissivity in the DRC hole inner surface and wε  does that of 

the tube outer surface. σ  in Eq. (3-14) is the Stefan-Boltzman constant. 
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The wall energy equation reduces to  
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where w wc Vρ ∆  represents the wall node heat capacity, and 2,iT  is sodium temperature 
in the DHX shell side node. ih  and oh  are the heat transfer coefficients in the tube 

and shell sides, respectively.  
 
Meanwhile, the energy equation for the AHX shell side is given by 
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where om& , oc , aiT , ajT  represent air flow, air specific heat, node volume averaged air 

temperature, and air temperature at the junction in the shell side, respectively. The 
counter-current air flow is made against the tube sodium flow. In a similar way to Eq. 

(3-10), oh  is obtained from Nu , which is read graphically from the empirical 

correlation for ‘In-line Tube Bundle.’ [3-16]. It is given by 
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The above correlation is valid for tube numbers of 20 and more, 0.7 Pr 500< < , and 

6
,max1,000 Re 2 10m

D< < × . ,maxRem
D  is defined as Reynold number based on the 

maximum velocity inside tube bank, and Prs  is evaluated at wall surface temperature.  

 
AHX wall energy equation is written similarly as Eq. (3-12), 
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The Eq. (3-10), (3-12), and (3-17) are solved with so-called marching scheme following 
the flow direction, which means that all equations have a form to be solved sequentially 
with the given boundary conditions thanks to incompressible flow assumption. The 
sodium temperatures in both the tube and shell sides can be determined once the wall 
temperature is known. The sodium and air temperatures, hence, are obtained from Eq. 
(3-10), (3-12), and (3-17) with the guessed wall temperatures. The wall energy 
equations, i.e. Eq. (3-16) and (3-19), update the wall temperatures because all the 
previous sodium and wall temperatures are now known. This procedure is iterated until 
each parameter converges within a certain criterion  (10-6 is set in this model). The 

boundary condition is 1 1NJT T +=  for a closed loop like PDRC. 

 
The developed model is qualified against some theoretical transients. The model 
development references Figure 3-6, which describes the minimum requirements for the 
PDRC representation. All geometry scales are given by the actually designed sizes. As 
the steady- state operation of PDRC is not decisive yet, some uncertainty still exists on 
the steady-state simulation. For this reason, the steady-state calculation for the model 
qualification is based on the nominal shell side flow. 
 
The null transient for 500 sec is run ahead of transient calculations to ensure 
convergence of its transient calculation logics to the steady-state values by giving a 
constant initial condition. The calculation results of a temperature distribution in each 
channel are shown in Figures 3-9 and 3-10, and they are logically reasonable. They also 
reveal there has no trouble in the iterations related with calculation between the sodium 
and air temperatures. The initial calculation point (the last node for AHX) of the loop 
always sustains at a constant temperature, and the pressure distribution inside PDRC 
comes out theoretically reasonable. 
 
The sodium flow rate is calculated at 26.7 kg/s, which is higher than the designed value 
by about 10 % i.e. 24.6 kg/s. The secondary shell side sodium flow is also over-
estimated by approximately 7 %. These over-estimations by the model give the larger 
air flow in the AHX shell side than the designed air flow. The difference primarily 
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seems to originate from the difference between heat transfer coefficients and 
temperature distributions which are applied to the model and to the design for the heat 
exchangers, respectively. Besides, it seems that both the tube wall temperature 
difference caused by the tube heat transfer area and numerical error affect partially on 
those flow rate differences. The designed tube heat transfer areas for DHX and AHX are 
given 21.7 and 97.6 m2, respectively, while those calculated by the model are 20.4 and 
97.6 m2 each. 
 
The transient calculation begins with reducing the flow linearly by 80 % of the nominal 
flow for 500 sec. The heat removal decreases as the flow reduces Figure 3-11. The heat 
transfer coefficient of sodium is less sensitive with a flow rate compared with that of 
water, because the thermal conductivity of sodium is relatively very high. To investigate 
the effect of the sodium inlet temperature for the shell side, the secondary sodium inlet 
temperature is linearly changed from 793.5 K to 821 K. As seen in Figure 3-12, the heat 
removal increases with the secondary sodium temperature, although it is not so sensitive 
as with the flow rate. Integrating all these results, the PDRC model behaves as intended 
in the model development. 
 
Investigation with various time-steps, i.e. 0.02 s, 0.5 s, 1.0 s, 5.0 s, 10. s has already 
carried out in the previous study [3-13]. It is found that the heat removal converges to a 
constant value as it gets smaller and smaller. Since a fully implicit numerical method is 
used, there yields no numerical instability.  
 
3.1.4.2 Conclusion  
 
There exists a possibility that the model yields some inconsistency depending on users, 
because the present model incorporates some inputs that the users must provide. Some 
theoretical elaboration is required for this point. For an instance, emissivity of the DHX 
outer surface or the heat transfer correlation between sodium coolant and tube wall is 
not fully understood, and thus it makes the model development confronted with some 
troubles. Particularly, a series of the empirical correlations used in the model does need 
not only theoretical study, but also some experimental verification. It is anticipated that 
numerical stability and convergence are always ensured in the run coupled with SSC-K, 
because the time-step of SSC-K usually does not reach the stable time-step value of 0.1 
sec which is already confirmed during the model qualification. 
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3.1.5 IHTS and steam generation system models 
    The representation of the IHTS and steam generation system in the SSC-K code is 
handled within the MINET [3-17] package, which has been coupled and interfaced to 
SSC-L. The MINET package is a computer code developed for the transient analysis of 
intricate fluid flow and heat transfer networks, such as those found in the balance-of-
plant in power generation facilities. It can be utilized as a stand-alone code, or 
interfaced with another computer code. The SSC-K code coupling with MINET can 
fully represent the thermal hydraulic system such as pipes, pumps, heat exchangers, 
valves, etc., thereby reducing the need for estimating essential transient boundary 
conditions. The SSC-L/MINET code has been applied to the analyses of the Clinch 
River Breeder Reactor (CRBR) and the Japanese MONJU plants.  
 
The SSC-K steam generator model provides heat transfer based on subcooled, boiling or 
superheat conditions. Perfect separation is assumed for fluid leaving the steam drum. 
The feedwater from the nozzles are considered as a boundary condition. The 
characteristic curve of pump head vs. flow for normal operation is embedded into the 
SSC-K code. The primary pump follows the coastdown curve as soon as pump trips. 
Since the BOP system does not impact on the safety performance of the KALIMER 
design, it was simply treated as boundary conditions in terms of feedwater and steam 
conditions. 
 
3.2  Analysis Methodology 
 
3.2.1 Analysis method and assumptions  

Calculations have been completed for three beyond design basis events over a 
short time interval covering the initial system responses. A longer time frame evaluation 
that activates PDRC operation has been analyzed only for the ULOHS. Unprotected 
transients are evaluated on the nominal basis. The initial plant conditions are assumed to 
be full power operation with equilibrium decay heat levels. The reactor protection 
system and reactor controller subsystem actions are conservatively ignored for the 
inherency analyses of accidents. Additional assumptions that are unique to the 
individual events are discussed in the separate analysis sections that follow. 
 
Global reactivity feedbacks resulting from Doppler effect, uniform radial expansion, 
and various sodium voidings in the equilibrium core are utilized, including the reactivity 
worths of the control rod system. The fuel temperature (Doppler) coefficients due to the 
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Doppler effect at BOEC and at EOEC are presented in Tables 3-1.  
 
The new design concept of 600 MW(e) LMR(Liquid Metal Reactor) following up the 
KALIER-150 is categorized into an advanced reactor, which needs stricter safety 
requirements than conventional one. The reactor accidents with the frequency less than 
10-7 have been classified as severe accidents which are beyond design-basis-accidents. 
Necessary safety measures of the advanced reactor, however, have been taken into 
account at its design stage by handling the accidents as ones equivalent to the design-
basis-accidents despite their extremely low frequency. The rationale is based on the fact 
that those accidents have a potential of either a considerable amount of radioactivity 
release, or a power excursion by a large reactivity insertion. The representatives of those 
accidents are ATWSs, where reactor trips are excluded in their safety analyses by 
assuming a failure in the actuation of the protective systems. The present study, 
therefore, aims at not only identifying the characteristics of the newly developed reactor, 
but assessing its inherent safety through the safety analysis. The UTOP (Unprotected 
Transient Over Power), ULOF (Uprotected Loss of Flow), and ULOHS (Unprotected 
Loss Of Heat Sink) analyses are covered at the present time.  
 
The changes on the reactor size, the arrangement of the fuels, and the reactivity 
characteristics are made as the KALIMER capacity increases. The previous passive 
safety residual heat removal system, PVCS (Passive Vessel Cooling System) is also 
replaced with PDRC (Passive Decay heat Removal Circuit) for the KALIMER-600. A 
complete set of the design data required for the safety analyses, as mentioned earlier, 
has not been fully prepared yet. In this regard some roughly estimated key design 
parameters as well as design data reasonably extended from those of the KALIMER-
150 have to be used. The design data for the safety analysis, however, have gradually 
been updated over 3-phases to become those of the KALIMER-600 inherent design. 
The 3-phases correspond to the design periods of 2002, 2003, and 2004 years. A key 
safety analysis now can be possible, to some extent, using its own design data, as the 
design evolves. 
 
The analysis results obtained from the phases 1 through 3 are compared each other on 
the main parameters threatening the safety. A main design change between those phases 
is the core outlet coolant temperature. The core outlet temperature varies with 530 , ℃

510 , and 545℃ ℃ in 2002, 2003, and 2004 years, respectively. Another change is 
increase of the PDRC capacity with 9.56, 12.1, and 16.5 MWt. The SSC-K Version 1.2 



52 

which features a one dimensional hot pool model with the originally installed physical 
properties for the metal fuel, was used in the calculation in 2002 and 2003 years. On the 
other hand, the SSC-K Version 1.3 is applied to the analysis conducted in the 2004 year. 
It is characterized with a 2-dimensional hot pool model with more reliable metallic fuel 
properties. Other notable improvements between each phase are given for the radial as 
well as CRDL reactivity as shown in Table 3-2. 
 
The uniform core radial expansion due to the coolant temperature rise is one of major 
negative reactivity insertion mechanisms in metallic fueled reactor. The radial 
expansion coefficients are insensitive to the burnup and degree of radial expansion. The 
total control rod worths during an operation cycle show a weak dependence on fuel 
enrichment variation and spectrum change with burnup. The total control rod worth 
implies a sufficient shutdown potential to bring the core subcritical even in the sodium-
voided cases. Even the maximum positive sodium void worth induced from the sodium 
voiding can be overcome with the introduction of a passive shutdown system, USS. 
This fact indicates that the passive shutdown can be achieved in the event of complete 
failure of the normal scram system and after the inherent reactivity feedbacks have 
brought the core to a safe, but critical state at an elevated temperature.  
 
The purpose of the present work is to find whether the safety parameters are guaranteed 
to meet the safety limits during the ATWS accidents. The inherent safety driven by the 
reactivity change must be the primary concern in the evaluation. The comparative study 
stresses on the fulfillment of the safety limits against the peak temperatures of the fuel, 
cladding, and sodium as well. The primary and intermediate sodium flows and the hot 
pool model seem to play a dominant role in a temperature transient, particularly, in 
natural circulation during ULOF. The change of the physical properties for the metal 
fuel also affects the peak fuel temperature. On the other hand, the PDRC capacity is 
only a problem for long term cooling. The temperature of the cladding approaches to 
that of the sodium so closely that the difference between these two temperatures may be 
ignored under the power level in such a long term cooling.  
 
3.2.2 Acceptance criteria  

The fuel temperature is an important parameter for fast transients, on the order of 
seconds to a few minutes. If the fuel temperature exceeds the solidus temperature, then 
there is the possibility that the resulting molten fuel region may influence fuel relocation. 
The change of conductivity also may affect the transient characteristics. The cladding 
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temperature is an important parameter for slow transients, on the order of several 
minutes to hours. The eutectic penetration occurs over time (at temperature).  The 
coolant temperature is another important parameter for slow transients. The ability to 
remove decay heat, through the PDRC for example, to maintain the structural integrity 
is dependent on the coolant temperature. 
 
The temperature limits to ensure the KALIMER-600 safety criteria are listed in Table 2-
3. The ATWS events are categorized into the Extremely Unlikely (XU) events. All the 
detailed background and specific information are described in section 2.2.  
 
3.3  Steady-state calculation 

 
To illustrate the steady-state calculation capability of SSC-K, the null transient 

calculations [3-18, 3-19, 3-20] have been made for the full power operation condition of 
the equilibrium core. The null transient has been terminated after 2,000 seconds. Design 
data are obtained from the design documents [3-21, 3-22], which contain all design data 
supplied from each design groups. Figure 3-13 shows the system conditions to be 
achieved from the steady-state run. The dynamic behaviors of important system 
parameters during 100% power normal operation for the equilibrium core are shown in 
Figs. 3-14 through 3-19. These figures show that a steady-state can be achieved with 
only small variations in the key plant parameters. The steady state results obtained with 
the SSC-K code are compared with the design parameters in Table 3-3. 
 
3.4  Unprotected Transient Overpower Event (UTOP) 

 
3.4.1 Description of UTOP 

A Transient Over-Power (TOP) in a LMR refers to an off-normal condition in 
which reactivity is accidentally inserted. Since no core damage will take place unless 
the RPS failure occurs, the only TOP that is of safety concern is the unprotected TOP 
(UTOP). Under the assumption of the reactivity insertion and the hypothesis of a 
complete failure of RPS, the dynamic response of the reactor is analyzed. 
 
The most conservative assumption for the analysis is that all the control rods are 
accidentally removed. This event is bounded by the amount of reactivity available in the 
control rods. The best defense against the UTOP vulnerability is to make only a small 
reactivity insertion possible. In the KALIMER-600 design, it is implemented through 
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the control rod stop system (CRSS), which is one of the KALIMER RPS for limiting 
the amount of reactivity available against UTOP.  
 
The main concern for the UTOP analysis is to evaluate the system response by neutron-
kinetic and thermal-hydraulic effects that involve inherently shutting the core down to 
acceptable power levels, which avoids coolant boiling and fuel damage. Figure 3-20 
illustrates the sequence events of UTOP, where various reactivity components 
dependent on the core thermo-hydraulics are shown. 
 
3.4.2 Analysis method 

The UTOP event is initiated at the full power by a possible malfunction of the 
reactivity controller which causes the shim motor to withdraw all of the control rods 
until the drivelines reach the rod stops due to either the RPS failure to detect the 
transient or the control rods failure to unlatch. It is assumed that the shim motors 
withdraw the control rods at the rate of 2 cents per second, corresponding to the 
maximum speed of the shim motor. It is also assumed that the rod stops are positioned 
to permit 20 cents of rod worth for power maneuvering before the stops must be reset. 
In order to account for uncertainties and to be conservative, a total of 30 cents has been 
adopted as the UTOP initiator for the analysis. Thus, the UTOP is assumed to insert 2 
cents per second for 15 seconds, for total of 30 cents, representing the withdrawal of all 
the control rods.  
 
It is assumed that the primary and secondary sodium flows remain constant at the rated 
conditions, and the feedwater is sufficient to keep a constant sodium outlet temperature 
because of the steam generator. Since the residual heat removal system (PDRC) would 
have a minor effect on the analysis results, its function is not taken into account. 
 
Doppler feedback is usually a mechanism to limit the overpower event of the core. The 
metallic fueled core, however, induces relatively small negative Doppler feedback due 
to hard neutron spectrum. Instead of the Doppler feedback, the reactivity feedback from 
the core radial expansion dominantly contributes to the inherent safety.  
 
3.4.3 Analysis results 

Figures 3-21 and 3-22 provide the calculation results of the core power, and the 
core safety related temperatures, respectively. The core power in the 2004 year design 
gives a considerable difference as compared with those of 2002 and 2003 designs. The 
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changes of both the reactivity model and the fuel physical properties account for the 
difference. The models used in each phase are compared in Table 3-2, and their changes 
lead to the outcomes illustrated in Figs. 3-23 and 3-24. The net reactivity starts from 
positive value because of the rapid reactivity insertion induced by the control rods being 
removed, but it is suppressed by the negative reactivity feedbacks induced 
overwhelmingly by the Doppler and radial expansion as they grow enough to counter 
the positive insertion. In result, the maximum core power reaches 127 % and 156 % of 
the normal power in 2002 and 2004 years around 32 s after the accident. They 
eventually stabilize at 103 % and 116 % after 600 s, respectively.  
 

The fuel temperature responds quickly to the peak power, whereas temperatures of 
the sodium coolant, assembly, supporting structures, and control rod drive line increase 
slowly. Accordingly the fuel temperature is an important parameter for fast transients, 
on the order of seconds to a few minutes. If the fuel temperature exceeds the solidus 
temperature, then there is a possibility that the resulting molten fuel region may 
influence the fuel relocation. As shown in Fig. 3-22, the peak fuel centerline 
temperatures predicted by SSC-K are below the melting temperature of the fuel, 1070 
oC. There still exists substantial safety margin for the UTOP event. The peak cladding 
temperatures are significantly below the threshold for eutectic formation, 790 oC, and 
provide a large safety margin. No cladding damage, therefore, is expected. The peak 
sodium temperature in the hot driver assembly, however, is significantly below sodium 
boiling point. As a result, the fuel, cladding, and coolant temperatures all meet the short-
term safety criteria. Both the pool temperatures and the pool sodium levels do not 
exhibit any distinct differences in the three designs, so their differences may be 
negligible. 
 
 
3.4.4 Discussions 
     The best defense against the UTOP vulnerability is to ensure that only small 
reactivity insertions are possible. In the KALIMER-600 design concept, this is achieved 
through the control rod stop system (CRSS), which limits the potential magnitude of the 
UTOP initiators. Based on the design concept of the CRSS, it is possible the rod stops 
may be adjusted frequently to limit the reactivity insertion to less than the desired value 
such as 20 cents. The rod stops are moved periodically when the top of the control rods 
move within some selected distance of the rod stops. The plant control system (PCS) 
determines when the rod stops should be moved and by how much, but cannot actually 
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move the rod stops without operator permission. The current postulated UTOP event is 
30 cents, and results in no fuel damage, center-line melting, and no cladding failure. The 
CRSS provides a viable mean of limiting the size of potential UTOP initiators, however, 
more efforts to reduce the maximum UTOP initiator is necessary for the plant safety. 
 
It is noted that the bowing effect is precluded intentionally in this calculation, because 
the SSC-K does not model the bowing effect for the fuel rods. The quantification of the 
radial bowing is very difficult and the feedback is always negative when the 
temperature gets up. Since the bowing effect brings a negative reactivity feedback 
during a UTOP, conservative results are expected without it for the core safety. The 
bowing feedback will not be significantly issued until its contribution to the reactivity is 
identified quite much remarkable. 
 

 

3.5  Unprotected Loss of Heat Sink (ULOHS) Analysis 
 

3.5.1 Description of ULOHS 
In the KALIMER-600 design, the loss of heat sink accident would occur if IHTS 

were isolated to prevent the potential for propagation of the sodium-water chemical 
reaction in the sodium-to-water heat exchanger (Steam Generator), if an IHTS pipe 
were ruptured, or if the rupture disk bursts [3-23]. These occurrences might 
subsequently lead to a loss of the normal IHTS flow. In the analysis, the accident begins 
with the complete loss of the IHTS flow, and thus natural circulation in IHTS is ignored. 
This event might be true for the pipe rupture or the rupture disk burst. All heat generated 
in the core is, then, would be retained in the primary vessel. PDRC is designed to avoid 
such an unlimited heat up of the primary system, which could lead to significant core 
damage and offsite release of radioactive material. In the present analysis, therefore, 
100% functioning of PDRC is assumed as the first step in evaluation of the long-term 
cooling. 
 
The main concerns in the analysis are to confirm inherent safety characteristic of the 
KALIMER-600 core, and to assess the short- and long-term cooling capability for the 
KALIMER-600 passive safety systems under the accident. The analysis is carried out 
using SSC-K, whose version has been coupled with PDRC model [3-13] that has 
independently been developed for the KALIMER-600 application.  
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3.5.2 Analysis method 
The accident is assumed to begin with a complete loss of the normal heat sink by 

sudden stoppage of the IHTS flow at the time of 0.0 sec. The IHTS is to be isolated for 
the KALIMER-600 in a case that there is water leakage into the IHTS through steam 
generator tubes, in order to suppress the propagation of water-sodium reaction. The 
other sources such as IHX tube rupture or opening of the rupture disk can also lead to 
the isolation. The ULOHS safety analysis assumes no natural circulation within the 
IHTS due to a complete loss of its coolant. Consequently, it loses all the heat removal 
capability. Further more, the protection system which is designed to be activated by the 
high-high core outlet temperature signal is also assumed to fail to trip the reactor. The 
two primary pumps remain operating even though they may hit a set-point of the pump 
protection system. The normal core flow is thus maintained. The current pumps 
operation, however, is designed to be manually stopped about 2,000 s after the accident 
occurrence. The key point of the ULOHS analysis is to investigate whether the safety 
limit may be guaranteed for 72 h without an operator intervention. Therefore, it should 
be confirmed that the safety limits for the fuel and the cladding are challenged. Sodium 
boiling must be evaded with sufficient margin as well. 
 
3.5.3 Analysis results 

The fulfillment of the short-term safety limits for the fuel and the cladding can be 
figured out in Fig. 3-25, and those behaviors are relevant to the reactivity responses in 
Fig. 3-26. The core power in 2004 year gets lowest because the net reactivity is 
estimated to be smallest in the calculation for 2004 design. The radial expansion tends 
to be prevailed among all the reactivity feedbacks. This fact is obviously seen in Fig. 3-
27. As shown in Fig. 3-28, the hot pool temperature approaches that of the cold pool 
because of limited amount of heat removal out of the core as anticipated. As the core 
heat generation still overrides the PDRC heat removal, its contribution to the heat 
removal must not be relatively significant under the event during the short-term period.  

 
It is proved that the reactor power can be shutdown during the ULOHS transient 
without the activation of the protection system from this study. The negative net 
reactivity always lasts all over the transient, and the core power is almost independent 
on the reactivity feedback after 1,000 s. Since the pumps are operating, the core flow 
reduces slightly due to low density in the early time, but it shortly recovers. This 
behavior shown in Fig. 3-29 is somewhat different from the power trend. It eventually 
keeps up almost 97 % of the normal core flow since then. Figure 3-30 shows the result 
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of the pool level. The overflow is initiated around 200 s after the accident, and it has the 
cold pool level increase rapidly to match the hot pool level. Thereafter, the two levels 
emerge into one single sodium level in the reactor vessel. Figure 3-31 shows 
temperatures of the coolant, the cladding, and the fuel. Almost similar behaviors are 
observed and their temperature differences do not exceed 4.0 oC. Therefore, it is 
anticipated that the core is not likely to be reheated based on the facts that the sodium 
coolant does not show an abnormal behavior and flow-to-power ratio remains with a 
sufficient margin. The predicted overflow always exceeds the design flow of the PDRC. 
This implies that the actual PDRC heat removal always gets larger than the designed 
capacity once the overflow appears. In this analysis, however, the PDRC is assumed to 
remove the design capacity of 16.5 MW for conservatism. 

 
A concerned aspect of the ULOHS analysis is to examine not only the short term safety 
requirement but a long term cooling capability of the PDRC. The core heat generation is 
as high as 22 MWt corresponding to 1.5 % of the normal power at 3,000 s. Since this 
power is still larger than the PDRC heat removal of 16.5 MWt, the heat generation will 
balance the heat removal after a considerable time elapse. (Fig. 3-32) The sodium and 
cladding temperatures keeps on rising until the heat balance is reached. In result, the 
sodium temperature increase may threaten the integrity of structure materials. With this 
regard, the long term behavior of the sodium coolant is successively extended using the 
SSC-K outputs at 3,000 s by a simplified model [3-24], because it takes too long time to 
calculate the event with SSC-K only along the entire transient. 

 
If the pumps are turned off before 3,000 s, the current PDRC capacity is enough to cool 
down the sodium and the PDRC capacity can be reduced to 67 % of the original design 
capacity as described in Fig. 3-33. The capacity should be increased by 8 % if the pump 
heat of total 6.5 MWt would be taken into account due to continued operation of pumps, 
so as to meet the structure safety limit of 700 oC.  
 
3.5.4 Discussions  

The inherent safety induced from the net negative reactivity under ULOHS 
accident for the KALIMER-600 design is demonstrated through the present analysis. It 
is noticed that the sodium reactivity yields the positive reactivity feedback, while the 
radial expansion reactivity affection becomes dominant on the negative reactivity 
feedback as time goes on. The net negative reactivity primarily results from the 
competition between those for the sodium and radial expansion. 
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All the short-term safety criteria are satisfied for all the associated parameters, i.e. peak 
fuel, cladding, and coolant temperatures in addition to the core outlet coolant average 
temperature. The peak temperatures are predicted due to change of the radial expansion 
reactivity. The long-term cooling results also reveal the satisfaction of the acceptance 
criteria on the cladding failure as well as sodium boiling when a reasonable assumption 
on pump behavior is used.  
 
 
3.6  Unprotected Loss of Flow (ULOF)  
 
3.6.1 Description of ULOF 

The ULOF event is initiated by all primary pump trips followed by coastdown. 
Although the loss of flow would normally lead to the scram due to high flux-to-flow 
ratio, it is assumed that the RPS fails to detect the mismatch or that the control rods fail 
to be inserted. The fuel would be heated up by mismatch between the core heat 
generation and the heat removal in this event. The sequence of events for ULOF is 
described in Fig. 3-34. 

 
For the loss of flow accident, the power to flow ratio is a key parameter that determines 
the consequences of the accident. Thus, the pump coastdown plays an important role for 
the plant safety. 
 
3.6.2 Analysis method 

There should be various types of the loss of flow. In the present analysis, however, 
it assumes that the two primary pumps stop all at once at 100 % of the core power and 
thereafter they begin coast-down operation. The event can be caused by the loss of the 
off-site power, or common failure of the pumps themselves. Furthermore the core 
protection system is also assumed not to function properly in the analysis, even though 
the trip signal would be generated. The pump coast-down characteristics are described 
with the preliminary pump data for KALIMER-600. Since IHTS is fully operating, the 
energy generated in the core can be removed through the steam generators 
 
Some the over-simplified characteristic values or unrealistic values are used only when 
conservatism is guaranteed. The assumptions made for the conservatism are 
summarized as follows:  
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(a) This transient is assumed to initiate at the full-power condition.  
(b) The transient is initiated by all 2 primary pumps trip at 0.0 seconds and the 

coastdown follows.  
(c) Four IHXs are available to remove the core heat and the safety grade system of 

the PDRC is operating in this analysis. Therefore, the heat generated in the 
core could be removed through the normal heat removal path.  

(d) Although the ULOF would normally lead to the scram due to high flux-to-flow 
ratio, it is assumed that the reactor protection system (RPS) fails to detect the 
mismatch or that the control rods fail to drop. Therefore, the reactor scram is 
assumed not to occur throughout the entire transient.  

(e) The thermal conductivity used is the reduced case in order to account for the 
uncertainties in the data collected up to date and to reflect the fuel's behavior 
under irradiation.  

(f) For simplicity, the balance of plant (BOP) side is simply modeled by MINET 
code [3-17], because its contribution does not have an effect on the analysis 
result.  

(g) As the normal heat removal path is available, the system would be ultimately 
stabilized. Therefore, system behaviors in a long-term are not important in this 
analysis. Simulation for 600 sec is long enough to investigate the core and 
system behaviors.  

(h) Since the detailed distribution data for pressure drop over the flow path are not 
available, it is assumed that the pressure drop occurs only at the important 
points such as IHX, Core, and pump discharge pipes. The whole pressure drop 
along the PHTS is adjusted to be the same as the design data. The heat transfer 
coefficients used for sodium-metal, sodium-sodium, and sodium-helium gas 
are obtained from the recommended values in the SSC-L manual.  

 
3.6.3 Analysis results 

There may be a possibility that the fuel temperature does not fulfill the safety 
limit unless the proper core flow would not be established. The primary pump coast-
down capability thus must be critical for the reactor safety. The main factors affecting 
reactivity components are the Doppler, the sodium density, the axial fuel expansion, the 
radial core expansion, and the CRDM. The temperature behaviors in Fig. 3-35 are 
directly related with the reactivity variations given in Fig. 3-36. Thus, the lowest net 
reactivity in 2004 year brings about the smallest core power in that phase. The pool 
temperatures do not exhibit any unexplainable behavior from Fig. 3-37, while the 
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differences observed around 80 s appear to be originated from the differences in the 
core flow as shown in Fig. 3-38. Other design changes do not have any remarkable 
effect on the calculated results. 
 
3.6.4 Discussions 

 The SSC-K predictions show that KALIMER-600 would be able to withstand the 
ULOF transient. The fuel temperature increase, and fuel damage during the initial phase 
of the transient is not a significant risk for this event. The reduction of core flow due to 
the pump trips causes an initial peak centerline temperature before the power begins to 
fall by the effects of reactivity feedback. 

 
3.7  Conclusion 

The safety analyses for the new concept of KALIMER-600 have been carried out 
during three successive phases in the years of 2002, 2003, and 2004 for its design 
evolution. This chapter has focused primarily on the unprotected event of ATWS 
analyses. There are three events of concern: UTOP, ULOHS, and ULOF. These 
postulated ATWS events have been analyzed using the SSC-K computer code. The 
safety objectives are based on maintaining integrity of the metal fuel and structural 
materials, and maintaining margins to sodium boiling against ATWS events. For the 
sodium boiling and structural integrity (ASME codes), these limits are easily quantified. 
The criteria ensuring the integrity of the HT9 cladding are determined considering both 
creep rupture and eutectic formation failure modes. For the ternary fuel, the limits are 
very hard to qualify because they vary throughout the fuel lifetime and across each fuel 
pin.  
 
The evaluation results of ATWS event are summarized and compared to the set of 
acceptance criteria in Fig. 3-39. The summary of analysis results for the various 
unprotected events is also presented in Table 3-4. It clearly shows that the inherent 
safety characteristics of KALIMER-600 resulting from the reactivity feedbacks are 
ensured. It is figured out from this study that the short term behavior almost depends on 
the reactivity model. A conclusion is that the core inherent safety has been guaranteed, 
by confirming the negative net reactivity feedback. The short term safety limits for the 
fuel, cladding, and structure materials are always satisfied.  
 
Another conclusion is that the safety object could be achieved with only 67 % of the 
current PDRC capacity. Therefore, a more detailed analysis of the PDRC is also 
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required, because the PDRC heat removal rather than the reactivity model prevails for 
the long term cooling event. 
 
The analysis results indicate that because of the reactivity feedback characteristics, the 
KALIMER-600 response against ATWS events become benign; therefore, some degree 
of the passive shutdown safety is to be expected. Further, all the calculation results are 
physically explainable and consistent. As the CRDL expansion and the radial expansion 
play a dominant role in the safety evaluation, large efforts should therefore be 
concentrated on a reliability assessment for these models. 
 

 
 



63 

 
 
 
Table 3-1 Reactivity Coefficients of KALIMER-600 Design for BOEC and EOEC  

 
 

집합체 출력 

(ID/MD/OD) 

 유효 지발중성자 분율 

(βeff) 

Doppler 온도계수, 

dρ/dT 

최대 소듐 기화반응도, 

$ 

   노심 반경방향 팽창 

   반응도계수, 

pcm/(dR/R)(%) 

   핵연료 축방향 팽창 

   반응도계수, 

pcm/(dH/H)(%) 

제어봉 반응도, $ 

USS 반응도, $ 

BOEC EOEC 

0.383/0.361/0.240 0.393/0.357/0.234

0.00357 0.00354 

-0.01324*T-1.14 -0.01289*T-1.14 

7.06 7.25 

-512 -513 

-198 -197 

14.29 14.29 

2.08 2.28 

노심 구분 
반응도 
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Table 3-2  KALIMER-600 design change and analysis model 

Design item 2002 2003 2004 

Number of loop  3-loop 2-loop 2-loop

Power, MWth 1,500.0 1,589.3 1,525.3

Core inlet/outlet temp, ℃ 386.2/530.0 366.2/510.0 370.4/545.0

Primary flow rate, kg/s 8,141.4 8,661.7 6,862.1

Intermediate flow rate, 
kg/s 

6,853.8 6,769.0 5,813.1

Sodium void coefficient, $ 8.62 5.95 7.04

Burn-up reactivity swing, 
pcm 

-276.9 -2.0 23

PDRC capacity, MWth 9.56 12.1 16.5

Design  
parameter 

Primary pump type EM pump Centrifugal Centrifugal

SSC-K Version SSC-K 1.2 SSC-K 1.2 SSC-K 1.3

Hot Pool model 1-dim. model 1-dim. model 2-dim. model

PDRC model Preliminary Detailed Detailed

Radial thermal expansion
model 

strain model strain model SASSYS model

CRDL model Single-pool Single-pool 2-dim. model

Analysis 
Model 

Metal fuel properties 
Conservative 

Data
Conservative 

Data 
Experimental 

data

 

 

 

 

Table 3-3  Comparison of SSC-K steady state run results to the key design parameters  

Design parameter Design SSC-K  

Core power, MWth 1,525.3 1,525.4 

Primary flow rate, kg/s 6,862.1 6,861.4 

Core inlet/outlet temperature, ℃ 370.4 / 545.0 370.2 / 546.4 

Intermediate flow rate, kg/s 5,813.1 5,816.0 

IHTS IHX I/O temperature, ℃ 320.7 / 526.0 320.7 / 526.3 
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Table 3-4  Peak temperatures during ATWSevents 
 

 Safety 
Parameter 

Peak Fuel 
Temp, ℃ 

Peak Clad 
Temp, ℃ 

Av. Core Outlet 
Temp, ℃ 

Peak Sodium 
Temp, ℃ 

Limit 1070 790 
Within 5hr: 700 
Within 1hr: 760 

Pump On/Off: 
1055/940 

2002 840 585 569 580 

2003 763 547 529 546 UTOP 

2004 781 654 643 654 

2002 764 697 677 697 

2003 708 695 661 695 ULOF 

2004 651 635 626 635 

2002 755 749 749 749 

2003 813 807 807 807 
ULOHS 

(Long-term) 
2004 763 762 762 762 
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Fig. 3-1  SSC-K Modeling for KALIMER Plant 

H o t  P o o l
I

H
X

E M P

C o l d  P o o l

 

I
.

D
R
I
V
E
R

H
O
T

D
R
I
V
E
R

O
.

D
R
I
V
E
R

C
O
N
T
R
O
L

R
E
F
L
E
C
T
O
R

S
H
I
E
L
D

M
.

D
R
I
V
E
R

 

  

I n l e t  P l e n u m

S
G

A U X  E M P

P D R C

a i r

a i r

w a t e r

s t e a m

P S D R S

  

C o v e r  g a s

H o t  P o o l
I

H
X

E M P

C o l d  P o o l

 

I
.

D
R
I
V
E
R

H
O
T

D
R
I
V
E
R

O
.

D
R
I
V
E
R

C
O
N
T
R
O
L

R
E
F
L
E
C
T
O
R

S
H
I
E
L
D

M
.

D
R
I
V
E
R

 

  

I n l e t  P l e n u m

S
G

A U X  E M P

P D R C

a i r

a i r

w a t e r

s t e a m

P S D R S

  

C o v e r  g a s

Note : 1. Primary EM pump is not used in KALIMER-600 design. 

       2. PSDRS has been removed in KALIMER-600 design. 
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Fig. 3-4  Two Mixing Zone Model for a Hot Pool 
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Fig. 3-6  Configuration of the PDRC Loop 
 
 
 
 
 
 



72 

Qin

Qout

Sodium Natural
Circulation

DHX

AHX

 

 
Fig. 3-7 Idealization of PDRC for Model Development 
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Fig. 3-8  Nodalization for Heat Exchanger Modeling 
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Fig. 3-9 Steady-State Temperature Distributions for DHX 
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Fig. 3-10 Steady-State Temperature Distributions for AHX 
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Fig. 3-11 Effect of sodium flow in the DHX shell side to heat removal 
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Fig. 3-12 Effect of sodium inlet temperature in the DHX shell side to heat removal 
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Fig. 3-13  Result of Steady-State Run by SSC-K 
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77 

 

 

 

 

0 200 400 600 800 1000
5000

6000

7000

8000

9000

10000

 

 

Fl
ow

ra
te

, k
g/

se
c

Time, s

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3-15  Core flowrate (2004 Steady state) 
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Fig. 3-16  Core Channel Flowrate (2004 Steady state) 
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Fig. 3-17  Fuel temperature distribution (2004 Steady state) 
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Fig. 3-18  Sodium levels of pool (2004 Steady state) 
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Fig. 3-19  Sodium pool temperatures (2004 steady state)  
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Figure 3-21 Normalized power during UTOP transients  
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Figure 3-22 Peak fuel and clad temperature (UTOP) 
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 Figure 3-23 Doppler, sodium, and axial reactivities (UTOP) 
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Figure 3-24 Radial, and CRDL reactivities (UTOP) 
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Figure 3-25 Fuel and cladding temperatures (ULOHS) 
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Figure 3-26 Core net reactivities (ULOHS) 



89 

 
 
 
 

0 100 200 300 400 500 600
-40

-30

-20

-10

0

10

20

 

 

Radial, 2003

CRDL, 2003

R
ea

ct
iv

ity
, C

en
ts

Time, s

Radial, 2004

CRDL, 2004

 

 
 
 
 
 
 
 

Figure 3-27 CRDL and radial reactivity (ULOHS) 
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Figure 3-28 Pool temperatures (ULOHS)  
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Figure 3-29 Normalized power and flow (ULOHS, 2004)  
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 Figure 3-30 Pool Sodium Levels (ULOHS, 2004)  
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Figure 3-31 Core temperatures (ULOHS, 2004) 
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Figure 3-32 Heat Generation and Heat Removal Capacity (ULOHS, 2004)  
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Figure 3-33  Pool sodium temperatures (ULOHS, 2004)  
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Figure 3-35  Fuel and clad temperatures (ULOF) 
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Figure 3-36  Net reactivities (ULOF)  
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Figure 3-37  Pool temperatures (ULOF)  
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Figure 3-38 Normalized core flows (ULOF) 
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Figure 3-39 Safety limits and margins for various unprotected events 
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CHAPTER 4.  Containment Analysis 
 
The objectives of this study are to assess the response of the KALIMER-600 
containment to the design basis accidents and to evaluate whether the consequences are 
acceptable or not in the aspect of structural integrity and the exposure dose rate. 

 
There are two acceptance criteria for the KALIMER-600 containment performance 
analysis. One of the acceptance criteria for containment is the integrity of the 
containment itself, i.e., the containment design condition should be maintained for all 
kinds of accidents. The other one of the criteria is the radiological consequence, i.e., the 
exposure dose rate at the plant site boundary should meet the 10CFR100. 
 
4.1  Overview of Current LMR Containment 

 
In severe accident of a nuclear power plant, the information about the total amount 

of radionuclide released to environment is given in the form of accident source term. 
The total amount of radionuclide released to environment form a nuclear power plant 
should de evaluated before construction of the plant. This information is the most basic 
and important requirement for safety analysis and radiological consequences evaluation 
for a nuclear power plant. In case severe accident occurs, large amount of radionuclide 
is released and causes significant hazards to environment and public health. To prevent 
and mitigate the accidents, KALIMER-600 containment is designed to constrain release 
of radionuclide. In this study, performance analysis for KALIMER-600 containment is 
made to determine whether the containment can maintain its integrity and achieve its 
purpose in case of sodium pool fire. Performance analysis of KALIMER-600 
containment is also made through evaluating radiation dose at site boundary. For those 
purpose, source terms and accident scenarios for the sodium pool fire are determined 
foremost. 
 
First, PRISM source term is reviewed that had much influence on development of 
KALIMER. Secondly, a series of experiments and simulations made in many countries 
are studied and source terms for liquid metal reactors except for PRISM are also 
reviewed. Lastly, KALIMER-600 source term is determined reasonably and 
conservatively. Sodium pool fire is selected as severe accident scenario for performance 
analysis for KALIMER-600 containment. 
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Performance analysis for KALIMER containment dome is carried out using CONTAIN-
LMR [4-1] code. Comparing code calculation results with containment design 
parameters, we determine whether KALIMER containment dome fail or not. The major 
parameters are peak pressure and peak temperature in containment after sodium pool 
fire occurs. Then, using CONTAIN-LMR code and MACCS code [4-2], radiation dose 
at site boundary is calculated. By comparing code calculation results with PAG and 10 
CFR limit, radiological consequences for sodium pool fire are evaluated. 
 
4.2  Source Terms for Sodium Pool Fire 
 

In previous study, HCDA source term developed for PRISM reactor safety 
analysis was used as KALIMER-150 HCDA source term. At the first phase (0-10 
second) of HCDA, (1) 100% Noble Gas (Xe, Kr), 0.1% Halogen (Br, I), 0.1% Alkali 
Metal (Cs, Rb), 0.1% Te, Ru, and 0.01% fission products (Sr, Ba) and fuel materials are 
immediately released into containment airy, (2) He cover gas is released into 
containment air through breaks in core head, (3) sodium fire begins when the air comes 
into cover gas region. And at sodium fire phase, additional radionuclide is released into 
containment air. In the stage, 0.8% Halogen, 1.6% Alkali Metal, 0.004% Te, Ru, 
0.0016% Sr, Br, 0.0008% fuel materials and 0.4% Na-22 and Na-24 (radionuclide) are 
released. These release values at sodium fire phase are calculated using retention factor 
for each radionuclide group.  
 
In NUREG-1368, however, NRC staff concludes that the PRISM HCDA source term is 
not appropriate and recommends that it should be mended. The main problems are that 
the release fraction and retention factor were based on experience of UO2 (oxide fuel). 
Other important problems are that analysis for U-Pu-Zr metal fuel behavior was 
deficient for severe accidents and reactions of radionuclide with sodium were not 
sufficiently studied. 
 
Available information relevant to LMR HCDA source term is very restrictive and 
deficient. Particularly, information about release of fission products from metal fuel is 
extremely deficient. A number of experiments have been made to research release and 
transport of fission products and to understand fission products behavior in sodium pool. 
The result was that release fraction of radionuclide groups was different from that of 
PRISM source term and release fraction of some radionuclide group was rather higher. 
Particularly, radionuclide that is very significant in terms of radiation dose, that is, 
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iodine and cesium etc., had much difference in release value. For example, in a series of 
FAUST experiments made for SNR reactor safety analysis in Germany, release fraction 
of I and Br was approximately 10 % in several tens of seconds after accident outbreak. 
In addition, source terms for liquid metal reactor in other many countries have release 
fraction values higher than that of PRISM source term. It is summarized in the 
following table. 

 

 
SNR 300** 

(Na 500 ℃) 
EFR* MONJU** SPX1** 

Xe, Kr 1 1 1 1 

I, Br 0.5 0.1 0.1 5.0 10-9 

Cs 0.5 0.1 0.1 5.0 10-5 

Te 0.5 0.1* 0.1 4.0 10-7 

SrO 1.7 10-2   3.0 10-3 

UO2 1.7 10-2 10-4 2.0 10-3 3.0 10-3 

 

Thus, taking all the relevant research results into account, KALIMER HCDA source 
terms are determined conservatively as follows. 
 

SOURCE TERM 
GROUPS 

Instantaneous Sodium Fire Phase 

 Noble Gas (Xe, Kr) 100% 0% 
 Halogens (I, Br) 10% 0% 
 Alkali Metals (Cs, Rb) 10% 0% 
 Te Group (Te, Se, Sb) 10% 0% 
 Noble Metals (Ru, Rh, Mo, Tc) 1% 0% 
 Ba, Sr 1% 0% 
 Fission Products & Other Nuclide 1% 0% 
 Na22, Na24 0% 0.4% 

 

4.3  Accident Scenarios 
 

Sodium pool fire occurs when there happens large break in reactor head. In that 
case sodium reacts with containment air at sodium pool surface. Conservatively, fuel 
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melting and cladding failure are assumed to happen. Right after the accident begins, 
radionuclides in sodium pool are assumed to be released into containment air. Release 
amount of each radionuclide is calculated using radionuclide core inventory and source 
term. 
 
Sodium spray fire occurs when there happens extremely small break in primary pipe. In 
that case sodium is sprayed into containment air through the crack. In Pool type 
LMFBR like KALIMER-600, reactor vessel contains reactor core, all primary 
components and primary sodium. The pressure of coolant pipe line is low and almost 
atmospheric pressure. Therefore, sodium spray fire is unlikely to occur and only sodium 
pool fire is considered in this analysis. 
 
4.4  KALIMER-600 Containment Design 
 
From the review of current LMR containment designs, the preliminary containment 
design concept of KALIMER has been determined to be the single containment. Volume 
of KALIMER-600 containment is about 15 times larger than that of KALIMER-150, 
old design KALIMER reactor of 150MWe. It supplies physical boundary during 
maintenance and refueling and restraints peak pressure when sodium fire occurs. 
Nevertheless, larger amount of oxygen in containment atmosphere leads to more burn of 
sodium. Therefore careful analysis on effect of containment volume is necessary. 
 
Diagram of KALIMER-600 containment is shown in Fig. 4-1 and 4-2 and Design 
parameters are summarized in Table 4-1. The containment system consists of two 
sections, Upper concrete containment and lower metal containment vessel. 
 
Total volume of containment building is 15000 m3 and the design pressure and 
temperature of the containment dome are 150 kPa and 210 ℃, respectively. The 
containment structure is consisted of a 50 cm-thick concrete with a 6 mm-thick steel 
liner. The steel liner provides a seal function to the containment pressure boundary and 
prevents direct contact of sodium and concrete which raises the sodium-concrete direct 
interaction. The floor outside of the sodium pool was a 1 m-thick concrete with steel 
liner. The Design leakage rate is 1% of the containment volume per day at design 
condition.  
 
Since the reactor vessel is designed such that the vessel can maintain its integrity under 



106 

severe accident, the reactor closure is the potential structure which can yield to 
mechanical work produced by the accident. The role of containment dome becomes 
important. 
 
4.5  Performance Analysis for KALIMER-600 Containment 
 

For sodium pool fire accidents, the procedure of code jobs for containment 
performance and radiation dose evaluation as follows: 
 

1) Using ORIGEN-2.1 code, core inventory of radionuclide at steady state is 
calculated. 

2) Using the core inventory and KALIMER-600 source term, release amount of each 
radionuclide from core to containment air is calculated. The release amounts are 
used as input data to CONTAIN-LMR code.  

3) Using CONTAIN-LMR code, thermal hydraulic behaviors including pressure and 
temperature change in containment are analyzed.  

4) Release amount of each radionuclide into outside atmosphere is calculated from 
CONTAIN-LMR code, and release fractions for each radionuclide group are 
derived from the release amount value. The release fractions are used as input 
data to MACCS code for evaluation of radiation dose at site boundary. 

 
With containment design, accident scenario, source terms described above, the analysis 
condition is decided. It is listed in Table 4-3. 
 
The containment thermal-hydraulic conditions, aerosol behavior and containment leak 
rate have been calculated with CONTAIN-LMR code, which is the LMR version of 
containment analysis code that can cope with severe accident condition. The 
nodalization of KALIMER-600 containment for CONTAIN-LMR analysis is shown in 
Fig. 4-3. The containment is divided into 4 cells to allow establishment of convective air 
currents within the structure. 
 
The chemical reaction between sodium located in the sodium pool and the oxygen in the 
atmosphere above the pool is simulated using the sodium pool fire model in CONTAIN-
LMR code. In this model, it is assumed that the sodium burning rate is proportional to 
the oxygen concentration. When the sodium burns, two reactions occur: 
   2222 ONaONa →+  
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  ONaONa 22 24 →+   

The first (peroxide) reaction produces 10.97 MJ/kg of sodium and the second 
(monoxide) reaction produces 9.05 MJ/kg of sodium. The heat produced by sodium-
oxygen reaction increases the temperature and pressure of containment and the 
consumption of oxygen by the reaction reduces the pressure. 
 
A leak path is provided between the containment and the environment to allow release 
of material present in the containment atmosphere. The containment structure is 
assumed to be a 50 cm-thick concrete with a 6 mm-thick steel liner. The steel liner 
provides a seal function to the containment pressure boundary and prevents the sodium-
concrete contact which raises the sodium-concrete direct interaction. The floor outside 
of the sodium pool was assumed to be a 1 m thick concrete with steel liner. Steel liner 
maintains pressure boundary and prevents direct contact of sodium and concrete.  
 
Heat transfer between the containment atmosphere and these structures is considered. 
The environment outside of the containment dome is assumed to be at a nominal 
temperature of 38℃ (311 K) and heat is assumed to be passively removed from the 
containment dome by natural convection of air. 
 
Fig. 4-4 shows the pressure within the Cell 1 of KALIMER-600 containment calculated 
by CONTAIN-LMR following the initiation of the sodium pool fire and introduction of 
the radioactive materials from the primary coolant. Cell 1 is immediately adjacent to the 
sodium pool and located where the fission products are introduced. The peak of pressure 
is 146 kPa and the pressure decreases to atmospheric pressure at 89 minute. The 
perturbation shown in pressure curve is caused by termination of the reaction between 
water vapor (100% humidity assumed) to be present in the containment atmosphere and 
sodium oxide produced by the pool fire. This termination eliminates one of the energy 
generation sources to the containment atmosphere, causing the effects seen in the 
containment pressure and temperature calculations. 
 
The containment atmosphere temperature, Fig. 4-5, shows similar trends. The 
temperature has the peak of 209.1 ℃ at 8 minute and decreases to 68.0 ℃ 10 hours 
later. Fig. 4-6 shows the oxygen mole fraction in containment, which continually 
decreases due to the sodium pool fire. The containment oxygen is consumed before 6 
hours. Depletion of the oxygen within the containment also contributes to the 
decreasing trend in the containment pressure and terminates the sodium fire (Fig. 4-7). 
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4.6  Radiological Consequences Evaluation 
 

The exposure dose rate at the plant site boundary has been estimated with MACCS 
code, which is environmental consequence calculation code. From the CONTAIN-
LMR analysis results, the amount of each radionuclide leaked to environment can be 
obtained. These results were processed into the form suitable to MACCS code, which 
is shown in Table 4-4. It shows the outer containment leakage fraction of nine groups 
of radioactive nuclides. 
 
In this calculation, the site and weather information of YGN 3 & 4 is used, since the 
site for KALIMER-600 is not decided yet. No off-site emergency response and 
protective action is considered. 
 
The relative dose for human body is summarized in Table 4-5. It shows that the 
exposure dose was lower than those of 10 CFR 100 and PAG limits. It means that 
KALIMER-600 containment satisfies containment regulation and no off-site is needed 
even if sodium pool fire occurs.
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Table 4-1 
KALIMER-600 Containment Design Parameters 

 

 
 

Design Parameter Description 

Shape Rectangular containment building 

Material Concrete with steel liner 

Thickness, m 0.5 with 6 mm liner 

Dimension, m 22 x 22 x 29 

Volume, m3 15,000 

Design Pressure, kPa 150 

Design Temperature, ℃ 210 

Design leakage rate,  
%(vol.)/day at design condition 1 

 
 
 



110 

 
 
 

Table 4-2 
Design Parameters and Physical Properties of  KALIMER-600 Reactor Core 

 
 
 
 

Design Parameter Value 

Nominal thermal core power, MWth 1525.3 

Total driver fuel mass in core, kg  5411.58 

Average neutron flux for driver  fuel, n/cm2s  2.77 / 2.85✕1015 

Average fast neutron flux for driver fuel, n/cm2s  1.78 / 1.83✕1015 

Loaded feed driver fuel enrichment, WT%  14.35 

Average driver fuel burnup, MWD/kg  79 

Burnup reactivity swing, pcm  23 

Average linear power for inner driver fuel, W/cm  216.2 / 221.7 

Average power density of driver fuel at BOC, W/cc 174.7 

Power peaking factor for driver fuel  1.468 / 1.477 

Total control rod worth when fully inserted, pcm  5096 / 5081 

Effective Delayed Neutron Fraction (Beta-effective) 0.00357 / 0.00354 

Number of delayed neutron groups  6 

Prompt neutron generation time, s 4.866/4.810✕10-7 
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Table 4-3 
Parameters for Containment Analysis 

 
 
 
 
 

Parameter Value 

Containment volume, m3 15000 

Initial atmosphere  temperature, ℃ 38.0 

Initial atmosphere pressure, kPa 101.3 (1 atm) 

Initial oxygen concentration, % 21.0 

Sodium pool area, m2 6.92 

Sodium pool temperature, ℃ 485.0 
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Table 4-4 
Leakage Fractions of Radioactive Nuclide Groups 

 
 
 
 

Nuclide Group Leakage Fraction 

Xe, Kr 6.28 x10-5 

I 7.53 x10-7 

Cs 9.34 x10-7 

Te 8.04 x10-7 

Sr 8.82 x10-8 

Ru 8.86 x10-8 

La 9.27 x10-8 

Ce 9.23 x10-8 

Ba 9.16 x10-8 
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Table 4-5 
Exposure Dose at the Site Boundary of KALIMER-600 Plant 

 
 
 
 
 

 
KALIMER-

600 
10 CFR 100 PAG 

Whole Body 0.00522 25 1.0 

Red Marrow 0.00842 150 1.25 

Lung 0.0121 47 1.25 

Thyroid 0.0167 300 5.0 
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Fig. 4-1  Schematic of KALIMER Plant 
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Fig. 4-2  Schematic of KALIMER Containment 
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Fig. 4-3  Containment Modeling for Sodium Pool Fire 
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Fig. 4-4  Containment Pressure 
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Fig. 4-5  Containment Temperature 
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Fig. 4-6  Oxygen Mole Fraction 
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Fig. 4-7  Energy Release from Sodium fire 
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CHAPTER 5.  Flow Blockage Analysis 
 
5.1 Description of flow blockage accidents 

 
Channel blockages in the fuel assemblies of LMRs can be caused, in principle, by the 
swelling and bending of fuel pins or by the lodging of debris from failed pins or carried 
in the sodium from other parts of the system. KALIMER-600 is designed with inlet 
flow modules that prevent large particles of debris from entering the fuel assemblies, 
therefore, sudden and large blockages are extremely unlikely. In addition, KALIMER 
designs utilize wire-wrap spacers, which minimize the possibility of trapping debris in 
the fuel assembly region. Nevertheless, it is still required to have the answer to the 
question of how blockages can affect the safety because the events may result in 
localized boiling or a failure of the fuel cladding.  
 
The effects of blockages on reactor safety depend on several factors: the size and the 
thermo-physical properties of blockage, the location of blockage in the assembly, the 
fuel pin power, and the coolant velocity in the assembly. Blockages in flow channels 
will increase the pressure drop and reduce the flow rate. More importantly, the coolant 
and cladding temperatures in the wake downstream of blockages are generally higher 
than those without the blockage. 
 
The driver fuel assembly of KALIMER-600 consists of 271-pins that have the diameter 
of 8.5 mm, pin pitch of 10.0 mm, and wire-wrap diameter and pitch of 1.4 mm and 
193.1 mm. The pins have a total length of 3705.0 mm. The blockage located axially at 
1624.1 mm from the bottom of the assembly with highest power. The DBE for flow 
blockage analysis is the 6 sub-channels blockage. As beyond DBEs, 24 and 54 sub-
channels blockages are considered. It is assumed that blockage is formed at center, 
middle, or edge in the assembly. The power of a single assembly is 5.54 MW, inlet flow 
rate is 24.3 kg/s, inlet temperature of sodium is 370.4 oC, and exit pressure is 0.33 MPa. 
 
5.2  Analysis Results 
 
Figure 5-1 represents the MATRA-LMR-FB nodalization for the analysis of flow 
blockage in the KALIMER-600 fuel assembly. The nodalization consists of sub-
channels of 540, gaps of 810, and axial nodes of 146. Each axial node has the length of 
25.376 mm corresponding to the about 1/8 of wire wrap pitch.  
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The maximum temperatures of the coolant using the MATRA-LMR code in the 6-
channel blockage were calculated 619.9 oC at 88th node for the case of central flow 
blockage, 619.2 oC at 88th node for the middle flow blockage, and 605.5 oC at 87th 
node for the edge flow blockage. The temperature in the case of edge blockage is lower 
than that of other cases because of swirl flow. The cases of 24-channel blockages were 
analyzed in the same manner of 6-channel blockage. The maximum temperature was 
calculated 671.6 oC. Also, the maximum temperature for the cases of 54-channel 
blockages was calculated 733.1 oC. (Figure 5-2) The maximum temperatures in above 3 
cases are occurred at the downstream of blockage due to recirculation flow (wake) as 
shown in the Figure 5-3. 
 
Actually, if a sub-channel is blocked, then the flow rate is reduced by the decrease of 
flow area and the increase of pressure drop. The flow reduction due to the form loss by 
the flow blockage was estimated at 4 % in the 6-channel blockage, 6 % in the 24-
channel blockage, and 11 % in the 54-channel blockage. The analysis for all cases 
reveals the satisfaction of the criteria for the cladding damage limit as shown in Fig. 5-4, 
however, it is required to take the action to mitigate the consequences of the accidents 
because the events may violate the sub-criteria if the accidents are left as it is. 
 
As a result of the analysis of 6-channel blockage of DBEs, the maximum temperature 
was 619.9 oC with margin of about 400.0 oC. The analyses of 24-channel blockage and 
54-channel blockage of beyond DBEs showed that the design of KALIMER-600 fuel 
assembly has a sufficient margin.  
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Fig. 5-1 The nodalization of MATRA-LMR-FB 

 
 

 
Fig. 5-2 The maximum temperature of coolant according to blockage locations and size 
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Fig. 5-3 The temperature distribution for the 54-channel blockage with flow reduction 
 
 
 
 

 

Fig. 5-4 The temperature behaviors of the cases with flow reduction 
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